
AD
6
1
6
9
l
ö
 

* 

ïMSlflTIOn 
LIQUID-FUEL ROCKET ENGINES THEORY AND DESIGNING 
im u uf a phi u> 

F-T3-S741/V 

IS 

c 
& 

By G. B. Sinyaryev and M. V. Dobrovol'skiyi 

March I960 

LIAISON OFFICE 
TECHNICAL INFORMATION CENTER 
NCLTO 
WRICHT-PATTERSON AIR FORCE BASE. OHIO 



Thi* translation was prepared under the auspices of 

the Liaison Office, Techni-al Information Center, Wright- 

Patterson Ar'B, Ohio. The fact of translation does not 

guarantee editorial accuracy, nor does it indicate USAF 

approval or disapproval of the material translated. 

Comments pertaining to this translation should be 

addressed to: 

Liaison Office 
Technical Information Center 
MCLTD 
Wright-Patterson Air Force Base, Ohio 



ZHIDKOSTi\TYE RAKFTI.TYE DVIOATELI 

TEoaiYA i proyEíCTIrova::iye 

Oosudaretvennoye Izdatel'stvo Oboronnoy Prorayshlennosti 

Moscow 1957 

Foreign Pagesi 5Ö0 

P-TS-9741/V 



Thi. book explains the principles of the theory of limid-fuel rocket 

engines and the oeihods of designing their basic parts and assemblies. It 

glees the necessary data for calculation of the thrust and determination of 

the basic dimensions of all the components and assemblies of liquid-fuel 

rocket engines. 

Examples illustrating the application of the methods of calculation ore 

given. 

This book is a textbook for technical schools, but it may be useful too 

for students of higher educational institutions as well as workers special- 

izing in the field of rocket engineering. 

Reviewer: Doctor of Technical Sciences, Professor I. A. Panichkin 

Editor: Engineer G. V. Senichkin 

Chief Editor: Engineer A. I. Sokolov 

F-TS-9741A 1 



TABLE OP CONTENTS 

Paß 

Préfaça to the Second Edition.*. 

Preface to the First Edition. 

PART ONE 

TEE THEORY ANO THERMAL CCMPUTATIOK OF LIOUID-FUEL ROCKET ENGINES 

Chapter X. General Infornatioa on Reaction Engines 

Section 1. 
Section 2. 
Section 3« 

Section h. 

Section 5. 

Section 6. 

Section 7. 

Liquid-Fuel Rocket Engines. 
Reaction Force. 
Thrust of a Liquid-Fuel Rocket Engine. 
Derivation of the Equation of Thrust. 

Specific Thrust.• * * * * ! * * ‘L* * !. 
T.e Jet Engine — A Direct Reaction angine. 
Direct and Indirect Reaction Engines.. 
Various Forms of Direct Reaction Engines. 
TLd Characteristics of Jet and Rocket Engines. 
The Transformation of Energy in a Rocket Engine. 
The Classification of Liquid-Fuel Rocket Engines.;**'*. 
The Classification of Liquid-Fuel Rocket Engines by the VPC3 

of Propellants Used... 
The Classification of Liquid-Fuei Rocket Engines by the 

Method of Compressing and Feeding the Propellant Components. 
The Classification of Liquid-Fuel Rocket Engines by Purpose. 
Areas of Application of Liquid-Fuel Rocket angines. 
Cosmic Rockets and Artificial Earth Gatellitea... 
Rockets for the Exploration of Upper Layers of the Atmosphere 

(Meteorological Rockets). 
Long Range Rockets... 
Antiaircraft Rockets with Liquid-Fuel Socket ¿agines. 
Liquid-Fuel Rocket Engines for Aircraft. 
Take-Off Booster with a Liquid-Fuel Rocket Engine........... 
A Brief Historical Survey of the Development of Liquid- ael 

Rocket .. 

U 

U 

5 
10 
10 
16 
16 
1Ö 
19 
26 
32 
33 

3¾ 

36 
37 
38 
38 

43 
47 
54 
55 
5? 

60 

Chapter II. Essentials of Thermodynamics. 

Section 8. The Basic Characteristics of Gases.. 
Section 9. Energy Characteristics of Gases.« 

Internal Eneriy and Heat Content of a Gas. 
The Chemical Energy and the Total Heat Content. 

Section 10. Thermodynamic Processes in Gases.. 
Changes in the Parameters of the State of the Gas with 

Polytropic Processes. 
The Work Performed in the Thermodynamic Processes. 
The Application of the Firet Law of Theroodynanice to 

Processes in Gases. 

84 

84 
86 
86 
95 
97 

99 
100 

102 

F-TS-9741/f 11 



Section 11. 

Section 12. 

Section 13. 

Chapter III. 

Section 1^. 

Section 15. 

Section 16. 

Section 17. 

Chapter IV, 

Section 18, 

The Conversion of Snergy of Polytrop 1c Processes. 
The Adiabatic Process. 
Second Law of .. 
Determination of the Law.. 
Entropy.. 
Entropy and the Probability of the State of the Cas.. 
Reversibility In Thermodynnnic Processes. 
Calculation of the Huaberical Value of ¿ntropy. 
The Therciodynanic Processes in the Chemically Active Cases., 
Dissociation of the Conbustioc Products. 
Reversibility of Chemical Reactions. 
Chemical Equilibrium in a Gaseous Mixture. 
The ConsUnt of Equilibrium of a Chemical Reaction.^ 
Influence of Temperature and Pressure on the Composition o;‘ 

the Combustion Products... 
Equilibrium and Non^quilibrium in the Combustion Products 
Expansion.. 

Equilibrium Expansion.... 
Nonequalized Expansion... 

104 
106 
108 
108 
lo3 
111 
112 
115 
117 
117 
118 
121 
12^ 

129 

131 
131 
114 

Pertinent Information on Cas Dynamics 137 

The Basic Laws of the has Flow.. 
Equation of the Law of Conservation of Mass. 
The Equation for the Law of Conservation of Energy. 
Velocity oi Sound in Cas... 
Velocity of Sound... 
Derivation of the Formila for the Calculation of the 

Velocity of Sound. 
The Speed of Sound in a Reacting has..». 
The Dependence of the Speed of Sound on the Temperature... 
The Speed of Sound in Moving Cas. 
The Maximum Velocity of Gas... 
The Critical Velocity of Cases and Special Characteristics 

of Supersonic Flow. 
Critical Velocity. 
The Mach Number.. .. 
The Concept of Shoe* .. 
Stagnation Temperature.;•••••;. 
The Elementary Theory cf the V »nturi-Tyme fLaval) 

Expansion Nozzle. 
The Form of the Laval Nozrle. 
The Critical Pressure Differential.... 
The Relationship between the Measurements of the Nozzle 

Throat Section and the Gas Parameters at the Entrance 
of the .... 

The Change in the ParerM.ers the Gas Flow along the 
Length of the Nozzle....... 

137 
137 
139 
142 
142 

143 
149 
150 
151 
152 

153 
153 
156 
157 
158 

159 
159 
162 

163 

166 

The Thermodynamic Cycle of A Liquid-Fuel Rocket Engine 173 

The Cycle of the Liquid-Fuel Rocket Engine. 
The Ideal Cycle of the Liquid-Fuel Rocket Engine. 
The Relationship between the Ideal Cycle and the Real 

Processes in the Liquid-Fuel Rocket Engine..... 

174 
174 

176 

F-TS-9741/V iii 



Section 19. 

Section 20. 

Section 21. 

Section 22. 

Section 23. 

Section 2U. 

Chapter V. 

Section 25. 

Section 26. 

Section 2?, 

Ü5Ö 

Relation between the Operation of the Cycle and the opecific 
Thruet of the_liquid-?uel Rocket Engine. 

Ueeful Action ¿Efficiency? Coefficients of the Hocket 
Engine.' 

Efficiency of the Cycle. 
Combustion Efficiency. 
Expansion Efriciency... 
EstiwUing Maso Carrier Loares in the Operation of the 

Fuel Supply Systen...^.. 
Energetic and Impulse Cyster.a of Efficiency.1 
The Thermal Efficiency of the Ideal Cycle. 
Derivation of tho Equation of Thermal Efficiency of the 

Ideal Cycle.*.* ' * 
Thermal Efficiency of the Cycle of the Engine Operating under 

Design Operating Conditions. 
Off-Sesign Operating Conditions of the Liquid-Fuel Rocket 
Engine.*. 

The Possibility of Off-Design Operating Conditions of 
the Engine....... 

Off-Lesign Ore ting Conditions with a Change in the Axtituco 
at which the Engine is Operating. 

The Appearance of Off-Design Operating Conditiors with a 
Chango in the Thruot of the Liquid-Euel Rocket Engine. 

Possibility of Over-Expansion Operation. 
The mal Efficiency of the Liquid-Fuel Rocket Engine with a 

Constant Nozzle at Non-Design Operating Conditions. 
Losses of Work of the Cycle with Off-Design Operating 
Conditions..... 

Change in the ^ of an Engine with a Constant Nozzle 
with a Change in t . 

Regulation of the Nozzle of the Liquid-Fuel Rocket Engine.... 
Regulation of the Nozzle with a Change in Altitude. 
Regulation of the Nozzle when there it. a Change in the 

Thrust of the Engine due to a Chan,-e in Consumption. 
Characteristics of the Liquid-Fuel Rocket Engine. 
Consumption Characteristics. 
Altitude Characteristic. 

179 

181 
181 
181 
183 

184 
185 
1S6 

186 

189 

191 

191 

192 

194 
197 

398 

199 

201 
202 
203 

204 
206 
206 
209 

Liquid-Fuel Rocket Engine Propellants 214 

Requirements Which Fuels Should Meet. 
The Basic Requirements to be met by Fuels for Rocket Engines 
Constructional Requirements to be met by Fuels. 
Operating Requirements to be Met By Fuels. 
Thermo-Chenical Characteristics of the Fuel, Oxidizer, 

and Propellant.... 
The Weight Composition of the Combustible and the Oxidizer.. 
The Quantity of Oxidizer Theoretically Required. 
Coefficient of Excess Oxidizer. 
The Weight Composition of Fuel. 
The Enthalpy of Fuel and Combustion Products. 
The Phyaical Enthalpy of a Substance. 
Beat of Formation of a Substance. 
Method of Reading the Total Heat Content.. 

215 
216 
225 
227 

228 
229 
233 
238 
239 
241 
241 
242 
248 

F-TS-9741/V it 



Section 2Ô. 

Section 29. 

Section 30. 

Chapter VI. 

Section 31. 

Section 32. 

Section 33* 

Section 3^. 

Section 35* 

Page 

Computing the Total Heat Content of a Combustible, CxldUer 
and fuel. 

The Total Heat Content of Fuel Combuetlon Product*. 
The Relation between Total Heat Content and the Thermal 

Value of Fuel. 
Fuel Based cn L’ltric Acid and Other Oxygen Compounds 

of Nitrogen. 
Nitric Acid. 
Additives In Nitric Acid... 
Tetranitronethane as an Oxidizer. 
Combustible Fuels t'sing Nitric Acid and Kyp’rßcHc Fuels. 
Fuels Using Liquid Oxygen and Hydrogen Peroxide. 
Liquid Oxygen... 
Fuel Combustibles with a Liquid Oxygen Base. 
Hydrogen Peroxide. 
The Basic Fuels of Rucket Engines with Hydrogen Peroxide Base.,.. 
The Use of Hydrogen Peroxide in Making Steam Gas. 
New Fuels for Liquid-Fuel Rocket Engines. 
Fuels with Increased Calorific Value and High Specific Weight.... 
Fuels Possessing the Best Thcrmcdynamic Characteristics of 

their Combustion Products. 
Possibilities Opened as a Result of the Use of Nuclear Energy 

in Rocket Engines. 

252 
260 

262 

27U 
27fc 
275 
276 
?7? 
280 
280 
281 
282 
?QU 
285 
286 
287 

292 

29^ 

The Thermal Calculations of an Engine Chamber 307 

Determination of the Composition of Combustión P-oducts 
of the Simplest Fuel. 

Setting up the Equation System to Determine the Composition 
of the Combustion Products at a given Temperature. 307 

The Solution of the Equation System to Determine the 
Composition of Combustion Products. 310 

The Influence of Pressure and Tempo:iture on the 
Composition of Combustion Products. 31** 

Setting Up an Equation System to r--:-rr -e the Composition 
and Temperature of Combustion P; uu-'ts lo the Engine Chamber... ?lu 

SettingUp Equations for Disso-iaclor. Rear» .. 317 
Setting Up Element Balance Ecu . .. 320 
Additional Equations for Deten 'nir.g th* Crmposition and 

Temperature of Combustion Procuctt. .... 322 
Th« Final Form of the System of Equagi'i* and Solution. 324 
Solving the Equation System to Determine the Composition of 

the Combustion Products of Products not Containing Nitrogen.... 328 
The Equation System for Determining the Composition of 

Combustion Products. 328 
Procedure for Solving the Equation System Usen to Determine 

the Composition of Combustion Products. 329 
Solving the Equation System for Determining the Composition 

of Combustion Products for Propellants Containing Nitrogen. 334 
TCie Equation System for Determining the Composition of 

Combustion Products.   334 
Reducing the Equation System Received to Working Formulas. 337 
Procedure for Solving the Equation System for Determining 

the Composition of Combustion Products. 340 
Thermal Calculation of the Engine Chamber... 344 

▼ F-TS-9741/v 



Section 36. 

Section 37. 

Section 38. 

Chapter VII 

Section 39. 

Section 40. 

Deterninlnc Compoeition an<3 Temperature of the Combustion 
Producta in the Combustion Chamber (at the Entrance 
Into the Nozzle).. 

Determining the Entropy of Combustion Products in the 
Combustion Chamber. 

Calculating the Composition and Temperature of the Combustion 
Products at the Nozzle Exit. 

Determining the Total Heat Content of the Combustion Products 
at the Exit and Determining the Theoretical Velocity of 
Exhaust.*.* 

Determining Theoretical Specific Thrust, Isoentropic Index ^f 
Expansion, and Nozzle Dimensions. 

Thermal Calculation of a Rocket Engine by Total Heat 
Content-Entropy Diagrams. 

Influence of Tejera ture and Pressure in the Engine 
Combustion Chamber and the Correlation of Fuel Components 
on the Parameters of the Rocket Engine....... 

Influence of Temperature. 
The Influence of Pressure in the Combustion Chamber. 
The Influence of the Fuel Component Ratios. 
The Experimental Engine Coefficients and Calculation of the 

Actual Specific Thrust..... 
Coefficient for Specific Thrust. 
Experimental Determination of the Coefficient of the Chamber 

and the Coefficient of the Nozzle ( dpch and fn02). 
The Thermal Calculation of an Engine allowing for the 

Experimental Coefficients... 
Examples of Combustion and Discharge Calculation. 
Thermal Dosign of the Rocket Engine Operating on Fuel 

Containing Nitrogen. 
Calculation of the Combustion Products' Composition 

for Fuel Containing No Nitrogen. 

345 

347 

349 

351 

35? 

354 

357 
157 
359 
364 

365 
365 

367 

370 
371 

371 

389 

Cooling Liquid-Fuel Rocket Engine* 395 

Basic Inforcvition from the Heat Transfer Course.......... 
The Transmission of Heat... 
Heat Exchange by Means of Heat Conduction. 
Heat Exchange by Means of Convection. 
Formulae for Computation of the Heat Transfer Coefficient. 
Heat Exchange by Radiation. 
Radiative Heat Exchange in Gases. 
Heat Exchange in a Liquid-Fuel Rocket Engine. 
The Process of Heat Exchange in the Liquid-Fuel P.ocket Engine, 

as Considered from the Point of View of Physics. 
Characteristics of Heat Exchange in the Liquid-Fuel 

Rocker Engine. 
The Relation Between T-w# and the Speed of Movement 

of the Cooling Liquid... 
Effect of the Surface Boiling of the Cooling Liquid 

on the Value of T .! * * * * *,. 
The Relation BetweeR’T^.w. «nd -he HeAt Conductivity c\ 

of the Material of tne Combustion Chamber of the Engine. 
The Relation Between w. and Thickness of the 

Engine Chamber Wall .. 

395 
395 

401 
407 
411 

415 

F-TS-9741/v ▼1 



Eë££ 

The Iffftct of the Conbuotion Chanber Preseure Upon v 
and ... 'll"I. 

The Effect of the Temperature of th¿ Cosbuetlon Char.ber 
Upon T_ ..... 

The Effect of the Engine's Operating .erfornttnce Upon TgtW>. 
Section hi. Computations for External Cooling. 

The 3yttens of External Cooling.... 
Method of Computing the External Cooling of the 

Engine Chamber... 
Determining the Specific Convectional Flows of heat into 

the Wall of the Engine's Combustion Chamber.. 
Determining the Specific Radiant Flows of Keat *nd the 

Total Flow of heat into the Walls of the r.ngine Chamber... 
Method of Ensuring the Presence of the Required ^Qtity cf 

Cooling Liquid, and Determining the Degree to which it ^ 
is Heated in Each Section... > 

Determination of the Coefficient of Heat ^ansfer from the 
Liquid Wall to the Cooling Liquid o(iiq.w. and ^ t“e 
Temperature of the "Liquid Wall" of the Engine Chamber ^ 

Checking* the Correspondence of the Assumed vith^the Computed 
Distribution of Temperature of the Caseous Vail "e.M,. 

Section 42. Different Forms of a Coding Tract for the nngine Chamber. 
The Slot-Type Duct... 
The Cooling Tract in the Form of a Spiral Slotted . 

Section 43. Example Showing the Method of Computing an External Cooling ^ 
Tract for an Engine Chamber.. 

Section 44. Other Types of Cooling Systems for the Liquid-, ael Rocket. ^ 
Engine. 

Internal Cooling.*. 
’ The Mixed System of Cooling... 

Protection of Combustion Chamber Walls Against Burnout 
by Means of Coatings or by Accumulation of Heat. ^ 

PART TWO 

THE DESIGHINO fF LIQUID-FUEL ROCHET ENGINES 

472 
Chapter VIII. Designing the Engine Chamber. 

Section US. Th. Pro«., of Cortu.tion in th. Combo.tion Chaobor of th. ^ 
Liquid-Fuel Rocket Engine... 

Prerequisites of the Process of Combustion in the Conbust.on 
Chamber of the Liquid-Fuel Rocket Engine....... ' 

Diagram to Show the Progress of the Combustion .rocess. 
Section 46. Det.rnininc .ho Volume of the Coohu.tion Chancer for a ^ 

Liquid-Fuel Rocket Engine.¿**¿1*’. 
Determining Combustion Chamber Volume by the .ime cf Stay U7? 

of the Fuel in the Chamber... 
Determining the Volume of the Combustion Chamber by 

the Chamber Volume-to-Throat Area Ratio... 
Determining the Volume of the Combustion Chamber by the ^ 

Calorific Intensity.. . 
Determining the Volume of the Combustion Chamber According ^ 

to the Thrust in Liters. 

F-TS-9’*l/v Til 



Section ^7. Snapet of the Coobuetion Chaaber. h85 
The Ball^Shaped Coobuetion Chamber... h85 
Cylindrical Coobuetion Chaobere. 4Ç2 
Cone-Shaped Coobuetion Chaober. 49? 

Section 46. Deeigning the Nozzle of an Engine Chaober. 498 
fiaeic Hequirenente for Construction of the Nozzle. 408 
Loeeee in the Nozzle, and Means of Reducing Then. 499 
Calculation of the Geometric Dioensions of Various 

Tÿpee of Nozzlee..... 503 
Section 49. Injectore for Atonizing the Fuel. 505 

Strean Injectors. 5OC 
Calculation of Strean Injectors. 509 
Centrifugal Injectors (Swirl Injectors). $12 
Flow of the Liquid Through the Centrifugal Injector. 513 
Calculation of Centrifugal Injectors. 517 

Section 50. The Mixing Process in the Liquid-Fuel Rocket Engine 
and the Designing of Heads. 519 

The Mixing Process and Its Requirements. 519 
Types of Heads (Injector Assemblies) for the Liquid- 

Fuel Rocket Engines.   521 
Arrangement of Injectors and Other Devices on the Engine Head..,. 524 
Procedure for Designing the Injector Assembly. 530 

Section 51» General Problems in Designing Combustion Chambers. 531 
The Materials Used in Manufacture of the Conbustion Chamber.. 531 
Operating Conditions of Materials in the Walls 

of Engine Chambers. 534 
Remarks on the Construction of Engine Chambers. 537 
Example for Designing the Engine Chamber. 539 

Section 52. Starting and Stopping the Liquid-Fuel Rocket Engine. 539 
Basic Requirements for Starting and Stopping the 

Liquid-Fuel Rocket Engine. 539 
Classification of the Liquid-Fuel Rocket Engines According 

to lîuïlr Condition of Operation. 541 
Ignition Methods. 5^2 
The Stopping of the Engine. 544 
Vibrational Combustion of the Liquid-Fuel Rocket Engine. 545 

Chapter IX. Feed Systems for Liquid-Fuel Rocket Engines. 552 

Section 53. Types of Feed Systems. 552 
The Basic Elements of Feed Systems. 552 
Feed System with Pump. 553 
Gas Pressure and Other Pressurized Feed Systems. 555 

Section 59. Designing the Fuel Tanks. 557 
Types of Fuel Tanks, and the Demands Made Upon Them. 557 
Geometric Shape and Relative Position of the Thnks. 559 
The Interior Structure of the Tanks. 562 
Calculating Jhakage Volume. 565 
Calculation of the Strength of the Ihnks. 570 
Materials Used for the Tanks. 572 

Section 55« Computing the Dimensions of the Gas Cylinder and the Gas 
Suppl/ Required in Cylinder Feeding. 575 

Changes of Temperature of the.Displacing Gas During 
the Feed Process. 575 

Computing the Volume of the Cylinder and the Gas Supply. 577 

F-TS-97M/F ▼Hi 



Calculation of the Strength of the Cylinders. 581 
Selection of the Initial Pressure In the Cas Cylinder. 582 

Section 56. Calculation of Cartridge and Llould Pressure Accvnulators. 5^* 
Characteristics of the Powders Employed in the 

Cartridge Pressure Accumulator. . 58U 
The Supercritical and the Subcritical Cartridge 

Pressure Accunul't tor.   587 
Calculation of the Cartridge Pressure Accumulator. 591 
Starting Cartridge Pressure Accumulator. 596 
Calculation of the Liquid Pressure Accumulator. 598 

Section 57. Gas Pressure Seducer. 6OO 
Construction and Operation of the Reducer. 600 
Reverse Action Reducers. 602 
The Characteristic of the Reverse Action Reducer. 604 
The Direct Action Reducer. 612 
Characteristic of the Direct Action Reducer. 613 
Method of Calculating the Reducer. 614 
Determination of the Dimension of the Throttle Section. 6l6 
Determination of the Tightening of the Springs 

and and the Area ?Q. 618 
Section 58. Example of the Calculation of the Reducer. 620 
Section 59. Pumps for Feeding the Components. 622 

The Diagram of the Centrifugal Pimp and the Easic Values 
Characterizing It. The Speed Coefficient. 623 

The Diagram of Velocities at the Inlet to the Vheel 
and the Arrangement of the Vanes. 626 

layout of Velocities at the Exit from the Wheel. 634 
The Theoretical Pressure Head Created *iy the Pump. 636 
The Hydraulic Losses and the Hydraulic Efficiency. 640 
Operation, Power, and Efficiency of Pumps. 644 

Section 60. Cavitation and the Selection of the RPM of the Pump. 645 
The Essence of the Phenomenon of Cavitation. 646 
Calculation of a Pump for Cavitation. 65O 
The Liquid Pressure at the centrifuga] Pomp Entrance 

and the Determination of the Kecersary Pressure in the Tank.... 654 
Section 61. Calculation cf Pumps Employed in Liquid-Fuel Rocket Engines. 66I 

Method of Calculating the Centrifugal Pump. 66I 
Example of the Calculation of a Centrifugal Pimp. 675 
Calculation of Spur-Gear Pumps. 682 

Section 62. Turbines, Turbo-Punp Units and Steam Gas Generators 
of Liquid-Fuel Rocket Engines. 686 

The One-Stage Velocity Turbine. 687 
The Active Turbine With Two-Speed Stages. 690 
The Turbo-Pump Unit of the Engine of the Rocket A-4. 692 
Turbo-Pump Units of the Liquid-Fuel Rocket Engine of Airplanes... 695 
Pumps of Engines R-3395 and R-3390. 702 
The Steam Generator of Liquid-Fuel Rocket Engines. 709 
Method of Calculating the Turbo-Pump Unit and the 

Steam Gas Generator. 725 
Section 63. Fittings of the Delivery Sys Urn of Rocket Engines. 728 

Fittings for the Tanks.  728 
The Cut-Off and the Return Valves. 730 
Other Fittings. 733 

Section 64. Determination of the Hydraulic Losses in the Feed System 
of the Liquid-Fuel Rocket Engine. 738 

lx F-TS-9741/V 



Chapter X. 

Section 65. 

Section 66. 

Section 67. 

Appendices: 

Deteraination cf the Hydraulic Losses in the 

Cooling Trace oí the Engine Chamber. 

The Detemination of the Hydraulic Losses in 

the Lines and Fittings. . . 

Description of the Diagranc of Liquid-Fuel Rocket Engines 

That have been Constructed. 

Diagram of the A-h Rocket Engine*.************* 
Fueling the Engine and Its Preparation for Launching. 

Starting Rn^ne an(* Transition to Full Power 

to the Main Stage...*. * 1’‘ “ t1\U*. 
Operation of the Engine in Flight and Cu ting It ^rf. 

Diagram of Anti-Aircraft Rocket Engines. 

Diagram of the Missile ',Wasoerfallr Engine. 

Diagram of the "Schmetterling" Pocket Engine.... 
Diagram of the Engine of the Anti-Aircraft Rocket 'I^pnc-.n 

Diagram of Airplane Engines for Different Purposes. 

Diagram of the "Walter" Airplane Engine. 

Diagram of the Aircraft Climb Booster. 

Diagram of the Engine of the Buzz Bcmb. 

Diagram of the "Schniddlng" Engine... 
Diagram of the Takeoff Booster "Super-Spright . 

738 

7*0 

749 

750 
750 

75^ 

755 
757 

757 
750 
761 

762 
76? 

765 

769 

770 
771 

1. Table of Decimal Logarithms of the Constants 

of Equi .. 

2. Constants of Equilibrium.... 

3. Total Heat Content of the Products of Combustion Ip* 

of the Fuel of Liquid-Fuel Rocket Engines 

(in cal/g-nol .. 

776 

780 

782 

4. Table of the Entropies of the Products of Combustion 

Soi of the Fuels of Eneinea ^in cai/g-nnl uj.. 

Bibliography. 

Recommended Reading 

794 

786 

789 

r-TS-9?i»l/V Z 



PREFACE TO THE SECOND EDITION 

The first edition of this book caused cany consents. A large number of 

organizations and individuals submitted valuable observations and exj-ressed 

their desires concerning tne raterial treated. 

Since cue time of trie publication of the first rcition, rocket engineer¬ 

ing has made great progress. At the present time the first problems of 

interplanetary flights have been solved - on 4 October 1957 the Soviet earth 

«atellite - the first in the world - was launched. In addition to this, a 

more thorough study of tne complicated processes taking place in the liquid- 

luel rocket engine necessarily has led to a recjnsideration of sore of our 

former concepts. All tiis has obliged the authors to revise a considerable 

part of the first edition. 

The authors wish to express their deep gratitude to all the organizations 

and persons who took upon themselves the task of a careful examination of this 

book ai.d for tne expression of their critical opinions. ThazJts also to Pro¬ 

fessor I. A. Fanichkin, wno made a number of valuable suggestions during the 

checking and reviewing of tne manuscript. 

PREFACE TO THE FInST EDITION 

In the postwar years rocket engines and rockets have undergone extensive 

development. 

Rocket engines not only have made possible flignts at speeds never 

before attainable within the limits of the earth but also have opened up 

entirely new possibilities for the conquest of interplanetary space. 

In spite of the seeming simplicity of the liquid-fuel rocket engine, 
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thft idea of which waa set forth by K. E. Tsiolkovskiy more than 50 years ago, 

the practical realization of such engines nas required knowledge and experi¬ 

ence commensurate with the present-day level of the development of science 

and technology. 

. n effort has been made in this oook to present in a systematic manner 

the tneoretical principles and metnods for the designing of liquid-fuel rocket 

engines which are adapted to the programs of toe technical institutes. 

In preparing tne book, the authors have considered it absolutely necessary 

first of all to explain the physical processes wnich exist and take place in 

liquid-fuel rocket engines and thus to provide ti.e simplest and most easily 

assimil»ted explanation possible. 

The peculiarities of the sequence of processes talcing place in tne liquid- 

fuel rocket engine obliged the authors to set forts certain problems of thermo¬ 

dynamics and gas dynamics applicable to the pnenomena being considered. 

Tne methods used for thermal calculations that are given in the book are 

illustrated by examples of tne calculation of the operating process of engines 

operating on the most widely used fuels. These methods can also easily be 

employed for the design of other types of engines. 

In the calculations we have introduced a minimum number of coefficients, 

those which have a simple physical meaning and are determined by experimental 

studies of engines. 

In view of the limited scope of this book, we have in certain cases given 

only the general principles of designing—wnich, however, one can employ in 

the actual designing of assemblies of liquid-fuel rocket engines. 

This textbook is based on lectures delivered by one of the authors from 

19^6 to 1953« During the process of tne joint efforts of the autnors the 

outlines of these lectures were subjected to considerable revision. Chapters 

I to VI, inclusively, Chapter X and Sections 59-63 of Chapter IX were written 
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by 3. B. Sinyarev, and Cnaptars VII, VIII and IX .ere -ritten by :., V, 

Dobrovol'skiy« 

The autnors wish to express their gratitude to Professor Yu. A. Fobedo- 

nostsev, to engineers B. A. Gusev, V. S. Inyusr.in and U I. Sidel'nikov, .ho 

oade a number of valuable suggestions while reviewing tne manuscript, and 

also to candidate of technical sciences, A. L. Kvanikov, who took the work 

of the scientific editing of tne book upon himself. 

Tne accounts of tne principles of the theory and designing of liquid- 

fuel rocket engines are given in the book in a simplified form, ana it is 

possible that there have been some omissions. Hence the authors will be 

grateful to all who send in tneir cogent« and staterents concerning the 

substance and the methods of presenting the material. 
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PART I 

THE THEORY ANL» THERMAL COMPUTATION OF LIQUID-FUEL ROCKET ENGINES 

CHAPTER I 

GENERAL INFORMATION ON REACTION ENGINES 

SECTION 1. LIQUID-FUEL ROCKET ENGINES 

Liquid fuel rocKet engine is the term used to define a reaction engine 

which produces a tractive force ¿thrust/ by discharging the combustion products 

of a liquid fuel from its nozzle. 

The liquid fuel and liquid oxidizer are delivered under pressure by one 

means or another tfor example by pumps) from the tanks to the combustion cham¬ 

ber (Fig* 1) where, as a result of the combustion of the fuel, gaseous com¬ 

bustion products are formed which are heated to a high temperature. 

1, muÕKoenp*'*" 
2» io/ioêna 

3« Cuentera nedavu 
toponeo u OKucflutnc/i* 

4 
Katteoa Conno 

4* mttouù otJCJwneM 
CtOpOMUß 

Fig. 1* Sketch of the engine components of a liquid-fuel rocket engine. 

1. Liquid fuel; 2. Head; 3* Injection system for fuel and oxidizer; 4. 
Liquid oxidizer; 5* Combustion chamber; 6. Nozzle* 
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These combustion products expand in the nozzle duct from the pressure in the 

eoBbustion chamber to the pressure in the nozzle exit and escape into the sur¬ 

rounding atmosphere at high speed. 

The discharge of gases from the nozzle is the source of the reaction 

force (thrust) of the engine. 

A liquid fuel rocket engine is composed of the following basic parts: a 

tank section with tanks which hold r liquid oxidizer and a liquid fuel; an 

injection system for the fuel and oxidizer and an engine combust ion chamber. 

The latter (combustion chamber) is divided into a chamber head, througn which 

the fuel from tne injection system enters the chamber; a combustion chamber 

and a nozzle. 

SECTION 2. REACTION FORCES 

We encounter the action of reaction forces daily in our natural surround¬ 

ings as well as in many machines and mechanisms. Let us cite several examples 

At the moment a shell leaves the barrel when firing a gun, a force acts 

upon the gun in a direction opposite to the direction of the flight of the 

shell. This is the force of recoil. It causes the recoil of the barrel or 

the weapon. Ir order to clarify how this force originates, let us glance at 

the phenomenon which takes place in tue relationship between tnc bodies of 

the gun and the shell. In doing so, we will consider that no ot.ner forces 

(for example the force of friction) are active in the system in question, i.e. 

the system is closed. 

Then only the internal forc^ (for tne system in question) of the pressure 

from the gun powder gases will act upon the gun and snell at the moment of 

discharge. 

In accordance with the basic laws of mechanics, the center of gravity 

(c.g.) in our system (if it was immobile prior to firing) will not shift in- 

asmuch aa no external forces are exerted upon the system (Figure 2). Since v 
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Fig. 2. Illustrating the force of recoil. 

1. Location of tne center of gravity in the system before and after firing; 
2. Location of the center of gravity at ¿At seconas after firing; 3» Loca¬ 

tion of the center of gravity of tne shell At seconds after firing. 

the shell is moving away from the gun, in order to preserve an invariable 

center of gravity position of the shell-gun system, the gun must move in a 

direction opposite to the direction of flight of the shell. 

nowever, in order that the gun will be displaced in the direction indi¬ 

cated, a certain force must act upon it at the instant of firing. Let us 

oeterrine its value. 

For this purpose let us write Newton's equation in the form 

« . a Aï 
•h " At 

(1.1) 

In this equation P K is the force acting upon the shell and imparting 
Oil 

an acceleration of to the mass of the shell (ejected mass). But inas- 
At 

much as our system possesses only two bodies: the shell and the gun, that 

force accelerating the shell must act in the opposite direction on the gun 

as a force of reaction from the direction of the ejected mass to the ejector. 

In value, these forces must be equal, i.e. 

( 1.2) 
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If, IB the time At, the velocity of tne ehell cnanges from Vj^ to v^, the 

equation (1.2) assumes this form: 

or 
At • - gum c 

(1.3) 

The product of force and tirce is called tho impulse « The formula (1*3) 

is the expression of a very important law of mechanics, that is,the so-called 

impulse theorem. We may formulate this tneoren in the following manner: 

In a closed system, the impulse of the force generated as a result of the 

acceleration of an ejected mass is equal to tne cnange in the momentum of the 

e.iected mass. The direction of this force is always opposite to tn< accele¬ 

ration imparted to the ejected mass. 

The force which we have investigated is a reaction force (tne recoil 

force) whicn always appears in a system of bodies when tnere is an accelerated 

ejection of a certain mass. 

Another example of the occurrence of a reaction force is in the operation 

of the propeller of an aircraft engine or in the operation of tne screw of a 

ship's power plant (Figure 3). 

When a propeller operates on the energy which the engine expends in turn¬ 

ing it, the air (or water) striking tne propeller at the same velocity as that 

of the propeller and tne craft together, v-., is accelerated and thrown off 

with a velocity v¿ that is greater than tne velocity v^. V<hen this happens, a 

recoil force of the ejected mass of air (or water) is produced. That is to 

say, a reaction force acts upon the propeller. By applying the equation (1.3) 

to this case, we obtain: 

Vopsllsr At " *“ (t2 - V (1.4) 

The equation (1.4) can be rewritten by omitting the minus sign indicating 

the direction of the force: 

prm pallar At Tt W2 • V 
(1.5) 
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Tbe valu* -^-y- in the mass floe rate of air per unit of tijne. The value 

(v^ - v^) is the change in velocity which this oass received from interact inn 

by the propeller. The reaction force acting on trie propeller, in the case in 

question, is directed against the incident flow. It represents a tractive 

effort moving the airplane or the snip. 

In a like manner, a reaction force appears in the flow of a stream of 

liquid from a Segner wheel, in the movement of an automobile, a rowboat or a 

motor launch, etc. 

In all tnese cases, the reaction force is a recoil force arising out of 

the ejection of a certain mass. The value of this force is.'the greater, the 

greater the ejected mass and the velocity at which it is ejected. Let us 

consider how this reaction force comes about in a liquid-fuel rocket engine. 

1. Propeller 

Fig. 3. The development of a reaction force by a propeller. 

Returning to Figure 1, we see that during the operating process of a 

closed liquid-fuel rocket engine-combustion products system, there is contin¬ 

uóos ejeection'Of the products. In tais connection a rocket engine is similar 

to a gunj the only difference being that in the engine the ejection of parti¬ 

cles of gases and not of a projectile takes place. Besides, the ejection of 

gas in a rocket engine takes place without interruption, just as an operating 

propeller produces an uninterrupted wash of air or water. Therefore, the 

reaction force developed by a liquid-fuel rocket engine may be expressed by the 

aquation (1.3). This force is directed in a direction opposite to that of the 
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ejected particles. The ealue of the reaction force will be greater, the 

greater the flow of combustion products per unit of time (flow rate per 

second) and the greater their speed as they leave the engine. 

It is very important that the reaction force developed by the engine 

constitutes a force originating within the isolated system of the engine and 

combustion products. Therefore, the reaction force may be created by a 

liquid-fuel rocket engine both in the atmosphere and outside it, in the field 

of gravity and outside it. 

The formation of a reaction force in a liquid-fuel rocket engine can 

also be explained in another manner. We may consider this force as the 

resulting force of the pressure acting on the engine walls. If we close the 

exit nozzle with a cover (Figure 4a) and fill the engine with gas under ex¬ 

cessive pressure p, then, naturally, no reaction force will be generated. 

This is because the component forces of the internal pressure on the engine 

walls will be equalized in every direction. 

If the cover is opened, there is a discharge of gas from the engine. 

Noa the forces acting on the engine walls and along the engine axis will not 

be balanced because the pressure on the walls will be a variable one as 

shown in Figure 4b. The resulting force in the direction of the axis of the 

open nozzle will be a reaction force of thrust P generated by the engine. 

V) 

Figure 4. Generation of the reactive force in the liquid-fuel rocket engine. 
1 — thrust; 2 — fcr ¿throat section?. 
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Th« main portion of the force P is composed of the product of the pres¬ 

sure in th» combustion chamber p and the value of the smallest so-called cri¬ 

tical cross section of the nozzle f • 
cr» 

SECTION 3. THRUST OF A LIQUID-FUEL ROCKET ENGINE 

Derivation of the Equation of Thrust. 

In the preceding paragraphs we considered the origin of the reaction for¬ 

ces as a «hole and the thrust of a rocket engine in particular* Now, we must 

obtain a working formula for calculating the thrust of a liquid-fuel rocket 

engine* 

When arriving at an equation for the thrust of a liquid-fuel rocket 

engine, it is necessary to make the following assumptions: we shall calculate 

the thrust of a liquid-fuel rocket engine disregarding the forces originating 

as a result of the airflow on the engine's exterior* Mathematically, this 

means that the pressure on the entire outside surface of the walls of a liquid- 

fuel rocket engine (with the exception of the nozzle exiO is regarded as being 

constant and equal to the pressure in an undisturbed medi^ surrounding the 

engine* In other words, the pressure on all the outside surfaces of the engine 

is assumed to be equal to the atmospheric pressure p at an altitude at which 
H 

the engine operates at a given moment (Figure 5)* 

The flow of gas through the engine nozzle is assumed to be uniform; 

¿*e*, at each point of any cross section of the gas flow in the combustion 

chamber and nozzle, and also at the nozzle exit, the velocities of the gas in 

the section are equal and are directed along t^e axis of the nozzle (Figure 6). 

The movement of the combustion products through the combustion chamber 

and the engine nozzle is regarded as steady; i*e*, it is assumed that their 

velocity and pressure in each given section do not change with time* 

Now, it is necessary to bear in mind that the liquid fuel which is 

fed into a liquid-fuel rocket engine is transported in tanks on the rocket 
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together with tne engine. Therefore, ita initial velocity relative to the 

rocket and the engine is very small and close to zero. Tne injection of the 

liquid fuel conponent into the engine combustion chamber takes place in a 

disorderly manner (in different directions) at a very low velocity. As a 

result of this, the momentum imparted to the engine by the liquid fuel (in 

the direction of tne axis of tne engine) may be regarded as being insignifi¬ 

cantly small. 

^iiiiiiiiiiiiii 

^iiimitnnTT 

- 

Figure 5. Distribution of pressure on the outside surface of a liquid-fuel 
rocket engine. 

In the derivation of the thrust formula, we will consider tne general 

CM« when the pressure in tne flow of gas at the nozzle exit p^ is not equal 

to the outside pressure p . Our problem is to determino all tne forces acting 

on the engine walls and to find tne product of these forcos, i.e., the thrust. 

The force we seek is made up of the forces acting on the inner walls of the 

engine P^, and the forces acting on the outer walls P^. 

Figure 6. Conventional diagram of a 
uniform flow of gas used in designing 

a liquid-fuel rocket engine. 

* 

Figure 7. The forces acting on the gas 
flow in tne combustion chamber. — 
resultant force acting on the flow of 
gas from the direction of tne walls. 
P» — the pressure exerted on tne gas 
flow by gases located outside the exit 

nozzle ty 
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The forces from the rigid engine walls and fren the gases which arc 

boyond the nozzle exit (Figure 7)» acl on the flow of gas present in tne en¬ 

gine at any given tic.e (up to the nozzle exit). Let us direct our attention 

to the fact that the force acting on the gas flow fron the direction of the 

engine walls is equal in value and opposite in direction to the force with 

which we are concerned — the force of tne gas flow acting on the engine 

walls. Thus a force -P1 will be exerted from the wall to the gas flow. Be¬ 

sides, the ,,minus,, sign which we na^e before the force indicates that tue 

forces considered are opposite in direction. 

We will consider tne engine to be an axially sycnetric tody. All tne com¬ 

ponent forces of pressure on the gas from the walls, directed radially, mutual¬ 

ly balance each other. The only forces no*, balanced are the axial forces; the 

total of tnesc forces gives the force -P^. The direction of this force coin¬ 

cides with the axis of the engine. 

In order to determine the effective direction of thrust, let us assume 

that the positive direction of the axis of the engine is opposite to the move¬ 

ment of the gases. 

In this instance, the force acting on tne gas flow by tne rases beyond 

the nozzle eyit will be equal to ♦Pjf} and the total force PE , acting on 

that portion of the gas flow in tne engine, will be equal to tae algebraic 

sum of the forcer 

P£ (I-6) 

In the positive direction that we have selected, tne velocity of the move¬ 

ment of the gas discharging from the engine has a negative sign. The magnitude 

of the increase in velocity of the gas between sections I and IIT is (-w^). 

Since, in accordance with our assumption, the velocity of the entrance of a 

liquid into the engine is insignificantly small, we may assume that w^ = 0. 

Then the magnitude of the increase in the velocity will be equal to -w^. 

During a time interval of At, the mass of gas (or fuel) &m, entering 
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the engine during this satr.e period, receives this increase in velocity. 

In accordance with tne impulse theorem (cf page 7), it is possible to 

write . . 
Pj At « As (-wy. 

(1.7) 

The mass of fuel injected into tne engine during the time ^t is equal to 

A* » ~ At, 
O 

where G is the flow rate of fuel per second; 

g is the acceleration of gravity. 

By substituting this expression for Ac in the relationship of (1.7) and 

after cancelling At Wf Obtain . 

Pi 
U.b) 

Now, from tae relationship ,1.8) we find the value of tne force acting 

upon the rigid inner walls of the engine because of the change in momentjm 

of the accelerating gas flow; i.e., the reactive force 

. 'i ■ ! * Vj • 

Now, let us find the force P¿ acting upon tne outer walls of the engine. 

This force is produced as a result of the fact tnat a pressure p^ is exerted 

on the outer engine walls. 

The resultant of these forces of outside pressure F¿, as we can easily 

see from Figure 5, is P¿ = -f^ and is directed along the engine axis. 

There are no other forces acting on the rigid engine walls. The radial for¬ 

ces mutually balance each other; therefore, tne total force acting on the en¬ 

gine is 

or finally 

P « P1 ♦ P2 

p ■ ! (Pj -1^). 

(1.9) 
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Th« force P ia the thrust of a liquid-fuel rocket engine. 

The formula (1.9) ia tne basic fornula for tne determination of tne 

thrust of a liquid-fuel rocket engine. 

With 9 pressure on the nozzle exit p^» equal to t ie pressure of the 

surrounding medium p^t trie tern evidently equal to zero, and 

the formula for deterir.in;.ng tae thrust assumes trie form: 

(I.10; 

The thrust of the rocket engine, as one can see from tae expression (1.9), 

depends on tne altitude at which the engine is operating. Besides, with «in 

increase in the altitude and a reduction of the atmospheric pressure pH, the 

thrust increases due to a decrease of an unbalanced force of pressure on the 

walls of tne engine by the surrounding atmosphere = ^3^* 

At altitudes wuere tne pressure is insignificantly email, the thrust 
h 

of the engine, called thrust in a vacuum Pvac ¿vac = vacuum? will be equal 

only to tne reaction force P^, 

f3pJ 
(iai) 

The thrust, in the metric system of measurement we have adopted, is ex¬ 

pressed in kilograms, and the values given in equation (1.9) are: flow rate 

of gas in kg/sec; discharge velocity w^ in ra/sec; pressure p in absolute at¬ 

mospheres; area in cm2; and acceleration of tne force of gravity g in 

m/sec2. 

Let us note several circumstances wnich make it possible to evaluate the 

accuracy of the equation obtained for determining thrust. 

Disregarding the velocity w^ of tne liquid entering tne engine is justi¬ 

fied by the fact that the feed system itself creates an additional tnrust. 

Thia thrust is produced by tne fuel accelerating from a velocity of = 0 

in the tank to a velocity of w^ when it enters the engine combustion chamber. 

We will also take this into account by assuming that the velocity of the 
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liquid entering the combustion cnamber of the engine to be equal to zero. 

As we know, when gas flows around any body, a force of resistance di¬ 

rected against the movement of that body is generated. Such a force would 

naturally also occur around t..e engine from the outside incident flow of 

air; however, in actual rockets the engine is, ac a rule, inside the shell of 

the rocket or its nose cone, whicn together with tne snell constitutes a 

single unit. Therefore, the force of resistance in relation to tne displace¬ 

ment of the engine in lhe atmosphere is never considered independently, but is 

included in tne aerodynamic forces acting on a flying object as a whole. 

We should note, however, tnat tne caaracter of tne airflow around the 

rocket and, consequently, also tne value of its aerodynamic resistance change 

considerably, depending upon whether or not the engine is operating. If. 

the engine is not operating, a rarefied area is formed behind tne nozzle, 

i.e., an area of negative pressures whicn create considerable resistance to 

the movement of the rocket. This additional resistance is called Mbase drag." 

When the engine is operating, the rarefied area is eliminated, because it is 

filled by tne combustion products diseñarging from the nozzle and resistance 

to the movement of the rocket is reduced. 

The influence of the engine on tne resistance to tne rocket decreases in 

proportion to the density of the atmosphere. It decreases witr. altitude be¬ 

cause at high altitudes, wnere tne density of the air has less significance, 

the influence of tne aerodynamic forces on tne flight of the rocket and the 

attraction of gravity are practically non-existant. 

While gasen are flowing tnrougn the nozzle, the basic volumes of gas, 

especially those flowing along the walls of the nozzle, acquire not only an 

axial velocity but also a radial velocity. Actually, we snould take into 

account the divergence from the engine axis of the direction of the velocity 

of the flow discharging from tne nozzle. These deviations, however, are very 

small and thus. may. be disregarded i.. the majority of cases. If they become * 
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aigniücant, »• employ special contoured nozzles which equalize the flow and 

discharge the combustion products in a direction that is very close to an 

axial direction. 

As we can see, the operating conditions for an actual liquid-fuel rocket 

engine are, for the most part, very close to those adopted in our assumptions. 

Therefore, the formula (1.9) gives a value for tnrust that is sufficiently 

accurate. 

Specific Thrust. 

The formula (1,9) determines the absolute value of jet thrust for tne 

engine. However, the absolute value of thrust developed does not characterize 

the degree of perfection of tne operation of a liquid-fuel rocket engine. The 

qualitative index of the operation of a liquid-fuel rocket engine is the speci¬ 

fic thrust. By specific tnrust p _ /õp = specific/ we mean the thrust corres- -op - - 

ponding to 1 kg/sec of fuel consumed. 

To calculate specific thrust, we must divide tne total thrust of the en¬ 

gine by tne total fuel flow rate per second; 

'»•i 
or 

" g 4 (1.12) 

The specific thrust is expressed in kg oec/kg. Specific thrust is some¬ 

times called specific impulse. If we consider tnat tne pressure of the gas at 

the nozzle exit is equal to the ambient pressure, i.e,, p. s p , then it seems 
y H 

that the specific thrust depends only on tne disenarge velocity 

<ni3> 
Since P s P G, tuen, evidently, the greater the specific thrust, the sp 

smaller the flow rate of fuel necessary to obtain a given thrust. Tnerefore, 

we must always strive to obtain as great a specific thrust cs possible. The 

specific thrust depends to a considerable extent on the kind of fuel, and, for 

each given fuel, on how the operating process in the engine combustion chamber 
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is organized. Since the specific tnrust is approximately proportional to 

the discharge velocity, tne engine ar.d the fuel are cften tir.ee cnaracter- 

ized not by the value of the specific thrust but by the value of the discharge 

velocity. 

The discharge velocity in present-day liquid-fuel rocket engines is 200- 

2,700 m/sec. 

The presence of two different types of values in tr\e complete equation 

for specific thrust (1.12) -- the velocity and tne forces of static pressure — 

1« not always convenient for calculations. Therefore, we socetimes introduce 

the effective discharge velocity w which is determined from the following 

ratio: 

whence 

*3 (*3 • 
0 

% ■ *3 ♦ 0 fJ <>3 * 
(1.14) 

Thrust, and especially specific thrust in a vacuum, are values which do 

not depend on the ambient pressure, i.e., they are values characterizing only 

the engine. Therefore, thrust and specific thrust in a vacuum are often times 

used to evaluate a rocket engine. 

Specific thrust in a vacuum Patv ¿stv = specific tnrust in a vacuum? for 

modern engines is equal to 220-250 kg sec/kg. We may expact an increase in 

the near future to 260-300 kg sec/kg. 

Reaction engines are often characterized by tr.e value of their specific 

fuel consumption C • 
ap 

Specific fuel consumption is the tern used to denote the fuel consumption 

»•Afuired in one houreif*engine operation for the engine to develop a thruat 

contiguously during that hour. Tnerefore 

C . C 
c.p ■ ï 

•here C is the totíl fuel consumption required for the engine to operate one 
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hour and develop a thrust of P kg. 

Since P equals PBpG, and C equals G • 3,600, then 

C * 'p " ” kg/hr-k¿T ( 1.13) 
•P 

Sooetioec, especially for the evaluation of fuel consur.ption for liquid 

fuel rocket engines operating for short periods of tire, tne value of is 

expressed as a value of fuel flow rate per second necessary to develop a 

continuous thrust of one ton, that is, kg/sec. ton. It is obvious that in 

this instance 

C . ij222 k«/»c.ton. 

* »f (1.16) 

Due to tne fact that a liquid-fuel rocket encino unes an oxidizer which 

is carried in a rocket or in another fljrinc device, tne specific fuel consur.p¬ 

tion by a liquid-fuel rocket ereine is rather larce. For example, in a Unuid- 

fuel rocket engine having a specific tnrunt of 250 kg sec/kg, tne specific fuel 

consumption amounts to 14.4 kg/hr kg or 4 kg/sec ton. 

SECTION 4, THE JET ENGINE -- A DIRECT REACTION EI.G1KE 

Direct and Indirect Reaction Engines. 

We know tnat tne reaction force of a liquid-fuel rocket engine is pro¬ 

duced as a result of an increase in t.;e norent un of the r.ass of the combustión 

product flowing tnrough the engine. In tr.is connection, a liquid-fuel rocket 

engine operates just as otner engines: as for example, the propeller of an 

airplane or of a ship. However, there is an essential difference between 

these apparatuses. 

The propeller, tue driver of an aircraft power plant, must receive its 

mechanical energy from another machine - the engine - to accelerate tne air 

flow and produce thrust. Since tne reaction force which is produced by tne 

driver from tne work of tat engine is not anplied to the engine but to tne 

driver and la created becaêaa.of the. acceleration and increase in:momentum of 

«foreign to the engine, then such a power plant may be called an liw 
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direct reaction engine. In contrast to this, in a liquiu-fuel rocket engine 

tne dass carrier of the engine and the driver are one and tr.e sane -- the com¬ 

bustion products of tne fuel. Tne tnrust is obtained directly without any 

intercedíate systens. 

Therefore, tne liquiu-fuel rocket engine is a cachine combining an inter¬ 

nal combustion heat engine and a driver. Such machines are called d-irect re¬ 

action engines. 

Various Ferns of Direct heactior. Engines. 

In addition to liquid-fuel engines, direct reaction engines also include 

air-breathing reaction engines of various sÿatéos and-solrd*-fuel rocket engines. 

Let us discuss briefly tne operation »nd use of these types of reaction 

engines. 

Air-breatning reaction engines differ from liquid-fuel rocr.et engines in 

the fact that they do not use a liquid oxidizer to ignite the fuel, but the 

air taken into the engine from the surrounding atmosphere. 

Figure 8. Diagram of a turbojet engine. 

1 — Centrifugal compressor; 2 -- Combustion cnanber; 3 — turbine; 4 — jet 
nozzle. 

Figures 8 and 9 show tne diagram and an external view of a turbojet engine. 

The precoopression of the air entering the engine occurs as a result of 

a partial deceleration of the incident flow due to the pressure created by the 
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Figure 9. Outside view of a turbojet engine. The numbered items are the 

same as in Figure b. 

pressure head. Following this the air passes through tue 'ntake ports into 

the centrifugal compressor (1) where its pressure is increased tc a value ^ to 

5 times greater tnan the pressure of the surrounding atmosphere. The compressed 

air is directed into the combustion cnanber (2) (tnere may be several of them 

in tne ngine) into which tue fuel (usually kerosene) is injected and wr.ere 

combustion takes place Tne heated gases pass through the turbine (3) where 

they are partially expanded (to a pressure greater than trie pressure in tne 

surrounding atmosphere) and act upon the turbine wheel wuich is mounted on tne 

same shaft as the compressor wheel. The turbine serves only to drive the com¬ 

pressor, and all of tne turbine power, less small mechanical losses and the 

relatively small amount of power used for operating auxiliary units, is used 

for the compression of air. 

Tne subsequent expansion of the combustion products takes place in tne 

jet nozzle (*0. The velocity of the gas at the exit of the nozzle increases 

considerably. The thrust of the engine is determined by the difference of 

momentum at the nozzle entrance and exit. 
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Figure 10. A pilotless r.issile on a launcher. 

In addition to centrifugal compressors t axial compressors, in w:.ich a 

ouch greater increase in air pressure is achieved, are also employed in tne 

turbojet engine. 

Because of tne fact that the air of the atmosphere is used as an oxidizer 

in a turbojet engine, only the fuel, the consumption of which is nuen less than 

the fuel consumption in a liquid-fuel rocket engine, is carried on board an 

aircraft. The specific fuel consumption in modern turbojet engines is 0.8 - 

1.2 kg/hr kg. 

Turbojet engines are used extensively at the present tire; tney are in¬ 

stalled on high-speed aircraft and also on pilotless missiles. 

Figure 10 shows the outer view of a pilotless missile whicn has a range 

of 800-900 kn and a flight speed of about 1,100 km/hr. 

At very high flight speeds an air-breathing reaction engine can function 

without a compressor for compressing the air and without a turbine for turn¬ 

ing the compressor. 

Tha necessary compression of air is obtained solely by the pressure head 

of the air flow striking the engine. Such engines are called compressorless 

F-TS-9741/V 21 



•ir-breathin/: reaction en^inea« iic dietin^uish two typos of cocprescorlecs 

reaction engines: tr.e raajct engine and t ie julsejet engine* 

Figure 11. A diagram of a subsonic ramjet engine. 

1 — diffuser; 2 -- combustion chamber; 3 -- nozzle; 4 — fuel atomizer* 

A diagram of a subsonic ramjet engine in portrayed in Figure 11. Tue air 

from the atmosphere is partially decelerated in the incident flow oulside 

the engine, and tnen enters tne engine diffuser (1), wnere a further decele¬ 

ration of tne air takes place. Tae static pressure of tie air is raised. 

Tne compressed air is directed into tne combustion cnacber (2), where fuel is 

injected. From the combustion chamber, the combustion products enter the 

nozzle (3), where they expand and acquire a higner velocity and produce t:.e 

thrust of tne engine. Tne fuel pump and tr.e other accessory mechanisms neces 

sary for operation are driven eitner by separate engines or they are replaced 

by systems operating on compressed air. 

A ramjet eng.ne can operate at high subsonic flignt speeds. However, it 

offers the best results at supersonic speeds, namely at speeds of 2,000 - 

4,000 km/hr. 

The supersonic ramjet engine has a diffuser with a more complicated de¬ 

sign; one which insures the best utilization of the pressure head at super¬ 

sonic flight speeds. 

The design of ramjet engines is relatively simple, but the engine must 

first be boosted to a high speed to start operating, since the compression 
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will be insufficient at low speeds and the engine will not develop thrust 

without any special additional units. Therefore, on ramjet equipped aircraft 

some other type of engine is also installed (for example, a liquid-fuel rocket 

engine or a solid-fuel rocKet engine), to furnish thrust on taite-off and at 

low speeds. As a result of the operation of tnis engine, tne aircraft is ac¬ 

celerated to a speed at wnich tne ramjet engine will furnish sufficient tarant. 

Figure 1¿ shows a diagram of an aircraft which contains a liquid-fuel 

rocket engine in tne fuselage and two supersonic ramjet engines suspended 

under the wings. In this figure we can clearly see the diffuser (b) of tne 

engine, which has a sharp body, a so-called spike, in the center; thin spike 

insures .better utilisation of the pressure head at supersonic flight soeeds. 

Figure 12. Diagram of an aircraft with ramjet engines. 

1 -- warhead; 2 -- wing; 3 — fuel tanks; 4 -- liquid-fuel rocket engine; 
5 — supersonic ramjet engine; 6 -- engine diffuser with a spike. 

A diagram of a pulsejet engine is shown in Figure 15. 

The air flowing towards the engine passes throurh a diffuser, formed by 

a streamlined fairing (1), and a valve grid (2) into tne combustion chamber 

(3)» After the combustion chamber is filled with air, a light liquid fuel, 

gasoline, for example, is fed into it, the fumes of which ar» ignited from a 

spark plug (4) or the burning gases still filling the tapering nozzle ("konfuzor" ) 
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(5) «nd the exhaust tube of the engine (6). Y/hen the gasoline fumes are ig¬ 

nited in tne combustion chamber, ne pressure is rained, the valves of the 

valve grid are closed, and the combustion products flow through tue ta.ering 

nozzle and the exhaust tube into tue atmosphere, acquiring a high velocity as 

a result of expansion. Tne length of the tube is cnosen in sue.: a manrer 

tnat the inertia of the column of gases disenarging f-cu the tube creates a 

partial vacuum in tne combustion cuamoer after a certain period of time, the 

valves open, fresh air enters tne engine and the operating cycle of tue engine 

starts over again. 

Figure 13» Diagram of a pulsejet engine. 

1 — streamlined nose; 2 -- valve grid; 3 -- combustion chamber; 4 -- spark 
plug? 5 -- tapering nozzle ("konfuzor"); 6 -- exhaust tube. 

a -- valve diagram; 
b — valves open; 
c — valves closed. 

The frequency of the operating cycles is determined by tne geometric di¬ 

mensions and length of tr.e tube; usually it is about 4,000 cycles per minute. 

Such an engine can operate and create thrust even when stationary. 

Figure 14 shows the diagram of a direct reaction engine of still another 

type, namely, a solid-fuel rocket engine; 

A charge of slow burning powder (1), consisting usually of several grains, 

is placed in the engine combustion chamber. When the engine starts, the ig¬ 

niter (2) sets off the powder charge. The combustion products that are formed 

r-TS-9741/V 24 



(5) Änd the exhaust tube of the engine (6). When the gasoline funes are ig¬ 

nited in tne combustion chamber, tne pressure is raised, the valves of the 

valve grid are closed, and the combustion products flow throurn tue tapering 

nozzle and the exhaust tube into tue atmosphère, acquiring a high velocity as 

a result of expansion. Tne length of the tube -s c losen in such a manner 

tnat the inertia of the column of gases discnarging freu the tube creates a 

partial vacuum in tne combustion cnaxoer after a certain period of tine, the 

valves open, fresh air enters tne engine and the operating cycle of tne engine 

starts over again. 

Figure 13» Diagram of a pulsejet engine. 

1 — streamlined nose; 2 -- valve grid; 3 -- combustion chamber; 4 -- spark 
plug; 5 — tapering nozzle ("konfuzor"); 6 — exhaust tube. 

a -- valve diagram; 
b -- valves open; 
c — valves closed. 

The frequency of the operating cycles is determined by tne geometric di¬ 

mensions and length of the tube; usually it is about ^,000 cycles per minute. 

Such an engine can operate and create tnrust even when stationary. 

Figure 14 shows the diagram of a direct reaction engine of still another 

type, namely, a solid-fuel roc/.et engine; 

A charge of slow burning powder (1), consisting usually of several grains, 

is placed in the engine combustion chamber. When the engine starts, the ig¬ 

niter (2) seta off the powder charge. The combustion products that are formed 
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Figure 14. biapran of a solid-fuel rocrtet engine. 

1 — powder cnarge ; 2 — igniter; ? — diaphragr.. 

are discharged out through trie nozzle into the atnorphere and create a jet 

thrust. A diaphragm (3) is used to keep the powder c.'.arge in the engine com¬ 

bustion chamber and to prevent its being ejected without being burned. 

Figure 15. A solid-fuel rocket missile. 

1 — powder charge of the solid-fuel rocket engine; 2 -- igniter; 3 -- nczzle 
4 -- diaphragm; 5 -- warr.ead; 6 -- detonator; 7 -- stabilizer. 

As we can see from, the description of tno solid-fuel rocket engine, its 

design is very çimple. Hence t e solid-fuel rocket engine is widely used in 

many kinds of rocket cissiles, especially in missiles with relatively small 

dimensions. Figure 15 shows an example of such a missile, a solid-fuel rocket 

missile intended for firing against ground targets. 

Some large missiles, based on the principle of solid-fuel rocket engines 

and having a rocket powder charge of hundreds of kilograms, have also been 

created. Figure 16 snows such a missile with an initial weight cf 2,700 kg 

F-TS-9741/V 25 



at the Bornent of launch. It has a length of aoout o m and a diar.eter of 

O.762 B. I to flieht range is 24 to kr.. 

Figure 16. A large solid-fuel rocket ciissile at tne moment of launch. 

1 -- warhead; 2 -- solid-fuel rocket engine. 

Recently* large rolid-fuel racket enginec have also been used as engines 

la-one-of the stages of multistage rockets (cf page 39). 

The Characteristics of Jet and Rocket Engines. 

The basic characteristic of all types of reaction engines (i.e. direct 

reaction engines) is tne fact that their use becomes advantageous only at*high 

speeds of the craft in which such engines are installed. 

In order to explain this, we will introduce the concept of an external, 

or, as it is more often called, flight efficiency coefficient (f = flight). 

Flight efficiency expresses tne degree that tne gas stream, being dis¬ 

charged from the nozzle, is used to produce useful work which is then spent in 

propelling the reaction vehicle. This useful work, which is applied to a re¬ 

action vehicle per second, is equal to the product of the thrust F times the 

velocity of the vehicle u. If we disregard the relatively small value of 

4 w. 
fjiPyPjj)« the thrust of a rocket engine is equal to P * 0, while the useful 
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work per oecondj produced bec&uue of tne tnrust of tne rocket entire* is. 

2*Gu. 
i (1.17) 

The stream of fcas flowinç from the engine possesses two forms of energy: 

the first is tne kinetic energy possessed by tne liquid propellant in the 

reaction vehicle which is moving at a speed of u{ ana the »econd is t:ie kinetic 

energy acquired by the combustion products waen tney are driven into the nozzle 

up to a speed of Wy Thus, the total energy of G kg of fuel, consumed per 

second by the engine, and in the form of a stream of combustion products 

discharging from tue nozzle, is equal to 

(1.18) 

Tne flight coefficient, according to its determination, is equal to the 

ratio of the values snown in (1.17) and (I«l8) 

light 
(1.19) 

2 • A u 
dy dividing equation (1.19) by u and introducing the relationship p = ~ 

we obtain the final formula for calculating f 

11 flight ,*«,.• (1.20) 
« 

As we can see from the equation (1.20), tne value of tne flight efficien¬ 

cy is determined solely by the ratio of tne flight speed to the nozzle dis¬ 

charge velocity. The dependence of tne cnange o: on ^ shown in Figure 

17. The flight efficiency has its maximum value, being equal to 1, when 

P si; i.e., when the exhaust velocity is equal to the flight speed. This 

condition can be easily explained. In reality, when w, s u, the velocity of 
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the conbustion products leaving the nozzle i?, in relation to tne earth, 

equal to zero. The combustion products ejected from tne nozzle do not have 

any kinetic energy, and consequently, in accordance witn tne low of cor^er- 

vation of energy, all the energy of tne stream is communicated to tne reaction 

vehicle. 

In any other case, both wnen tne flignt speed is greater than the exhaust 

velocity of the gases (i.e., wnen u > w^) and wnen u < w^, the combustion 

products carry tne kinetic energy of tne stream with them, reducing that 

portion which is transmitted to tne reaction venicle. The kinetic energy of 

the combustion prouucts is gradually dispersed in space oecause of friction 

ana the disorderly movement of the gas particles. 

The exhaust velocity in reaction engines is very great. In tne case of 

an air-breathing reaction engine it amounts to 600-700 m/sec; i.e., about 

2,500 ka/hr, and in a liquid-fuel rocket engine it reacnes 2,500 nv/sec; i.e. 

about 9*000 km/hr. It is at just such speeds that we must employ reaction 

engines. Numerous attempts to install jet and particularly rocket engines on 

craft for ground or water transport which could not develop high speeds in¬ 

variably ended in failure. Such a vehicle always has a very high fuel con¬ 

sumption and tne duration of its active operation is very insignificant. 

■’Ifligh* 

è 

Figure 17. The change in the flight efficiency coefficient of a rocket engine 
1]f ë« a function of the value of the ratio of the flight speed to the «x* 

F-TS-9741A 28 



W« should note that «hen the velocities of a rocket are greater than the 

exhaust velocity, the flight efficiency also decreases. However, in this 

case, -t is necessary to content ourselves with g worsening of tne flight 

efficiency because tne problem of accelerating tne rocket to velocities ap¬ 

proximating cosmic velocities uay be solved at tne present time only with the 

aid of a rocket engine which has still a limited exhaust velocity. 

Thus, reaction engines, and especially rocket engines, are specifically 

suited for high speed aircraft. 

If a comparison ia'made between*reaction and rocket engines, it is 

not difficult to see tne special cnaracterictics of me latter,which consist 

of the following: 

1. Rocket engines by not using air as an oxidiner can operate at any 

altitude and even in outer space. Tne use of air-breathing reaction engines 

is limited to altitudes of 25-30 km, since at higher altitudes the air be¬ 

comes extremely rarefied and it is necessary to pass enormous volumes of air 

through the engine to obtain tue necessary thrust. 

2. The thrust of a rocket engine increases with an increase in flight 

altitude because of tne decrease in outside pressure. The same thrust of an 

air-breathing reaction engine drops steadily because the density (mass) of 

the air entering the engine decreases with an increase in altitude. 

Thus, a liquid-fuel rocket engine is particularly well suited for in¬ 

stallation on aircraft intended for flights at very high altitudes and in 

airless space. 

3. Tne thrust of the liquid-fuel rocket engine does not deiend on tne 

flight speed. At the same time, tne tnrust of an air-breathing reaction en¬ 

gine decreases with an increase of flight speed and becomes equal to zero if 

the flight speed is equal to tne exnaust velocity. Thus, an aircraft can 

0 

reach a very high speed only with the aid of rocket engines. 
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4. Liquid-fuel «rd especially solid-fuel rocket engines are very sirple 

from the standpoint of their mechanical construction. Tney have a sininum 

number of moving and rotating parts. Thanks to tnis, rocket engines have 

become muen lighter tnan, for example, turbojet engines. In tnis respect 

only tne ramjet engines can compete witn them. 

5. The air used in an air-breathing reaction engine and t’.e liquid 

oxidizers used in tne liquid-fuel rocket engine differ a great deal from eacn 

otner. The oxygen of tne air mien is necessary for the combustion of fuel 

in an air-breathing reaction engine is diluted to a large degree witn nitro¬ 

gen. an element whicn does not ta^e part in coroustion. i.e.. it is a ballast. 

Therefore, the concentration of chemical energy per unit weight of proreliant 

for an air-breathing reaction engine, includinr tne fuel and the oxidizer 

necessary for its combustion, is srall and amounts to 6oO-70C calories per 

kilogram of mixture. 

In liquid oxidizers we can increase the percentage of oxygen to 77-100' 

so that the concentration of chemical energy in the propellant of a liquid- 

fuel rocket engine increases to 1,400 - 2,250 calories per kilo ram. There¬ 

fore, a very intensive liberation of heat takes place in the combustion cham¬ 

ber of a liquid-fuel rocket engine, and tne temperatures of combustion are 

much higiier in comparison witn those in air-breathing reaction engines. For 

this same reason tne velocity of tne gas in tne combustion cnomber and in tne 

nozzle is very great. On the one hand, the high thermal and velocity loads 

of the operating process of a liquid-fuel recket engine makes it possible for 

engines of this type to have minimum dimensions. A liquid-fuel rocket engine 

in comparison with any type of an air-breathing reaction engine, both with 

the same thrust, has much smaller dimensions. As a result of this, a liquid- 

fuel rocket engine can be easily placed on any type of aircraft. However, on 

the other hand the high load of the operating process of a liquid-fuel rocket 
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tngine also causes a number of oil'ficulties. Tne problers of coolinr tne 

engine« of making it explosion-proof« and of securing an operational poten¬ 

tial for tne proper ler.gtn of time etc., are very complex. Therefore, in 

spite of tne relative simplicity of tne construction of tne liquid-fuel rocket 

engine mentioned above, the creation of a reliable engine is a complicated en¬ 

gineering task requirirg a great amount of experience in tne designing and ma¬ 

nufacture of an engine of this type. 

6. A great weakness of rocket engines is their very high specific fuel 

consumption. However, in a number of cases tne increased fuel consumítion is 

compensated for by the low weight of the engine. In a number of cases the 

rocket engine is the only suitaole engine for the solution of the jroblems 

set forth. 

In making a furtner compurison between liquid-fuel and solid-fuel rocket 

engines, we should note tne following characteristics of solid-fuel engines. 

The solid-fuel engine usually does not have artific.ally cooled walls. 

For this reason, the operating time of a solid-fuel rocket engine is very 

limited and as a rule does not exceed several seconds during which tne material 

of the combustion chamber walls does not have tine to heat up and to lose its 

stability. 

Solid-fuel rocket engines operating for 20-25 seconas have appeared only 

very recently. The combustion chambers of ouch engines are covered with a 

special coating which protects tne raterial of the combustion cnamber walls 

against burnout. • 

The combustion chamber of a solid-fuel rocket engine is at tne same time 

a unique tank in which fuel is kept. Therefore, tne combustion chamber by 

necessity has large dimensions which increase with the thrust and operating 

time of the engine. 

We must take into account that as a rule, a very high pressure is pro¬ 

duced in the combustion cnamber of a solid-fuel engine. Therefore, to insure 
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the stability of the chamber which is operating unuer severe temperature con¬ 

ditions, it is necessary to increase tx.e wall tnickness, which renders tne con¬ 

struction of the engine much more difficult wnile preventing an increase in 

its dimensions. 

We should, however, note that recently stable burning powders, have been de 

veloped which burn«, at low pressures (30-50 atm), makinj it possible to create 

rather large solid-fuel rocket engines. The extensive use of large solid-fiel 

rocket engines has also been hindered by tne nign cost of solid rocket fuel; 

however, cneaper solia fuels created in recent years nave rec' ved even this 

obstacle• 

The Tramnorrration of Energy in a Rocket Engine. 

The transformation of the chemical energy of t..*_ fuel into the work im¬ 

parted to the aircraft by tne engine is tne result of the individual processes 

taking place in tue engine and its parts. 

The carrier of the chemical energy going into the engine is tne propellant 

which as a rule consists of a fuel and an oxidizer. The conversion of tne chem 

ical energy of the propellant into tnermal energy usually takes place as a re¬ 

sult of a chemical process — the reaction of the conoustion of tr.e propellant. 

However, the process of combustion must be preceded by a whole series of pre¬ 

liminary processes which are necessary for tne creation of tr.e best conditions 

of converting both tne cnemical energy into tnermal energy and the heat into 

the work of expansion. 

These processes include the following: comrression (i.e., raising the 

pressure of the propellant, wnich is necessary to effect a subsequent expansion 

of the combustion products), feeding of tne components into tne combustion 

chamber, atomizing the fuel components, and then igniting them. 

The thermal energy released as a result of ccabustion is converted par¬ 

tially into tne work of expanding the combustion products. The work of ex¬ 

pansion is spent on increasing the exhaust velocity of the combustion products 
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and, therefore, in producing thrust. 

A diagram of the processes of tne transformât ion of energy is depicted 

in Figure 18. 
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oxidizer; 

fuel ; 

compression and feeding; 

atomizinr; 

chemical energy; 

ignition and combustion; 

tne mal energy; 

extans ion; 

work of expansion; 

work of tnrust. 

Figure lb. A flow chart of the processes of the transformation of energy in 
tne reaction engines. 

SECTION 5. THE CLASSIFICATION OF LIQUID-FUEL ROCKET ENGINES 

ive can classify liquid-fuel rocket engines by various c'.aracteristics: 

— by tne characteristics of tne propellants used; 

— by tne method of carrying out the basic processes of tne transformation 

of energy; 

— by the purpose of the engine. 

In keeping with this, we will classify engines in tne following manner: 

— by the type of propellant used; 

— by the method of compressing and feeding the propellant components; 
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by their purpose. 

A diagram of this ciaosification is presented in Figure 19. 

The Classification oi Liquid-Fuel Rocket Snrines by tne Types of Pro- 

pellante Usei. 

In liquid-fuel rocket engines it is possiole to employ two basic types 

of propellants: liquid œonopropellants, consisting of a single substance (or 

a sclution of several substances) whicn is in a forn. prepared for combustion 

(or decor.pocitionMsuch mixtures may be called liquid powders) and sejerotely- 

fed propellants, which consist of a fuel and an oxidizer that are fed separate¬ 

ly into tne combustion cnamber and mix only in tne combustion cnamber itself. 

The problems of tne atomization and carburetion processes in engines of 

these types differ considerably fror each ether. 

In engines operating on Eonopropellants, the mixing of tne components par¬ 

ticipating in the combustion reaction is done beforehand, and in tne process 

of atomizing the propellant it is only necessary to distribute it as uniformly 

as possible over the combustion chamber cross section. 

In engines with separate feed systems (of propellant components), a care¬ 

ful mixing of tne fuel particles and oxidizer should take place in tne atomizing 

process in order to create the best possible conditions for combustion and the 

fullest possible release of chemical energy from tne propellant. 

In engines operating on monopropellants, the system of feeding is much 

more simple since it only uses one and not two tanks, and tr.ere is al*=o only 

one fuel supply line between tne tank and the combustion cnamber. However, 

the development of an adequate monopropellant is limited by the danger of ex¬ 

plosion. As a result of this, engines using a monopropellant have not yet 

been extensively employed. 

Engines with separate feed systems (of propellant components) are classi¬ 

fied in more detail by the type of oxidizer employed, since the characteristics 
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Figure 19. Diagrair of tne classifications of liquid-fuel rocket engines. 

1 — liquid-fuel rocket engines; 2 — by type of propellant employed; 3 — 
■onopropellant ; 4 -- separate feed system (of propellant components); 5 — 
oxygan; 6 — nitric acid; 7 -- otner substances; 8 — by means of compres¬ 
sing and feeding the propellant; 9 — pump; 10 -- displacement; 11 — cani 
ter; 12 -- cartridge pressure accumulator; 13 liquid pressure accumulator 
14 — by the purpose of the engine; 15 •• long range rockets; 16 -- antiair¬ 

craft rockets; 1? -- aircraft-type; 18 — boosters. 
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of « Ki«n oxidiwr d.teroin. the structurel characteristic, of the enfitne to 

. considerable degree, and often also the ability of using tne engine for 

. certain purpose. In a classification based on tn. type of oxidit.r employed, 

the engines are usually designated by the name of ta. oxlditer; for exanple. 

oxygen, nitric acid, etc. At the present tire, tne icosc extensively used 

types are the oxygen and nitric acid engines. 

TS. naaai fieation of Lioui —Fuel hocKet £n,-ines by tne l>tnod of Coi> 

pressing and Feeding tne Propellant Cor.ponents. 

The process of compressing and feeding components into liquid-fuel rocket 

engines is usually accomplished by one of t«o methods! eitaer by forcing the 

components from tne tanks by creating an excess pressure in tnem, or by using 

pumps to compress and feed tne components. The first type of injection sys¬ 

tem »ill be called forced feeding, anu tne second type £ump feeding 

In pump feeding, tn. components from the tanks are forced into tne com¬ 

bustion «namber by pumps »nich require some source of energy to turn then. 

Turbines «hich operate on the products of tne decomposition of hydrogen per¬ 

oxide or some other substance, are most often used to drive the pumps. 

Increasing t..e pressure in the tanks for forced feeding may be achieved 

by several means. Extensive us. is mad. of a feed system in »hicn the dis¬ 

placement of the components is accomplished by gas under hign pressure. 

This gas posses from tne canister through a reducer «hich lowers tne pres- 

sure of the gas to the operating pressure in t 'e tanks. The gas t.-.en enters 

the tanks with the propellant components, forcing tnem into the combustion 

chamber. This feed system is called canister feeding. The disadvantage of 

it is the great weight of the gas which forces tne components from the tanks 

and especially the weight of tne canister which stores tne gas under high 

prebsure. 

To decrease the weights of these canisters, the conbustion products of 
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a solid propellant are used to expel the propellant conponents; this ic t:\e 

so-called solid propellant hot gas generator feed. When the corcbusiion pro¬ 

ducts of a liquid propellant are used, this is then tne so-called licjuid- 

propellant hot f:as generator feed. 

The heavy canister with cocpressed gas in taece forced feed systems is 

replaced by the lignter solid-propellant or liquid-propellant gas generator; 

the weight of tne gas, whicn expels the components, is reduced because of the 

higher temperature at which it enters the propellant tanKs. 

In forced feeding of any type, the tanks containing the components operate 

under a pressure somewhat exceeding the pressure in the combustion chamber; 

because of this, the tanks should be sufficiently strong. In high-tnrust 

engines or in engines designed for comparatively prolonged operation, tne 

use of forced feeding would give rise to a prohibitive increase in tne weight 

of the tanks. Pump feeding of tne propellant components is employed in these 

engines. 

Tne ignition process in starting tne engine is important in relation to 

safety and reliability of operation since a short delay in ignition leads to 

an accumulation in tne combustion cnamber of a large quantity of propellant 

having an enormous supply of energy, tne sudden release of waich coulu lead 

to an explosion and tae destruction of the engine. 

The ignition of tne propellant in tne engine ray be efiected in the fol¬ 

lowing ways: by feeding hypergolic components into the chamber at the moment 

of tne start, (chemical ignition); by ignition of the operating mixture with a 

powder cartridge (pyrotechnic ignition); and, lastly,by ignition of tne com¬ 

ponents with the aid of an electric spark plug (electrical ignition). 

The Classification of Liouid-Fuel Rocket Engines by Purpose. 

Modern liquid-fuel rocket engines are used on many reaction venicles. 

The design of liquid-fuel rocket engines depends, to a great degree, on their 
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function; hence engines are classified by tneir use, for example: engines 

for long-range rockets, antiaircraft rocket engines, engines for airplanes, 

boosters, etc. 

SECTION 6. AP£AS OF APPLICATION Or LIQUID-FUEL ROCKEF ENGINES 

Cosmic Rockets and Artificial Earth Satellites. 

The liquid-fuel rocket engine possesses two principally new cnaracteris- 

tics w.iicn distinguish it from other reaction engines; it can operate out¬ 

side the earth's atmosphere and impart very high speeds to an aircraft. 

K. E. Tsiolkovskiy was tnt first to appraise tne colossal possibilities 

opened up by tnese characteristics of liquid-fuel rocket ei.ginea. In his 

works he set forth the idea of usiig a liquid-fuel rocKet engine for s;ace 

flignts and to open new places in tue universe for t:;e settlement of human 

beings. In one of his first '-arks in 1903- K. E. Tsiolkovskiy wrote: MIn 

the distant future we can already see perspectives through the naze which 

are so attractive and important tnat we can hardly dream of them at tr.e pre¬ 

sent tine.''* 

In his subsequent works, Tsiolkovskiy sta.ed these perspectives in a 

specific manner; he wrote: 

"But, on tue other hand, how beautiful tne achievement will be. The 

conquest of tne solir system will give not only energy and life which will be 

two billion times more abundant tnan the energy and life of the earth, but 

even a space still more abundant. Man cr. earth masters, so to speak, only 

two dimensions. The third, however, he masters only to a limited extent; as 

yet he cannot spread out at pleasure upward and downward. Then, however, nan 

will have three dimensions." 

The development of cosmic rockets is a difficult scientific and technical 

task. 

E. Tsiolkovskiy."Raketa v kcssicheskoye prostranstwo" ^he Rocket to Cosmic 

Space/* Sb. "Trudy p>. raketnoy tekhnike" /from tne Symposium "works on Rocket- 

fryvT Oborongiz,' 1W. 
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Payload 

Figure 20. Diagram of a three-stage rocket. 

In order to develop the higa flight speed necessary to overcome the 

earth’s force of gravity aad for a flight into outer space, it is necessary 

to use composite ¿muHi-ctage7 rockets w.hica were first troposed by K. E. 

Tsiolkovskiy. 

By a composite rocket we mean one consisting of several rockets joined 

together as shown in Figure 20, wnere a diagrarr. of a tnree-stage rocket is 

depicted. At the moment of launch and curing the first period of its flight 

only tne engine of the first stage is in operation. Tne first stage engine 

is tne one with tne maximum thrust. In addition, t.:e first stage of tne 

rocket, besides engine and fuel, carries only instruments end equipment which 

will insure the operation of the engine. The other two stages constitute the 

payload for tne first stage. After the propellant of the rocket's first stage 
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is consumed, the empty first stage is jettisoned, which considerably reduces 

tne weight of tse rocket. At this sane moment, tr.e second stage engine starts, 

tne thrust of wnich is not spent on accelerating aau lifting tne mass of the 

first stage of the rocket which has by now become useless, but *s used in 

lifting and accelerating tne rer.-aining stages. The remaining third stage is 

tne payload. After the second stage engine has consumed its propellant, it 

will also be jettisoned and the third stage engine starts to operate. 

Thus, the use of composite rockets reduces tne mass of the device, which, 

together with the mass of the payload located in the third stage, must be 

given the necessary velocity, while tne mass of the first ana second ctages 

is accelerated to significantly lower veiocit-Les. Tnanks to this, t ie amount 

of propellant wnich must be scent to accelerate the payload to a given velo¬ 

city is snarply reduced. With tne specific t .rusts of modern liquid-fuel 

rocket engines, a one-stage rocket would generally not be able to reach es¬ 

cape velocity. 

The greater the number of stages in a composite rocket, the more signifi¬ 

cant is the reduction of the weight of its construction. However, the number 

of stages is limited by the purpose of the rocket and the rapid increase in 

the constructional difficulties arising with an increase in the number of 

stages of the rocket. 

In order to characterise tse difficulties whicn must be overcome in the 

construction of cosmic rockets, it can be pointed out on the basis of certain 

theoretical calculations that to deliver a payload (of instruments) with a 

weight of 45 kg to the moon, it is necessary to have a three-stage rocket with 

•n initial weight of 4&0 tons, which is more than 10 tons of initial weight 

per kilogram of payload to be delivered to the moon. The liquid-fuel rocket 

engine of such a rocket must have a thrust of about 1,000 tons. 

To solve tne very interesting problem of a flight around the coon and a 
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return to the earth, it is necessary to have rockets and engines of still 

larger dimeráions. 

A more modest task, the solution of which will be the first step towards 

the mastery of outer space, is the creation of an artificial earth satellite. 

The artificial satellite would be a body revolving about tr.e earth for a 

certain period of ti:.e. In order that the satellite not fall back to earth, 

it must revolve about the earth at such a velocity that the centrifugal force 

would be equal to the force of gravity. This velocity is called tne first 

escape velocity and is aoout 8 km/sec. 

So that the speed of the satellite does not decrease (or decreases very 

slowly), its flight should take place, as is now established, at altitudes 

of more than J00 kr. 

Sending a satellite to such an altitude and imparting a first escape 

velocity to it is possible by using a tnree-stage rocket. In addition, it is 

necessary to have approximately 1,000 kg of initial weight of the rocket per 

kilogram of weight of small size satellites. Therefore, earth satellites 

should have small dimensions and weights, which are sufficient, however, to 

place instruments in the satellite whicn make it possible to observe the move¬ 

ment of the satellite from the earth or to transmit the most im;ortar.t physi¬ 

cal data characterizing tne condition of the surrounding medium at great 

altitudes to earth. 

Thus the diagram of a rocket for launching an artificial earth satellite, 

according to one project, has the form sr.own in Figure <?1, 

The satellite itself is a sphere (1) with a diameter of 500 mr. and a 

weight of about 10 kg. The satellite is enclosed during the tire of the flight 

in a protective jacket (2)# -k® composite rocket launching the satellite has 

three stages; its initial weight is about 10 tons. The engine of the first 

stage (15) operates on liquid oxygen and a fuel consisting of a mixture of al¬ 

cohol (75¾) and gasoline (25¾) which are placed in the tanks (15 ®nd 11). 
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1 -- earth satellite; 

2 — protective jacket; 

3 — mecr.anism for releasing tse 
earth satellite; 

4 -- solid-fuel rocket engine; 

3 — guidance instruments; 

6 — ca'ister with cocrressed helium; 

? -- fuel tank; 

?< — oxidizer tank; 

9 -- combustion chamber of second 
stage engine; 

10 -- cecnanicm for separation of the 
first stage; 

11 -- fuel tank; 

12 -- hydrogen peroxide tank; 

13 — oxidizer tmk; 

14 — turbo pump; 

15 — combustion chamber of first 
stage engine. 

Figure 21, Diagram of a three-stage 
rocket - an artificial earth satellite. 

Feeding the propellant components into t ie first stage engine is 

accomplished by a turbopump (14) which operates on hydrogen peroxide stored 

in tank (12). The first stage engine provides for the vertical start of the 

rocket and its movement along a trajectory having a constantly decreasing in¬ 

clination to the horizon. At the moment the first stage engine ceases to 

function and separates from the rocket, the rocket will be at an altitude of 

58 km. The second stage engine (9) operates on nitric acid and dimethyl 
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hydrazine -(a hydrocarbon fuel) contained in tanke (ó) and (7). The feeding 

of the fuel components is by the canister method. Helium, contained in a 

canister (6), is used as a pressure gas. The second stage engine lifts the 

rocket to an altitude of 255 km, after wnich, because of inertia, it reaches 

a height of ko. 

The third stage of the rocket has a solid-fuel rocket engine (*♦) which 

starts upon reaching a set altitude, and imparts a first escape velocity to 

the rocket. After the third stage engine shuts off, the release mechanism 

separates the satellite,if necessary, from the tnird stage rocket body, and 

the satellite begins its independent movement about the earth at an altitude 

of 480 km, and a velocity of 28,800 km/hr. The satellite makes one revolution 

about the earth in 1.4 hours. 

It is assumed that at an altitude of 4£o ko an earth satellite can re¬ 

volve around the earth for several months, gradually, however, the velocity 

of its revolution will be reduced because of friction with the traces of at¬ 

mosphere existing at such an altitude and the satellite will gradually descend 

lower and lower. After falling, finally, into tne denser layers of the.atmos¬ 

phere, it will burn, just as fragments of meteorites in the earth's atmosphere. 

As we can see, the problem of making even a small cosmic rocket is very 

complicated and requires a hign level of development of rocket engineering. 

Rockets for the Exploration of Up:er Layers of the Atmosphere 

(Meteorological Rockets) 

The liquid-fuel rocket engine is also very important for use as an engine 

for the exploration of the upper layers of the atmosphere. 

Even K. E. Tsiolkovskiy pointed out that solely with' the aid of a rocket 

it »is possible to study the extremely high layers of the atmosphere and 

also areas much further from the earth. This problem can be solved and is 

being solved at the present time. 
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Meteorological rocketc, au »c cenerally cal^ rockets used for the explo¬ 

ration of the upper layers of the atr.osphere, are built in the fors, of or»- 

or two-stage rockets of the cost varied weights and dimensions detendinr upon 

the purpose of the tests and the weight of the instruments necessary for re¬ 

search (for further retails, see Table 1). 

According to information which has been published, a single rocket 

with an initial weight of 7.5 tons, equipped with a liquid-fuel rocket engine 

having a thrust of 9.070 kg, reached a rax ic.um altitude of 25^ km. Figure 22 

shows this rocket at the moment of launcning. A still greater altitude — 

390 km -- was reached by a two-stage rocket which had a first stage we^rhing 

13 tons and containing a liquid-fuel rocket engine having a thrust of 25 tons, 

while the second stage of the rocket weighed 300 kg and had a liquid-fuel rocfcet 

engine with a thrust of 6Ö0 kg and an operating tire of 45 seconds. 

This rocket is shown i.* figure 23» at tne moment it becar e a.rborne; 

when its first stage had not yet been jettisoned. In Figure 24, the second 

stage of the rocket is shown separately. Flights have been made in many me¬ 

teorological rockets to high altitudes by living creatures — monkeys, dogs, 

çtc» -- for the purpose of studying the effect of rapid and prolongei accele¬ 

rations, cnaracteristic of space flignt, on a living organism, ana also to 

study tne effects of intensive cosmic radiation which occurs at high alti¬ 

tudes. 

Figure 25 shows a cut-away of a two-stage meteorological rocet in which 

animals were sent aloft. The first stage (the booster) of tne rocket is a 

solid-fuel rocket engine wits a weight of 265 kg (117 kg oi there is solid 

fuel) which operates for 2.5 seconds and imparts an acceleration equal to 

14 g (where g = 9.81 m/sec — tne acceleration of gravity) to the rocket. 

The second stage is a liquid-fuel engine. It operates on a hypergolic fuel 

(an oxidizer witn a nitric acid base and a fuel witn an aniline base). The 
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Figur« 22. Launching a single-stage cieteorological rocket. 

4 
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Figur« 23, Th« beginning of flight of a two-stage meteorological rocket, 

1 — first stage; 2 — second stage. 

Figur« 24, Second stag« of a two-stag« meteorological rocket which reached 

an altitude of 390 km. 
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Figure 25. A two-stage meteorological rocket on wnicn animals were sent to 
high altitudes. 

I — nose cone; 2 -- antenna; 3 — rau.io transmitter; 4 -- telemetry equip¬ 
ment; 5 — animal compartment.; 6 -- recordin'* instruments; 7 -- radio be - 
con; 8 — parachute; 9 -- tank for propellant components; 10 -- engine; 
II — stabilizer of tne secona stage; 12 — fastening of tne first stage 
(booster); 13 -- solid-fuel rocket engine; 14 — otabilir.er of tne first 

stage. 

feed system is a canister system, whicn uses compressed helium to expel the 

propellant components. The thrust of the engine is 1,140 kg (1,800 kg in 

4 * 

recent models), the operating time is 45 seconds. The payload of 68 kg in¬ 

cludes: a hermetically sealed compartment for the animals wh^.ch is equipped 

with a movie apparatus and a system for supplying the compartment with oxygen; 

instruments for the observation of the physiological condition of the animals 

and a system for transmitting the readings of tnese instruments to the earth 

by radio (the so-called telemetry system), and a system for recording tne 

data on a film; the "marker" of tne position of the rocket in space (a radio 

beacon); and a parachute for the safe return of the animals arid the instru¬ 

ments. According to existing data this rocket reached a maximum height of 

2Sd km. 

The maximum altitude reached at the present time by rockets is 1,200 km. 

Long Range Rockets. 

Along with their use in space rockets, the classic area of application 
<► ^ 

* 1 of liquid-fuel rocket engines is that of long-range and "super-long-range" 
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ballistic mier.iles, wnich acsoKilish fliß.its over great distances and at a 

rTj nigh altitude. Tr.t small resistance vanishing, durin.- flight at these 

altitudes, gives us reason to suppose that, under the conditions known, such 

flights will be economically advantageous. 

The solution of this problem is today's and tomorrow's task of rocketry, 

and, even though we are on tne jath to attaining the necessary velocities and 

ranges, many difficulties still remain. Tnere are no grounds to doubt that 

these will not be overcome. 

The particular q- —ties of a liquid-fuel rocket engine mentioned above, 

among them its small d menoions and weight, insure wide application in mili¬ 

tary engineering as on engine for tne most varied kinds of military equipment. 

One of tne first weapons in wnicn liquid-fuel roc.et engines were in¬ 

stalled was tne long range rocket. An example of such a rocket is t e German 

À-4 (V2) rocket wnicn aid a firing range of 250-300 kn.1 A diagram and cut¬ 

away of this rocket are given in Figures 26 and 27. 

In the nose section of the rocket there is a cone shaped warhead (1) 

weighing 1,000 kg; 730 kg of this are explosives. Behind the nose section 

there is the compartment for the guidance instruments (2), containing all the 

control instruments for guiding the rocket. One section of these instruments 

controls the position of the rocket in space and the other controls the ope¬ 

ration of the power plant. This same compartment contains the power sources 

for the instruments. The weight of the compartment with the instruments is 

475 kg. 

The mid-aection (3) of the rocket contains the fuel tank (alcohol) and 

the oxidizer tank (liquid oxygen). 

The total dry weight of the mid-section without tne fuel and the oxidizer 

1D. Satton, Raketnyye dvigateli /Rocket Engines?, 1952, Foreign Literature 
Publishing House. I. Kooy i I. Yutenbogart, olnamika raket /Dynamics of 

Rockets?, Oborongiz, 1950. 
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is 820 kgî 420 kg of th -CFr'îsents t e jacket. The fuel tank has a capacity 

of 4,600 liters and weight N3 kg. te tank contains about 3,900 kg of alco¬ 

hol. The oxidizer tank has a capacity of 4,470 liters and weighs 107 kg; it 

contains about 3«000 kg of liquid oxygen. 

The engine is in tr.e tail section (4) on which the stabilizers and rud¬ 

ders are located. The weight of tne tail section is 620 kg; the weight of 

the engine is 920 kg. The tail section carries four stationary winr-stabi- 

lizers arranged in pairs in two mutually perpendicular planes. At the end of 

the stabilizers are the air rudders (3). In addition to this, gas rudders (6), 

in the same planes, are located in the flow of combustion products. 

Figure 26. Diagram of tne À-4 rocket. 

1 -- warhead; 2 — guidance instruments; 3 — mid-section; 4 -- tail section; 
3 — air rudders; 6 — gas rudders. 

The gas and air rudders together with the guidance instruments of the 

rocket perform three functions. One pair of rudders keeps tne rocket in the 
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firing plane whicn coincides with the plane set by this uiir of rudders and 

stabilizers; the other pair of rudders serves for guidinr the rocket nlone an 

inclined angle to the horizon. In addition to this, tne first pair of rudders 

prevents the rotation of the rocket around its longitudinal axis. 

The total length of the rocket is 14 m; its weight dry without propellant 

is about 3,h00 kg, and its initial flight weight is about i;,000 kg. The 

power plant develops a tnrust of 26,000 kg in 60-70 seconds and consunes 12^ 

kg of propellant per second. 

The À-4 rockets were designed in 1940-1942. They were first employed for 

œilitary purposes in September 1944, wnen tney were fired at London from ter¬ 

ritory of Holland. From September 1944 to March 1945, more than 1,000 A-4 

rockets were fired. Figure 2Ö shows t.ie A-4 rocket during preparation for 

launching. 

A detailed description of tne A-4 rocket engine is giver, in Chapter 10. 

The A-4 rocket did not produce the expected military effect. However, 

thanks to the successful solution of many difficult problems of rocket con¬ 

struction, it gave a powerful Impulse to tne further development of the liquid- 

fuel rocket engine in many countries. 

Since the A-4 rocket was built until now, many new models of long-range 

rockets nave been developed (see Table 1). 

The main results of work on tne development of suen rockets can be sum¬ 

marized as follows: 

The initial weight of a rocket for a range of 300 km and with a warhead 

weight of about one ton has now been reduced to 6-7 tons. Figure 29 shows 

one such rocket. 

Rockets have been developed with a maximum range of over 1,000 km. Such 

rockets have an initial weight of about 20 tons and an engine witn a thrust 

up to 40 tons. 

At the end of August 1957, an intercontinental ballistic missile was * 
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Figure 27. A cut-away view of the A-4 long-range rocket. 

1 — combustion chamber; 2 -- turbopumpj 3 — oxygen tank; 4 — alcohol 
tank; 5 — compartment for guidance instruments; 6 — jet mizzle; 7 — 

nose of the rocket. 

F-TS-9741/V 51 



Figure 28. Preparation for the launching of a lonr-range rocket, 

launched in the USSR. The flight range of this nissile r.akes it posoible to 

send it to any place on earth. 

According to data published, American firms are now also developing in¬ 

tercontinental missiles. However, tney have not yet succeeded in success¬ 

fully launching sucn a missile. One of tne missiles designed for a flight 

range up to b,000 km was to have beer, constructed as a two-stage rocket r.aving 

an initial weight of about 100 tons. Powerful liquid-fuel rocket entines are 

installed in the missile. It is proposed to install multiple fa group of) 

angines with a thrust of tons each on tie first stage. At tne present 

time, according to publisned retcrtc, tne maximum flight ranre obtained abroad 

with the aid of rockets is about 4,800 km. 

We should bear in mind that tne development of cosmic and long-range 

rockets, and also of large earth satellites, requires the construction of 

very large liquid-fuel rocket engines having a thrust of hundreds of tons. 

For testo and final preparations, teat stands have now been built which make 
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it possible to fire an engine with a tnrust of 250 tons. Figure 30 shows a 

stand for testing a large liquid-fuel rocket engine. 

•f 

Figure 29. Modern long-range rockets. 

a — a rocket having an initial weignt of about 30 tons at a range of 800 lur.; 
b -- a rocket witu an initial weight of 6 tons at a range of 200 ko. 

Liquid-fuel rocket engines for long-range rockets will obviously be de¬ 

veloped in the future along the lines of increasing absolute thrusts, increas¬ 

ing operating time, and-Also along the line of increasing the exhaust velocity 

of the gases and specific thrust by using new propellants with great reserves 

of chemical energy. 

In the future it is possible that nuclear fuel will be used in such engines 
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Figure 30. A stand for testing large liquid-fuel rocket engines. 

1 — punp compartment; 2 — frame for tne liquid-fuel rocket engine; 3 — 
observation window; U — propellant reservoirs with a capacity of 56.7 tons; 
5 — puop compartment; 6 — propellant supply pipe; 7 — gangway; b — 

gas exit stream. 

Antiaircraft Rockots with Liquid-Fuel HocVet Engines. 

Antiaircraft rockets serve as a means of defense for con ating enemy 

airplanes. In tne future tiey will, of course, also be a means of combating 

enemy rockets. 

There are quite a number of types of antiaircraft rockets with liquid- 

fuel rocket engines. The ergine data of sor e of tnese rockets are given in 

Table 1. The largest of them are the antiaircraft rockets controlled from 

the ground by radio. 

The power plants of antiaircraft guided missiles have a thrust up to 
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8-10 ton» with an operating tine of 40-45 seconds. Kerosene or soise otner 

hydrocarbon fuel in combination with nitric acid is usually used as a propel¬ 

lant for the engines of such rockets. The feeding in antiaircraft rockets is 

usually done by tne forced feeding met nod 

As examples of such rockets we can mention the "i/asserfallthe "ócnract- 

terling" (see Chapter 10)» and tne NIKE antiaircraft guiued missile snown in 

Figure 31• 

Another variety of antiaircraft rockets are the relatively small caliber 

unguided antiaircraft missiles tnat are launched in large numbers. To enable 

them to reacn the necessary altitude, tney are equipped with liquid-fuel rocket 

engines of the simplest construction operating with forced feed. The thrust 

of such an engine ar ounts to 1-2 tons and the operating time to 4-6 seconds; 

Figure 31. The NIKE antiaircraft guided missile 

Liquid-Fuel Rocket Engines for Aircraft. 

The use of the liquid-fuel rocket engine as the primary engine of a 

fighter plane (interceptor) is well known. 

The advantage of a liquid-fuel rocket engine is its ability to obtain 

great thrust in an engine of small dimensions placed within a small Oirplane. 
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In addition, a liquid-fuel rocket engine, in contrast to all ot:.er types 

of aircraft engines, increases its tarust with altitude. All t..ic nar.es pos¬ 

sible a fast rate of cliirb for the airplane* ror example, tae »'iC —lb3 fighter- 

interceptor (Figure J2) dished to an altitude of 12 kn in ^ cinutes, whereas 

the rate of climb of a conventional fighter plane witn an air-breathing jet 

engine is one km/ain. 

Aircraft liquid-fuel rocket engines must be aole to vary their tnrust in 

flight* Therefore, tnev are made with several comouation chambers. The 

starting and cutting off of the individual chambers can easily change tne 

thrust of tne engine. Figure 33 snows a two-cnambered aircraft liquid-fuel 

rocket engine with ‘a maximum thrust of b,000 kg* 

Turbine driven pumps are used for the feed system in tiiese aircraft en¬ 

gines. The liquid-fuel rocket engine has, as we know, a high specific fuel 

consumption* Consequently, tne flight time of a:, aircraft with a liouid- 

fuel rocket engine is very rhort. In order to eliminate this inadequacy, a 

combined power plant consisting of a turbo-jet engine and a liquid-fuel rocket 

éngine has been installed on fighter-interceptors. The latter are used when 

it is necessary to gain altitude quickly, wnen accelerating the airplane to 

• supersonic speed, when it is necessary to have very large thrust, and lastly, 

for carryin , out a maneuver — for example, the pursuit of an enemy airplane. 

Figure 34 shows an airplane with a combined power plant. Below we see the 

three-chambered liquid-fuel rocket engine-of this airplane by itself. 

Liquid-fuel roexet engines are used on airplanes not only as the primary 

engines but also as boosters in combination with a priaary engine of some other 

type (for example, a turbojet engine). The pumps of such an engine are operated 

from the shaft of the main turbojet engine. 

Figure 35 shows a booster installed on a turbojet engine. 

The pumps of the oxidizer (nitric acid) and of the fuel, a special sub- 
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rtancc called Tonka-250 anich ie hypergolic with nitric acia, are driven from 

the ehaft of the main turbojet engine. The punps are started ana stopped by 

a hydraulic coupling. The booster is describea in detail in Chapter X. 

fc 

Figure }¿. Outer view of a fighter-interceptor wita a liquid-fuel rocket 
engine. 

1 — location of tne liquid-fuel rocket engine installation. 

Figure 33» A two-chambered liquid-fuel aircraft rocket engine. 

1 -- large combustion chamber with a tnrust of o,000 kg; 2 -- small combustion 
chamber with a thrust of oOO kg; 3 — turbopump; 4 -- equipment for starting 

and stopping the combustion c .amber of the engine. 

Take-Off Boosters with a Liquid-Fuel Roc<et Engine. 
# 

Liquid-fuel rocket engines, together with solid-fuel rocket engines, are 

used extensively also as engines for various kinds of guided and unguided 
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Figure 34. An airplane with a conbined power plant. 

a — general view of the airplana.l and 2 — turbojet engines on tne wings of 
the airplane; 3 — threo-chanbered liquid-fuel rocket engine installed in the 

aircraft's tail section. 

b — outside view of the three-chaabered liquid-fuel rocket engine. 
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Figure 35* Mounting of an auxiliary liquid-fuel booster on a turbojet engine. 

1 -• hydraulic coupling; 2 -- Cardan shaft; 3 — oxidizer pump; k -- reduc¬ 
tion gear for the pump drive; 3 — fuel pump; 6 — engine combustion chamber. 

a — fuel feed; b — oxidizer feed. 
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■iasllea « for txample, aieeilae to b« fired fron planee at eneay planee and 

aieailea for ue# againat targete on the ground and on the water. The thrueta 

of enginea of thie type differ widely (including sone with eery email thrust), 

and they ueually employ the aimpleet kind of gas-canieter feed. In addition, 

liquid-fuel rocket enginea are often times employed as take-off boosters for 

different types of aircraft. Me are well acquainted with the boosters for 

starting heary bombers, pilotless aircraft aissilea with turbojet engines, and 

boosters for other purposes. Such engines have a thrust of several tons and a 

duration of operation of 5-30 sec. Usually they are constructed with a forced 

feed system. 

In this manner, liquid-fuel rocket engines are employed at the present 

time for many purposes. In classifying engines according to purpose we can 

divide them into the following groups combining enginea of approximately the 

same purpose and construction form: engines for long-range and large meteo¬ 

rological rockets; and engines for antiaircraft rockets, airplanes and boosters. 

SECTION 7. A BRIEF HISTORICAL SURVEY OF THE DEVELOFttENT OF LIQUID-FUEL ROCKET 

ENGINES 

Socket engineering, in the broad sense of the term, has a very long his¬ 

tory. 
#• • 

Following the invention and mastery of the use of gunpowder,, numerous 

attempts with more or less success were made to create gunpowder rockets, which 

naturally included an elementary solid-fuel rocket engine. There are references 

to gunpowder rockets even in the most ancient Chinese chronicles — for example, 

those chronicles pertaining to the eighth century before our era. 

The Soviet investigator N. G. Chernyshev, a spe ialist in the field of 

rocket engineering, has found that Greek fire , which is well known in history, 

had been employed by the Russians in the 10th century during the siege of Con¬ 

stantinople. Such fire is nothing more than the simplest kind of rocket missile 

with a ooUMoal rocket engine. 
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Military rockats war« aidaly aoployad by the Hindus in the war against tha 

English during the l8th eantury. 

Froa tha baginning of tha 19th eantury, gunpowder rockets and, consequently, 

also aolid-fual rocket angines were extensively aoployad# They ware eeployed in 

tha an&aaent of tha Russian, English, French, Irussian, Austrian, and other 

araiaa. Tha rockats of tha Russian army were of a high quality for their tioe. 

Gunpowder rockets were extensively employed in the wars of tae first half 

of tha 19th century — in the Napoleonic wars, the Russo-Turkish .<ar, and in 

tha Criaean »‘ar# During the period of tha Crimtan War, ^t000 military rockets 

ware produced annually in Russia# 

The weakness of the powder rockats of that time was their lack of accuracy 

and poor grouping of the shots, and their weak armor penetrating power. For 

thasa reasons, gunpowder rockets proved to be much poorer missiles than the 

rifled artillery, and by I87O, they disappeared entirely from military armament. 

Attempts ware made to employ gunpowder rockats on airplanes for air battle 

both in foreign armies and in tha Russian armies during the period of the First 

World War# 

Tha further development of gunpowder rockets was associated in the main 

with Soviet work in this field. Some rocket mortars (Katyushi — as they were 

called by our soldiars) ware created and included in the armament of the Soviet 

Army during World War II. This weapon inflicted heavy losses upon the enemy, 

destroying his personnel and equipment. 

Later on, this weapon also appeared in other armies. In Germany, in par¬ 

ticular, the army employed a six-barreled rocket mortar, and also designed some 

solid propellant antiaircraft missiles (’’Typhoon") and a long-range rocket 

known as "Rheinboten." 

The history of the development of liquid-fuel rocket engines is much shorter 

than that of the development of solid propellant rocket engines. 

Due to the rigid requirements for the design of a liquid-fuel rocket engine 
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-- th# high concentration of energy in the fuels enployed; the complicated 

physical-chemical processes taking place in the liquid-fuel rocket engines; 

and the difficulties of controlling them — liquid-fuel rocket engines *ere 

not developed until the last 13 or 20 years« when the general development of 

technology reached such a high level that it was possible to successfully solve 

the afore-mentioned problems. 

The basic characteristics of the liquid-fuel rocket engine, the fuel re¬ 

quirements and even the tbtual structural form of the engine were predicted .* 

■ore tnan 50 years ago by the gifted Russian scientist K. E« Teiolkovskiy 

(1857-1935). 

The first work of K. E. Tsiolkovskiy in the field of rocket engineering, 

"Investigation of Cuter Space by Rocket Systems," was publisned in 1903 in 

lio. 5 of the Petersburg monthly journal, Nauchnoye Obozrenie ¿Scientific Review/. 

However, we have information showing that the work in tnis field by K. 2. 

Tsiolkovskiy began much earlier, in 1883. 

In his works dealing with jet propulsion, K. £• Tsiolkovskiy considered 

in detail all the problems of rocket flight. He set forth the scientific 

theory of interplanetary and cosmic flights and derived the principal laws 

forming their basis. He arrived at the conclusion that the only means for 

reaching the interplanetary spaces was the rocket and that the only engine 

suitable for such a rocket was the liquid-fuel rocket engine. 

Making use of the formula for the terminal velocity reached by the rocket, 

which he had deduced himself, Tsiolkovskiy showed that a missile with a liquid- 

fuel rocket engine and a limited velocity of discharge of combustion products 

from the rocket engine (that is, with a limited specific thrust) could attain 

very high velocities of flight. Moreover, the rocket does not experianc« any 

extraordinary overloading, and its acceleration could remain within limits 

) 'that were permissible for a human organism. 

Figure shows the world's first diagram of a rocket equipped with a 
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liquid-fuel rocket engine. It was made by K. £• Teiolkovskiy more than 

year» ago* This diagram shows all the basic elements necessary for the opera¬ 

tion of a liquid-fuel rocket engine. 

K» E. Tsiolkovckiy studied the fuel problem of the liquid-fuel rocket 

engine in detail. For this purpose he investigated the values of the thermal 

affects of the combustion reactions of different elements and was the first one 

to point out the connection between the value of the thermal effect and the 

atomic weight of the reacting elements.^ 

On the basis of these investigations, K. E# Tsiolkovskiy became the first 

to propose the employment of hydrocarbons, liquid hydrogen, and liquid oxygen 

as components of fuels. 

^Kanepa 

Figure 36. A drawing of a cosmic rocket ship of K. E. Tsiolkovskiy. 

1 — combustion chamber; 2 — crew and instruments; 3 — oxygen; — 
hydrocarbon. 

In 1911, K. E. Tsiolkovskiy, in the new edition of his book, Issledovaniya 

mirovykh prostranstv reaktivnyrai priborami ^Investigation of Outer Space with 

Rocket Sy8tems7, evaluated for the first time the possibilities offered by the 

uae of atomic energy in rocket engines and calculated the possible exhaust * 

2 
'Velocities «nd the speed of flight of rockets equipped with such an engine. 

In later works, Tsiolkovskiy pointed to the expediency of employing nitric acid 

and turpantine as components of the fuel for the liquid-fuel rocket engine.^ 

1K. F. Tsiolkovskiy, ¿K Rocket to Outer Space/, St. Trudy po raketnoy tekhnike, 

^rom the symposium "Works on Rocketry^/, Oborongiz, 19^7. 
2 
K. E. Tsiolkovskiy, Issledovanlye mirovykh prostranstv reaktivnymi priborami, 
/investigation of Outer Space by Rocket Systems/ ibid. 

^K. E. Tsiolkovskiy, /Cosmic Rockets/, Kosmicheskays raketa, Sb. Trudy po 
raketnoy tekhnike. Oborongiz, 19^7. 
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K# E, TaloXJtotGkly worktd out the principles for the conn traction of a 

rocket engine eith a large thruetí puap feeding of cooponents and their partial 

evaporation for pressure charging in the tanks-, a system of external coolinn of 

the «allá -by one of tne components of the fuel; the arrangement of the com¬ 

bustion chambers and the nozzle. Ke also proposed the use of the reaction of the 

gas flow of the rocket engine to control the rocket and to give it Liabil¬ 

ity during the time of flight by placing gas rudders or a hinged fasten¬ 

ing on the engine in the flow of the gas reaction. The principles of construc¬ 

tion for the liquid-fuel rocket engin«, as worked out by k. 2. Tsiolkovslciy 

50 years ago, still retain their importance at the present time. 

The works of K. E. Tsiolkovskiy, who labored under difficult material 

conditions and published his articles in journals with a small circulation, 

first became known only to a limited number of readers. 

In 1915, the works of Tsiolkovskiy were discussed in detail in the popular 

book of Ta. I. Perel'man, Hezhplanetnyye puteshestviya ¿interplanetary Voyage^. 

This excellent book became widely known, both in Russia and abroad. As a re¬ 

sult of this, foreign works often times erroneously give 1915 as the date for 

the beginning of the activity of K. E. Taiolkovakiy in the field of rocket 

engineering. 

The works of K. E. Tsiolkovskiy axoused great interest in scientific and 

engineering circles and led to the appearance, both in Russia and abroad, of 

quite a number of works marking the beginning of the practical solution of the 

problem of creating a liquid-fuel rocket engine. 

la Ruaaia, in I898, Prof. Keshcherskiy developed a new field of mechanics. 

He laid the basis for the mechanics of bodies of a variable mass which found 

yPdt application in the theory of the flight of rockets. 

Many problems of jet propuleion and also the pu?nomena appearing in flight 

at high speeds were solved in the works of K# S. Zhukovskiy, S. A. Chaplygin, 

B. S. Stechkin, and many othera. * 
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A number of «orkn were published in Ger&eny by G. Obertb. One of these 

vorka which becane widely known was Put! k r.vezdoplavaciyu ^Methods of Space 

Navigation?* in which the author considered a large number of theoretical and 

practical questiona of space navigation. A detailed mathematical investiga¬ 

tion of rocket flight was cade in a book by V. Goman, Dosyarayemoet1 nebesnykh 

tel ^Reaching the Heavenly Bodies?« and in subsequent collected works of 

G. Oberth, V. Goman, and others. 

E. ¿enger (worked in Austria and Germany) is well known for his ex¡eri- 

mental and theoretical v/orka in the field of rocket engines a..d toe analysis 

of the conditions and dynamics of the flight of a rocket airplane. 

In I913 there arpeared in the press the first works of the French scien¬ 

tist R. Eno-Iel'tri, in which he considered the probier, of cosr.ic rocket flight, 

and also the peculiarities of flight at extraordinarily high speeds close to 

the speed of light. 

The American scientist, professor of physics R. Goddard, began the prac¬ 

tical study of gunpowder rockets in 191^« He improved their qualities con¬ 

siderably through use of a supersonic nozzle, the practical stabilization of 

rockets in flight by the rotation of their nose part, and the employment of the 

idea of composite rockets. In 1919 R* Goddard published a work entitled 

Method of Reaching Great Heights, in which he set forth, in particular, the 

basic problems of the development and use of rocket engines. In 19¿9 he became 

the first to launch rockets with liquid fuel. 

The practical work of putting the ideas of K. E. Tsiolkovskiy and other scl 

ehtista., into effect in the fiele, of rocket engineering and also the further 

development of ideas did not start in our country until the years of Soviet 

power. Moreover, the creation of a liquid-fuel rocket engine and the develop¬ 

ment of rocket aircraft moved along together with work in the one field closely 

connected with work in the other. 

In this work there was very active participation by V. P, Vetchinkin, 

F-TS-9741A 66 



▼. P, Glushkov t. S. Dushkin, A. M. Isaysv, Tu. V.Kondratyuk, S. P. Koroler, 

Tu. A. PobedonostaeT, A. I. Polyarnyy, H. K. Tikhonravov, N. D. Chernyshav, 

F. A. Tsandtr, and many other persona who were enthusiastic workers in rocket 

engineering. Their efforts in the first period were combined in so-called 

"Groups for the Study of Jet Propulsion^GIRb), created in the Volunteer 

Society for Cooperation' in the Development of Aviation in Moscow and Leningrad. 

Engineer F. A. Tsander carried out great theoretical and experimental 

work in the investigation of rockets and liquid-fuel rocket engines in the 

Soviet Union. He participated actively in the publication of the works of 

K. E. Tsiolkovskiy and in the spreading of his ideas. In 1924 he published 

his own special investigation, Perelety na drugiye planety /Flights to Other 

Planets/.* 

F. A. Tsander worked out some thernal calculations on the operational pro¬ 

cess of a liquid-fuel rocket engine (that is, calculation of the combustion and 

discharge, taking into account the dissociation), and also a method for evalu¬ 

ating the economy of a liquid-fuel rocket engine. On this basis he proposed to 

employ new cycles for increasing the economy. F. A. Tsander also proposed a 

method for calculating the temperature of the walls of the liquid-fuel rocket 

engine and a method for calculating their cooling. F, A. Tsander devoted a 

great deal of attention to the investigation of the problems of the use of 

metals as fuel since they generate much more heat than ordinary fuels during 

combustion. He combined ideas concerning the use of metals as fuels with the 

idea of burning engine parts of the rocket that became unnecessary after the 

consumption of a given quantity of fuel. 

F. A. Tsander constructed two engines: The OR-1 and the OP^?, with which 

experimental attempts on the processes and construction of the liquid-fuel 

rocket engine were made. The OR-1 engine was constructed in 1930-1931• It 

used gasoline and "gaseous air" and developed a thrust of 5 kg. In 1932 

*• T. A. Tsander. Problems poleta pri pomoehchi raketnykh apparatov ¿Problem of 
Flight by Means of Rocket Devices/. Oborongiz, T&T. 
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F. A. Teandtr participated in the deeign of the OR-2 engine, but the teating 

of the engine took place during his illness and after his death. 

The OR-2 engine was constructed on the basis of the design given in 

Figure 37. It burned gasoline and liquid oxygen. The injection of the fuel 

and the liquid oxygen into the combustion chamber of tne engine was done 

through pressure of a nitrogen gas in the tank-* which was caused by the heat¬ 

ing of the tank and the evaporating of the liquid nitrogen. A spécial systee 

— nitrogen compensator — was worked out for the maintenance of a constant 

pressure in the tank. The pressure in the system was regulated by t.’.e degree 

to which the tank with liquid nitrogen was immersed in a vessel of hot water. 

This system proved to be too complicated and waa soon replaced by a system of 

▼alves. Oxygen entering the engine was first vaporized in two vaporizers and 

then directed into the jacket of the engine for cooling the combustion chamber. 

From the cooling jacket, through slits in the walls of the combustion chamber, 

it waa fed into the chamber. The fuel was atomized by the injectors placed in 

the head of the engine. 

The regulation of the quantity and relative proportions of the conponento 

going into the chamber of the engine was achieved by a set of jet tubes on the 

linea carrying the fuel and the oxidizer. The CR-2 engine developed a thrust 

of 50 kg and was one of the first engines in the world to use liquid oxygen 

and a petroleum fuel. Figure 37 gives an external view of the engine and the 

stand for testing it. 

Yu. V. Kondratyuk made detailed investigations of the possibilities of 

coaaic flights. In his work, Zavoyevaniyc r.ezhplanetnykh prostranstv, pub- 

liahed in 1928, he devoted a great deal of attention to the selection of fuel 

for the liquiw-' i rocket engine, and he waa the first to suggest lithium, 

boron, and their compounds with hydrogen, and even metals as fuels. 

1 Yu. ¥. Kondratyuk. Zavoyevaniye mezhplanctnykh prostranstv ^he Conquest of 
Interplanetary Space/, Oborongiz, 191*?» 
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In me work Tu. V. Kondratyuk point« out the importance of th. rolecular 

•eight of th. fuel conbuotion producta of th. liquid-fuel rocket engine «d 

explain, th. cher.cterietice of th. exran.ion of th... product, in the nozzle 

in th. preoenc. of vigorous di.eoci.tion in the oannher. H. i. nl»o the nuthor 

of th. id., of th. cooplete burning of the coubustion product, along the nozzle 

by th. gradual addition of an oxidizer. By acco.pli.hing this. Yu.v. Kon¬ 

dratyuk proposed to limit the extremely I igh Inoréis* of temperature in th. com- 

bust ion c hs t 
A great contribution to th. development of th. liquid-fuel rocket engine 

... mad. by V. P. Olu.bko (now a corresponding member of the Academy of Scien¬ 

ces of the USSR) and the collective working under his guidance. The eork of 

7. P. Gluehko in this field started in 1929 in a special laboratory set up for 

th. study of liquid-fuel rocket engines. V. ï. Glushko directed special atten- 

tion to the selection of fuels that could be used in tr.e liquid-fuel rocket 

.agines. H. proved in particular the possibility, in principle, of the em¬ 

ployment of electric energy in the liquid-fuel rocket engine. In this case, 

the liquid or solid "conductors" uould be exploded by the electrical current, 

and their volatilizeu and heated mass would constitute the mass carrier to re- 

ceiTe the energy of the explosion. 

On the basis of theoretical and experimental investigations, V. F. Glushko 

i. 1930 proposed many substances as oxidizers and fuels: nitric acid, tetranl- 

tromethane, hydrogen peroxide, perchlorate, collodial fuels with beryllium, etc. 

Such oxidizers as nitric acid and t.troxide of nitrogen have been widely 

employed in rocket engineering and have proved to be irreplaceable even at 

the pre.ent time. Later on V. P. Glushko mad. a number of proposals aimed at 

increasing th. effectiveness of th. fuels of liquid-fuel rocket engines. Th. 

work dealing with fuel, was generalized and systematized in his book published 

not o*ly in th« USSR but «Iso abroad. 

1 tr t> mnddhir«. Zhidkov topliTQ dlya raaktivnykh dTigatelejÇ liquid Fuel for Re- 
aetioiL Engines/1 Part If WIA in. N.YS. Zhukovskiy*. 193&* 
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a 

Figure 37. The OR-2 rocket engine of F. 

installation of the engine on the test stand; 
lation. 

A. Tsanler. 

b — diagram of the instal- 

1 -.fetv valve* 2 — gasoline; 3 — oxygen; 4 — water tank; 5 — pu»p; ï ~~ 7-- hot* 8 -- cold; 9 - jet tube; 10 -- nonreturn valve; 11 - 
6 — cock; 7 h t waterî 13 — evaporation of nitrogen; 14 — 
additional heating; 12 — hot *ater, xj> hn^wlktmr. 16 — vaporizer; 17 — 

ää " ts ~ ¡j’üT^r.rccfp.^r 
riiÄ*«-.2-\7ezot¿T 27-/».i¡ .b.. 
«atar; 29 — nitrogen; 30 - valves; 31 — magneto. 
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Th« OHM-1 liquid-fuel rocket engine wee constructed in 1930 end tested 

later. This engine used as an oxidizer tetroxide of nitrogen, and as a fuel 

’ 1% used toluol* • * 

Figure 38 shows the external vie*« and a section of this engine. It con¬ 

sisted of a combustion chamber (2) lined on the inside with a thin sheet of 

copper; a cylindrical nozzle (3); a feed line (4) for the oxidizer and a feed line 

for the fuel (7). For measurement of the pressure in the combustion chamber 

a jet tube (6) was used. The entire engine was placed in a water bath (1) 

which served to cool it. The fuel was ignited by ignition of cotton introduced 

into the combustion chamber through the nozzle. On this engine and on many 

other ORM engines ¿ORM = experimental rocket engines?, many kinds of fuels and 

also the basic elements of the liquid-fuel rocket engine were tested with the 

result that there was constant improvement in its construction and reliability 

of its operation. 

Figure 38* The OHM-1 engine designed by V. F. Glushko (1931). 

a — external view; b — cross section. 

1 — jacket of the water bath; 2 — combustion chamber; 3 — fuel line to the 
injector; 4 — tube for carrying the oxidizer; 5 — nozzle; 6 — tube for 
■ensuring the pressure in the chamber; 7 — fuel line; 8 — nonreturn fuel 

valve; 9 — nonreturn oxidizer valve. 
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figure 39 ehowa different »omenta in the testing of the OPM engine and 

also the diagram of one of the first stands for the testing of liquid-fuel 

rocket engines. The work done made it possible to construct in 1953 ORM-52 

engine which had a thrust of 300 kg (a large engine for this time) and oj^ 

erated on nitric acid and kerostnè. The OPX-52 engine passed the official tests 

on the stand. 

Figur. 39. Different moment, in the tenting of the OHM engine and e diagram 
of the stand. 

a — ORM-5 engine (1932)? b — OHM-12 engine (1932)? c — ORM-50 engine os 
s standwh.re the thrust is measured (1933); d -- disgraa of the stand for the 

tasting of these engines (1930-1932). 
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Figur« 39 «ho»« diff«r«ot accents in th« testing of th« ORM engin« and 

also the diagram of one of the first stands for the testing of liquid-fuel 

rock«t engines* The work done made it pocsible to construct in 1953 ■u® ORM-52 

•ngine which had a thrust of 300 kg (a large engine for this time) and °Jk*i 

•rated on nitric acid and keros«në* The ORM-52 engine passed the official tests 

on the stand* 

Figur« 39* Different moments in the testing of the ORM engine and a diagram 
of the stand* 

a — ORM-5 engine (1932); b — OHM-12 engine (1932); c — 0RM-50 engine on 
a stand where the thrust is measured (1933); d — diagram of the stand for the 

tooting of these engines (1930-1932)* 
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In I936 V« P, Gluahko created the OHM-65 engine usine » fuel which con¬ 

sisted of nitric acid and kerosene. The engine had pyrotechnic ignition. The 

sooinal thrust of the engine was 155 kg, the oaximun 175« The engine had a 

specific thrust of 210 kg/secAg» "kich raust regard as a very good result. 

This engine was capable of withstanding multiple atarte. During a ground 

test of an engine of this type on the rocket glider by S. P. Korolev (Figure 

40), it operated continuously for 230 seconds. The total time of operation in 

testa of another ORM-65 unit amounted to 30.7 minutes. 

Figure 41 presents a general view of the engine and also a general view 

and longitudinal cross section of the 212 winged rocket ( 1937-193-'), on which 

it was installed and on which it made test flights. 

A large number of liquid-fuel engines of different types were created 

under the direction of L. S. Dushkin. In working for further improvement of 

anginas which used liquid oxygen as an oxidiser, he created a liquid-fuel 

rocket engine which was excellent for the time and which was installed on 

various rockets including the AviaVNITO rocket. On 11 December 1933, one of 

these rockets made the first successful flight. Subsequently, L. S. Dushkin 

also designed engines operating on nitric acid and kerosene. One of them was 

installed on a rocket glider (a small rocket airplane, which was towed in the 

air by an airplane), designed by S. P. Korolev. The first successful flight 

of the rocket glider took place on 11 February 1939, under th* direction of 

the aviator, F. A. Fedorov. 

Figure 40. The rocket glider of S. P. Korolev (variant with an ORM-65 engine 
designed by V. P. Glushko), 
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L. 8. Duehkin also dssigned engines with much greater thrust for rocket 

craft for various purposes. For example, the liquid-fuel rocket engine of 

L. S. Dushkin and A. M* Isayev was installed on a rocket airplane designed by 

Bolkhovitinov. This airplane, under the direction of aviator G. la. Bakhchi- 

vandahi, madu some successful flights es early as 19^2. 

A very iLteresting liquid-fuel rocket engine was installed on the rocket 

of M. K. Tikhonravov which was first launched in August 1933» This engine 

burned liquid oxygen and solid gasoline which was in the combust ion chamber 

itself. The evaporation of the oxygen was achieved by heating it with the fuel 

combustion products and at the moment the engine started it was achieved by the 

combustion of a special pyro-cartridge which served simultaneously to ignite the 

fuel in the chamber. 

The rockets of K. X. Tikhonravov, with liquid-fuel rocket engines, made a 

number of successful flights in 1931»*, and in 1935» one of them reached a height 

of several kilometers. 

Tu. A. Pobedonostsev did a great deal of work on ram-jet engines and ea- 

pecially on solid fuel rocket engines. In 193^ he also constructed the first 

supersonic wind tunnel in which some important investigations of the hydrody¬ 

namics of engines and the conditions of supersonic flight of rockets and air¬ 

planes were made. 

M. G. Chernyshev and the collective directed by him did some important 

work in the field of research oa the physical-chemical characteristics of the 

fuels for liquid-fuel rocket engines; in the working out of methods for the 

industrial production of these fuels; and also in the study of the combustion 

conditions for the burning of fuel in che chamber of these engines. 

The work® of V. P. Gluahko, S. P. Korolev, Yu. A. Pobedonostsev, and 

L. S. Dushkin dsaling with the construction and principle of operation of 

é 
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Figure 41. The ORM-65 engine and the winged rocket 212 with thie engine (1937- 
1939). 

a — OHM-65 engine; b — rocket 212 installed on the carriage of the catapult; 
e — winged rocket 212 with engine CRM-65. 

1 — aoncooled head of the engine; 2 — line and centrifugal fuel injector; 
3 — collector of fuel; 4 — ribbed-cooled combustion chamber; 5 — ribbed- 
cooled nozzle; 6 — centrifugal injector of oxidizer; 7 — electrical spark 
plug for ignition of the pyrotechnic ignition charge; 8 — winged rocket 212 
on the trol?ey of the catapult; 9 — solid-fuel booster of the trolley; 10 — 
mil track of the catapult; 11 — payload; 12 — compartment for the 
anoe inatnmenta; 13 — compartment for the fuel tank, compressed air, and 
accessories; 14 — compartment for the oxidizer tanks; 15 — liquid-fuel 

rocket engine ORM-65. 
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rocket engin«« were published in 1934-1935,1 

In 1934 the All-Union Conference for the study of the stratosphere eas 

held. At this conference reports were made on the possibility of the employ- 

sent of jet devices for exploring the stratosphere and on the achievements of 

Jet engineering. The conference heard reports dealing with the use of rockets 

in starting airplanes, reports on winged rockets for the flight of man, et:. 

The brief survey given above of Soviet work in the field of rocket engi¬ 

neering shows the extensive scope of the work done in the development and em¬ 

ployment of liquid-fuel rocket engines, making possible further development of 

Soviet .rocket engineering. 

Beginning in 192? in Germany, work on liquid-fuel and solid fuel rockets 

was carried out by many persons interested in rocket engineering (G. Oberth, 

?• Opel, M, Valye, and others). The Society for Interplanetary Communications 

was formed in Germany i.i 1927. On the test stand of this society, liquid-fuel 

rockets were launched and experiments with liquid-fuel rocket engines were 

conducted. Beginning in 1932, the Ministry of War took over control of work 

in the field of rocket engineering, and in the period 1936-1942 it created the 

A-4 (V-2) rocket; the final elaboration of which was carried out under the di- 

rection of W. Braun, The Germans also constructed some models of antiaircraft 

guided missiles. They built a pursuit-interceptor plane with a liquid-fuel 

rocket engine and also certain other modols of rocket armament. For the con¬ 

duct of scientific research and experimental work in the field of rocket en¬ 

gineering, a large center was established in Peeoemuende (on-the shore of the 

Baltic Sea), which had at its disposal the necessary production capabilities, 

1 &. P. Korolev, Raketnyy polet v stratosfere ¿K Rocket Flight in the Stratos¬ 
phère/« Voenizdat, 1934, 

L. S. Dushkin, Osnovnyys colozheniya obshchey teorii reaktivno^o dvizheniva 
¿Basic Principles of the General Theory of the Jet Propuleio^sb', Rwek- ' . 
tivnoye dvizheniye ¿^je* Prwpuleioi 7» No‘ 1i 0NTI» 1935. ~ 

O. E. Langemak *n<r Y. P.Glushko, Rakety, ikh ustroystvo i primenenive Sockets. 
Their Construction and Employment/, ONTI, 1935, 
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Aunerous stands for ths testing of engines, rockets, and instrument equipment, 

A large supersonic wind tunnel, etc. The presence of such a research center 

nade it possible to conduct work in rocket engineering at a fast rate. 

In spite of the fact that the military value of the rocket weapon developed 

in Germany during »'orld War II proved to be insignificant, the models of liquid- 

fuel rocket engines constructed for this weapon showed tae possibility of con¬ 

structing engines of different types and gave a new stimulus to the further 

development of liquid-fuel rocket engines in many countries. 

After the end of “orld *ar II many models of captured German liquid-fuel 

rocket engines -- for example, the À-4 (V-2) long-range rocket, the "iVasserfall" 

antiaircraft rocket, and others — were tested in different countries, and 

according to published reports work on these models was continued. 

In the USA, work in the field of rocket engineering was conducted in the 

main by Prof. Goddard (see above) and also by members of the American Pocket 

Society. In the period preceding World Y.'ar II, the Americans successfully 

launched quite a number of liquid-fuel and solid fuel rockets. What they did, 

however, did not serve as a basis for the development of industrial models of 

liquid-fuel rocket engines and rockets. The rapid development of rocket en¬ 

gineering observed in the USA in the last few years did not start until after 

ths study and mastery of the captured German models. 

In the early stage of the development of rocket engineering in England, 

France, Italy, and other countries there were some persons here and there who 

had considerable enthusiasm for this field of engineering. Their work, how¬ 

ever, did not exercise any perceptible influence upon the practical development 

of the liquid-fuel rocket engine and rocket construction. 

From the brief survey given above of the employment of the liquid-fuel 

rocket engine, we can see that the practical utilization of the liquid-fuel 

rocket engine requires engines of varying thrusts and construction designs. 

Some idea, though far from a complete one, of the scops of uss of ths 
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liquid-fuel rocket engine in preaent-day rocket engineering is given in Table 

1. In thin table *e have aaaeabled data for the basic parameters and the 

fields of employment of present-day liquid-fuel rocket engine:. In view of 

the extensive employment of the liquid-fuel rocket engine on models of armament 

of the most varied types (though this is by no means a specific characteristic 

of the liquid-fuel rocket engine), these data are necessarily based on the 

military use of these engines. For this reason the table does not embrace 

all the present-day liquid-fuel rocket engines. It does not give data for the 

engines concerning which very little information has been published, and even 

for the models given many important parameters are absent. Besides, one should 

note that even though the extensive practical construction of liquid-fuel rocket 

engines started a short time ago, relatively sjeaking (the first operating 

models passing the experimental stage did not appear until 13 or 1= years ago), 

there have already been created engines developing thrusts from several dozen 

kilograms up to several dozen tons. The constructional design of propulsion 

systems as a whole differs widely. There are arrangements with different in¬ 

jection systems; sharp differences in the complexity of layout, and lastly, 

angine designs burning various kinds of fuel. 

We should point out in particular that during the last few years many 

models of liquid-fuel rocket engines have been put in mass production and are 

being manufactured in large numbers. This shows as a result of the efforts of 

designers, experimenters, and technicians, that liquid-fuel rocket engines, in 

spit« of the intensity of their thermal process, have become sufficiently re- 

liable thermal machines with successful constructional solutions for engines 

and assemblies. In addition, the necessary technological methods for their 

manufacture have been devised. 

In the next few years, taking into account the fact that rocket engineer¬ 

ing is being more widely employed and will begin to replace, in certain fields, 

aircraft with turbojet engines; wt must expect an intensive increase in the 
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production of these engines, further improvement of then along the line of 

greater thrust, the employment of new fuels insuring a high specific thrust, 

and alao further improvecent in the construction cf the engine with a roisinc 

of ita qualitative indexes and tne degree of ita reliability. 

QUESTION FOR REVIS'# 

1« What aasumptions are cade in the derivation of the equation of 

tnruat for a liquid-fuel rocket engine? 

2, Of what forces is the thrust composed? 

3« Derive the equation of thrust, in the case when it is impossible to 

disregard the momentum-of the ffuel injected. 

4, What is the specific thrust? What does it characterize? 

5. Determine the specific thrust of an engine having a thrust of 8,000 

kg and a fuel consumption of 42.3 kg-sec/kg. 

6, Find the effective discharge velocity of gases for an engine fhe 

epecific thrust of which amounts to 21j kg-sec/kg. 

7, What is meant by the specific fuel consumption? In what units is 

it expressed? 

8. Calculate the specific fuel coisumpticn of a liouid-fuel rocket engine 

having a thrust of 6,720 kg and a fuel consumption of 29.8 kg/sec. 

9. What is useful flight (external) efficiency? On what does the value 

of flight efficiency of a liquid-fuel rocket engine depend? 

10. Determine the useful flight of an engine having a velocity 

of discharge of 2,250 a/eec and on a rocket flying at a speed of 18,000 km/hr ; 

a rocket flying at a speed of 8,000 km/hr; a pursuit-interceptor plane flying 

at a speed of 2,160 km/hr; an automobile running at a speed of 200 km/hr. 

11. What basic characteristics are possessed by liquid-fuel rocket en¬ 

gines when compared with air-breathing reaction engines? 

12. Oiw# some of the advantages and disadvantages of solid fuel rocket 

•nginss. 
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13. On «hat kl.ui of aircraft do we employ liquid-fuel rocket engines? 

14. Does the specific thrust depend upon the walue of acceleration of 

the force of gravity? 

15. How does the thrust of a liquii'-fuel rocket engine develop? 

16. How does a direct reaction differ from an indirect reaction engine? 
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CHAPTER II 

ESSENTIALS OF THERMODYNAMICS 

Tfc« operation of the liquid-fuel rocket engine depends on the change in 

pressure, temperature, velocity of the movement of the gases, and the supply 

of energy in them. Consequently, the study of the operating process-of the 

liquid-fuel rocket engine requires the use of the basic laws and principles 

of thermodynamics 

In this chapter we give only the material which is necessary for the 

application of certain thermodynamic principles to the operating procedure of 

the liquid-fuel rocket engine. These principles are used later on in the 

Calculation of a liquid-fuel rocket engine.* 

SECTION 8. THE BASIC CHARACTERISTICS OF GASES 

The state of a gas is characterized entirely by certain physical values 

(parameters), the main of which are: absolute pressure p, absolute tempera¬ 

ture T, density (or specific weighty )» and finally the gas constant R. 

As is known for ideal gases or for their mixtures, a connection in the 

form of an equation of state has been established between the basic parame¬ 

ters (the equation of Clapeyron): 

i • gRT 

(II.1) 

The combustion products of a liquid-fuel rocket engine, in the engine 

* For further details see V. V. Sushkov, Tekhnicheskaya teraodinamlka techni¬ 
cal Thermodynamics/, Gosen#rgoitdat, 1953» and N. b. Fedulov and V." X. Kireyev, 
Pchebnik Fizicheskoy khimii t*xtbook of Physical Chemistry/, Goskhioizdat, 1952. 
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occur at very high temperatures and under relatively low pressurer. Under 

these conditions their characteristics may be described in a sufficiently 

precise manner by the equation for an ideal gas. 

When we employ the equation of the state of the gas, the pressure p is 

expressed in kg/m2, that is, 104 at (at * atmospheres); the density ( in 

kg-sec2/«4, the temperature in degrees expressed in the absolute scale g * 

9.81 m/sec; the gas constant R in kg-mAg degrees C. 

The density of the gas is related to the specific volume by the rela- , 

tionship 1 

(II.2) 

where v is the specific volume of the gas; it is expressed in m^/kg. 

Therefore, the equation of state can be written in the form: 

pv=RT. (II.3) 

The value of the gas constant is determined by the composition of the 

gas. For its calculation in the usual case — when the gas is a mixture of 

MTcral gases (a case most frequently encountered in the liquid-fuel rocket 

engine) — we employ the relationship 

/?=.— kg-a/kg0 C 
i1* (II.4) 

where 848 kg-m/kg-nol C is the value of the universal gas constant for one 

kilogram of any gas and is expressed in kg-a per degree of Centigrade;/4£ 

la the apparent molecular weight of the mixture. It is calculated by tie 

•quation 

P* - E P/i. 
4 ** (II.5) 

where ^ is the molecular weight of the gas conposing the mixture; is the 

volumetric portion of the gas. 

The latter is expressed by the relationship of partial pressure pt of the 
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given gas to the total pressure pt under which the mixture is: 

(II.6) 

fa connection with the relationship (11.6) formula (II.5) becomes:* 

(II.7) 

In gases wnere the composition is constant, the value R is invariable; 

if the composition of the gas is changed (that is, if r^ changes), the gas 

constant of the mixture of ganes also changes its value. 

SECTION 9. Eli ERG ï CHARACTERISTICS CF GASES 

A gas in a given state (for example, with a given pressure p and a given 

temperature T) possesses a clearly defined store of energy. 

When a gas changes its composition, the s^ore of energy in it also changes 

aa a rule. For the calculation of technical apparatus, devices, and systems, 

the operation of which is based on a change in the state of gas, the absolute 

value of the energy which the gas possesses is of no practical interest, but a 

value which is very essential is that of the change in the store of energy 

which accompanies the transition of the gas from cne state to another. 

In the study of liquid-fuel rocket engines powered by chemical fuels, it 

is necessary to bear in mind that as a general rule a gas flowing through the 

chamber of the engine changes its state in such a manner that there occurs a 

change in the store of the three forms of energy which the gas possesses. These 

forms of energy are the following: internal energy of the heat of motion of the 

particles making up the gas, the potential energy of pressure and the chemical 

energy or, as it is often called, the energy of chemical bonds. 

Internal Energy and Heat Content of a Gas. 

The internal energy is, as we said above, one of the energy characteris- 

ties of the gas. It is the energy of the thermal motion of the molecules and 

atoms of the gas. Depending upon the structure of the gas molecules, it may be 
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characterized by different forma of notion or degrees of freedon. 

The ainpleat gas molecule, consisting of one aton (H, 0, N), is capable 

of movement as a solid point in three directions mutually perpendicular to 

each other; in other words, it possesses three degrees of freedon of trans¬ 

lational motion. 

In the monoatomic molecule, and also within the atoms of the multiatocic 

gases, it is possible to have other ferns of notion: for example, the rotation 

of the atom around the axis passing through its center of gravity, and the no¬ 

tion of electrons within the atom. In absolute value, the energy of these 

forms of notion may be very large, but the change in the energy under ordinary 

technical temperatures is extremely small. Therefore, in the designing of 

present-day liquid-fuel rocket engines, the energy of these movements is as¬ 

sumed to be unchanged and is not taken into account in the total supply of 

energy of the gas. 

The more complicated diatomic molecules (CO, i^» 02* 

possess a larger number of degrees of freedom. In addition to the three de¬ 

grees of freedom of translational motion, they also possess two degrees of 

rotational freedom of movement around two axoc not passing through the center 

of gravity of both atoms (Figure 42). The rotation around the axis passing 

through the center of gravity of both atoms is not considered, because tue 

moment of inertia of the molecule relative to this axis and, consequently, 

also the energy of rotation relative co the given axis are very st-all. In 

addition to the rotational movement, there may appear in the diatomic molecule 

a * vibrational movement of the atoms relative to their position of equilibrium 

or neutral position in the molecule. 

In all, the diatomic molecule has six degrees of freedom. 

The triatomic molecule has a still larger number of degrees of freedom, 

namely, nine. It has, of course, three degrees of freedom of translational 

aotion, but the number of degrees of freedom for rotational and vibrating 
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Bov«aent depends apon the arrangement of the atoms in the eolecule. 

The linear triatonic molecule is a molecule in which all three atoms are 

arranged on one line. 

An example of such a eolecule is a molecule of carbon dioxide gas (CO^). 

The linear triator.ic molecule, just as the diatomic, possesses only two degrees 

% 

of freedom of rotational movement ; (the moment of inertia around tne axis, 

passing through the center of gravity of the atoms, is equal to zero), but on 

the other hand it has four degrees of freedom of vibrating movement. 

The possible oirections of vibration are shown in Figure ^Ja. One 

efothe vibrationp(2 and 3) takes place in the plane of the urawing, and the 

other vibrations takes place in the plane perpendicular to the drawing. 

Certain otner molecules of triatocic gasee, for example, the molecule of 

water vapor (see Figure 43 b), have a nonlinear structure, ¿uch a molecule 

possesses not two bat three degrees of freedom of rotational motion (because 

relative to each of any three mutually perpendicular axes, the moment of iner¬ 

tia will not be equal to zero) and three degrees of freedom of oscillatory 

Botion. 

The internal energy of a gas is the sum of the energy of the motion of 

the molecules in the directions of the different degrees of freedom. The 

value of the internal energy depends upon the number of degrees of freedom and 

the store of energy of motion of the molecules in the direction of the given 

degree of freedom. 

It has been found that the measure of the energy possessed by a molecule 

ia BOti'n along any of its inherent degrees of freedom is exclusively temperature. 

The internal energy of a gas is made up of the energy of motion of the 

Bolscules based on the degrees of freedom; and, consequently, internal energy 

also depends on the temperature. The connection between internal energy and 

the temperature can be determined easiest of all by the introduction of the 

concept of specific hint ¿thermal or heat Capacity/. 
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Figure 42. The possible motions of oonoatoni3 and diatomic molecules. 

— three decrees of freedom of translational motion; 
cule; 3 — center of gravity of the molecule; 4 — 

2 -- monoatonic mole- 
dxatoaic molecule. 

Figur. 43. The rotatlon.1 and oscillatory nations of triatocio «olaculos. 

1 .. contar of gr.Tity of th. nol.cul.i 2 - aoLcul. of C02, 3 - »ol.oul« 
OX 

Th. thermal boat capacity of a giren body is its ability to absorb or 

gir. off heat with a chang. in t.aporatur.. Th. thermal heat capacity is d.- 

t.rmin.d by th. quantity of beat neoessary for a .hang, in th. t.cp.r.tur. p.r 
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unit wuight of BubsUnc« by on« degree C. As a unit of «eight we use either 

m kilogram or gram-molecule. On the basis of this, measurement of the speci¬ 

fic heat may be by kilo-calorie/kg°C or kilo-cal/gram-molecule C. 

The total thermal capacity given a gas or received fro® a gas, if the 

thermal capacity depends on the temperature, amounts to: 

Q*= \ cdr, 
V, 

and with a constant thermal capacity: 

Q-c(r? r,* 

(II.8) 

(II.9) 

The value of the thermal capacity c depends to a considerable degree on 

the conditions under which the change in the temperature of the gas takes 

place and what forms of energy of the gas change this value. 

If the absorption or radiation of heat by the gas takes place with a 

constant volume of gas, the heat is only expended for changing the internal 

energy of the gas. The specific heat with a constant volume is designated by 

c^. It may be considered as the sum of the thermal capacity of the gas de¬ 

pending upon the degree of freedom. A change in the energy of the molecular 

motion of a unit weight of a gas with a given degree of freedom at a temper¬ 

ature change of one degree C is called the thermal capacity according to the 

degree of freedom. 

In addition, for each degree of freedom a characteristic fact is that its 

thermal capacity increases with an increase in temperature, but upon reaching 

a certain temperature the thermal capacity of a given decree of freedom be¬ 

comes constant. In this case we say that a saturation of the degree of free¬ 

dom of the given type has taken place. 

With saturation, the specific heat of each of the translational and ro- 

AR tmtional degrees of freedom is equal to , and that of each of the vibration 
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¿agrees of freedou u «qual to AR. 

The Talue A, the thercal equivalent of work, serves to convert work from 

■echanical unite into heat units* The necessity of strict correspondence bet¬ 

ween heat and work follows from the first law of thermodynamics establishing 

the relatiocship between the change in internal energy and work done by the 

gas in the change of its state. For the most widely used units of work — 

kg-m, and heat — kilo-cal, the value of the thermal equivalent of work is 

A * kilo-cal/kg-m. 

It should be noted that the value 

AR ■ * I.986 kilo-cal/kg-mole °C a 1.986 kilo-cal/graaoole °C 

is called the universal gas constant, expressed in heat units. (Here R is 

the universal gas constant expressed in units of work.) This value is the 

same for the mole of any gas. 

The temperature at which the saturation of a given degree of freedom takes 

place depends upon the type of motion and also on the characteristics of the 

given molecule. 

The saturation of the translational degrees of freedom for all molecules 

without exception takes place at very low temperatures. Therefore, the prac¬ 

tical thermal capacity of each of the translational degrees of freedom is al- 

AR 0 
ways constant and equal to Cal/gram molecules C. 

0 
At a relatively higher temperature, amounting to about 10-30 on the ab¬ 

solute scale, a saturation of the rotational degrees of freedom takes place, 

and the thermal capacity of each of these degrees will also amount to 

Ap 0 
~ cal/gram molecules C. 

Regarding the vibrating degrees of freedom, we can state that their satu¬ 

ration, for the majority of diatomic and triatomic gases entering into the 

composition of the combustion products of liquid-fuel rocket engines, takes 

place only at very high temperatures, as a rule exceeding the temperature of 

combustion. Hence, the heat capacity of the vibrating degrees of freedom is 
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BAáltkLa- «ad- ehaagis'to that It dépends only on'the temperature of the gas and 

tinas with an Increase in this temperature. 

By adding the thermal capacities of the degrees of freedcm, we obtain 

the value of the thermal capacity with a constant volume of gases of 

different structure. 

For example, the thermal capacity of monoatomic gases is practic¬ 

ally constant and is equal to 3/2 AR. The internal energy of these gases is 

directly proportional to the temperature and amounts to 3/2 ART. 

At low temperatures the diatomic gases (when used in liquid-fuel rocket 

engines) have a thermal capacity of three translational and two rotational 

degrees of freedom, i.e., 5/2 AR, and at high temperatures their thermal cap¬ 

acity increases as a result of the excitation of the vibrating degrees of 

freedom and moves towards the value 7/2 AR. 

The thermal capacity of triatomic gases at low temperatures is also equal 

to 5/2 AR, and at high temperatures tends to move as follows: for CO^ towards 

13/2 AR, and for B^O towards 6 AR. 

As we have pointed out above, both the thermal capacity of the degree of 

freedom and the energy of the given degree of freedom depend solely upon the 

temperature; because of this, the internal energy also depends solely upon 

the temperature of the ^ s and the energy is determined entirely by the tem¬ 

perature of the gas. 

The change in the internal energy is usually estimated by the formula 

0 
áU-jc.dT (11.10) 

or, if th. thermal capacity ia taken as a constant, then 

• * 

di.id 

Hence the potential energy of the pressure which a gas has is like the 

F-TS-9741A 92 



potential energy of a compressed spring. The value of the potential energy 

of a unit »eight of gas is determined by the product of the pressure p multi¬ 

plied by the specific volume v, that is, by the value pv. 

Consequently, the potential energy of the gas depends only on the state 

of the gas because in accordance with the equation for the state of the gas 

(II.2) pv = RT, and the store of potential energy is determined entirely by 

the temperature of the gas. 

In the transition of a gas from one state to another, its store of poten¬ 

tial energy changes by the value A(pv)» 

In the technical calculations of heat machines, a value designated as 

heat content or enthalpy has acquired great importance. 

The concept of "heat content" may be illustrated by an example: A com¬ 

pressed spring at a temperature T has two forms of energy: the internal heat 

energy of the substance or material of the spring, heated up to a temperature 

T, and a potential energy, that is, the work expended in the compression 

' of the spring. The heat content of a gas is likewise the sum of these two 

forms of energy, which the compressed spring has. As we can see, the desig¬ 

nation, heat content, does not correspond fully with the physical sense of 

this value. 

The heat content and the internal energy are related to one another 

by the following equation: 

t-U+Apo (11.12) 

or, in accordance with (II.3)and (11.11), 

lmU+ART-c,T+ART~(a>+AR) T=cJ. ( IT. 13) 

The value c forming a part of the expression for the heat content, 
P 

is called thermal capacity under constant pressure. The numerical thermal 

content is equal to the product of the thermal capacity at a constant 

F-TS-9741A 93 



pressure and temperature. 

The eh ;nge in the heat contentt just as the change in the internal energy, 

does not depend on the processes taking place in the gas but depends only on 

its initial and final temperature. 

It should be noted that the thermal capacity for all gases and at t 

all temperatures is greater than thermal capacity times value of AR. 

In therno-dynacics the value of the relationship of the thermal heat 

capacity at a constant pressure to the sjeciiic heat at a constant volume is 

of great importance. This value is called the adiabatic index and is desig¬ 

nated by k: . 

' •• ' *= eJ, m. » i t ^ 

(11.14) 

As we can see, the value k depends on the thermal capacity of the 

gas at a constant volume, that is, on the structure and te^erature of the gas. 

For technical gases forming a part of the combustion products, the value k 

changes within the limits shown in Table 2. 

Table 2 
W' HEAT CAPACITY AND ADIABATIC INDEXES FCR DIFFERENT GASES AT LOW (300 

ABSOLUTE) AND AT VERY HIGH ( 6,000° ABSOLUTE) TETERATU RE 

Characteristics of the Gas 

Monoatomic 
gases 

Diatomic 
rases 

Triatomic 
gases 

0; H; N 02S H2i N2; 

CO: OH: NO 
CO, 

2 
h2° 

Thermal 
Capacity 

S 
cal/gr&m-mole 

Low 
temperatures 

3/2 AR 5/2 AR 5/2 AR 6/2 AR 

Very high 
temperatures 

3/2 AR 7/2 AR 13/2 AR 12/2 AR 

Adiabatic 
Index 

k.^ 
\ 

Low 

temperatures ^ - 1.67 £ « 1.40 ^ a 1.40 1 • 1.40 

Very high 
temperatures 1 • 1.67 1 ■ 1.29 if * 14 1 V 

n ■la 
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Let us employ the following relationship: 

CpmCt^~AR 

and express the thermal capacity by the value of the adiabatic index k: 

c,=j~r}AR- , (11.15) 
• % 

In accordance with this, we can express the thermal capacity at a con 

atant volume by the value of the adiabatic index: 

' * c, = , ! (11.16) 
k *-i v 

The thermal capacity of a mixture of gases is determined by pro¬ 

ceeding from the fact that in a mixture gases do not change the value of the 

specific heat which they have taken separately. For estimating the thermal 

capacity of a mixture of gases we employ the formula: 

Cvt * \ rictf 
I < 

By employing the formula r¿ — , we obtain: 
Pi 

c*t=sJ-^\,Pr 

(11.17) 

(11.18) 

For the conversion of thermal capacity expressed in kilo-cal/gram mole C 

into thermal capacity relative to a kilogram of gas we employ the relation¬ 

ship: 

c kilo-cal/kg C 
. o„ 1.000 

c kilo-cal/flrammole C u 
V rz 

(11.19) 

where liQQQ represents the number of gram molecules in 1 kx of gas. 
Pi 

For gases of th* same composition, the valuein formula (11.19) should 

be replaced by the molecular weight of the given gas 

The Chemical Energy and the Total Heat Conten_t. 

A gas which is but a single chemical substance possesses internal energy 
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which is determined by the thermal motion of its molecules. If the gas is made 

up of several chemical substances between which there can take place a chemical 

reaction accompanied by the liberation of heat, then this mixture, in addition 

to the thermal internal energy it possesses, also h-s chemical energy. 

For example, oxygen and hydrogen taken separately possess only thermal 

energy, but a mixture of them, in which a chemical combustion reaction can take 

place possesses chemical energy in addition to thermal energy. 

By chemical energy we understand energy which can be given off by a 

chemical reaction between substances v/hich make up the system /corrround7. 

From this point of view, the widely employed value -- calorific value of fuel 

— is chemical energy which the fuel loses during the tire of the reaction of 

the fuel with the oxygen. Let us emphasize here the important f'Ct that che¬ 

mical energy ray be liberated or absorbed only by a reaction; that is, only 

when there arc several substances capable of entering into the reaction, and 

also when conditions are favorable for such reactions. Consequently, it is 

incorrect to speak of the chemical energy (calorific valu»» or heating capacity) 

of a fuel. We must speak of the chemical energy of a fuel (for exam, le, a 

mixture of carbon plus air, kerosene plus oxygen, or any other mixture). To 

ascribe a c'enical energy value to a fuel or oxidizer is an entirely conven¬ 

tional practice which is sometimes convenient in calculations. 

Certain substances which are employed as a fuel or oxidizer may possess 

a definite store of chemical energy in addition to the energy liberated in 

the process of their joint combustion. This chemical energy aijears as a re- 

f .It of the heat spent during the process of the formation of a given substance 

from the elements. 

At low temperatures (up to 2,0'C absolute) the change in the state cf the 

gas does not lead to any perceptible change in the form of the chemical bonds 
% 

between the atoms of the gases forming the combustion products of the fuel. 

The supply of chemical energy remains unchanged and the chemical energy is 
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•xclndad from this consideration* 

At higher temperatures the change in state leads as a- rtile to a con¬ 

siderable change in the form of the chemical bonds, and, consequently, also to 

a corresponding change in the store of chemical energy which it is necessary 

to take into consideration. 

At still higher temperatures, not yet reached in the existing liquid- 

fuel rocket engines, a thermal ionization of the gas nay take place* This is 

accompanied by a loss of energy and a change in the internal energy of the 

gas so that its store will be increased. 

Hence, with an increase in temperature, one must take a still larger num¬ 

ber of components of the internal energies of the gas into account. 

By l4miting ourselves to the temperatures which we have today in the 

liquid-fuel rocket engine, we shall have to deal only with the internal energy 

of the thermal motion (or simply the internal energy), the chemical energy, 

and the potential energy of pressure. We shall call the sum of the internal 

energy of thermal motion and the chemical energy the complete internal energy 

D • The sum of the internal energy and the potential energy of pressure is 
P 

called the heat content or enthalpy of gas I. Similarly, we shall call the 

sum of the complete internal energy and the potential energy of the gas the 

complete or full thermal content or the complete enthalpy 1^. 

V chem 

chem ¿chem * cnemical^ 

SECTION 10. TUEHMCr»Y¡.A¡;lC HtCCESSES IN GASTJS 

The process of change in the state of a gas may take place under conditions 

that differ a great deal: for example, with a constant volume or a constant 

pressure or temperature. The character of a process is described by its equa- 

% tion giving the relationship between the parameters of its state at any point 

i 

of the given process. The most general equation of a process in gases is the 
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«quation of th« polytropic procosa which we nay write in the foro 

•r pu* = const. 
(11.20) 

Below we shell consider such processes, the index of which, n, remains 

constant for the entire process. 

\ Oõnacmb 1 OSnacmb 2 ofaacmb 
npuneccot! cjkartw npoueccoS pacuiupemja 

Figure 44. Diagram showing the different polytropic processes. 

1 -- compression processes; 2 -- expansion processes; 3 -- isobar; 4 — 
isotherm; 3 — adiabatic curve ; 6 — isochore; 7 -- withdrawal of heat. 

By changing the value of tiie index n, we can describe a number of basic 

thermodynamic processes which can take place in gases. For example, by taking 

the value n * 0, we obtain v » 1. Consequently the equation (11,20) will be 

expressed as the equation of the isobaric process p * const represented in the 

coordinates of pv of the line I (Figure 44). If in the course of the process 

n assumes a value equal to 1, we obtain the equation: 

poa=con»t, (11.21) 

and since pv ■ RT, then, for a gas of constant composition and temperature, it 
* 

will be constant in the course of the entire process, that is, the given process 
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«ill be an ieotherc.io procese. 

If ve take the value n —* Qc f ae obtain the equation of an isochoric pro* 

cess V * const. we can easily prove the latter by raising the equation (11.20) 

to the power of ^ ; then: 

i 

/» * i' — const 
i 

and with n~>oOthe value p* ~.\ hence, 

const. 

The line IV showc how this process takes place in the coordinates of pv; 

it aeliicits two fields in this system of coordinates. Cn the right are the 

expansion processes (increases in the specific voluee v), and on the left 

are the compression processes (a reduction in the specific volume v). 

Change in the Parameters of the State of the Gas with Folytropic Processes. 

Making use of the equation of the polytropic process with constant nf and 

also of the equation of the state of the gas, we can easily find the connection 

between the parameters of the state of the gas at two different points of the 

process. 

As the basic parameter determining the state of the gas, it is cost con¬ 

venient to select the pressure of the gas. Let us express the ratio of the 

pressure p at any point in the process to the initial pressure by• 

We shall express change of all the rest of the parameters by the ratio of the 

pressures, that is, by S • 

We convert the basic equation of the polytrope (11.20): 
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Substituting in (11.22) the rnlue by * — from (II.2) we obtain: 

(11.23) 

Subatituting in (11.22) (> in accordance with the equation of the atate 

t we obtain: 
gRT 

•_r __ _Pt__ i p 
Kftr gKTx\ptl ; 

(11.24) 

If in the theroodynamic proceso we can consider R = const, that is, if 

the composition of the c«s is constant, then after tra.isformation we obtain: 

(11.25) 

The t'Ork Performed in the Thermodynamic Processes. 

The elementary work ùLt performed by a unit weight of gas under a 

pressure p, with an increase in the specific volume by Av, is, as we know, 

and the total work of this gas with a change in the state from point 1 to 

point 2, 

», 
L<^ \ p d v. 

r, 

Graphically the work done during the thermodynamic process nay be repre¬ 

sented as an area lying under a curve representing the process in coordinates 

of pv (Figure 45), that is, the area al2b. 

In the thermodynamic processes, work may be expended by some external 

source of energy and transmitted to the gas, or it may be done by the gas 

system itself and drawn off the gas system. In the latter instance, it may be 
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ustd to perform mechanical work or to create kinetic energy in the directed 

gam flow, etc« 

Figure 45« Work done by the gas in the thernodynar.ic processes. 

Let us assume that the work of expansion done by the gas systerr and drawn 

off is positive work. 

The area lying under the polytrope between the points 1 and 2 with the 

index n is determined by the expression: 

1 - (/V, -Ptv*)- 
n — I (II.26) 

The formula (11.26) is valid for all the values of n, except n * 1, in 

which the value L becomes indeterminate. For this case of isothermic change 

in the state we may derive the formula: 

L*=PiVx In-- In¬ 
fi **» (11.2?) 

Later on we shall be interested in the value of the area included between 

the curve of the process and the axis of the ordinates, that is, the value 
e 
\ vdp , which we shall designate by L*. The value of this area is n times 
1*. 

greater than the area of L and is equal to: 

(II.28) 
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ln Figur« 45, this area is included in the contour cl2d. 

The Application of the First Law of Thermodynamics to Processes in Gases, 

la thermodynamic processes there is a change in the state of the gas; 

consequently, m change in the store of energy which the gas possesses may also 

take place. In addition, the change of state process may be accompanied by a 

removal of heat from the gas or the supplying of heat to it from the outside 

and an expenditure or loss of «otic tmechanical energy). 

The change in the supply of energy of the gas in thermodynamic processes 

cannot be arbitrary; it corresponds directly to the quantity of heat brought 

in or drawn off and to the work done by or on the gas. The necessity of such 

a precise correspondence follows naturally fron the law of the conservation of 

energy. Thus the first law of thernodynanics determines the quantitative con¬ 

nection between the change in the quantity of internal energy, work, and heat 

taking place during the change in the state of the gas. Consequently it is 

the application of the universal law of the conservation of energy to the ther¬ 

modynamic processes. 

For example, if in the thermodynamic process the gas is isolated from the 

action of outside media, then in accordance with the law of the conservation 

of energy, the total store of energy of such a gas should remain unchanged. 

However, the form in which the energy exists may change. In the given instance 

the internal energy U of the gas may be changed into work of exransion L. In 

this case the change in the store of internal thermal energy of the gas should 

correspond directly to the quantity of work received or work performed. This 

relationship als* determines the thermal equivalent of work A. 

If in the thermodynamic process we introduce or remove a quantity of 

heat AQ, then this quantity of heat should balance the change in the internal 

beat energy of the gaa and the work process. 

For example, the heat ÙQ supplied to the gas from the outside is expended 

only in the change of the internal energy ÀU and the performance of work A. I», 
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that is: 

AQ«At/+4AL 
(11.29) 

This expression is also the analjtical statenent of the first law of 

thernodynaraicc. 

Taking into account the fact that ÛL * p At, the expression (11.29) 

can be reduced to tne form: 

AQ=ii/f/Ipii'. 
(11.30) 

As we know, in thermo dynamic processes, as a result of t;io cuange in the 

state of the gas, there is always a change not only in its internal heat ener¬ 

gy but also in its potential energy pv. Making use of the diagram p « w, we 

can express the change in the potential energy A(pv) by the change in the 

parameters of the gas. In the transition of the gas from state 1 to state 2 

(Figure 46) the change in the store of potential energy of the gas will be 

equivalent to the value of the area lcd2ba. This area may be replaced ap¬ 

proximately by the sum of the areas lede and Ifba. The aren led# is equal, 

as ws can see from the drawing, to the product v A p, and the area Ifba to 

P A ▼* Hence: 

Upv) 

and the change in the thermal content in the process leading to the transition 

of the gas from state 1 to state 2 will be equal to: 

A/« “ 

i -A(/+i4olp+/lplt’ (11.31) 

Lot us express the value AU by AI: 

1(/==1/-4t ip- Apsv 

and, substituting this value in the equation of the first law of thermodynamics, 

we obtain: 

AQ-A/—iloip—^Plü + ^PA * 
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Figur« 46, The change in the potential energy of the gas, 

or finally: 

tQ-hi- AvhP- 
(11.32) 

The expression (11,32) is the secrnd analytical expression of the first 

law of thernodynaaics. It is often times used in the design of thermal en¬ 

gines because with a change in the state of gas there is always a change in 

ita heat content} and, therefore also, a change in the total store of energy 

of the gas which should enter into the equation of the balance of energy. In 

chemically active gases duj.-ing a thermodynamic process a change in the store 

of the chemical energy takes place, which should also be taken into account in 

the application of the law of the conservation of energy. In the most common 

case the equation of the first law of thermodynamics takes the form: 

AQ = l/.—U'lp. 
(11.33) 

The Conversion of Energy in Polvtropic Processes. 

Of the infinite number of polytropic processes, let us consider only 

certain ones in more detail. 

The iaochoric process is characterized by the fact that the volume of 

gas remains unchanged, with the result that the work of the process is equal 

to sero (dv * 0). Hence in this process, in accordance with the first law of 

thermodynamics: 
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aQ*aI/. (11.3*0 

that is, all of the heat brought in ic expended only in changing the internal 

•nergy of the gae. Since for the process ▼ r const, the value Q * T, 

then from (11.34) we can again obtain the well-known formula: 

In the inobaric process (p 

thermodynamics: 

i t * <WA / 
(11.35^ 

const), the equation of tae first law of 

A Q - A (/ -f /1/>a 

may be transformed by making use of the fact that in accordance with the equa¬ 

tion of state, pv » RT, the value p^v (with unchanged pressure) is equal to 

R^T. Therefore: 

AQ=Ai/-f ARlT— cvlT + ARlT: (c. | AH)T -r.AT'-A/, 

(11.36) 

i.e., in the isobaric process, all the heat supplied is expended in changing 

the thermal content of the gas. 

In the isothermic process (n = 1), the temperature of the process remains 

constant; consequently AU s 0. Therefore: 

aQ-/1a /.. 
(11.37) 

In other words, in the isothermic expansion process, all the heat supplied 

AQ is converted entirely into positive work of expansion. In the isothermic 

expansion process it is necessary to supply heat to the gas to maintain a con¬ 

stant temperature. 

Precisely as in the isobaric expansion process (p * const), heat must be 

supplied even more intensively than in the case of the isothermic process since 
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la thlu ease the temperature of the gas lacreases and, consequently, additional 

heat «ust be expended for increasing the internal energy ( Au>0). In addition, 

as we can see from Figure 44, with the same increase in wolume A^, the work of 

isobaric expansion will be greater than the work of isothermic expansion. 

A still greater supply of heat is required by the expansion process with 

an increase in pressure (curve V in Figure 44). 

A process with constant volume c with a decrease in pressure n->• <x> » re¬ 

quires the removal of heat, because the decrease in pressure can take place 

only because of a reduction in temperature, that is, due to a decrease in the 

internal energy of the gas, the excess quantity of heat must be withdrawn. 

The Adiabatic Process. 

A comparison of the processes considered above indicates the following. 

With a decrease in the intensity of the heat supply, the lines of expansion, 

beginning at an initial point in the coordinates of pv, run more and more 

steeply; and the less heat applied, the greater the index n of the polytrope 

of expansion. 

Between the processes n « 1 and n-** oo , there should obviously be a pro¬ 

cess in which A Q a 0, that is, a process in which no heat is supplied to the 

gas or carried away from it. 

Processes of such a nature are called adiabatic, i'hey are widespread in 

nature and technology, especially because of the fact tnat many processes in 

gases take place so quickly that the heat exchange between the gas and the 

walls, and through the walls with the surrounding medium, is negligibly small. 

The theoretical research of this process gives: 

. 
n= A=» —■ * 

t# 

Therefore, the value k is called the adiabatic index. 

In case of an adiabatic process AQ * 0 and on the basis of the first 

law of thermodynamics: 
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AL=-lU. (11.38) 

that iaf tha work of the adiabatic expanaion is done entirely by a change in 

the internal energy of the gas. Of courae, in thia caae the température of 

the gaa ia lowered. 

Making uee of formulae (11.26), (II.3)* (II.I6), we obtain: 

Al~ïèï 0>.«, -/>,*,) - ^ (J-, - r.) -f. (r, - r,)- - *t/. 

that ia, complete agreement with the expreaaion (11.38). 

The value of the change in the heat content taking place in the adiabatic 

procesa ia of atill greater importance for technical applications. 

If we assume n * k, then in accordance with the expression (11.28), we 

hare: 

, -u' - ¡tí Ow < r. - A) - ( r, - r.) - - a/. 

Consequently, the drop in the heat content of the gaa in the expansion process 
# 

which may be employed for useful work is represented graphically by the area 

e!2d (Figure 47). For a chemically active gas, in the adiabatic process, the 

heat equivalent of the work of expansion would be equal to the drop of the 

total heat content, that is Alp. 

To make use of the formula (11.25)» replace the current pressure p 

with the pressure *t the point 2: 

»-1 

For the adiabatic expansion of the chemically inert gas we obtain: 

(11.39) 

With a nonadiabatic process, the work of expansion AL and the work AL* 

will not be equal to AU -*nd AI respectively. 
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Fer txanpl«, in th« heat supply > 0 tne heat supplied is partially 

expended for a change in the internal energy or heat content und partially 

converted into work. 

Figure 4?« The work of the process L and work of L'« 

a!2b — work of the process L; ci?d — work of L*. 

SECTION 11. SECOI.D LAW OF THUîMODYNAhÜCS 

Petermination of the Law. 

In considering the thermodynamic processes in gases. *e have been inter¬ 

ested up until now in the quantitative side of the problem: the value of the 

change in the parameters of state, the amount of heat or work received or 

expended. However, in giving quantitative relationships, this section of 

thermodynamics cannot state precisely how and in what direction the processes 

in the gases will take place. 

In nany cases, however, it will be interesting to solve the problem as to 

precisely what processes are possible in gases and how they take place quali¬ 

tatively. 

An answer to the question as to what processes are possible in an isolated 

system (that is, in a system that is not subjected to external action) is given 

in the second law of thermodynamics, the simplest formulation of which reads: 

Heat alone cannot pass of its own accord from a body with a lower tempera¬ 

ture to a body with a higher temperature. 

Intropy. 

On the basis of this statement it is quite obvious to us that we can also 

show the quantitative measure which is used with the second law for the 
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dtteraination of the possible direction of the thernodynanic processes. 

We define our isolated system as a combination of two bodies havin' the 

same store of heat Q. Howerer, the first body has a temperature of 

which is greater than the temperature of the second body Tg. 

In keeping with the obrious principle stated previously« heat can only be 

transmitted from the first body to the second and not in the reverse direction. 

We may assume that the first body possesses a more valuable store of heat in 

the sense that a part of this store can be transmitted to the other body. 

Hence, the value of a given store of heat is determined by the temperature 

at which it is accumulated. 

Of course, provided that > Tg we.can yfrlte: 

By comparing this with the fact that the store of heat of the first body 

h*. . gr.at.r «lu», « e»n »«y that the ralue | deterninee the »alus of the 

•tore of heat and that the emaller | ia, the greater the ealue of the etore of 

hsat in the manner mentioned previously. 

This basic reasoning must be complicated by the fact that the transmission 

of heat Q changes the temperature of the body (sxcepting cases of phase tran¬ 

sitions: melting, boiling, etc.). The transmission of very small quantities 

of heat can take place at a very slightly changing or practically constant 

temperature T. Therefore, for the determination of the value of the heat of 

any body, including the gases, it would be more correct to employ the fol¬ 

lowing value. 

or in the limit: 
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fh«r« T 1» th« temperature at which the gas receives an infinitely sirall 

quantity of heat dQ. 

th. «1». jf d.t«r»in.6 th. change of a c.rt.in functi.a in th. .tat. 

of the gas called entropy. 

Entropy is usually designated by the letter S, Its change with any 

change in the s'.ate of the gas anounts to: 

(11.40) 

The adiabatic processes, during which no heat is supplied to the gas, take 

place without any change in entropy. 

• Aet us consider the change of entropy upon transfer of heat from • 

one body to another in our very simple system consisting of two bodies. 

In the initial moment the entropy of the first body and the second 

amounts to: 

«► 
« 

Let us consider the change of entropy of a system.of bodies in the case 

of a spontaneous transition of a small quantity of heat from the first body 

to the second. This quantity of heat is so small that we can neglect the change 

of temperature T and T^. According to the second law of thermodynamics, the 

spontaneous transition of heat can take place only from the first body to tne 

second. 

For the first body the change of entropy amounts to: 

and for the second: 
, ÿ 
• • i 

*1 

j 
1 

The total change in entropy of the system amounts to: 
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|. as-as,+as;«-^ + ^-aq TtU 

Sine# T^> T2t th» valu» AS> 0. 

Hane«, «ith a apontaneoua procesa of transaxasion of heat, the entropy 

of the system is Increased. 

Because of this, »e can also give another formula for the second law of 

thermodynamics: 

In an Isolated system the processes can only taù.e place spontaneously 

provided that the entropy of the system is increased or rexains constant in 

given limits. 

In order to reduce the entropy of the given system, it must be subjected 

to external action. An example of such a process is the transmission of heat 

from a body with a lower temperature to a body with a higher temperature, which 

la a process that takes place in any refrigeration machine. ’.Ye should remember 

that the second law is applied only to processes taking place in an isolated gaa 

system. Ry exerting an outside influence on the gas system, we can produce any 

process, Including the process of s reduction of entropy. 

Entropy and the Probability of the State of the Gas. 

Another consequence of the second law of thermodynamics is the princitle 

that mechanical work car. always be converted into heat, but that the reverse 

process of the conversion of heat into mechanical work ic not spontaneous. 

For the conversion of heat into mechanical work to take place, it is necessary 

to seet specific requirements — in particular, the presence of a drop 

of pressure or temperature. 

This consequence of the second law of thermodynamics ia also quite obvious 

because the internal energy of gas, for example, tne energy of the translational 

degrees of freedom, is the energy of a disorderly chaotic movement of molecules. 

The work of the gas can appear only in the form of an orderly movement of the 

aolecules of the gas in a definite direction (for example, in the nossle of the 
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liquid-fu«! iooket ^In«^ lalthrjsyilndw of pUton naoliinoa). Then too^ pnn»-« 

ean eaeily ijwgine that the restricted noreaent of aoleculee csn easily be 

converted into a chaotic, disorganized movement (for example, as a result of 

the presence of viscosity forces which cause gas friction and under certain 

conditions create powerful vortices interfering with and breaking up orderly 

■ovement of the gas molecules)# This leads to the conversion of work into 

heat# The reverse process of conversion of the disorderly movement into a 

directed movement without reaction from the outside or the creation of special 

conditions is not very probable. 

In converting work into heat AU > 0 and entropy S in this process Ur 

increased# 

A chaotic movement of the molecules is, under the given circumstance, 

always more probable than an organized movement; and, therefore, th*.- value of 

the entropy can be represented as a measure of the probability of the given 

stste. The more probable the given state of the gas, the greater the value 

•f the entropy# Since with spontaneous processes the gas always changes from 

the less probable to the more probable state, the spontaneous processes take 

place with an increase in the entropy. 

In certain instances, as with any process, the system always remains in 

the most probable state. It is then that the process takes place with a con¬ 

stant entropy. 

Reversibility in Thermodynamic Processes. 

The last problem which we shall consider from the point of view of the 

second law of thermodynamics is the concept of the equilibrium and reversible 

processes# 

Let us observe, for example, the process of compression of a gas. If 
2 

we apply the load AG, and increase the pressure of the gas by Ap kg/ca , to 

a piaton which is moving freely in a cylinder with non-conducting walls then 

each time a new load is applied the equilibrium of the gas piston system is 

112 
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vpstt and the pisten noves until it reaches a nee position of equllibrlun. 

Let us follow this compression process in the coordinates of pv (Figure 

i»8). At the aonent the load is placed, the pressure corresponding to it in¬ 

creases abruptly to the value Ab, a'b', etc« The new state of equilibriun is 

not established until after the gas is compressed to a new pressure b, b*, 

etc., along the lines ba*, b'aN, etc. We shall describe the process of coa- 

pression by the step-like broken line Aba*b* aM b" s'* b,nB, and the work done 

by the loads in the compression of the gas from state A to the state B will be 

determined by the area under this broken line. • 

Figure 48. Irreversible and reversible processes of the compression and ex¬ 
pansion of a gas. 

If now we carry out the reverse expansion process of the gas from the 

state B to the state A, removing these same loads AG, the process of reducing 

pressures doing the work will be represented by the line Be s'" c' a" c" a* 

«"•A. 

The work of expansion, given the systea by the gas and determined by the 

area under the line Bca"' c* a" c" a* c"* A, will be less than the work perforae 
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by this bab« system during compression. 

From this it follows that the closed system, embracing in itself the 

source of work for the compression of the gas, during the compression and 

expansion processes by the method described above cannot be returned to its 

original state because the store of energy in the source of work, upon the 

return of the system to point A, will be less than before the beginning of 

compression and by the repetition of such processes can be exhausted entirely. 

The processes taking place in such a way that the isolated system, after 

the direct and reversible processes, cannot return to the initial state are 

called irreversible processes. 

In the case of the irreversible compression and expansion of the gas con¬ 

sidered by us, the value of the losses of work is determined by the area bet¬ 

ween the broken lines of the compression and expansion processes ( shaded In- 

Figure 48). Such is the nature of these losses. 

At the moment the equilibrium with the irreversible process is upset, the 

piston and, consequently, also the particles of gas alongside it acquire kinetic 

energy which is then expended in the heating of the gas. Consequently» the 

temperature of the gas after each cycle of irreversible compression and ex¬ 

pansion will be progressively increased due to a loss of work. This also in¬ 

creases the deviation of the system from the original state, that is, the ir¬ 

reversibility of the process. 

Vs have considered the problem of the reversibility of the processes, 

using as an example the compression and expansion of a gas when work is applied 

to it. However, the concept of reversibility may also be applied to other 

processes. For example, heat supply may also take place in a reversible man¬ 

ner and in an irreversible manner. In order that a reversible process with an 

exchange of heat can take place, the difference between the temperature of the 

gas ani the source of heat should be infinitely small just as the difference 

between the pressures of the reversible compression process. . 
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It is not difficult to ass (Figur« 48) that th« loss of work during th« 

«oaprassion and «xpansion cycles depends upon the degree to which the equi- 

libriua is disturbed in the induced process* The greater the disturbance of 

equilibrium, the greater the shortage in the work of expansion and the greater 

the loss* With a reduction in the variation in the state of equilibrium, the 

loss of work will also be decreased. In the limits within which the compression 

and expansion processes take place, though infinitely large in the number of 

phases of equilibrium, there is an infinitely small difference in one phase of 

equilibrium from the other; that is, when the processes AB and BA are repre¬ 

sented by coincident smooth curves, the loss of work becomes equal to zero. 

In this ease the isolated system, with any given number of completed cycles 

of expansion and compression, will be returned to its initial state* 

Processes which occur in such a manner that the isolated system can 

complete the direct and reversible processes and return to its original state 

are called reversible processes. 

A characteristic of reversible processes is tie fact that they occur 

during an infinite series of phases in equilibrium* The state of equilibrium 

is the most probable for a given system and corresponds to the maximum entropy. 

The adiabatic reversible processes, proceeding without the removal or the in¬ 

troduction of h*at ( û Q s 0), take place w’^h constant entropy (A S b 0)* 

Such processes are called Isoentroplc* 

Calculation of tue Numerical Value of Entropy* 

In many cases the real adiabatic processes which take place in thermal 

machines, and in particular in liquid-fuel rocket engines, closely resemble 

the reversible processes andern deviation from them may be taken into account by 

experimental coefficients. For the calculation of such processes it is neces¬ 

sary to compute the value of entropy. Without giving here the complicated 

dependent conditions for the theoretical determination of entropy (the absolute 

value of which depends on the structure of the gas, that is, on its chemical 
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natur«), *• «hall only ©attain formula« for th# calculation of the entropy, 

aecaaaary in the subsequent calculations. 

la the tables of thermodynamic talues »e ucually git* the talues of the 

entropy of the given individual chemical substance (hydrogen, oxygen, water 

vapor, etc.) depending on the temperature at the standard pressure «* tual to 

one physical atmosphere. We designate this value by S0. Usually it is given 

in small calories for one gram molecule of substance and at 1 C. 

For the calculation of entropy for this same gas at any pressure p we 

use the formula 

S,^So—AR Inp 

0rf taking into account the fact that AR * * 848 

(11.41) 

1,986 cal/gram 

molecule C: 

In p® 2.303 Igp, 

5,»So—1.986-2,303 Igp=S0—4,57 Igp. 

(11.42) 
For the mixture of gases of different composition such as the combustion 

products in the liquid-fuel rocket engine, the entropy of the mixture at 

temperature T and at a total pressure of the mixture pj expressed in kilo- 

cal/kg°C or in cal/kg°C is equal to; 

‘7 (11.45) 
where is the number of gram molecules of the i gas in 1 kg of mixture, 

or, since: 

• ’ • »1.44, 
, * 

where Mj is the total number of gram molecules of gas in 1 kg of mixture: 

► 

Mi 
1000 > 
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then 

(IMS) 

vhtr« 1« the entropy of the individual i gas with ita partial pressure 

By introducing in (II.4S) the correlation (11.42), we obtain: 

or 

S'r'ZlSv-WWMtlL 

. / * ~jj£ —Pi ly pD- 
(11.46) 

Aa we can se , thic formula must often times be employed in the thermal 

calculations of tne liquid-fuel rocket engine. 

SECTION 12. THE THERMO DTK AI* IC PROCESES IN THE CHEMICALLY ACTIVE GASES 

Dissociation of the Comoustion Products. 

Up until now, we have considered chiefly processes in gases of constant 

composition with an unchanged store of chemical energy. The combustion pro¬ 

ducta of the fuel of the liquid-fuel rocket engine are a mixture of chemical 

' substances between which chemical reactions can take place. 

As a result of the great quantity of heat which is liberated in the com¬ 

bustion chamber of the liquid-fuel rocket engine, the combustion products in 

the chamber occur at a very high temperature (3*000 - 3,500° absolute). In 

their turn, the high temperatures cause a high degree of dissociation of the 

combustion products, which is emphasised by the fact that even with free 

oxygen present, the combustion products are composed not only of completely 

combusted products, but also of incompletely combusted products (C0{ OH) and 

the original fuel element (82)* In mixtures with Insufficient oxygen free 0., 

appears in the combustion products as a result of their dissociation. 

At still higher temperatures, the contest in combustion products of the 

atomic gases 0, H, N, as well as the NO content becomes noticeable. For the 

formation of all the products of dissociation listed above (CO, OH, 0V B, H, NO) 
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a ctrtain aaouat of «»«rgj is sxpsnded by th« corresponding molecular gases. 

Bones the dissociât w of the coobustion products leads to the incomplete 

release of the chemical energy in the combustion chamber, the result of which 

is a negative effect on the degree of conversion of chemical energy of the 

fuel in the work of expansion. Dissociation is an undesired phenomenon in 

the operation of the liquid-fuel rocket engine. Moreover, the value of the 

chemical energy remaining in the combust ion products as a result of dissociation 

may prove to be considerable and it must be considered in thermal calculation 

of a liquid-fuel rocket engine and in deterèlhiag assign combustto*'temperature. 

The expansion process in a liquid-fuel rocket engine occurs at high tempe¬ 

ratures of the combustion products which are in the gaseous state, that is, 

under conditions insuring the possibility of occurrence of a chemical reaction 

among the gases which constitute the combustion products. The high temiera- 

tures also insure very.'bfigh chemical reaction'ê^eeds. 

Under these conditions, the change in the composition of eombufetlon pfod- 

usttd'Bay* he*rsse¿essful after their change in temperature and pressure, hence, 

in the expansion process, a change in the composition of the gam may take place 

which ie accompanied by a change in the store of chemical energy in the gas and 

m conversion of chemical energy into thermal energy. 

In thermal calculationof a liquid-fuel rocket engine, it is necessary to 

take into account the dissociation of the combustion products in the chamber 

and the change in the degree of dissociation during their expansion in the 

nomxle section. 

Reversibility of Chemical Reactions. 

Every reaction in which there is participation by gaseous substances alone 

ean take place both as a straight [simple] reaction and as a reveraible reaction. 

Let us consider, for example, the gaseous reaction of the type A ♦ B * AB. 

The straight [or simple^ reaction of the compound of substances A and B is 

possible only after the collision of the molecules A and B. If the molecules 
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h*vt a sufficient store of energy in then, the collision leads to the forma¬ 

tion of a new nolecule AB* In this sane gaseous aixture there cay also be 

collisions among aol seules representing the reaction product (AB) or the 

original aoleeules. These collisions, with a sufficient store of energy, lead 

to a splitting of the aoleeules (AB) into aoleeules of the original substances* 

Consequently, in a reacting gaseous aixture, a simple reaction between the 

aoleeules of original matter arid a reverse action in which there is a splitting 

up of the simple reaction products into the original substance» occurs simulta¬ 

neously* Hence the actual reaction, for example, the reaction of carbon 

monoxide combustion is written as follows: 

CO + yO^CO,, 
or in the general form: 

À + A B, 

The latter formula shows that in a gaseous mixture a simple and a reverse 

reaction (for example, the combustion of carbon monoxide (CC) and the splitting 

up of CQp occur simultaneously* 

These reactions are given the name of reversible chemical reactions. In 

considering these processes, we should not confuse the concept reversible 

chemical reaction with the reversibility of the thermodynamic process* The 

thermodynamic process, which is accompanied by a chemically reversible reaction, 

nay be irreversible, if we do not observe the conditions for the taking place 

of this process by an infinite number of states of equilibrium differing from 

each other by infinitely small amounts* 

The probability of a simple and a reversible reaction taking place is de¬ 

termined by the number of effective collisions which actually lead either to 

the formation of reaction product molecules or to their dissociation* The 

first factor determining tho number of effective collisions is the total number 

of collisions between the molecules* 
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Th« total nunb«r of collisions between given solecules depends on the 

quantity of these aolecules in the mixture. For example, the intensive straight 
I 

reaction leads to a decrease of the content in the gas of molecules in their 

original form. Because of this fact, there is a decrease in the number of 

eol?.isions which may lead to the formation of aolecules of the kind AB, Then, 

too, in the mixture there is an increase in content of molecules of the reac¬ 

tion product which leads to an increase in the number of collisions which can 

bring about the dissociation of the reaction product molecules AB into the 

original substances A and B, 

Another factor determining the number of effective collisions is the store 

of enorgy in the colliding particles necessary for a reaction to take place. 

This store of energy is called the activation energy. 

For a simple reaction (combustion reaction) which occurs with a liberation 

of heat due to the formation of new chemical compounds, the activation energy 

needed is relatively small because it is needed only to give a stimulus to the 

regrouping of the atoms in the molecules of the reacting substances, 

I 

Tor the reverse reaction (the reaction of dissociation of the combustion 

products^ the store of energy necessary for a collision that causes a break-up 

of the molecules should be at least greater than the energy of the chemical 

compound released during the simple combustion reaction. 

Figure 49. A diagram of the energy levels in simple and reversible reactions, ^ 

A diagram of the energy levels in a combustion reaction (a simple 
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reaction) and diaoociation (a rcroraible reaction) is given in Figure 49# The 

aixture of original moleculea (A ♦ B) possesses a certain store of energy which 

wo designate by E^* 

To pernit a siaple combustion réaction to occur, the colliding molecules 

should possess an energy of activation coBb /comb * combustion/. After the 

reaction its product (AB) has a smaller supply of energy The quantity of 

energy during the reaction amounts to • E^* In order for a dissociation 

reaction of the substance AB to take place, the colliding molecules should 

possess a store of energy equal at least to E^ • In addition, the reverse 

reaction also requires its corresponding energy of activation E^ " 

dissociâtior^, because the total store of energy which the colliding molecules 

should possess is E1 - E2 ♦ E^ dis. The value E1 - Eg ♦ E^ di8 is always 

greater than the value E^ comto* 

Chemical Equilibrium in a Gaseous Mixture. 

The source of activation energy and energy necessary for the decomposition 

of the combustion products is the thermal motion energy of the particles making 

up the gas. 

The thermal motion is characterized by a very uneven distribution of the 

energy among the particles. The quantity of particles possessing a given store 

of energy is determined by means of the equation of Maxwell and has the follow¬ 

ing torn: 

where is the number of particles having a supply of energy 

V8 is the total number of all the particiest 

A is a certain constant; 

T is the absolute temperature which is the measure of the total store 

of energy in the gas; 

k is the Boltzmann constant. 
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Th« distribution curres of the particles based on energy »re giren in 

Figure 50« The nusber of particles possessing a giren store of energy is at 

• saziauB at a certain energy Eren though the quantity of particles 

haring a store of energy ^aax decreases eith an increase in ¿ ( the 

gas always has particles with a relatively large store of energy. 

In such a distribution of energy among the particles of gas, there is the 

possibility of a dissociation reaction because in such a gas there are always 

particles whose store of energy is sufficient for such a reaction. 

Figure 50. Distribution of the particles on the basis of the energy lerels at 
different temperatures. 

With an increase in the temperature of the gas, the relative quantity of 

particles having a large store of energy is increased ( ^aax^ Tl* 

and consequently there is an increase in the probability of the reverse reaction. 

As the simple reaction of coubustion takes place tae velocity of its re¬ 

action (that is, the number of combined molecules A and B in a unit of time) 

is proportionately decreased as a result of the decrease in the total number 

of collisions among the molecules of the initial substances. Tne velocity of 

the reverse reaction at the given temperature of the mixture is simultaneously 

increased as a result of the increase in the number of collisions in which there 

is participation by the molecules of the products of reaction. 

As a result of this, an instant arrives when the velocity of the simple 

and the reverse reactions are exactly equal to each other. Then the average 

chemical composition of the gas will not change even though the simple and 4 
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rtwrslble reactions take place in it with equal velocity. The gaa mixture 

in this case is in chenical equilibrium. This equilibrium is a dynaeic equi¬ 

librium resulting from the presence in the gas of two opposite processes taking 

place with equal velocity. 

If we increase the temperature T of the gas mixture, the number of mole¬ 

cules having a large store of energy is increased, leading to an increase in 

the velocity of the reverse reaction of decomposition of the combustion pro¬ 

ducts and a destruction of the equilibrium establisned with the previous 

temperature. In the gas mixture there will be an increase in the number of 

initial molecules causing an increase in the velocity of the simple reaction 

because of an increase in the total number of collisions between the molecules 

A and B. finally, with an increase in the temperature of the gas, a state of 

equilibrium characterized by equality in the velocity of the simple and re¬ 

verse reactions is re-established but-jrlftita -higher content In the gas mixture 

of the dissociation products. Hence the temperature of the gas mixture exer¬ 

cises an influence upen the composition of this mixture; and in such a way 

that with an increase of temperature there is an increase in the mixture of 

the content of the dissociation products, the formation of which requires the 

expenditure of heat. 

The Constant of Equilibrium of a Chemical Reaction. 

The above qualitative picture of the establishment of equilibrium in gase¬ 

ous mixtures can also be presented quantitatively. 

Let us consider the reversible chemical reaction in its general form as 

it takes place in a mixture of gases. Its equation may be written as follows: 

' , aA+U}+. . .^cC+iD+. . ., 

where a, b, c, d are the coefficients of the reaction; 

A, B, the designation of the gases, the initial products; 

C, D, the designation of the gases, products of the reaction. 
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Bine« talon «• shall apply the theory of cheoical equilibrium to the 

phenomenon of dissociation of the combuetion products, we agree to write each 

of the reactions so that in the simple fetraight] form it is a reaction of 

dissociation and is accompanied by the transformation of them-al energy into 

chemieal energy* 

For example, the reaction of dissociation of carbon monoxide gas is 

written in the following form: 

* • ^ * 

! COfî;CO + ^Ot + 94 hilo-cal/gram-mole 
í (II 48) 

; j (s-1; tf-1; ^-{)* 

The reaction for the formation of nitric oxide (KO) is also accompanied 

by a loss of heat; that is, from our point of view, it is a reaction of dis¬ 

sociation. It is written in the form: 

N,+0,^2N0 + 21 kilo-cal/gram-mole 

(a«>1; fr-1; ¢-2). \ , 

(11.49) 

«s must know the velocity of the simple and reverse reactions. By velocity 

of reaction we mean the ratio of the change in the concentration of the sub¬ 

stance A C to the time Ap, in the course of which this change of concentration 
i 

»7V,lace. Hence the velocity of the reaction is: 

*> 

la this case the sign of the'velocity has no importance, because we may speak 

both of the velocity of formation of new products and of the velocity of the 

destruction of the original substances. 

The value of the concentration C which enters into the equation of reaction 

velocity represents the amount of substance in a unit of volume and is usually 

determined as the number of gram-molecules hi of a given substance in a cubic 

metfr of content: 
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! C|—Jr graa-Bol«/«5 
• 

For the determination of the velocity of the reaction we must employ the lav 

of reacting aaasee in accordance with which the velocity of a cheaical reaction 

ie proportional to the concentrations of the reacting substances taken in de¬ 

grees determined by the coefficients of reaction (at b, ct d). For example, 

in the general form the velocity of the reaction of dissociation (II.4?) 

may be written as follows: 

(11.50) 

C4, C- are the concentrations of the substances A, B, etc., expressed in 

coles per unit of volume; 

is the coefficient of the proportionality, called the constant of the 

velocity of reaction. This value is characteristic of each reaction. It de¬ 

pends on the temperature and increases with the temperature. 

For example, the velocity of the dissociation reaction of CO^ (11.48) can 

be written in the form: 

t 
• * 

«i-KiCco,. . (11.51) 

The velocity of the reverse reaction (11.47) is determined by the 

¿édUAllty. 

* ; ut**KtCcCi • • • 
a. •• 

(11.52) 

In the application to reaction (11.48) the velocity of the reverse com¬ 

bustion reaction of CO is written in the form: 
» 

i i 
T ^ Uf^KfCcoCo,» 

In cheaical equilibrium of a gas mixture, the velocity of the simple re¬ 

action la «qual to the velocity of the reverse action, l,t., 
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(11.53) 

•r 

Kl Cç^p • • • 

Kf • (II.51») 

In th« application to reaction (11.^8) we have: 

i 

(11.55) 

This expreesion indicates that under the conditions of equilibrium the 

concentrations of all the reacting substances should be in a definite re- 

** 

latiónahip to each other. Thus the value of the ratio £- is called the 

constant of equilibrium, expressed by the concentration, and is designated by 

Just as is the case with values and K^, the value Kc depends only on 

the temperature and the type of chemical reaction. 

The constant of equilibrium is a value tying together the equilibrium of 

the concentration of substances in their mixture. By means of this value we 

can find the composition of the mixture and also determine the change in com¬ 

position with the change in external conditions. 

In the study of the dixsociation of gas mixtures it is mere convenient to 

employ not the value of the concentration Ci but the values of the partial 

pressures p^. 

The concentration Ci can be expressed by a partial pressure of the gas. 

For this purpose we replace the number of moles h^ of the gas by the partial 

pressure of the gas making use of the equation for the state of the gas which, 

in accordance with Dalton's law, can be applied to any gas entering into the 

gas nixture 

PiV-hMT, 
(11.56) 

F-TS-9741A 126 



where R le the universel gaseous constant. 

Y la the voluae occupied by the gaseous aixture; hence: 

consequently, 

L‘ V Rrv RT (11.57) 

Let us now substitute this expression in the equation of the constant of 

equilibrium (11.5*0 

The ratio: 

Kc 
Kt 
K, 

„f „ä 
PcPd 

it % 
PaPb- 

m ... - (f+rff ...n 

PcPd 
_rt „» 
PaPb 

(11.58) 

ia called the constant of equilibrium, expressed by partial pressures, and is 

designated by K^. The difference ^c+d+...-(a+b+ ...^7 determines 

the change in the number of moles of gas with a reaction of the type con¬ 

sidered and is designated by • 

We can express the valuó of the constant of equilibrium K in the form: 
P 

• (11.59) 

It determines the partial pressures of the gases in the gaseous mixture, which 

ia in chemical equilibrium. Below we shall employ only this constant, and 

hence we shall drop the symbol p in the designation of the constant. For the 

reactions considered above, resulting in the formation of nitric oxide and the 

dissociation of carbon aonoxlde the constants of equilibrium are written in 

the fora: 
i 

AC-and 
/s/o, Pco, * 
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or in th« general foru for the reaction (11.47): 

m riA - - ' (11.60) 

The conatant of equilibrium for an ideal nixture of gases depends only on 

the temperature. This dependence is extremely complicated and for the constant 

of the equilibrium of gases -- the combustion products of liquid-fuel rocket 

engines — it is impossible to give an analytical expression tying up the con¬ 

stant of equilibrium and the temperature. Hence in the calculations we shall 

see the tables of the ralues of the constants of equilibrium at different 

temperatures. 

The constants of equilibrium of the basic reactions taking place in the 

chamber of the engine are given in Appendices 1 and 2. 

In addition to the tables cited, we cay also encounter in practical work 

tables with other values for the same constants of equilibrium. This takes 

place as a result of the fact that in computing the constants of equilibrium 

It is necessary to know many values characterising molecules, and, chiefly, 

the value of the change in energy during the reaction. For many gases these 

values are precisely determined all the time, and with them there is a change 

in the values of the constants of equilibrium. 

In the employment of the tables of constants of equilibrium, we should 

notice the foru in which the reaction is presented for which the value of the 

constant is given. 

Sometimes the constants are written not as constants of the reaction of 

dissociation but as constants of the reactions o'.' combustion. 

Tor example, reaction (11.48) may be written in the form: 

¢0+^0,^00, 

and the value of the constant will be: 

fcoPo, 

1*6 
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that iav it ia tht r«Ttrsa of tho constant giton in Apptndix 2« 

In addition, chemical equations are eocetiœes »ritten so as to avoid 

fractional coefficients. 

For oxample, »e may »rite the reaction (II.48) as follows: 

2COt22CO + Oi. 

For the reaction »ritten in this tors: 

2 
that is, K” ■ 

Influence of Temperature and Pressure on the Composition of the Coabustion 

Products. 

If nothing prevents a chemical reaction, the composition of the combustion 

products is determined entirely by the temperature and total pressure of the 

gas aixture, and the weight proportions of the cherical elements entering into 

the compounds making up the combustion products. 

The combustion products composition of a given fuel (with given weight 

proportions of chemical elements) is determined by the temperature end to a 

lesser degree by the pressure. 

An accepted formula of reaction, when the straight reaction is one of dis¬ 

sociation, is that the value of the constant of equilibrium increases with an 

increase in temperature. This dependence is very pronounced and the degree of 

dissociation rapidly increases with an increase in temperature and decreases 

with a decrease in temperature. 

A reduction in the temperature leads to an increase in the content of 

the gaseous mixture of the combustion products; that is, the release of chemical 

energy and the conversion of that energy into heat energy takes place more fre¬ 

quently at low temperatures than at high temperatures. 
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Prtsaur« has lass influença on the compoeition of taa cosbuation products, 

lith s décrassa in the total pressure on the gas mixture of the combustion 

products of liquid-fuel rocket engines, there is an increase in the gas mix- 

turs of the relative content of the incompletely combuoted products and, in 

general, of all thj products whose formation is accompanied by a loss of heat 

and an Inernan# in chemical energy. This means that the degree of dissociation 

of toe combustion preducts increases. Ar increase in pressure, however, some¬ 

what reduces the dissociation. 

This rule, however, is not valid for those gas mixtures in which the 

chemical reaction takes place without a change in the number of moles; that 

is, when úü « 0. Aa an example >f such a reaction can cite the reaction 

for the formation of nitric oxide (11.49). In this case the pressure under 

which the gas mixture exists does not influence its composition at all. 

If the composition of the combustion products and, consequently, also the 

degree of their dissociation corresponds precisely to external conditions 

(temperature and pressure), the gas system can remain for any length of time 

in this state » that is, in equilibrium. 

In the order of thermodynamic processes for gas mixtures, there may also 

be another instance. If as a result of certain conditions the cnemical reac¬ 

tions necessary for a change in the composition of a mixture (in relation to 

the cna¿.ge in temperature and pressure) are interfered with, the composition 

of the gas mixture will not correspond to the temperature and pressure; that 

is, the combustion products will not be in a state of equilibrium. After the 

elimination of the conditions interfering with the required reactions (or if 

they take place slowly, after the passing of a certain length of time), the 

gas mixture reaches a state of equilibrium. 

Below we shall consider only one process — the most essential one for 

the study of a liquid-fuel rocket engine, namely, the adiabatic process (with¬ 

out an exchange of heat with the surrounding medium) of expansion of a 
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ehtnically'active gae mixture of combustion products* 

In the adiabatic expansion process of such a gas mixture« its pressure 

and temperature decrease and« consequently, there should also be a change in 

the composition of the gases. 

In accordance with what we said above (taking into account the predomi¬ 

nant importance of temperature), approaching the expansion equilibrium the 

degree of dissociation of the gas must decrease and the expansion process 
• • 

occurring in the nozzle will be the reverse of the reactions of dissociation 

— reactions of compounds of previously dissociated atoms and molecules. This 

phenomenon is called recombination of the combustion products. Likewise, in 

the recombination process some completely combusted products are forced and 

chemical energy is released. This energy transforms into thermal energy of 

gas even though the heat imparted to the gas comes from the outside. 

SECTION 13. EQUILIBRIUM AND NONEQUÏLIBRIUK IN THE COMBUSTION PRODUCTS EXPANSION 

Equilibrium Expansion. 

The equilibrium expansion of a chemically active gas mixture is that pro¬ 

cess of expansion in which, at each given moment of time in the course of the 

process, the composition of the gas mixture will be determined by the conditions 

of chemical equilibrium. This means that with a change in temperature and 

pressure there will be a change in the composition of the gas mixture corres¬ 

ponding to the conditions of equilibrium. 

If the expansion process takes place when there is equilibrium, the adia¬ 

batic expansion process will take place in a reverse order tneraodynamically. 

Consequently, the entropy of the gas mixture will remain constant because of 

which we shall call this process isoentropic. 

The index of an isoentropic process is determined in a tanner analogous 

to the determination of the index for the adiabatic expansion process of a 

mixture of constant composition with its relationship to specific heat with a 

eonstant pressure and with a constant volume. However, in the particular 
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installe«f to d«t«r&in« th« valu« of the thermal heat capacity, the chemical 

•n«rgy of the gaa mixture ahould be included in the internal energy and its 

heat content. Aa a reault, the thermal capacities gi*«a above, desig¬ 

nated by Cp* and C^», ahould take into account the total change of energy of 

the gas sixture including also the change in the chemical energy dependent 

os temperature change. 

Tk.s* ther.il e.p.eltie. Cp* .nd C,' differ fro. the u.u.l therwl «pee 

itie. C end C , ehlch .re deter.ined onlp bj the eh.nge in the heat Corning 
P * 

the internal energy of the ayates. Therefore: 

« 

I. 
A/ 
AT (11.61) 

shore AI and AU represent the change in the total thermal oa^aoitieir 
P P 

and internal energy correapording to the temperature interval AT, or 

and 

. Atf+Atfehem_f . ^çbea . 
* ÃF dr 

(11.62) 

(11.63) 

I0 view of the relatively email influence of presaure on the equilibrium 

of the coopoaition, we may connider the value AUchea in the exi-reasiona 
C 

(11.62) and (II.63) aa the same. The ratio determining the value of the 

index for the iaoentropic procese n^, amounts to ¿is * ieoentropiej. 

dr ., 
m «b—-—r3|-4- 

ie Af/chea 
AR 

«• + Af 
«• + 

Ai/chem 
Ar (11.64) 

Co.paring the equation obtafnad (11.64) «ith tha index of the adiabatic 

procans for gaeea of eonatant composition. 

4-1 + -. 
•e 

\ 
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v« can astablieh th* folloaing. 

Tha index of tha iaoantropic process is always smaller than the index of 

the adiabatic curve for the combustion products »hen their composition remains 

unchanged. This of course is obvious, since the process of equilibrium ex¬ 

pansion of the reacting combustion products is accompanied by a convers an of 

chemical energy into thermal energy. This is lomething which is equivalent to 

the supplying of heat to a gas of constant composition. 

The adiabatic process with an index of the adiabatic curve k is a ^ar.icular 

instance of an isoentropic irocess in chemically inert gas. 

For determining n^ to calculate the process of equilibrium exiansion, 

the change in the composition of the combustion products under given conditions 

must be known; that is, the calculation of the isoentropic discharge should be 

made taking into account the change in the composition of the i« th« «*- 

pansion process. The concrete methods for calculating the index of isoertropic 

expansion will bs given in Chapter VI, dealing with the thermal calculation of 

the liquid-fuel rocket engine. 

Just as for an inert gas, in the case of the thermodynamic process taking 

pXmes in a chemically active gaseous mixture, »e may «rite: 

: 1 Ó-—’—iW. . 
l > "is”1 "is-1 (II.o5) 

In the process of isoentropic expansion, a change will take place in the 

total heat content of the gas. It can be determined by the equation: 

, A/p^Ar-¢(7-,-7-,). 

Considering further that: 

and 

r-r'(7) 

(11.66) 
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and also tha fixât of tho corralatio&a (11.6^), we obtain: 

w.- 
•.-n 

_-ia ARTX 
"ia-* 

(II.6?) 

Below we ahall omit the oinus sign. 

The equalized expansion of chemically active «ixturec of combustion pro¬ 

ducta ia a highly advantageoua procesa accompanied by the maximum libera- 

tionof useful work by expansion because there is transfer into this work of a 

part of the chemical energy converted into thermal energy as a result of the 

recoabination of the combustion products. 

Bonequalized Expansion. 

If for any reason the chemical reactions of recombination necessary for 

the establishment of equilibrium in the process of expansion are deacteler- 

ated t and the composition of the gas is not able to change in keeping with T 

and P, then the process of expansion does not pass through a state of equi¬ 

librium. Such a process is irreversible, and the amount of work performed 

in this case will be less. 

If in the expansion of a gaseous mixture its composition in general does 

aot change even though according to conditions of equilibrium it should change, 

this process of expansion is called a chemically limited nonequalised expansion. 

Relative to a liquid-fuel rocket engine, this would mean tnat the reaction 

of recombination in the nozzle does not take place, and that a gas of constant 

eoaposition flows along the nozzle just as in the combustion chamber. The 

index of this process, just as the index of the adiabatic process which takes 

in inert gas, is determined by the index of the adiabatic curve k which 

ia calculated on the basis of the composition of the products in the chamber. 

Since k>n- , the work of expansion in this same interval of pressure will be 

less than with the isoentropic discharge (Figure 51). 

In this case the combustion products coming from the engine carry acay with 

1* 
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thta the excess supply of cheolcs! energy which is contsined in the oixture of 

.gases haring an excessively high content of products of dissociation. The 

liberation of this energy Is possible even after the termination of the ex¬ 

pansion process in the engine, but for the performance of useful work of ex¬ 

pansion in the engine it is useless. 

Figure 51. The maximum equilibrium and maximum nonequilibrium expansion of 
the products of combustion. 

1 2 — limiting equilibrium; 1 2' — limiting nonequilibrium. 

QUESTIONS FOR REVIEW 

X, By what values is the state of a gas characterized? »/hat is the 

measure of these values? 

2. Write the mathematical expression of the first law of thernodynanics. 

Explain its meaning. 

3. What is meant by the internal thermal energy of a gas? 

4. What movements are possible for a monoatomic molecule and for a 

diatomic molecule? 

5. What is meart by the saturation of the degree of freedom? 

6. What is the dependence of the specific heat content on . 

temperature? 

7. What does heat content of gas mean? 

8. What determines the internal energy and the heat content of a gas? 

9. What is the chemical energy of a gas called? 

10. What does total heat content mean? 

11. Write the general equation of a polytropic process. 
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12* How la hoot contorted into work in ioothernic expansion? 

13. Oiwo a definition of the adiabatic process* 

14» To what ia the work of the adiabatic process equal? 

15* What is the simplest formulation of the second law of thermodynwrica'’ 

16* How does the entropy of a system change during the transmission of 

heat from one body to another? 

17* Explain the waluae entering the formula (11.46) for the calculation 

of the entropy of a mixture. 

18* What is meant by the dissociation of combustion products? 

19. What is by reversibility of chemical reactions? 

20. Why does a reaction of dissociation become possible in a gaseous 

mixture? 

21. How is the equilibrium of the composition of a gaseous mixture 

established? 

22. What determines the constant of equilibrium? 

23. Write the constant for equilibrium, expressed in partial pressures, 

for the dissociation reaction of molecular hydrogen to atomic hydrogen. 

24. How does the process of equalized expansion take place in a chemically 

active gaseous mixture? 

25. Wnat is the relationship between the isoentropy index nie and tie. 

adiabetic curve index k? 

26. How does the process of chemically limited nonequalized expansion 

take placet 

27. Of what do the losses of chemically limited nonequalized expansion 

consist when compared with equalized expansions? 
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CHAPTER III 

PERTINENT INFORMATION ON GAS DYNA1ÎICS1 

SECTION 14, TiiS BASIC LAWS OF THE GAS FLOW 

In conaidering th* basic laws of the gas flow we shall sake the sa*e 

assumption we mads preeiouslj in the derivation of the thrust equation: the 

gas flo7 is assured to be stead, anl uniform. rurthere0ret in this section we 

shall not take into account the influence of viscosity and the corresponding 

forcea of friction on the flow. 

Equation of the Law of Conservation of Maas. 

Ut us consider the gas flow along a duct of variable area between sec¬ 

tions I and II, situated perpendicularly to the axis of the flow (Figure 52>. 

Given the conditions of a stationary course of gas, its parameters at an, 

point of the volume between sections I and II remain unchanged with the passage 

of time! and consequently, the mass of the gas between these sections is also 

Figur« 52. For th« (Urination of the «quation of the 
•n«rgy. 

law of conservation of 

* In this chapter. Just as in Chapter II 
•ill b« n««d«d lat«r in th« calculation 

f *• present only th« notarial which 
of th« liquid-fuel rocket «ngin«. 
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Ia th« flow of gas along the duct, this situation may exist only on con¬ 

dition that the mass of gas ^ flowing in a unit of time through section I is 

i* squal to the mass of gas flowing through section II, that is, 

“1 * *2 

Sines sections I and II were selected in an entirely arbitrary manner, 

these equalities may refer to any section of the flow considered, and conse- 

•uently the mass flow rate per oecond of gas through any section of the flow f 

I 
remains constant: 

■ ■ const 

The mass flow rate of gas with uniform flow in a section perpendicular 

to the direction of the velocity of flow is expressed as m s pfw; consequently 

for the flow: 

<v 

< 

fit* a const 
» (III.l) 

that is, the mass flow rate of gas per second in any section of trie duct 

remains constant. 

Equation (III.l) expresses the law for conservation of nass relative 

*tq a gas flow. It is also often times called the equation of continuity. 

For a noncompressible liquid ^ * const, in connection with which the 

equation of the law for conservation of mass is simplified and leads to the 

simple correlation: 

f* a conet (III.2) 

or 

_ const f . -7- 

The equation of the law for the conservation of mass expressed in this 

form indicates that for an increase in the velocity of a noncompressible 

liquid it is always necessary to reduce the cross section of the flow if the 

flow rats is to remain unchanged. 
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Tt.. Tr..t<.» for th« L.W Of ConstrTtttlon of Entrer. 

In • gw fio» » transformation from on» form of .n«r<ar into nnoth.r ray 

ooenr. Of «ours. ». should th.n obs.r». th. 1.» for oons.rwtion of .n.rgy. 

Ut u. gi« th. derivation of tn. „ustión for th. 1.» of conservation of 

energy in th. simplest case of. uniform adiabatic flo. of a chemically setiv. 

„acting gas without friction against th. »alls. Inasmuch as no h.at 1. add.d 

or removed, th. total en.rgy of th. fio» E „mains constant: 

E ■ const (III.3) 

la th. cas. considered th. net .a.rgy of the gas fio» consists of th. 

following: 

— internal heat energy cvTî 

— chemical energy 2 

„ kinetic energy of th. directed movement of the gas flow ^ ! 

— potential energy of pressure p . v (see Section 9). 

«. neglected only th. potential energy of weight h.c.us. in th. flow of 

gas its influence on the net store of energy is very small. 

By substituting in expression (III.3) the components for the net energy 

of the gas flow, measured in heat units, we obtain: 

.- ' -*ï , . ,f .a —const. I c9T + Apv + U chtm Qg 
. » (III.4) 

This is also th. equation of the la. for the conservation of energy of a 

gas flow. 

Let us simplify the expression of the equation (III.1*). The sum ctT ♦ 

g * *pv is th. total heat content of th. gw mixture Ip. Consequently, 

chea 

tha squation (III.4) may be written in the form: 

/d-M---const, 
v 2f 

(III.5) 

that is, 
in th. adiabatic flo. of a chemically active gw, in any section of 
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th« duet* the sub of the total heat content and the kinetic energy of the gas 

remains constant* 

The equation of the law for the conservation of energy is applicable also 

to the movement of noncompressible true liquids. And it can be simplified to 

a considerable extent because in the flow process of the noncompressible 

liquid no change in the internal heat and chemical energy takes place. Hence, 

in the case considered (without taking into account the chance in the potential 

energy of the liquid's weight, that is, the heiaht of the duct), in accordance 

with equation (III.4): 
mi r 

> Apv -f ^ « const. ; 
* Is 

By taking into account tne fact that gv s ~ and cancelling A, we obtain: 

- + const. / 
• T 2 ' * (III.6) 

The equation of the law for the conservation of energy for noncompressible 

liquids (III.6) is called the theorem of Bernoulli and is often times employed 

in calculating the most diverse instances of the flow of drop liquids. 

The equation (III.5) is employed for calculation of the velocity of the 

gas flow along the nozzle of the liquid-fuel rocket engine. 

Let us consider two sections of the nozzle: I-Ï and tie flow section and 

then apply the equation for the law of the conservation of energy. 

whence, 

— (to* —) — 4>, ” V 
2f 

(III.7) 

Equation (III.7) shows that an increase of kinetic energy in the flow 

between the two sections of the duct is equal to the drop in the total heat 

content of the gas between these two sections. 

Let us convert equation (III.7) so that it sill serve for the calculation 
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of th« ▼•locity 

+ -y* (III.8) 

In th« design of the liquid-fuel rocket engine, the initial section of 

the gas flow is the combustion products inlet section to the nozzlej conse¬ 

quently, the eelocity *1 is relatively snail. Hence its value in formula 

(III.8) nay be disrejprded (w1 * 0); let us also designate the difference of 

the heat contents *Tpl - Ip by AT and reduce the equation (III.8) to the form 

(III.9) 

or, substituting the value of the constants g and A, we obtain: 

te* 91,5 ^ 1/p 
9 (III.10) 

We can determine the value of the change in the total heat content £lp 

by knowing the isoentropy of expansion index n^. Then, in following formula 

(11.67), the drop in the total hea; content during the gas expansion fron the 

initial pressure px up to the flow pressure p is equal to: 

"U- 1 
Ty I-i*) 

\Pil 

nr* 
•is 

(III.11) 

It should be emphasized that an increase in the kinetic energy of a 

directed movement of gas flow takes place as a result of a change in all the 

forms of energy possessed by the gas: internal heat, potential pressure 

energy, and chemicul energy. It is precisely for this reason that the value 

of the heat content for chemically inert gases and the total heat content for 

chemically active gases is of special importance in the design of liquid- 

fuel rocket engines. 

The flow velocity attained during gas expansion from pressure ^ to pressur 

p can be obtained by substitution of the value Alp from formula (III.ll) in 
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foraula (III.9) 

(III.12) 

Th« «quation (III.12), au «ell ae all the preceding formulas pertain to 

th« flow of a chemically active gas. If there is a gas flow of constant com¬ 

position t the adiabatic process in the gas flow is characterized by an adiaba¬ 

tic index k and the exhaust velocity should be calculated by the formula: 

(III.13) 

To find the velocity of the gas flow in accordance with formulas (III.12) 

or (III.13), «e must know the temperature and composition of tue combustion 

products upon entrance into the nozzle; the index of the process (n^8 or k) 

and also the value of the pressure at the entrance of the nozzle and in that 

section where the velocity is being determined. 

SECTION 15. VELOCITY OF SOUND IN GAS 

V«locity of Sound. 

Th« «quations which describe the gas flow, including the equation for the 

determination of velocity, were obtained by us without any limitation with re¬ 

spect to the value of the velocity of movement of the gas flow. Howevsr, theory 

and also experience have shown that the characteristics of the gas flow change 

sharply, depending on whether or not the gas has a high or low velocity. The 

liait between the low and high velocities is the velocity of sound in a gas. 

The characteristics of supersonic flow (flow at a high velocity) differ sharply 

froa the characteristics of a subsonic flow (a flow of low velocity). 

Sound occurs as a result of the face that the sounding object causes small 

periodic changes in pressure and density in the surrounding gas. This occurs 

with a clearly defined frequency; that is, disturbances are caused which are 
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propagated in the gee with a definite velocity* Consequently the velocity of 

sound is the velocity of propagation of the small disturbances in the gas* 

In technical application of the concept of the velocity of sound, the 

■ost essential thing is that the velocity of sound is the velocity of propa¬ 

gation of small disturbances occurring in the gas regardless of whether or 

not these disturbances are perceived as sound or not. 

Derivation of the Formula for the Calculation of the Velocity of Sound^* 

For the determination of the value of the velocity of sound let us con¬ 

sider the following example. 

Let us suppose that in a cylindrical tube we enclose a motionless trass of 

gas with a pressure p, a density p, and a temperature 7 (Figure 53)» With 

the corresponding movement of the piston in the tube, we create a small in¬ 

crease in pressure in the layers of gas adjacent to it, up to a certain value 

p^* The density in this case has the value ^ We shall consider the change 

in pressure Ap * p^ - p as very small in comparison to the initial pressure 

P1# The change in density9 (*1 "|° correspondingly will be small. 

As a result of the characteristic resiliency of the gas, the local in¬ 

crease in pressure (and together with this the local compression caused by 

it), in striving to equalize itself, will be propagated along the tube ^uct^7* 

The portion of the gas in the presence of the pressure wave acquires a velocity 

/\ui in a direction from which the particles of gas receive the impulse from 

the movement of the piston. 

Let us suppose that at any given moment of time t^ the wave of increased 

pressure reaches the section of the tubes I-I, and at the moment of time t2» 

the section II-ÏI. 

We select an interval of time t^ - t^ so small that the distance between 

•ections I-I and II-II will not be greater than the width of the layer of 

^ The derivation of the equation of the velocity of sound is taken from the 
book of Ta. I* Levinson, Adrodinamika bol’shikh skorostey ¿"High Speed 

i Aerodynamica __7, Oborongiz, 1930. 
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rigur® 53. For th® dérivation of the formula for the velocity of sound. 

a •• the front of the sound wave at the moment of time t^j b — the front of 
the sound wave at the moment of time tz; c — velocity of propagation of the 
sound wave; d — diagram of pressure in the sound wave; 1 — the moment t^î 

2 — the moment t2* 

eoapreesion. In Figure 53 the diagram for distribution of the pressure along 

the tube during the moment of time t^ is represented by a solid line, and its 

change up to the moment of time t2 is represented by a dotted line. We desig¬ 

nate the distance between sections I-I and II-II by Ax, and the time during 

which the wave travels this distance, that is, t^ - t, by At. Of course the 

velocity of propagation of the pressure wave (that is, the velocity of sound) 

can be expressed as the ratio of the path Ax traversed by the wave to the time 

At, during which this path was traversed by it. Let us dusignate the velocity 

of sound by a and write: 

I 
1 (III.14) 
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L«t us est up an equation for the determination of the value of the ve¬ 

locity of sound. 

The increase in the volume of the gas mass between sections I-I and II-II 

is the result of an additional gas mass flowing into the volume as a result of 

an acquired velocity Aw. 

Let us estimate the increase in the volume of the gas mass between sections 

I-I and II-II. If we designate the area of the tube section by f, the indicated 

volume is expressed by fÆ x (the area of the base by the height)( and the in¬ 

crease of the mass in it is expressed by A/Of Ax (the product of the volume 

by the change in density). 

Let us calculate now the flow of the volume of the additional gas mass 

considered during the tine At. During one second a mass p ^f A w passes 

through sections I-I; consequently, flowing after At (that is, after the time 

during which an increase in the mass of the volume calculated above has taken 

place) is the mass p^t A w A t. 

By equating the increase in the gas mass between sections I-I and II-II 

which occurs during the time At, during which time the additional mass enters 

through sections I-I, we find that: 

A p(A*=pi/Au’A/ 

or, by dividing both parts of the equality by f A t. 

(III.15) 

» 1 
- . 4 

t • Ajt , 
ip rr-PiiK'* 

In accordance with the preceding equation, by substituting the speed of 

sound a for ~, we finally obtain the first equation which we Bought: 
V 

. —t 

j Apa-=p.A». I , (J1I.1Í) 
t 

By applying Newton’s law, we obtain the second equation necessary for cancel¬ 

lation of the unknown value Aw — force equals masa multiplied by acceleration. 
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Tht foret uadtr the action of which tht particlea of gta bttwten aections I-I 

and II-II ar« att in ooYtnent la aultiplied by the area f and the difference 

of prtaauro Ap % that la« f Ap • i’he velocity of theae particlea increases 

during the time At fron 0 to Aw; hence the average acceleration is equal to 

The mass receiving the acceleration is equal to: 

PAT/1X. ¿ÜV * average7 

Hence, the law of ííewton gives us the equality: 

(III.17) 

or, after dividing by f and substituting by ft* we have khe 

Since p differs from by tae snail amount , the difference between pm and 

will be equally anall. Hence, in replacing by ^ in the equation we 

wrote above, we allow an error which is not greater than that already intro¬ 

duced by the previous assumptions. Then the second equation sought takes on 

the form 

(III.18) 

Multiplying the equation (III.I8) y equation (III.I6), we obtain 

' • . 

The value , necessary for calculation of th'î speed of sound depends on 

the law for compression of gases; that is, on the character of the thermodyna- 

aic process which takes place in it. If we assume that the compression of a 

gaa in a sound wave takes place isothermically, then, based on the equation 

for isothermic process, we should note the equality: 

^ I / 
h f (III.19) 
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Butt PjL ■ P ♦ AP »«d Pi * p + Api henct the preceding rcl&tionchip 
Bay be rewritten in the form: 

or in the form: 

#4-â.» , 

By dividing both parts of the equality by we obtain: 

1+^- 

P 

°r ±P — A » 

P P 

whence, 

(III.20) 

At mm A . - \ 
*P P 

(III.21) 

Thus, with the isothermic lrw of•compression in a sound wavet wç obtain 

till.22) 

or 

(III.23) 

This formula was obtained in 168? by Newton. Soon, however, it was found 

by experiments that this theoretical formula of Newton, with normal atmospheric 

conditions, gives a value which is approximately 20¾ less than the speed of 

sound. In l8lO, Laplace succeeded in explaining this deviation. He suggested 

that sound vibrations are propagated in gee not according to an isothermic law 

but according to an adiabatic law. The fact is that only very slow vibrations 

can be isothermic, vibrations in which an equalization of temperatures in the 
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conpreoeion fleída can taka placa. Hance Newton'« formula can be applied only 

for those sound waves, the frequency of which is close to 0. With rapid vi¬ 

brations (with high frequency), a perceptible heat exchange does not have tice 

to occur and the adiabatic agrees more with experience. Direct measurecents 

clearly confirned Laplace's assumption. 

Let us calculate according to Laplace's theory. In the adiabatic 

process we should note the equality: 

or, 

p + ±p _ p 
V 

(III.24) 

Wa can give this equation the following form: 

» + ±P_ 
P P 

'* K)* ’* 

or, 

(III.25) 

By expanding the right part of the equality into a series we obtain: 

(III.26) 

The change in density in the sound wave Ais extremely small when 

compared to initial density ^ . Even for very strong sound waves the ratio 

* T,lu# cf «"O'“ O.ook. Hence we shall not make a big error if we 

leave only the first two taros in the expansion — the one and k (in 

case of infinitely snail vibrations, this error is equal to 0). 
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Thua, rajacting (In »law ot Ita enall anlua) all the terna of the a.riaa 

baginning with the tarn containing the a qua re of the »alna we find that! 

. t 
A 

or. 

^--/k^a '1 
\ -r r * • (III.27) 

Consequently, in the adiabatic process of the sound propagation: 

a'»*k- 
p 

or 

/*7' 
(111.28) 

Laplace's formula gives values for the speed of sound under norcal at¬ 

mospheric conditions (?60 mm mercury and 15 degrees C) 18.9¾ greater than 

Newton's formula, and, as we have already pointed out, it is well confirmed 

by direct measurements. 

The Speed of Sound in a Reacting Gas. 

Let us now apply the results obtained as a value of the speed of sound to 

a case of a chemically active gas mixture» We k~ow that in this mixture the 

relationship between pressure and density is determined by the relation 

-f——const or 
( III.29) 

Consequently the speed of sound in the reacting mixture of gases, in accordance 

with (III.28), amounts to: 

(III.JO) 

The given value for the speed of sound will be valid only so long as the 

chemical reactions leading to a change in the composition of the mixture and 
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tht transfornation of the chemical energy into heat energy (or inversely) 

occurs so that it take« place completely within the short period of tine that 

the disturbance passes through the gas. Conseo.uently the process in the sound 

wsTS is determined by the isoentropy index n^. 

If, for any reason, the speed of the chemical reactions is slowed up and 

the gas does not change its composition completely during the change in pressure 

and temperature in the sound wave, the process in the gas will be determined 

by the adiabatic index k, and the speed of sound in such a gas mixture should 

be calculated on the basis of formula (III.28) 

a* •* Jk —. 

The Dependence of the Speed of Sound on the Temperature. 

Formula (III.JO) can be given more conveniently in another form. By 

Baking use of the equation of the state = gRT, we obtain 

eP-n^gRT 
• * » 

or 

a -= VnituKT, 
(III.31) 

and for the adiabatic process with the adiabatic index k: 

a-VkgKT. (III.32) 

As we can see from these formulas, the speed of sound depends on the tem¬ 

perature of the gas mixture, its composition, the insoentropic or adiabatic 

index. 

For a given mixture, regardless of the change in its composition, we car., 

with a small error, regard the values R and n^ as constants. 

Then the speed of sound depends only on the temperature and increases 

with it. 

The speed of sound in the coabustion chamber of the liquid-fuel rocket 
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tngine r«*cheo Tery high values. For example, with * 1.18$ R«30 kg-aAg 

Oç and T ■ 3,000 degrees absolute temperature (these figures correspond approx* 

laately to the composition and temperature of the combustion products of a nitric 

and kerosene propellant), the speed of sound amounts to: 

' ! û — |/ 1,18 • 9.81 • 30-3000 = 1020 n/««c 

i 
The &oeed of Sound in Moving Gas. 

The square of the speed of sound in a reacting gas is determined by the 

formula (III.31): , 

i * V 

On the other hand, the value of the total heat content of a reacting gas 

mixture is equal to: 

w- 
-- 2 

Bj comparing these two formulas we obtain a connection between a and 

,_ 
; . » <4,-1 jf ' (III.33) 

Hence the square of the speed of sound in a reacting gas mixture is a 

measure of its total heat content. 

For a gas of constant composition, correspondingly, it will be: 

/-V 1 f 
(III.3^) 

By making use of the equation (III.33) can transform the equation for 

the law of conservation of energy (III.5)» giving in it the total heat content 

according to fórmula (III.33). By making this substitution, we obtain: 

A»"1 , A 
—r-H-r • —const 

«lg- 1 g (III.35) 

or, cancelling the value -, 
w 

2 ^«ig-1 
a* ; 

— const. 
(111.36) 
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By «xprtasing the xelue of the conetant in the equation (111.56) in teros 

of the speed of sound in s notionless gas a0, thit io, when w * 0, we obtain 

const —-¡ 
»if-1 (III.37) 

Substituting thin expression in formula (111.36)« »e shall have: 

. __ 
2 !íT1 "1<r 1 /TTT.^Ä> 

Since the value a^ for a gas of given initial conditions is constant and 

does not depend upon a change in the velocity of flow, then froo a considera¬ 

tion of the equation (111.38) we can see that with an increase in w with adia¬ 

batic flow of gas the speed of sound drops. 

With other processes of discharge, the change in the speed of sound may 

be determined by the equations (III.31). (HI.32); it will depend upon the 

character of the change in the process of flow of gas having a temperature T. 

The Maximum Velocity of Gas. 

If the expansion process of gas could be reduced to the absolute pressure 

in the gas flow, equal to 0, then according to formula (11.30). the temperature 

of the gas would also be equal to 0; and consequently the total heat content 

of the gas would also be equal to 0. 

This state of the gas flow would be characterized by the total transforma¬ 

tion of all the heat content of the gas into kinetic energy. It is evident, of 

course« that the velocity of tue gas obtained in this expansion is the maximum 

possible for the given initial state of the gas. 

In accordance with this, the difference in heat content ^ Ip a ^ 

in fornula (III.9) going into the increase in velocity will be equal to the 

following under the conditions of our problem: 

Ai_ * I_. • I- p PI PO 
where I ■ I i» the heat content of stationary gas. 

PI PO 
The value of the maxinua walocity^w of gas is determined by the formula 
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Tht value of the Mucinum velocity of gaa can aleo be eetinated by foroula 

(111.38). 

In reality, if the temperature of the gas becomes equal to 0, the velocity 

of sound in it will evidently also become equal to 0, that is, a * 0. 

Consequently, 

(111.40) 

In case of the discharge of gas from a liquid-fuel rocket engine, with 
a 

parameters indicated in the preceding example, the maximum velocity of dis¬ 

charge which we could obtain wculd amount tc 

* -1/ —-—1020-3410 n/sec. 
■“ V 1.18-1 

In a flow of gas of constant composition, the index of the process becomes 

equal to k and the maximum velocity must be calculated by the formula 

(111.41) 

SECTION 16. THE CRITICAL VELOCITY OF GASES AND SPECIAL CHARACTERISTICS OF 

SUPERSONIC FLOW 

Critical Velocity. 

By solving equation (III.38) relative to the value of the speed of sound 

a, we obtain the mathematical connection between the velocity of sound and the 
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▼•locity of the flow of gasee: 

(111.42) 

Let us employ formula (111.42) in order to determine the limits of the 

change in the speed of sound in moving gases. If we set w ■ 0 (stationary gas), 

the velocity of sound will be equal to a^. In this case, when the velocity 

of the gas reaches the maximum value w_, the velocity of sound will be 0. 
mBX 

Figure 54. The change in the square of the speed of sound depending on the 
square of the velocity of the flow of a gas. 

a — speed of sound; aQ — speed of sound in stationary gas; acr * *cr — 
critical velocity; w — velocity of the movement of gas; w — the maximum 

velocity of the flow of a gas. 

Bence, with an increase in the velocity of gas from 0 to the maximum w^ , 

the speed of sound decreases from a maximum value to zero. 

The change in the speed of sound as a function of the square of the 

velocity of the flow of f gas is given in Figure 54- 

With this character of change in the velocity of gas and sound, it is 

possible to have a case in which the velocity of flow of a gas in any section 

of the flow will be equal to the local speed of sound. Such a state of flow is ) 

called the critical flow. 
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Correspondingly, ths felocity of the œovement of a gao is called the crit¬ 

ical velocity when it is equal to the local speed of sound at a given point. It 

is designated by »cr. The section of the nozzle in which the velocity of the 

gas is equal to the local speed of sound is called the critical section. 

Hence, in the critical section 

wcr^acr* ßT * critical 

By applying equation (III.58) to the critical state of the gas we obtain 

■* ^ «£ rcrj_ wcr a *0 

"is“1 "is“1 ‘ 

whence, the value of the critical velocity will be equal to 

(III.43) 

Cr "is+l 

or 

or 
(III.44) 

The critical velocity is determined by the initial state of the gas and 

the index of the isoentropic expansion process and this becomes very clear if 

we substitute in formula (III.44) the value of the speed of sound a0: 

®cr” 
i/_2"is. *Wo- 

(III.45) 

The value of the critical velocity is somewhat less than the speed of 

sound in stationary gas. In our example the value of the critical velocity 

anounts to 

v «i i.—?— IOSO = 980 t/>tc• 
or y 1,18+1 
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For th« chemically inert gaa tho value »cr amounts to 

(III.46) 

The Mach Humber. 

The critical speed of sound depends on the initial temperature of the 

stationary gas and changes its value within wide limits in the flow of gases 

of different initial states. It is small for cold gases and reaches high values 

for heated gases. Hence one and the same absolute velocity of gas flow nay be 

subsonic in hot gases and supersonic in cold gases. 

The value of the critical velocity also depends on the composition of the 

gas. It is connected with tae composition by the value of the gas constant R 

and the index n. • Hence in gases of different compositions, which have the 
Jud 

same temperature under the initial conditions, one and the sane velocity may 

be subsonic snd supersonic. For this reason it is better to characterize the 

valocity of the gas flow not by the absolute value of its velocity but by ths 

ratio of the speed of flow W to the velocity of sound at the given point a. 

This ratio is called the Mach number. 

M * ã 

(111.47) 

Using the Mach Number as a basis we can draw a conclusion concerning the 

hydrodynamic characteristics of the gae flow. Then with snail Mach numbers, 

*e may neglect compressibility and assume that the gas has a constant density. 

In this cast the gas flow may be calculated by the law of flow for an incom- 

praasible liquid. 

Äith tha Mach number close to unity we cannot neglect the compressibility 

of the gas. 

Ths gas flow for which the Mach numbtr is equal to unity diffara by reason 

of tha fact that the velocity of its flow is squal to ths valocity of sound, 
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that Isi it has a critical velocity. 

Whan M > 1, the velocity of the feas is greater than the velocity of sound 

in the gas at a given point. 

The Concept of Shock .Vaves. 

The transition of the gas velocity through the speed of sound and the 

attainment of a Mach number >1 leads to a sharp qualitative change in the 

gas flow. 

This change consists in fact that small disturbances caused, for example, 

by some object placed in the flow, are provaçated through the gas at the speed 

of sound only and cannot exercise any influence on the supersonic flow of gas 

before the object causing the disturbance. 

Consequently, the supersonic velocity renders the whole expanse of flow 

located before the obstacle insensitive to external change. If any object is 

placed in the subsonic flow, the latter changes its course gradually, without 

reaching the obstacle. The change in the course takes place as a result of 

disturbances propagated by the object with the speed of sound against the flow. 

Placing an obstacle in the supersonic flor; does not lead to a change in 

the flow before the object. The supersonic flow becomes "blind" — insensi¬ 

tive to the external reaction against it. 

At the same time, with a supersonic flow the former undisturbed flow of 

gas le impossible in the immediate vicinity of the obstacle! consequently, 

the parameters of the gas should change sharply. This change takes place be¬ 

cause near the obstacle its disturbing effect upon the flow will be very strong. 

A strong turbulence wave with a high velocity will be propagated at a velocity 

greater than the speed of sound. However, as it moves away from the obstacle, 

the intensity of the strong turbulence wave and its velocity will change. The 

subsequent propagation of thiç wave will cease and it will remain in this 

section where its velocity is still supersonic, but now it becomes equal to 

the velocity of the incident flow. Consequently, s smooth change of the 
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flow par&moters will not take place in this section, but a sudden Jump-like 

change will occur. As a matter of fact with a deceleration of the super- 

eonic flow, the so-called shock waves,characterized by a sudden change in the 

velocity, pressure, and temperature of the gas, occur. 

'■ 

\ 
s' 

* - 

.- 
; • V • ** 
V ‘ 

.1 
■4 

J V-v 
* * - f * 

_ .. i -.. 

rigure 55. Photograph of a shockwave occurring in a supersonic flow (M*2) 
around a sphere. 

¿ Shock waves are observed in the movement of a gas at supersonic speeds and 

in the discharge o? gases from supersonic nozzles.' 

A photograph of a shock wave, is given in Figure 55» 

fitignatiQiL TtpyratttLt* 

If, after a certain speed has been imparted to a gas as a result of an 

adiabatic expansion process, a gas is again decelerated adiabatically, a corre¬ 

sponding portion of the gas* total energy which forms tne kinetic energy of 

the gas will be reconverted into internal heat, kinetic energy and pressure 

energy. The total heat content and temperature of the adiabatically decelerated 

gas flow which is called stagnation temperature, will be equal to the original 

total heat content of the grs and the original temperature. Hence, in any part 

of the adiabatic flow, the stagnation temperature will be the same, -'or example, 

with an adiabatic expansion of the combustion products in the nozzle of the liq¬ 

uid-fuel rocket engine the stagnation temperature will be equal to the tempera¬ 

ture of the gases in the combustion chamber, and the composition of the com¬ 

bustion products of the decelerated gas will bs the same as the composition of 
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th« combustion products in the chsmber. 

SECTION 17. TÜS SLiliEKTARï THEORY OF THE VENTURI-TYPE (LAVAL) EXPANSION NOZZLE 

The Form of the Laval Nozzle. 

In the acceleration of a gas floe as a result cf the gas expansion we may 

have a transition of the flow speed tnrough the speed of sound. A nozzle in¬ 

suring a supersonic flow is called a supersonic or Laval nozzle. 

To accelerate the flow of a nonccmpressible liquid, according to formula 

(III.2), it is necessary to have a continuous decrease in the transversal sec¬ 

tion of the flow, but in the acceleration of the flow of a compressible gas, 

the nozzle must have a more complicated form. 

To determine the form of a Laval nozzle, let us consider the equation for 

the law of conservation of mass (III.l), writing it for 1 kg of gas in the form 

¿sp * specific/ (III.48) 

where t is the passage section of the nozzle carrying 1 kg of gas. 
ap 

Making use also of the corralation ^vg s 1, we obtain 

'■P 
(111.49) 

Thara occurs in the nozzle an expanjion process during which there is a 

change both in the specific volume v and in the velocity of the gas w. 

The most convenient parameter for the calculation of velocity and specific 

volume is the pressure p. Then, too, with a decrease in p, the velocity of the 

gas increases and the temperature and speed of scund are decreased. Consequent¬ 

ly, with a change of p in the necessary limits, the velocity of the gas may be 

higher than critical (supersonic). 

Let us consider also the changes in the specific volume and velocity, de- 
e 

pending upon the ratio of the flow pressure p to the initial pressure at the 

entrance to the nozzle, which we shall designate by p^. Let us write the cor¬ 

responding formula: 

-'■(ff“ 

F-TS-9741A 159 



and l«t ua conatruct the relation of ▼ and w from the flow pressure p (Figure 

56). 
The apecific volume v will change from the initial specific volume of the 

gas a* the nozzle entrance to v¿ with a pressure p£ up to the specific volume 

V —woo with a pressure p —» 0. 

The velocity of the flow of the gas changes from 0 at a pressure p^ (no 

expansion) up to a maximum velocity w^^ at p —» 0, because in the latter case 

we also have T-*0. 

Now, it is not difficult to determine the dependence of f#p on the pres¬ 

sure p, and consequently also on the velocity w. 

With p * Ppt that i® f-" * 

0“ü«, a w*=0, 

hence, in keeping with (111.49) 

' /=--00. y«p « 

With p—* 0, that is, -a 0, the specific volume tends toward infinity, 

and the velocity of the gas tends towards a finite value wBaj[» ftn<^ hence, we 

again have f#p ao • 

With intermediate values of pressure p, lying between p = 0 and p » p2, 

the value of the specific passage section of the nozzle f#p has a finite value 

and changes as shown in the graph of Figure 56 (curve fßp * ^). 

With a pressure equal to P^* * * have the minimum value of the necessary 

passage section fa . This section is called the critical throat or sometimes 

the ch?ke section of the nozzle. 
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Figur« 56. For the determination of the forr.s of a supersonic (Laval) notzle. 

3 Kpumumoe ttse/tue 

Figure 57« The form of the Lavax nozzle. 

1 -- subsonic flow; 2 -- oupersonic flow; 3 -- throat section. 

If we define the value of the speed of sound in the nozzle throat section 

and the gas flow velocity in it, it appears that these velocities are equal. 

Hence, in the choke section of the nozzle there is establjsned a critical or 

local sound velocity of gas. Hence it follows chat for an increase in the 

velocity of a subsonic gas flow, it is necessary to have a decrease in the 

passage area in the nozzle; and for an increase in the velocity of the super¬ 

sonic flow, it is necessary to have an increase in the passage area in the 

nozzle. This is a result of the fact that in the subsonic flow the velocity 

increases quicker than the increase in the specific volume of the gas while in 

the supersonic flow the reverse is true. The velocity of the gas increases 

such slower than the increase in its specific volume. 

Hence the supersonic nozzle (the Laval nozzle) always has a narrowing 
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••ction (aubcritical) and a widening section (supercritical). The shape of 

such a nozzle is shown in Figure 57. 

The Critical Fressure Differential. 

A critical velocity is established in the minimal section of the nozzle 

as a result of which this section is also called the critical section, and the 

difference in pressure at which the critical velocity is reached is called the 

critical differential. 

/ 

In thermodynamics the critical differential is often times designated by 

the symbol • 

To determine the numerical value of the critical differential, we find the 

critical velocity and the speed of sound in the critical section and 

equate their values. 

According to (III.31) and taking into account (11.25): 

According to formula (III.12) 

According to the concept of critical velocity 

that is: 

(III.51) 

whence, after cancelling the value n^gRT^ we obtain: 

or after transformation: 4 
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For the adiabatic exi-anoion of a chemically inert gas, the formula for 

the critical differential takes on the forn: 

» 

I 2 ^ 
cr^U+i/ * (III.53) 

For example, for air at low températures, k » 1.^1, and the critical pressure 

differential is equal to 

1.41 

Consequently, for air, the pressure in the nozzle throat section is 

t * 

/>oxr0,.r>28ps. 

The Relationship between the Measurements of the Nozzle Throat Section 

and the Gas Parameters at the Entrance of the lîozzle» 

The measurement of the throat section is a neoessary design value for- 

designing an engine nozzle; hence it is necessary to find the relationship bet 

veen the value of the throat section and the gas parameters at the entrance of 

a 

the nozzle and flow rate G per second. 

Let us write the flow rate equation for the nozzle throat section: 

(111.5^) 

We express the velocity w^ and the density (0 cr parameters of a 

motionless gas which is under a pressure p^ and has a temperature T^ at the 

entrance of the nozzle. The expansion process is determined by the index 

nuJ then. 

cr V v-i if<Tv 
(III.55) 

According to the equation of isoentropy (III.29) 
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» • I 
« «henee 

.fpr« 

»er* V 

Since According to the equation of otate (II.l): 

(111.56) 

P*’ g/tr, 

c \ 

and according to the expression (III.p2) 

« 2 fcr,/-?.-Vi3 h \ "4P+ * / 
then, substituting these values in (111.56), we obtain: 

Ms 1 

p - Jl. (J>-.Yu(_2-) 
Per^ iRTt\nu+\] gRT2\nÍÊ\-l) 

"is*1 

(III.57) 

By substituting from (III.55) ®od ^cr fron (111,57) in (111.5^)i •• 

obtain 

(111.58) 

After cancellation and the elementary transformations we obtain: 

If in this formula we combine all the terms having the index n^ and 

the constant value g into one term Ao, then: 

/or^ ^ 

(III.59) 

or: 

/ orj>i_ Vtt 
(T A* 

(III.60) 

•here: 
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For the study of the liquid-fuel rocket engine, the expression (III.60) 

is of great importance. Let us consider it more in detail. The ralue 

* fer*2 p M .. represents a combination or complex of basic parameters of the 

liquid-fuel rocket engine. Hence it may be called simply a "complex." This 

▼slue, as V? can easily see, has the measure of kg-secAsi that is, a measure 

for the specific thrust; and, therefore, it is sometimes also called the pres¬ 

sure impulse in the chamber. 

The numerical value of ^depends, as we can see from the equation (III.60) 

on the gas constant and the temperature of the combustion products of the fuel 

and also on the value of the index of the isoentropy of expansion. 

All these values depend a great deal on the kind of fuel and depend 

scarcely at all on other parameters of the operation of the engine. Hence, 

by way of approximation, we nay consider that the value of is determined 

only by the kind of fuel. 

For the majority of present-day fuels, tho value of the complex {3 * 

is within the limits of 145-170 kg-secAg* And fuels with a higher calorific 

value have a higher value for f3 • (For further details see Table 7.) 

We must emphasize that the value /3 can be not only calculated theoretical¬ 

ly but can also be obtained experimentally by testing the engine. 

After solving equation (III.60) for fcr, we find 

t IQ 
kh /. (111.62) 

As we can see from formula (III.62), the value of the throat section is 

proportionate to the fuel* flow rate per second, and changes proportionally • 

to the square root of the product RT^« 

The value of the pressure which it is necessary to have at the entrance 

to the nozzle exercises an influence upon the required dimensions of the throat 
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Motion. With an increase in pressure, the area of the throat section required 

to pass a given nass weight flow of combustion products of a certain fuel per 

second decreases in a r.anner inversely proportionate to the pressure. 

The index of the discharge process also influences the value of the crit¬ 

ical throat section. This influence is determined by the dependence of co¬ 

efficient A on n, (Figure 58). n xs 

Figure 58. Dependence of coefficient An on the index n^. 

Since with an increase in there is an increase in Aq, thsn, according 

to formula (111.62) the value of the required throat section is decreased. 

If ve solve the equation (III.60) for the pressure in the chamber p¿, 

then: 

Pt 
for A' 

PÖ ' 

for 
(III.63) 

This equation gives the dependence of pressure in front of the nozzle 

entrance on the flow rate per second, the value of the throat section, the 

parameters of the combustion products in the chamber, and the index of the 

expansion process. 

Equation (111.63) shows that in the given engine, with an increase in the 

fuel flow rate. G per second, the pressure in the combustion chamber increases 

directly proportional to the increase of G. 

The Change in the Parameters of the Gas Flow along the Length of the Nozzle. 

In the calculation and designing of the liquid-fuel rocket engine, it is 
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oft» time o ceceeeary to d.t.roin. th. changa in the paraaetero of the goo 

flow along the length of the nozzle. 

Sinca in th. calculation« of liquid-fuel rocket engine a. coneid.r.d an 

unidimensional flow, than, regardless of the nonsle profile, the only change 

characterizing th. nozzle is the passage section area f. 

«. shall consider the pressure p as the basic parareter of th. gas fio». 

For th. pressure ae «mot solve the equation from ahich one deternlnes all the 

other parameters. First of all, ae find the change in pressure along the length 

Qf th# nozzle which dependa upon tne value f. 

To find the afore-mentioned relationship, tfe write the mass weight flow 

of gas twice: once, by the parameter of the critical area, and again by the 

parameters of any section of the nozzle f. 

G" ^i^cr^cr** 
o-fm. 

By dividing the first expression by the second, we obtain: 

(111.64) 
/cr 

By substituting in (III.64) the values (3, *cr» ». ltnown t0 

us from (III.57), (III.29). (HI.55), ana (III.12), we obtain; 

After cancelling, we obtain: 

(111.65) 
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At can ate, aquation gives the necessary relationship between 

the value for the passage section of the nozzle f (in the fora of tue ratio to 

tcr) and the ratio of the pressure upon entering the nozzle and in a given sec¬ 

tion of it. This relationship is not direct, but, with the necessary relation¬ 

ship of pressure we can in accordance with formula (III.65) find the 

2 f * 
desired ratio of the areas —• 

xcr 
The equation (111.65) is equally suitable for tue calculation of the pas¬ 

sage sector of the nozzle in front of the critical area and behind it. 

The relationship derived shows that the ratio of pressure in a given 

section to pressure at tne entrance depends only on the ratio of the nozzle 

area in the given section to the critical section and on the value of the index 

of the expansion process, but it is not dependent upon the pressure and temper¬ 

ature going into the gas nozzle or its consunption per second. 

The data illustrating fornula (III.65) are given in the graph in Figure 

59* On the axis of abscissas of this graph we have laid off the inverse ratio 

of the pressure upon entrance into the nozzle to the flow pressure p. 

Equation (111.65) can also be employed for the calculation of the exit 

section of. the nozzle f^, insuring the obtaining of the given pressure on the 

nozzle section p^. 

In this case, instead of the flow pressure p in the formula (III.65), it 

is necessary to substitute the required pressure on the section. The ratio 
f_ 

is given the designation of nczzle area ratio, 

cr 
A glance at the graphs on the dependence of differential pressure on the 

nozzle area ratio shews that the reduction of pressure in a section can be 

obtained by a considerable increase in the exhaust section area of the nozzle. 

If we employ a conical nozzle with a constant angle of opening 20C, the effort 

to obtain small pressures on the nozzle section (large ratios of pressure in 

the chamber to the pressure in the nozzle section) leads to a considerable 

increase in the length of the nozzle, its surface and weight. 
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For the given ratio of the pressures there is a definite dependence of 

the necessary nozzle area ratio on the isoentropic index of expansion of the 

products of combustion, namely, with an increase in the isoentropic index of 

the expansion of the products of combustion, the ratio which la necessary 

rcr 
to achieve a certain degree of expansion in the nozzle, is decreased. Renee 

we oust draw the conclusion that the employment as a fuel for liquid-fuel 

rocket engines of substances which give products of combustion with a high 

isoentropic index is rational from the point of view of a reduction in the 

dimensions and weight of the nozzle. 

The majority of present-day liquid-fuel rocket engines have a ratio of 

P3 
pressures of changing within the limits of 0.02-0.075 (« differential 

pressure * 50 - 13«5)* -Q« isoentropic indexes of the products of expansion 

p3 
ara within the limits 1.10 - 1.25. Hence the ratio of the areas of the ex¬ 

haust and critical sections of the nozzle is within the limits 8 - 3.5« and 

consequently the ratio of the diameter of the exhaust d. and the critical d 
2 cr 

section lies batween 3 and 2. 

F-TS-9741A 169 

t 



4 

i 

Figur« 60. The change in parameters of the gas flow pf T, v and w on the basis 
of the length of the chamber of the engine. 

1 — Telocity w; 2 — specific volume t; 3 — pressure p; 4 — temperature T; 

5 — nozzle profile; 6 — section radius in nun. 

Knowing the distribution of pressure p along the length of the nozzle 

(that is, the distribution of the ratio f-) depending on ne can, on the 
f2 cr 

basis of what we know from Chapter II formulas, determine the distribution of 

all the remaining parameters (T, , ▼, Y» a^on5 l®nßth of tne nozzle. 

W« gire these formulas: 

* 

i (111.66) 

(111.67) 

(111.68) 

(111.69) 
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(III.70) 

If the process of discharge in the nozzle is not isoentropic but adiabatic 

(with a constant compooition of tae gas), then, evidently, all the parameters 

of the gas may be computed on the basis of the same formulas, substituting in 

them the index of isoentropy ni8 by the adiabatic curve k. 

The distribution of the çãr&neters of the gas flow along tne length of the 

nozzle for the products of combustion of nitric acid and kerosene is given in 

Figure 60. 

QUESTIONS FOR REVIEW AND PRtBLEkS 

1. How do we write the equation of the law of conservation of mass for 

a gas flow and for a flow of incompressible liquid'. 

2. How do we employ the law for the conservation of energy to the adia¬ 

batic flow of a reacting mixture of gases without taki ;g into account the 

friction? 

3. What is the velocity of sound? 

4. How does the velocity of sound depend on the temperature and compo¬ 

sition of a gas? 

5. How is the velocity of sound in a motionless gas related to its ve¬ 

locity in a gas flow? 

6. What is aeant by the critical and the maximum velocity of tie gas? 

7. what does the Mach number designate? 

8. What is meant by the stagnation temperature? 

9. What shape does the Laval nozzle have? 

10. What section of the nozzle is called the throat section? 

11. Determine the velocity of sound in air at T * 300 degrees absolute 

temperature. 

12. Find the flow rats of gas with an adiabatic flow through a nozzle 
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a tenp«ratur« at the entrance ia 450oCj the entrance pressure at the 

Boszle la 20 atm, and the throat section area 2 cb^# R * 30 and a^ ■ 1.22. 

< 

a 
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CdAFTLrt IV 

THE THERKODYi.AKIC CYCLE CFA L^UIL-FUEL RCCKLT ENGINE 

An analysis of the operating process of heat engines, of which the- 

liquid-fuel rocket engine in a type, makes extensive use of the thermodynamic 

cycles sustem. In the USSR the general acceptance of this system has been 

based on the work of the Thermo-tecmical School of t;.e Bauman Higher Tech¬ 

nical University of Mosco/.. The thermodynamic cycles give a graphic idea of the 

■ethod of operation and the basic characteristics of a given heat engine. 

By cycle ne mean the continuity of thermodynamic processes taking place 

in the mass carrier of the engine as a result of which there is a transforma¬ 

tion of heat into work. The mass carrier in the liquid-fuel rocket engines is 

liquid fuel and its gaseous combustion products. After the completion of the 

cycle, the mass carrier should be returned to its initial state at the begin¬ 

ning of the preceding cycle. This can take place only with the reversal of 

all the processes caking up the cycle, i.e., under conditions which cannot be 

realized in a rocket engine. As a result, the cycle always schematizes and 

simplifies the real processes. 

be can define different cycles depending upon how precisely the processes 

from which we designate the cycle describe the real processes taking place in 

the engine. We shall call the real cycle the one closest to the real engine; 

and we shall designate the most schematic as the ideal cycle. In addition, we 

•hall designate as the rated cycle the one made up of processes which can at 

the present time be theoretically calculated. 
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SECTION 18. THE CYCLE OF THE LI^ID-FUEL t&CKET KNCINE. 

Tb» Ideal Cycle of th^ Llquld»Fuel Rockot. En¿loe. 

Tht ideal cycle simplifies to the highest degree the actual processes 

taking place in the engine, but it does not consider some processes at all, 

because of which the ideal cycle differs greatly froa the real processes 

taking pla^e in the rocket engine. However, assuming simple design relation¬ 

ships, the ideal cycle makes it possible to disclose most precisely the basic 

factors exercising an influence on the operation of the engine and especially 

as to the degree of use of the energy reserves imparted to the engine. It 

also makes it possible to determine the influence of the mass carrier charac¬ 

teristics on the operation of the engine. 

i*st us consider the ideal cycle of the liquid-fuel rocket engine (Figure 

6l'# Let is suppose that 1 kg of liquid mass carrier or fuel enters the engine 

at the pressure and temperature of the surrounding medium. This kilogram of 

liquid mass carrier has a volume v^iq» consequently the initial point of 

our cycle will be point e*. 

But since the volume v^, is negligibly small, we replace the point e* 

by the point e lying on the axis of pressures. Hence we neglect the volume 

¿liq * liquid/. 

Figure 6l. The ideal and the design (rated) cycles of a liquid-fuel rocket 
engine• 

1 — supply (sup); 2 — 1 kg of mass carrier; el23d — ideal cycle; e’l^'J'd 
— rated cycle ¿sup * supply added/. 

For injection into the combustion chamber, the liquid components should 

bs compressed to the pressure equal that in the chamber and forced into the 
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chunber under this pressure. Since the liquid components are practically In¬ 

compressible t the vork of compression is equal to 0. The work of forcing will 

also be equal to 0 because we have already assumed v^iq * The state of the 

liquid mass carrier going into the combustion chamber under a pressure of 

is characterized by the point 1, lying on the axis of pressures. 

To the mass carrier entering the combustion chamber there is supplied' 

under a constant pressure p» a quantity of heat equal to the calorific value 

of the fuel. As a result, the temperature of the mass carrier increas-es • » 

to the value T£ and the specific volume up to v^. 

At point 2, characterizing the state of the mass carrier upon conclusion 

of addition of the heat, there starts an adiabatic expansion of the mass carrier 

of constant composition from the pressure p^ up to the pressure p^, which is 

established on the sectior of the nozzle. 

In order that the mass carrier may be turned back into its initial state 

it must be cooled and condensed to the volume at a pressure of the 

surrounding medium. Since in the general case the engine can operate or not 

operate at the rated regimen, the pressure on the nozzle section may not be 

equal to the surrounding pressure p^. Hence in the general case the cooling 

and condensation of the mass carrier to the initial state will be carried out 

in two stages from point 3 to point d along the isochcrs line 3d, and from 

point d up to point e along isobar de. 

Hence the closed cycle e!23d obtained will be the ideal cycle of the 

rocket engine. 

The operation of an ideal cycle, just as every other cycle, is determined 

by the area limited by the lines of the processes for.ing the cycle; in the 

given case it is the area el23d* Let us designate this work by L /eye ■ 
eye *- 

cycle/ • 

The work of the cycle is smaller than the quantity of energy Hu which is 

supplied to the mass carrier, because upon leaving the engine the mass carrier 
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•till poae*8a«o » dtternJned temperature and, conaequently, a heat content* 

The carrying avay of energy by the mana carrier which constitutea the loss 

during the operation of the engine in the ideal cycle, ia replaced by the 

fated proceeaes of cooling and condenaation of the mães carrier* 

The Relationahip between the Ideal Cycle and the Real Processes in the 

Liquid-Fuel Rocket Engine. 

Let ua consider the difference between the real processes in the liquid- 

fuel rocket engines and tne processes making up the ideal cycle. 

In the ideal cycle, it ia assumed that the mass carrier is periodically 

tranaformed into its initial state, and consequently does not require replace- 

■ent, whereas in the rocket engine there takes place a replacement of the mass 

carrier for which it is necessary to have pumps or other arrangements for 

feeding the components of the fuel. 

The work performed in the compression and feeding of tie liquid is de¬ 

termined (without taking into account the efficiency of the injection system 
* 

components) by the area ee* 1'1 (eee Figure 6l). 

In the rocket engine the work performed in feeding the components into 

the chamber will be still greater because the feeding pressure should exceed 

the pressure in the cuamber by the value of the hydraulic resistance in the 

injection system, that is, the tube conductors, injector, a:.d cooling jackets. 

Tha work performed in the compression process and feeding of the components 

correspondingly reduces the useful output of the ideal cycle. 

The ideal cycle does not consider the actual combustion process but re¬ 

places it with a process by adding heat in the amount Hu cal/kg without taking 

into account the loss of energy in tie combustion process. 

The heat losses taking place in the combustion chamber, due both to the 

dissociation of the combustion products and to the physically incomplete com¬ 

bustion of fuel, reduce the temperature reached to making it lea» than T¿.¡ 

In addition, the combustion process is accompanied by the flow of the 
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■ass carrier through the chacber* In the course of its flow there losses in 

pressure take place for two reasons. In the first place, the oass carrier, as 

a result of evaporation, and also as a result of heating up in the cocbuotion 

process, increases its specific volume and consequently its velocity; that is, 

it acquires a type of kinetic energy. In a manner of speaking, a therial ac¬ 

celeration of the gas occurs in the chamber. This acceleration of the mass 

carrier in accordance with the equation for the law of conservation of energy 

should be accompanied by a certain loss of output. The source of this output 

■ay be tne expansion cf the gas with a drop in its pressure. The work of ex¬ 

pansion in the combustion chamber is determined by the area of tne triangle 

I'S’c* (Figure 6l). 

Hence the acceleration of the gas must be accompanied by a drop in pressure 

in the chamber. The value of tne drop in pressure is determined by the velocity 

of the gas, which the gas acquires at the end of the combustion chamber. 

In the type of chambers usually employed, where the cross section is lairge 

in comparison to the nozzle throat, the velocity at the end of the chamber is 

comparatively small, and consequently the loss of output in the acceleration 

of the gas and the reduction of pressure in the chamber are also small. In 

special types of chambers, the so-called hi~h velocity chambers, the drop in 

pressure may amount to almost one-half the initial pressure. 

The other cause of drop in pressure in the combustion chamber is its 

hydraulic resistance. For this reason the pressure loss in the ordinary cham¬ 

bers is insignificant. 

For the usual combustion chambers of present-day liquid-fuel rocket engines, 

the total loss of pressure between the initial stages and entrance into the 

nozzle amounts to 1-2/4 of the initial pressure in the combustion chamber. 

The expansion process in a real engine takes place not in accordance with 

the adiabatic expansion of a gas of invariable composition but in accordance 

*lth 4he isoentropy of a balanced expansion of the reacting combustion products. 
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Thie lead« to a partial convoraion of the chenical energy expended on dissocia¬ 

tion, aa a result of which n^ <k and the work of expansion will be greater in 

coapariaon with the work of adiabatic expansion fron temperature T^'. In ad¬ 

dition, in the expansion process incidental phenomena occur: the diversion of 

heat to the cooled walls of the engine and the friction of the gaa in its 

course along the nozzle. These processes reduce the output of the cycle, be¬ 

cause they lead to a loss of kinetic energy by the combustion products. 

The escape of tne combustion products from the nozzle and the energy 

carried away by them, corresponding to their temperature in the section, are 

replaced in the ideal cycle by "fictitious" cooling processes. Such a substi¬ 

tution, however, does not introduce errors in the determination of the cycle 

output because the quantity of energy carried away by the combustion products 

is equal to tne quantity of heat which must be removed from the combustion 

products in order to cool and condense them back to the original state. 

The ideal cycle, as we can see by comparing it with toe real rmr^woes of 

the liquid-fuel rocket engine, is highly schematic. It can be employed for the 

qualitative analysis of the operation of the liquid-fuel rocket engine, but it 

ia not suitable for the quantitative calculations and determination of the 

parameters of the gas in the chamber. At the present time, all the basic pro¬ 

cesses taking place in the liquid-fuel rocket engine, namely, compression of 

the liquid fuel and its injection into the chamber, combustion with calculation 

of diaaociation, isoentropic expansion of the combustion products in the nozzle 

with calculation of the recombination and thermal acceleration process of the 

gaa in the combustion chamber may be estimated theoretically. From these pro¬ 

cesses we also draw up the rated cycle of the engine. Just as in the case of 

an ideal cycle, in the rated cycle the process of changing the mass carrier is 

replaced by conventional processes of the cooling and condensation of the 

combustion products in the liquid fuel. The rated cycle formed by the processes 

described above is much closer to the real phenomena in the chamber and can be 
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oad« the basis of quantitative calculations of specific thrust and parameters 

of gas in the chamber of the liquid-fuel rocket engine. This cycle in Figure 

6l lioits the area e'l'a'J'd*. 

Figure 62. The ideal cycle of the liquid-fuel rocket engine operating at the 
rated regimen. 

The real cycle of the liquid-fuel rocket engine is determined by the real 

combustion and expansion processes taking into account, in addition to tne phe¬ 

nomena of dissociation, recombination, and thermal acceleration of the gas, 

all the losses occurring in the real processes (physically incomplete combustion, 

friction of the gas in the chamber and nozzle, removal of heat from the cooling 

system, losses in the injection system, etc.). The determination of these 

losses is done on the basis of experiments, not theoretically. 

Halation between the Operation of the Cycle and the Specific Thrust o_f 

the Liquid-Fuel Rocket Engine. 

The output of the cycle, that is, the quantity of work which may be 

obtained as a result of tne cycle, is determined, as we know, by the area of 

the diagram of the cycle, that is, in the case of an ideal cycle, by the area 

e!23d. This area, on a suitable scale, expresses the output of the cycle in 

kg-m. 

However, in the study of the liquid-fuel rocket engine, the most important 

thing in the calculations is not the output of the cycle but the specific thrust 

of the engine. Hence we should find the relation between them. 

Let us consider this relation in the simplesr case, when the engine operates 

at the rated regimen, that is, when the pressure on the section of the noztle 
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Pj is «qual to the presoure in fche surrounding medium (Figure 62). The 

specific fchrusfc P^, according fco formula (1.14), is equal fco 

f * (IV.l) 

The oufcpufc of fchê cycle in fchis case is determined by fche area e!23 (see 

Figure 62) and corresponds, in fche adiabatic expansion process between fche 

states determined by fche points 2 and 3 of the cycle, to output L*. This out¬ 

put is numerically equal to the reduction in the heat content of the gas in 

the adiabatic process 2 — 3« 

The velocity of discharge in accordance with (III.I3) and (11.39) nay 

be written in fchis form* 

¡i y 
_fP*\ 
U 

* i 
» 

= V2gC' = V ïgl çyQ • 

( IV • 2 ) 

By combining fche relations (IV.l) and (IV.2), we obtain: 

(IV.3) 

The relation obtained gives the precise relationship between the specific 

thrust and the cycle output only wnen the engine is operated at the rated 

regime (rated operating conditions). However, with a very sr.all error, we can 

also extend it to fche other conditions of operation of fci;e engine, all fche more 

so since we shall use fche concept of the cycle of the engine only for the 

Applying formulas (III.I3) and (11.39), ifc must be borne in mind that the 
Initial point of the expansion process in the nozzle of the liquid-fuel rocket 
engine is the termination point of the combustion process; that is, point 2. 
The state uf the gas in fche nozzle section; that is, point 3 (see Figure 62), 
corresponds to the termination of the expansion process. Consequently, the in¬ 
dices of the formulas (III.13) and (11.39) are changed correspondingly. 

or 

P.-- 7 V$gL , Bp g »V c 

^p" J ' ¿ Lcye' 
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qualitativ« analysis of its operation. Hence, even for nonrated regimens we 

«ball employ the relation (lV.3)f understanding in these cases by cycle out¬ 

put the total area in the pv diagram limited by the lines of the processes 

forming the cycle, for example, the area el23d in Figure 6l. 

SECTION 19. USEFUL ACTION /SFFICI£î.Cï7 COEFFICIENTS OF Th- RCCKET ENGINE 

Efficiency of the Cycle. 

The cycle output of the rocket engine is a value determining the specific 

thrust of the engine. The greater the output of the cycle, the greater the 

specific thrust of the engine. 

The source of the energy from which the cycle output is derived, and con¬ 

sequently also the thrust of the engine, is the chemical energy of tue fuel, 

which is evaluated by the calorific value Hu. The degree of utilization of 

the energy of the fuel is determined by the ratio of tue cycle output AL^ 

(in heat units) to the calorific value H 

eye 

, „iLÇXÍL, 
"eye. , (IV.4) 

This ratio is called the efficiency.of the cycle. ' 

A* we can see from the cycle of the liquid-fuel rocket engine, the value 

of the cycle output, AL is determined by the quality of the combustion and 
eye 

expansion processes. The more nearly complete these processes, the greater 

■ill be the value of cycle output AL , and consequently also the value of 
eye 

the efficiency of the cycle • Hence, the efficiency of the cycle de- 
cyc 

pends on the completeness of che process, th'tt is, on the efficiency of the 

combustion and expansion processes. . 

^ere (IV.5) 

Lcomb 
and p are the combustion and expansion efficiencies. where Tl 

Let us consider separately each of these coefficients. 

Combustion Efficiency. 

By the value COjnb *• nean the degree to which the conversion of the 
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energy of 1 kg of fuel into tbercel energy Q is coopleted. 

! W3//.- (IV>6) 

In the liquid-fuel rocket engine, the incomplete conversion of the fuel 

energy into thermal energy is caused by two determinates basically different 

from each other in their characteristics. 

One of them, physically incomplete combustion, takes place as a result of 

poor mixing and nonuniform distribution of the fuel components in the combustion 

chamber and also as a result of insufficient time for culmination of the com¬ 

bustion process. These phenomena are caused by imperfect construction in the 

combustion chamber of the liquid-fuel rocket engine and can be remedied by 

improving the design of the engine. 

Another thing causing incomplete combustion, and of particular importance 

in the liquid-fuel rocket engine, is the dissociation of the combustion products. 

The high temperatures generated in tne liquid-fuel rocket engine lead to a 

vary strong dissociation of combustion products. The loss of heat by dissocia¬ 

tion can amount from 25 to 30% of Hu* The greater the calorific value of the 

fuel and the higher the temperature in the combustion chamber, the greater the 

dissociation. 

The dissociation processes are determined by the thermodynamic laws; and 

consequently there are very few ways to counteract them. As a rule the best 

«ay is to select fuels whose combustion products are difficult to dissociate. 

The degree of dissociation for a specific fuel may be reduced to a considerable 

extent by increasing the pressure p^ in the combustion chamber. 

Since incomplete combustion ic due to two causes, Y\Comb can represented 

as the product of two coefficients: 

; /"dis ■ dieaociî’.tioiy 
I ’W-Vïdi» , ÍIV.7) 

■h.r. > , ie th. coefficient representing physically incoaplete combustion; 
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«« «hall call it the chacber efficiaacy bacauae it is daUminad for tta* ooat 

part by tha construction of tha combustion chaabar; 

is tha coefficient representing losses due to dissociation. 

Tha value of the combustion coefficients in the liquid-fuel rocket engine 

amounts to « 0.90 - 0.98-, 

m 0.7-0.9 (depending upoa tne kind of fuel). 

Expansion Efficiency. 

Tha expansion efficiency 6Xp i8 the <*«gree to which heat energy q, 

liberated in the combustion chamber is converted into work of ex^noion LCyÇ 

(for the design cycle without calculation of the losses of v.ork in the feeding 

of the components). 

ti „ 

exp Q 
(IV.8) 

The expansion efficiency "h.xt ( represents the losses which occur in the 

expansion process. These losses also have two different causes. 

The first cause of loss in tue expansion process is that, as a result of 

the terminal confines of the exhaust section of the nozzle, it is impossible 

for the combustion products to expand up to a pressure equal to 0, and con¬ 

sequently, to a temperature equal to 0. 

Consequently, the combustion products at the exhaust nozzle have a high 

temperature and carry away with them a certain amount of heat. This loss is 

sn unavoidable thermodynamic loss and is evaluated by the thermal efficiency 

■ thermal^» It takes place both in the actual cycle and in tne ideal 

cycle (for further details concerning see Section 20). 

The second cause of loss in the expansion process is loss resulting from 

friction, loss due to heat transmission, etc. In the main, these occur in the 

nozzle of the engine and they are calculated by means of the nozzle efficiency 

7l /net • nozzle?, 
noz u 

Therefore, the expansion efficiency may also ba repreaanted as tha product 
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of two coefficient« 

! *«F’”l‘'no* . - (n.9) 

Let ua conaider the fact that the expaneion efficiency also takes into 

account the return of a part of the chemical energy during reconbination of 

the combustion products in the nozzle* The calculation of this phenomenon 

distinguishing the design cycle from the ideal cyclj is done by replacing the 

adiabatic index of the expansion process on which the value depends, by 

the iaoentzopic index 

The value of the thermal efficiency >| t amounts to 0,4 - 0.6 and the 

value of the nozzle efficiency '7{noz 0.90 - 0.98. 

Estimating Mass Carrier Losses in the Operation of the Fuel Supply Systeo. 

The product of the coefficients y\comb 7\#xp represents the amount of 

fuel energy expended in the performance of the cycle work without taking into 

account the work performed in the injecting of fuel into the combustion chamber. 

^cyc“^»T*crib,J«xp i.! 

This output is used for the creation of the specific thrust 

• ' ^ep“ j/" ~ ¿i^cent’l.cr.p 
(IV.10) 

The calculation of the loss of mass carrier in performing work in the 

injection system is done by determining the specific thrust P^, which per¬ 

tains to the consumption of both the basic fuel and of the mass carrier 

employed in the injection system. This method is particularly convenient in 

a large number of Instances when we employ an auxiliary fuel in the injection 

system for use only in the injection system and which is not the basic fuel 

used by the engine. 

Let us designate by q the quantity of mass carrier, in kilograms, needed 

la the injection system to inject 1 kg of fuel into the combustion chamber. 
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In this case the total quantity of the basic and auxiliary nass carrier which 

nust be expended to obtain a thrust P amounts to 1 ♦ q and the thrust P 
® Jr ® 

for 1 kg of all the components expended in one second amounts to: 

• _ (IV.11) 

The value q depends on the design of the injection systems, which are 

considered in Chapter IX, 

Energetic and Impulse Systems of Efficiency. 

The system of engine efficiency considered by us is an energetic system, 

because all its coefficients take into account the loss of work, that is, 

energy. 

In the calculation of the liquid-fuel rocket engine, wider use has been 

made of those efficiencies '.»hich at the same time take into account the de¬ 

crease in specific thrust taking place as a result of the corresponding losses 

of work than has been rade of the energetic systems. 

These coefficients refer to specific thrust, that is, to the impulse, and 

we shall call them impulse coefficients and designate them, in contradistinction 

to the energetic coefficients, by The specific thrust and the work of the 

cycle are connected with each other by the relation (IV.10): 
/ 

On the other hand, the specific thrust can be expressed by impulse 

coefficients: 

(IY.12) 

where <0 and are the coefficients of the efficiency of the combustion 
i comb T exp 

and expansion processes relating to the specific thrust. 

By comparing expressions (IV.10) and (IV.12) we can draw the conclusion 

that any impulse coefficient is connected with the corresponding energetic 
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cotfficient by th« rtlationi 

I t-V^- (TV.13) 

For the tfficiency of the chaober and noszle in particular, we nay write: 

^Vh (IV.l1») 

W^no. (IV.15) 

Id the calculation and analysis of the #ork of the rocket engine it is 

necessary to Bake use of various coefficients. The most inportant for the 

analysis of the work of the engine .? that of thermal efficiency For 

the calculation of the specific thrust, we use the coefficient of tne chamber 

<pch and the coefficient of the nozzle ^noz* which under the Present-day 

status of the theory of rocket engines it is impossible to calculate; thus 

they are determined experimentally. Such coefficients as that of thermal 

efficiency efficiency of the cycle, or I'^'is by dissociation are 

practically never employed in calculations in a direct manner. However, they 

ara convenient in the analysis of the distribution of energy in the engine and 

sake it possible to explain clearly the causes and physical meaning of the loss 

of energy during the cycle of the engine. In an implicit manner the afore¬ 

mentioned coefficients enter into the theoretical calculation of the combustion 

and discharge processes. 

SECTION 20. THE THERMAL EFFICIENCY OF THE IDEAL CYCLE 

Derivation of the Equation of Thermal Efficiency of the Ideal Cycle. 

The basic value characterizing the ideal cycle of the engine is the ther- 

atil efficiency. Aa we can aee from the description of the ideal cycle, it does 

not take into account any loases except those of heat carried away by the 

haated coabustion products aa a result of their incomplete expansion. Hence 

efficiency of the ideal cycle coincides with the thermal efficiency 
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— ont of 1ht coefficients of the system of the efficiency of the engine con¬ 

sidered earlier. 

F a the ideal cycle, the value of the efficiency may be written in the 

form of the ratio of the work of the cycle to the quantity of heat expended 

in doing this work, that is, to all the heat added to the mass carrier: 

ALcyc 
' ¿v,>’ *,uri:ly cii0^ (Iva6) 

In accordance with the law for the conservation of energy: 

^"r dd * added2 
V ^cyo^GadJ-Qran /"rest ■ rereadJ* 

(IV.17) 

where Q is the quantity of heat tapped from the gas during the cycle pro- 
rem 

cess. 

Then the expression for the thermal efficiency tukec the form: 

» Oadd—Oren, i _ _Qren 

' ' K* O'« ' .. (iv.iB) 

Let us express the quantity of heat added and removed oy the temperature 

of the characteristic points of the ideal cycle (see Figure 6l) and the heat 

capacity of the mass carrier; we shall regard the latter as constants not 

depending on the temperature. 

The heat from the mass carrier in the ideal cycle is removed in two 

processes 3d and de.. 

The process 3d takes place with a constant volume, and the heat Q^, tapped 

in this ease, will be equal to cy (T^ - Td>. Another part of the heat — — 

is removed at constant pressure and amounts to c^ (T^ - T#). 

Then, 

I ; (IV>19) 
Since in the ideal cycle T0 and T^ are equal to 0, then: 
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Qrmr‘, (ri—ctTt 
(IV. 20) 

*• shall «xprees the températures entering into those relations by the 

teaperature in the chasber T£ on the basis of the equations of the adiabatic 

and l«ioehoric processes: 

r*-r«(,v) 
à 

and 

#• Pt \pt I I 

*-I 
» 

(IV.21) 

By substituting the afore-nentioned values of the teoperaturec in the 

expression for thermal efficiency (IV.13), we obtain: 

*-i *-i 

il,-! 

»•i 

J»\ ' -c/t (-*-) * +c, * 
\ Pî I P» \ P: I Pi \ Pi) 

‘pTj (IV.22) 

By introducing the ratio ^ ■ k and setting 

J 

—î and —, . 
^ ^ (IV.23) 

after cancelling T2 and carrying out a simple transposing, we obtain: 

*-1 

li/P_n i4.1l. 
(IV.24) 

We shall cnil the s ¿ the degree of expansion of the gas in the nozzle, 

p2 
because it characterizes quantitatively the differential pressure in the ex- 

Pn _ 
pension process. The value * c determines the limit of the possible ex¬ 

pansion cf the gas in the engine; we call it the degree of possible expansion. 

The expression obtained for the thermal efficiency shows that the value 

of it depends on three parameters: the degrees of expansion in the nozzle ¿ , 

the degree of possible expansion £ , and the index of the adiabatic combustion 
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products k. 

Thsrssl Efficiency of the Cycle of the Engine Operating undsr Desirn 

OpTstintr Conditions. 

Ths dssign operating conditions of the engines is that rate of operation 

in which the pressure on the section of the nozzle p^ is equal to the pressure 

in the atnosphere p^. 

In accordance with formulas (IV.23) the degree of a possible expansion 

£ is equal to the degree of expansion in the nozzle $ # and the expression 

for thernal efficiency at the design operating conditions *h as a 
'tt design 

result of which € * 5 » takes on a simpler foro: 

’V design“ 1 ~"S =1 — «*. (IV.25) 

The change in the thermal efficiency of the engine operating under the 

design operating conditions, depending upon the valued or its inverse value, 

p2 i 
ths ratio of pressure J" * g # »nd upon the value of the adiabatic ex¬ 

pansion index k, is given in Figure 63. 

The data of this graph show that the thermal efficiency can change in 

wide limits from 0 to unity, increase quickly with small values of the ratio 

--, and then all the more slowly approach the value >\. * 1 with a further in- 

crease of this ratio. 

The thermal efficiency also depends on the value of the index of the 

adiabatic curve of the combustion products k. Large values of k give large 

values for the thermal efficiency of the engine, especially with fairly large 

ratios of pressure in the chamber to the pressure on the nozzle section 

(Figure 63). 

As ws know, the value k depends on the composition of the combustion pro¬ 

ducts and its value increases with an inertass in the content of monoatomic 
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and light gas*a in tht coabuolion prcducts. Hence the employaent in liquid* 

fuel rocket engines of fuels whose combustion products consist of light gases 

increases the thermal efficiency, other conditions regaining the same. 

As shown by the relation (III.65) and the graphs of Figure 59, the value 

of the expansion degreeS in the nozzle depends in the main on the ratio of 

the area of the exhaust section of the nozzle to the critical throat (nozzle 

area ratio) of the nozzle. Hence the effort to obtain high values for the 

thermal efficiency and the specific thrust of the engine by reducing the 

value ¿ b ^ leads to an increase in the ratio 7^ • The making of nozsles 
*2 *cr 

with a large nozzle area ratio leads to an increase in their dimensions, that 

is, in their weight, and also renders more difficult the planning for reliable 

cooling of the engine. 

Figure 63. Dependence of the thermal efficiency of the engine operating at 

P2 
Assign conditions d0eign 0“ th® ratio — and k. 

Hence the construction of the nozzle of the chamber of an engine renders 

difficult the obtaining of small values of ¿ • 
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In spit« of thia, bj analyzing the development of liquid-fuel rocket 

anginas, aa aaa an effort to employ in engines (in the necessary cases) nozzles 

with larger and larger nozzle area ratios* For example, in the engines of the 
P2 

World War II period, the ratio of the pressures — rarely exceeded the values 

20 - 25 ( ¿ ■ 0.05), while at the present time extensive use is being made of 

engines in which thia ratio amounts to 40 - 50 ( S * 0*02). In the near fu- 

ture we can expect the appearance of engines in which the pressure ratio — 

will reach the value of about 100 (& * 0.01). 

Before we can pass to the analysis of the change of 7)^ at off-denign 

operating conditions, let us consider how these operating conditions occur. 

SECTION 21. OFF-LESIGÎ. OPERATING CONDITIONS OF THE LIQUID-FUEL ROCKET ENGINE 

The Possibility of Off-Desi/rn Operating Conditions of the Engine. 

All liquid-fuel rocket engines known at the present time have the so-called 

constant nozzle, that is, a nozzle with constant values of the critical area and 

the exhaust section, and consequently also with constant ratios • For 8uch 
cr 

nozzles the following baa vs features are characteristic. 

*3 
From formula (111.65) we can see that with ^ ■ const and with an un- 

*cr 
changed adiabatic expansion index k (that is, with an unchanged fuel) the de- 

< p3 
grew of expansion in the nozzle Õ a p remains unchanged. 

Thus, regardless of the fuel consumption, regardless of the pressures in 

the combustion chamber (pP) and in the surrounding medium (p»)» and regardless 

¿ P3 
of the temperature at the entrance to the nozzle (T2), the ratio remains 

*2 
constant. 

In accordance with equations (111.15) an^ (IV.23), tne exhaust velocity 

at the nozzle is: 

(IV.26) 

Thus, with unchanged conditions in the combustion chamber (that is, with 

constant temperature and composition of the combustion products) the exhaust 
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velocity at the nozzle remains unchanged regardless of the pressure in the 

coabustion chamber, the consumption of fuel, or the pressure of the surrounding 

aediua (that is, the altitudes of operation of the liquid-fuel rocket engine). 

Therefore, when operasing a liquid-fuel rocket engine which has a constant 

. 9% 

nozzle, the degree of expansion 0 * ^ remains unchanged. The pressure on the 

nozzle section p^ depends only upon the pressure in the combustion chamber p^ 

and does not depend on the pressure of the surrounding medium p^. 

Depending upon the pressure in the combustion chamber and on the 

pressure of the surrounding medium p^ (that is, on the flight altitude), it is 

possible to have three types of operation of the rocket engine nozzle. 

1) Pj * Pg* *8» pressure on the nozzle section is equal to the 

pressure of the surrounding medium. This is the design operating condition 

for the engine. The altitude to which the design operating conditions reach 

ia called the service ceiling H^. 

2) p^ ^Pgt that is, the combustion products expanding in the nozzle do 

not reach the pressure of the surrounding medium p^, but reach only to the 

pressure p^, greater than the pressure Pg. These operating conditions are 

called sub-expansion conditions. They occur, for example, when the engine 

operates at altitudes greater than the design altitude (service ceiling). 

3) p,<pu* that is, the combustion products expand in the nozzle to a 

pressure less than the pressure of tho surrounding medium. Such operating 

conditions srs called super-expansion conditions. 

As will be assn below, these operating conditions are most often observed 

in the operation of liquid-fuel rocket engines. Th« super-expansion conditions 

and the sub-expansion occur with changes in the altitude at which the engine 

opsratss and whan its thrust is rsgulated. 1st us sxsnins both cases. 

Off-Dssign Operating Conditions with a Change in the Altitude at which 

tha Engine is Operating. 

Lst us considsr how tha off-dssign operating conditions aria«, when the 
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»ein« 1« operating »ith a constant nowl«! the fuel flow rat« 0 and its eon 

position (that is, tn. rslu. H#) ronain constant! and there is s change only 

in tht altitude at which the engine operate«. 

Figure 64. Cycle of an engine operating at different altitudes. 

* altitudes b — altitude greater than the design (conditions of 
•ublaípãnsion)î**c^-- altitude less than the design (conditions of super- 

•XpAlUlOD)« 

In thin case the pressure in the combustion chamber p2, regardless of the 

change in the pressure of the surrounding medium, will remain constant. Thin 

can be shown easily by employing the equation (III.63). 

J7 /¾ 
/or A* 

const. 

Because for a mixture of constant composition <HU • const) the temperature 

T, and the composition of the combustion products » remain unchanged, the 

pressure p2 in this case also remains unchanged. 

Thus & • const, the pressure on the section of the nozzle p} . S P2 * 

oosst. Hence the pressure on the nozzle section does not depend on the alti¬ 

tude at which the engine operates, and nay be greater or less th» the pressure 

In the surrounding medium depending upon ho. we select the design operating 

conditions of ths angina. 

figure 64 shows the cycles of an engine operating under design and off- 

design conditions. Ths design altitud, of the engine i. greater thu 0 and 
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aaount« to H . 
P 

In oporation on the ground the engine will operate with super-expansion 

and at altitudes greater than the off-design it will operate with sub-expansion. 

An increase in the altitude of operation of an engine leads in this case 

to a constant increase in the absolute thrust due to the increase in its static 

coaponent f^ can see fron Figure b( the work of the cycle 

also increases. 

But at altitudes less than the design and at altitudes greater than the 

design, the engine with a con .ant nozzle does not generate the maximum thrust 

possible under the given conditions of its operation. A detailed analysis of 

the losses in this case is made in the followirg section. • 

The liaits of change in the degree of possible expansion of the engine 

with constant flow rate change from the maximum value, which is the degree 

of possible expansion it has on the ground, that is to 0, with 

operation in a vacuum where p^ —>0 and consequentlyE—** 0. 

The Appearance of Off-Design Operating Cordition.'j with a Change in the 

Thrust of the Liquid-Fuel Rocket Engine. 

The conditions of operation of an engine on certain aircraft, for example, 

on airplanes and antiaircraft rockets, require a change of thruct in the engine 

in flight. For example, for the liquid-fuel rocket engines of airplanes, it 

is necessary to change the value of the thrust of the engine eight to tenfold. 

By ff»«Hnc use of the equations (IV.10) end (IV.5)t connecting the specific 

thrust with the cycle output, we may express the total thrust of the engine as 

follows (in case of an ideal cycle ^ CyC * ^{.t^1 

] 
(IV.27) 

Thia expression shows that to obtain a given thrust of aa engine (existing 

or redesigned) we can proceed by two methods; by a change in the calorific 

value of the fuel Hu and by a change in the fuel flow rate 0. 
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A chang« in th« calorific «alue Hu of a ßi««« ue«d by ** ««S10« can 

b« brought about by a change in the relation of the components* In this cese 

the change in the calorific value of the fuel takes place only in the direction 

of its decrease as a result of the deviation from the relation of the cocponente 

which is necessary for the complete ccrubustion of the fuel. 

This method of changing the calorific values is not rational because it 

leads to a decrease in the specific thrust of the engine due to a poorer 

transformation of chemical energy into thernal energy* '''<e can change the 

thrust of th« liquid-fuel rocket engine by changing the fuel flow rate by 

constant H . When we take into account the change in the value of Hu, we 

must consider the engine operating on various fuels. 

The simplest method for determining the influence of a change in flow 

rats on the operation of a liquid-fuel rocket engine is by using formula (111.63) 

Pt' 
o /firt 
/ep 

Since the combustion temperature of a given fuel and the composition of 

the combustion products which determine the value of the gas constant R remain 

unchanged, the pressure in the combustion chamber is directly proportional to 

the fuel flow rate. • 

Figure 65. Change in the ideal cycle of a constant nozzle liquid-fuel rocket 
engine during a change in fuel flow rate. 

Till 
123# — the initial cycle 12 3# — the cycle with increased fuel flow rats 

-- ths cycls with reduced fuel flow rate. 
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ïor example, by decreasing the thrust P of an aviation liquid-fuel rocket 

•ngiM to ono-t.nth of »hot It »a«, th« fual flow rat» 0 alao io daeraaecd 

to approxlaataly one-tenth; and consequently, in accordance with formula (III.6J) 

the pressure in the chamber is also reduced to one-tenth. 

In an engine with a constant nozzle ( * const), the pressure on the 

nozzle section equal to p^ * S P2 b® d*«reased just as the pressure in 

the chamber, that is, directly proportional to the decrease in the flow rate; . 

ani in our example it also decreases to one-tenth. 

Consequently, with a change in the flow rate Q if the altitude of 

operation of the engine remains constant, it is possible to have a condition 

of operation with super-expansion Pg with a decrease in the fuel 

fXof rate and a condition of sub-expansion Pj > Pg with its increase. 

With a change in the flow rate* there is also a change in the form of 

the ideal cycle of the liquid-fuel rocket engine. 

In Figure 65 we have given the change in the basic cycle 123e with an in¬ 

crease in the flow rate by 25¾ — cycle l12131e1, with a decrease in the 
H 

flow rate by 25¾ — cycle l11211311e11. Since the temperature T2 * ^ in 
P 

the ideal cycle does not depend on the pressure, points 2 for all the cycles 

lie on the same isotherm T^. 

With a constant nozzle & * const, and consequently the temperature on 

vi 11 1 
the section k - remains constant and all the points 3, 3 and 3 

also lie on the same isotherm T^. 

The discharge velocity in all cases remains unchanged because the engine 

has a constant nozzle, and the specific thrust of the engine changes only be- 

caune of a change in the preccure p^ in the nozzle section. 

Simultaneous with the change of pressure p^ in the chamber, there is also 

a change in the degree of possible expansion. The value of the maximum degree 
- Pn 

of possible expansion o ■ is obtained with s minimum fuel flow rate 
p2 

ths pressure in the chamber has the minimum value. 
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Th« mlnlKum «alue of the degree of possible expansion is present with a 

aaxiaun possible fuel flow rate for a given engine. The difference between 

th« «axi.ua and the tainimua values of £ is deterained by the control liaits 

of the flow rate. 

Possibility of Over-Ex]~ansion Operation. 

The possibility of the operation of an engine under conditions of under¬ 

expansion p3>- Pjj is obvious. However, the possibility of the discharge of 

gas from the nozzle into a medium with a pressure greater than the pressure in 

the flow on the nozzle section is not obvious. 

As . natter of fact, in the first period of the eaploysent in technology 

of supersonic nozzles, it .as assumed that under off-design operating condi¬ 

tions, .hen the pressure on the section of the nozzle is less than the pressure 

in the surrounding medium, the flow of gas breaks a.ay from the »alia of the 

noztle in the section of it where the pressure in the flow becomes equal to 

the atmospheric pressure. The remaining part of the nozzle cosses to function 

and may exercise an influença on the flow only in the sense that it fa.ors th. 

formation of Torticaa. H.nc. it waa coneidersd that a nozzle under conditione of 

over-expaDsion is, so to speak, self-regulating. 

However, as proved by later experiments on turbine nozzles and rocket 

engine nozzles, the flow along a supersonic nozzle in reality continues to ex¬ 

pand without breaking away from the walls up to pressures less than the pressure 

of the surrounding medium. It is only after coming into the atmoaphere wich in¬ 

creased pressure that the supersonic flow by a shock or a aystem of shocks 

passes into a subsonic flow with corresponding change in pressure. In this 

there appear the characteristics of a supersonic stream described in Section l6. 

The possibility of engine operation under conditions of over-expansion can 

be determined uot only experimentally, but also by starting with the basic cha- 

racteristics of supersonic flow. 

Let ue present the following imaginary experiment. The gae frc. the no**le 
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flows into s cavity share a rarefaction is created by a pump. With a reduction 

in the delivery of the pump, the pressure in the cavity behind the nozzle will 

be increased. However, the change in the pressure behind the nozzle cannot 

lead to a change in the character of the gas flow in the supersonic nozzle. 

The disturbance (increase in pressure) behind the nozzle can be propagated in 

the gas flowing along the nozzle only with a speed of sound, but the gas itself 

■oves with a supersonic velocity. Consequently the increase in pressure behind 

the nozzle cannot exercise an influence on the flow of gas in the nozzle or on 

its state in the combustion chamber. 

The conditions of the imaginary experiment considered by us above is en¬ 

tirely analogous to the conditions arising with a change in the altitude at 

which the engine operates. It also explains that which at first sight is a 

somewhat strange phenomenon, namely, the pressure in the combustion chamber 

does not dopend on the pressure in the surrounding medium. But let us note 

that this is valid for sonic and supersonic nozzles exclusively. 

The experimental work on the function of a nozzle with over-expansion 

conditions has shown, however, that the operation of the nozzle under these 

conditions without separation of the flow from the walls is possible only up 

to certain minimum pressures on tne nozzle section. It is assumed that, with 

a drop in pressure in the nozzle section to a value less than C.4 - 0.2 (de¬ 

pending upon the nozzle profile) as compared to the pressure of the surrounding 

media, the normal conditions of ovur-expansion are disturbed. This results in 

a separation of the flow from the nozzle wadis and a part of the nozzle ceases 

to function. It is obvious that all oir formulas based on the assumption that 

the entire nozzle functions cease to be vadid. This is true because instead 

of the nozzle exhaust section the formulas should include the area of that 

cross section where the flow separates from the walls. 

SECTION 22. THERiAL EFFICIENCY OF THE LIQUID-FUEL ROCKET ENGINE WITH A CONSTANT 

NOZZLE AT NON-DESIGN OPERATING CONDITIONS 
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T.*«««« of Work of the Cycle »1th Off-Design Oreratlnp; Conditions. 

As vo h&vo shown above, the engine can operate under off-deeign operating 

conditions of two types: conditions cf under-expansion, when the pressure on 

the nozzle section is greater than the pressure in the surrounding nediuo, that 

is, P3 >* Pjj* and conditions of over-expansion, when the pressure on the nozzle 

section is less than the pressure in the surrounding nediuo, that is, Pj^Pjj* 

The operation of the engine at off-design operating conditions is illus¬ 

trated by the drawings in Figure 64 pertaining to the operation of the engine 

under the sane basic conditions at the entrance of the nozzle. 

In the case of under-expansion because of a snail exhaust section of the 

nozzle, we do not utilize the possibility of the conbustion products expanding 

fron the pressure in the conbustion chamber to the pressure in the atmosphere, 

snd the cycle corresponding to this instance takes the forn represented in 

Figure 64 b. The work of the cycle with under-expansion will be less than it 

was with expansion up to the pressure equal to that of the surrounding medium 

by the value of the area 3 cd, which also expresses the loss of under-expansion. 

In this case there is a worsening of the thermal efficiency of the ideal 

cycle equal to • 

With an increase of under-expansion, for example, with a reduction in the 

pressure of the surrounding medium to pH, the work of the cycle is increased 

and the loss due to thr under-expansion is also increased, beirg determined 

Figure 66. Influence of over-expansion on the thrust of the engine. 

In addition,' the thermal efficiency of the ideal cycle increases in 
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•OPr*»ri»on with but »ill b« than it would hav* be#n with a tot^l #X 

panaion to p ■ Pg* 

Thia cycl« during ortr-oxpansion conditions is dwpicttd in Figura 6^c. As 

va aaa fron tha diagrao of tnis cycla, a nagatiwa output of tha cycla appaars 

in tha casa of ovar-axpansion. Thia output io expressed by tha area ae'Jd 

which is subtracted from the positive area of tha cycla 1° addition, 

the output of tha cycle in a case of over-expansion is less than the output of 

the cycla in a dasign ragioe by the valúa of the area cjd# 

Tha negative influence of over-expansion on the operation of a rocket 

engine which leads to a decrease in the specific thrust, can easily be shown 

in the following manner. 

Figure 66 shows a graph of the distribution of the difference between 

the internal pressure P and the external (constant) pressure Fg on the basis 

of the length of the engine nozzle. 

As *a can easily see, when we have over-expansion operating conditions, 

the difference of pressure behind the section, where P * Pg, becomes negative, 

that is, it gives a component directed against the thrust. This also leads 

to a decrease in the thrust considered and also the specific thrust. 

The thermal efficiency of the ideal cycle, equal to .HC^-C- will be less 

in this case than it would be with expansion to the pressure in the surround¬ 

ing medium. 

Sxnce the work of the cycle both with under-expansion and with over-ex¬ 

pansion is leus than its work on the corresponding design operating conditiors, 

it will always be more advantageous to have the engine operate at the design 

operating conditions. 

The thermal efficiency, which is the ratio of AL to one and the same 
eye 

H for all the cases considered, will also have the maximum value in the opera- u 

tion of the engine at the corresponding design operating conditions. Hence, 

for obtaining the maximum value of the specific thrust, the engine should 
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always opsrat* at the design condition«. 

Change in the ^ of an Engine with a Constant Nozzle with a Change in _S 

We pointed out earlier that with a cnange in altitude and with a change 

in the fuel consumption a change in the degree of the possible expansion £ 

takes place without a change in the degree of expansion <S in the nozzle. Hence 

we must consider the change of ^ of the engine precisely under these conditions, 

For this purpose we transform the formula (IV.24) 

to the following form: 

where 
.i 

! ~ _L 
_a * — 

(IV.28) 

1 * A-!-!.*; 

a-a"* i=l. 
à 

(IV.29) 

The relation obtained indicates that the dependence of 7]^ on £ for an 

engine with a constant nozzle is linear. The aiaxinun value of efficiency will 

be present with £ -*0f that is. at high altitudes. This maximum value of 

efficiency increases with a reduction of the degree of expansion in the nozzle. 

However, a decrease of $ leads to more abrupt dependence of thermal efficiency 

on the value of £ , because in this case there is an increase in the value of 

the coefficient B. Thin nozzle will of course be more sensitive to a change 

in the value £ (the altitude or consunition of luel). 

As an example of the influence of the degree cf expansion of t..e nozzle 

on the dependence of the tnernal efficiency on £ let us consider two cases. 

Suppose that nozzle I has & a 0.02; nozzle II has & * 0.10; the corres¬ 

ponding formulas for thermal efficiency with k - 1.25 take tne form: 

^«=0635 - 4,5«; 

n". 0,495-1,26«. 
The values of 7[t* calculated on the basis of tnese formulas, are given in 

the graph (Figure 67). 

From Figure 6? we see that the line 7)t*f(£ )of the nozzle with 

S ■ 0.02 runa more steeply than of the nozzle with 8 » 0.10, that la, 
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th* noxsl* I, having a smaller degree of expansion, ia more sensitive to 

change of €• 

0 ofil ¢3 $5 0,03 0/1 

vj U vr .ft. ^ -- C U 1 

values for the degree of expansion Ò in the nozzle. 

The dependency shown here of on the paraaeters of the operation of 

the engine proves the necessity of a careful selection of the degree of exian- 

sion of the nozzle, if the parameters of the operation of the engine (consump¬ 

tion, altitude of operation) are to be variable. 

Nozzles with a small degree of expansion 8 » that is, with a large ratio 

. are acre sensitive to changes in the conditions of operation of the en- 
t r* 
gines, and the selection of the dimensions of such nozzles in accordance with 

the conditions of operation must be done more carefully. Since the period of 

operation under the different operating conditions of thrust and altitude de¬ 

pends chiefly on the flight trajectory of the given jet aircraft, the selection 

of the dimensions of a constant nozzle can be done only for the actual jet 

aircraft. 

SECTION 23. REGULATION OF THE NOZZLE OF TriZ LIwUID-FUEL ROCKET ENGINE 

We pointed out earlier that the liquid-fuel rocket engine can easily pass 

into off-design operating conditions leading to a worsening of the utilization 

of energy in tho engine. Due to this, a problem arises concerning methods of 

regulating the nozzle of the engine so that it will operate at all times under 

design conditions, or at any rate, ao as to ensure an effective functioning of 

the nozzle that is as close as possible to the design operating conditions. 
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Various a.thods suet b. .»ployed for r.eul.ting th. not,), i» c... of a 

chango la altitud, or a Chang, in th. thrust of th. «gin. du. to a «hang. In 

the futl consumption. 

PafTulstion of the Nozzle with s Chanos in Altitude. 

If an .nglne op.rat.s with a constant fuel consuoution, but at different 

altitude.) regulation is United to the discharge section of the nonti, for 

th. purpos. of conserving at all altitudes . pressure on the nonti« section 

.qua! to th. pressure of the surrounding atnosphere. As th. engine gains al¬ 

titud., th. discharge section should be increased, ao.ever. such rcgul.tion 

of th. nonti, of the liquid-fuel rocket engine is extr.n.ly difficult, b.c.us. 

•1th th. high temperatures of the .all. of the nonti, it is difficult to ensur. 

th. «liable operation of the noting mechanical parts needed for changing the 

dimensions of the discharge section. 

It is much simpler to make a nozzle having two degrees of expansion, in 

accordance with the diagram given in Figure 6Ö. 

With operation at lo. altitud.», th. flow of gas is thrown out through 

a cylindrical insert with an are. of ^ '»ich insures . relatively 

.«all differential pressura, corresponding to th. high pressure in th. 

rounding nediun. As the engine with the insert gains in altitud., it -ill 

operate und.r conditions of continually increasing under-exr.n.ion, snd. finally, 

when this under-sxpansion becomes unfavorable, th, insert is thrown out and th. 

nettle begins to operate with th. total discharge section f“. The altitude at 

which it ia necessary to throw out the insert can easily be found if w. employ 

th. graph of th. dependence of the thermal efficiency on th. eltitude. With a 

given pre.au« in th. chamber, th, increase in altitude corresponds to th. de¬ 

crease of £ . The altitude at which the insert ehould be thrown out is de¬ 

termined by the altitude at which there is an int.re.ction of th. curves of 

th. Chang. Ht 'or ^ "S1"« 'Uh Uu ïalUeS °f ^ ^ corr'<,I,on<llni 

to fJ and • 
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Figur« 68. Diagram of the nozzle with the insert .insuring two degrees of 
expansion. 

1 — insert. 

Regulation of the liozzle when there is a Chanre in the Thrust of the 

Engine due to a Change in Consumption. 

An engine operating with a variable thrust at the same altitude of flight 

requires another method of regulation. The first problem in the regulation of 

ouch engines consists in maintaining a more or less constant pressure in the 

chamber because a considerable reduction of the pressure in it leads to a 

worsening of the combustion process and the possibility of the appearance of 

unstable combustion conditions and even a damping of the combustion xn the 

chaaber. 

2 líífls 

Figure 69. Diagram of the regulation of the area the. critical section by 
means of a profiled bullet. 

1 — the movable bullet; 2 — bullet seal. 

Thus, if an engine operates with a variable consumption of fuel, then, 

for the maintenance of a constant pressure in the chaaber, it is necessary to 

change the value of the throat area in accordance with the consumption. The 
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«hue. 1» th. throat ar« eaa b. a»d. by .«»• of a profil.d ballet lug ir 

th. no«le along tha a*ia of tha .ngln. (figar. 69)• 

If th. ragalating ball.t do., not r.aeh th. «haaat ..etion, .. ehang. 

only th. .ala. of th. throat ar.a and th. .xh.aat ..etion ren.m. «. before 

„ . r„ult ., .„ich th. d.gr.. of .xFan.ion in th. no«l. i. «bj.et.d to an 

abrapt flaetaatlon. With operation of th. engine at a «onnt.nt altitud., thi. 

l«ada to oY«r-öxpanfiion in the nozzle. 

Tha. .. no. have a ..eond probl.n, rarely, th. regulation of th. .ngln. 

noaal. in auch a -ay that .inultan.ou. to a ehang. in th. throat .re. there 

.ill al.o b. a ehang. in the .xhaa.t «etion. They ar. eh.ng.d in .ueh a -ay 

that the expanoion of the nozzle remains constant. 

For a ainultaneous ehange in th. throat «re. and th. .xhaa.t ..eUon of 

th. nozzl. it i. n.e....ry to xak. th. ball.t long« but .... in thi. inot.ne. 

it i. difficult to obtain a eon.tant ratio ^ by profiling th. bullet. 

To nak. a nozzl. «ith a throat are. that can b. r.gul.t.d 1. a T.ry 

eoupliented t«k b.eaas. nach of th. difficulty ari... out of th. n..d for 

int.nslr. coolin' of th. ball.t and it. control.. 7/h.n th. bull.t 1« thrust 

through th. head of th. ehnnb.r, it i. difficult to ...1 th. charter r.li- 

ably. 

At th. present tine th. r.gul.tlon of th. nozzle throat ar.a is don. by 

a.ing multi-chaobered engines. These .ngines have several conbustlon chaxb.r. 

ahlch can be «hat down .hen it is necessary to r.duce the thrust and fuel 

consumption. In «any aviation engine, th. t.o-cha.b.r design i. used. Th.r. 

„. UB0 60B, three- and feur-ch.r.ber engines. Th. enploym.nt of a larg. 

numb« of chambers, however, is difficult b.cau.. it result, in a compl.x 

design of th. .agine. In addition, with a larg. numb« of ch.mb.rs it i. dif¬ 

ficult to obtain «liable operation of the engine at th. moment th. combustion 

chaabara art cut on or cut off. 
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SECT 1011 24. CHARACTERISTICS CF THS LIQUID-FUEL ROCKET ENGINE 

By characteristic of any nachine «e understand the dependence of its 

operation index on the conditions under which it works. Usually there is a 

change in only one of its parameters. The other walues characterizing the 

operating conditions of the machine remain constant. 

For a liquid-fuel rocket engine the most important characteristics are 

those indicating the dependence of thrust, specific thrust, and pressure in 

the chamber on the fuel consumption with constant operational altitude and on 

the altitude with a constant consumption. 

Ih. d.p.ndsnc. of throat and specific thrust of the enSine cn the fuel 

consu.ption .ith a constant operational altitude is called consumption or 

throttle characteristics. 

The dependence of thrust and specific thrust of the engine on altitude 

with a constant fuel consumption is called the altitude characteristic. 

For the ideal engine this exhausts the list of possible characteristics, 

but in the real engine we can find certain characteristics, for example, the 

dependence of the above values (P; P-pi P¿) on the composition of the fuel, the 

type of head, etc. In addition, as a result of the difficulties involved in a 

precise determination and maintenance of a constant consumption ty engine 

teats, we often times take an alternate value, not the consumption but the 

value of the pressure in the chamber, which is proportional to consumption. 

Consumption Characteristics. 

The consumption (throttle) equation of a liquid-fuel rocket engine can 

be obtained from the equation for thrust if we assume that the velocity at 

the noszle section does not depend on the value of consumption. This assump¬ 

tion for the ideal engine is entirely justified. In the real en-rine the 

velocity of discharge may depend upon the consumption principally because of 

the change in pressure in the chamber and other factors connected with this 

change — the quality of atomization, tho dtgree of dissociation and other 
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less substantial causes* 

Under this assumption the formula for thrust (1.9) 

can be transformed by making use of the fact that 

(IV.30) 

, mdPt» ** • 
/-cr 

For the giver nozzle the pressure on its section is proportional to the 

gas flow rate 

^ /cr (IV.31) 

By substituting (IV.31) in (IV.30) and combining the coefficients in 

front of G, we obtain: 

. ) \t ftT ! ' (IV.32) 

The value enclosed in parentheses does not depend on the consumption per 

second, jusï as in the case of the product K,nc® the e<luation oi the 

characteristic has the form: 

PcsAG—B. \ (IV.33) 

This equation is the equation of a straight line the slope of which 

toward the axis of the abscissas is determined by the coefficient: 

where 

i for 

fl“ 8$ “ const 
'or 

+ /A (IV.31») 

The value A of the given fuel increases with the increase in the value of 

w- and the ratio -w* • 
? cr 
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This lins intersects the axis G a 0 at a distance f^Pg from the origin 

of the coordinates (Figure 70)« 

With a change in the nozzle, for example, with an increase in its expansion 

—2 , there is an increase in the value w. and also of ^ S * 60 that the c0" 

fCr J er 
efficient A increases and the line of the characteristics runs more steeply, 

cutting off on the axis G * 0 a large segment — f^Pg. 

Figure 70* Consumption characteristics Figure 71. Consumption cnaracteristics 
of a liquid-fuel rocket engine with of a liquid-fuel rocket engine operat- 
different degrees of expansion. ing at different altitudes. 

The consumption characteristics of an engine with a constant nozzle at 

different altitudes will represent a family of parallel atraight lines cutting 

off negative segments fjPg on axis G * 0. 

The consumption characteristic of an engine operating in a vacuum will 

pass through the origin of the coordinates (Figure 71). 

The consumption characteristic of the engine operating on the ground cuts 

off on axis G . 0 a segment f^ in which po is the pressure of the atmosphere 

on the ground. 

We should remember that the design formula which constitutes the basis of 

the equation for the consumption characteristic is valid within certain limits 

because with a considerable decrease in consumption, compared to the consump¬ 

tion at the design operating conditions of the engine, the nozzle will start 

to operate under conditions characterized by an internal shock and then the 

formulas employed will cease tw be valid. 

The consumption characteristics, as we pointed out, may be determined 

on the basis of the value of the pressure in the chamber. 
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Altitude Characteristic 

Tha altitude characteristic is described by the thrust equation in which 

the pressure of the surrounding medium will be variable, and consequently 

the engine thxust also varies with altitude. 

Since the change in the external conditions exercises no influence in the 

supersonic flow, the velocity of discharge w^ remains invariable and the only 

change in the thrust equation: 

p-a y+ft(Pi-pM) 

will be the value Pg. 

At high altitudes the thrust (and the specific thrust) moves to its upper 

limit, namely, thrust in a vacuum Pyaie« which is equal to: 

Pj^ç—Q-y + fiPy ¿**c * vacuum/^ 

The complete thrust can be represented in the form: 

P"Ptic (IV.35) 

On the other hand, the thrust at any altitude can be expressed by the 

thrust on the ground Fo, which is always measured on the test stands of the 

engine. For this purpose, in the thrust equation we add and subtract the 

member f,p , where P is the pressure of the atmosphere on the surface of the j o o 

earth. Then: 

U ~ + fiPi - fiPo + /i/>0 -- fiPH : 

mince the thrust on the ground will be equal to: 

P§-0 

the thrust equation will take the form: 

4 (IT.36) 
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Ttat equatlona (lV.35)»nd (IV.36) constitute two forms of the equation for al¬ 

titud# characteristic. 

Tha altitud# characteristic of the liquid-fuel rocket engine with a con¬ 

stant nozzle is shown in Figure 72. 

Th# difference between thrust on the ground and thrust in a vacuum is 

determined by the relue f^. This difference will increase with an increase 

in the exhaust section of the nozzle; that is, greater in engines having 

amaller & , all other conditions remaining the same. The numerical value of 

the change in thrust from the ground to a vacuum amounts to 10¾ to 20¾ of 

the thrust on the ground. 

It will be interesting to consider the behavior of the altitude character- 

iatica cf two engines differing only by a different degree of expansion & . 

Let us compare two such engines, tne second of which has a smaller decree of 

expansion than the first, and consequently a greater design altitude (H p>Hp). 

If all the other conditions remain unchanged; that is, fuel consumption and 

dimension of the throat area of the nozzle are the same for both engines, the 

discharge velocity of the second engine will be greater than that of the first. 

However, the characteristic equation does not allow us to draw a conclusion as 

to how the legs of the altitude characteristics of these engines will run at 

altitudes less than the design altitude because we do not know whether the in¬ 

crease in the static component of thrust of the second engine will be compen¬ 

sated by the increase in its kinetic component. 

For the solution of this problem let us consider Figure 73 ia which the 

ideal cycles of these engines have been represented. 

In the figure we can see that the second engine at altitudes less than 

the design will have a great loss of work due to over-expansion (for the second 

engine it is determined by the area of 3311^11¾ *or first, 33 d ). This 

same result can easily be obtained by considering the figure in which we have 

given the change from the value £ (see Figure 67). Thus the thrust of the 
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••cond engine on the ground will be lean than the thrust of the firat engine. 

Figure 72. Altitude characteristics of the liquid-fuel rocket engine with a 
constant nozzle. 

Figure 73. The ideal cycles of two liquid-fuel rocket engines, differing only 
by the values of the degree of expansion in the nozzle and operating at ui;fer¬ 

ont altitudes. 

In accordance with the statements made above, the characteristics of these 

engines run just as represented in Figure ?*♦. 

Ficure 74. The altitude characteristics of two engines with different values 
6 of the nozzle area ratio. 

1 — characteristic of the ideal engine capable of being regulated. 
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At rated altitudes each of the engines vill have toe raximum possible 
e 

thrust corresponding to the complete expansion of the combustion products. 

Through these points there «ill run the altitude characteristic of the ideal 

engine in which the nozzle is regulated so that the pressure on the section 

remains equal to the pressure in the surrounding medium. 

The characteristic of such an engine with an ideal nozzle capable of 

being regulated in shown in Figure ?4 by the broken line. 

If ve «ere able to change the discharge section of tue nozzle during the 

time of the flight of the rocket, for example, by the construction of an insert, 

then the altitude , at which it is necessary to change from one dis¬ 

charge section to another, would be determined by the point of intersection of 

the altitude characteristics in Figure 74. This point corresponds to the point 

of intersection of the line of change in Figure 6?. 

QUEST IONS Al.D PROBLEMS FOR REVIEW 

1. What is meant by a thermodynamic cycle? 

2. What are the processes which constitute the ideal cycle of a liquid- 

fuel rocket engine? 

3* What are the characteristics of the compression of fuel in a liquid- 

fuel rocket engine? 

4. Explain how the expansion process in a liquid-fuel rocket engine would 

take place with total combustion of the fuel in the chamber. 

5* What ia the ratio between the cycle output with recombination of the 

combustion products in the nozzle and without recombination of combustion 

products? 

6, Write the formula connecting specific thrust with cycle output and 

explain it. 

7* Into what parts should we divide the combustion process losses? How 

are they calculated? 

8« What coefficients account for losses in the nozsle? 
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coefficient and the impulse 9* What ia th* relation between the energy 

coefficient which corresponda to it? 

10» What losses are accounted for by the thermal coefficient of an ideal 

cycle? 

11, Derive tae equation for 

12, How does the specific thrust of an engine with a constant nozale 

change with a change in the altitude at which the engine operates? .«hat is 

the thrust of an engine equal to in a vacuum? 

13, How does the operation of an engine with a constant nozzle chaige 

with a change in the fuel consumption? 

14, In what instance is it necessary to regulate the nozzle by changing 

the value of the discharge section? 

15# In what case is it necessary to regulate the nozzle by changing the 

value of the throat area? How is such a change actually carried out? 

16. What do we call the engine consumption characteristic? 

17, What do we call the engine altitude characteristic? 

18. What are the dispositions of the consusition cnaracteristics of two 

engines having different degrees of nozzle expansion? 

19, What are the dispositions of the altitude cnaracteristics of t*o 

engines having different degrees of nozzle expansion? 

r-Ts-97*iA 213 



CHAPTER V 

LIQUID-FUEL ROCKET ENSINE PRORELIANT3 

Ae fuel we shall designate a substance (or a system of substances) possess¬ 

ing a supply of energy, a considerable part of which can be transformed in the 

combustion chamber, first into heat energy and then into the kinetic energy of 

the products discharged from the nozzle* 

At the present time, chemical px’Creliante, which possess a store of cleri¬ 

cal energy that is transformed into heat energy during a chemical reaction of 

the products formed from the propellants during such a reaction, are used ex¬ 

clusively in liquid-fuel rocket engines. The most extensively employed reac¬ 

tion, leading to a conversion of chemical energy into thermal and used in the 

liquid-fuel rocket engine, is the reaction of combustion, and the part of the 

liquid-fuel rocket engine in which this reaction takes place is usually called 

the combustion chamber. The products of reaction are called combustion products. 

Mt also employ in rocket engines fuels which liberate chemical energy in 

the procese of a decomposition reaction (for example, the reaction of decompo¬ 

sition of hydrogen peroxide). It is also conceivable that one night also employ 

fuels in which chemical energy is liberated and converted into thermal energy 

in a reaction recombination process, for example, the reaction of recombination 

of atomic substances into molecular. These reactions take place with the liber¬ 

ation of large quantities of heat. 

is a result of the unusually rapid development of atomic energy, we art 

considering ^he problem of employing atomic fuels in rocket engines; fuels 
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which, in the process of nuclear reactions, release nuclear energy which is 

then used in the coebustion chamber* 

Chemical fuels which liberate energy during coebustion usually consist of 

two substances or, as we call them, fuel components — the coebustible sub¬ 

stance and the oxidizer* 

We designate as a combustible a substance consisting in the main of com¬ 

bustible elements, oxidizable in the process of the combustion reaction. The 

oxidizer is the substance consisting in the main of the oxidizing elements, 

which are employed for the oxidation of the combustible. 

The majority of chenical fuels do not permit preliminary mixing of the 

components; they must go into the combustion chamber separately. Hence such 

fuels are called separately fed, two-component fuels. 

The components of certain fuels permit preliminary mixing. The previously 

mixed two-component fuel which is called a mono-fuel is then fed into the en¬ 

gine. 

There are, however, oonofuels of another type, consisting of one substance 

in the molecule of which there are both oxidizing and combustible elements. 

When such a fuel undergoes decomposition, these elements separate and 

'burn in the chamber of the engine. Such a fuel may be called a one-component 

or mono-fuel. The mono-fuels of the liquid-fuel rocket engine are similar to 

powder and are sometimes called "liquid powders." 

SECTION 25. REQUIREMENTS WHICH FUELS SHOULD MEET 

Tha construction of a liquid-fuel rocket engine depends a great deal on 

tha characteristics of the fuel it burns. For the employment of liquid-fuel 

rocket engines in rocket aircraft, the fuel should possess certain char- 

actaristics. First of all, the fuel should give to the rocket the required 

range and altitude of flight with a minimum weight, and should also ensure the 

reliable operation of the rocket under the most varied conditions. 

A« a result, the fuels for rocket engines must meet warious requirements. 
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for th« systtinization of theae requirenenta, they may be conveniently divided 

into the folicwing groupa: 

1* The baaic requireoent to be met by fuela for rochet engines, 

2» The constructional requirements. 

3* The operational requirements. 

The Baaic Requirements to be net by Fuela for Rocket Engines. 

The rochet engine should give the rochet the required range and altitude 

of flight. The range of the rocket (aa well as its altitude) depends upon its 

fina?, velocity u^, the velocity which the rocket haa at the moment the engine 

ceases to operate. The formula for the determination of the final veloci.y 

of the rocket in the sinpleat case, when we do not take into account the force 

of gravity and the resistance of the air, haa the form: 

2.303 «jig 
(V.l) 

where ia the initial masa of the rocket; M^, the final mass of the rocket. 

From formula (V.l) we can see that u^ is directly proportional to the 

velocity of discharge, that ia, to the specific thrust of the engine. Thus 

the first baaic requirement to be net by a fuel ia that during combustion in 

the engine it ensures the maximum possible epecific tv 'st. 

For an explanation of the second basic requirement to be met by a fuel 

for a rocket engine, let us consider the fact that: 

^const = construction^ 

«out PL fu.l ^ . 

and 

\ * ♦ “a’ 

where M .is the mass of the rocket construction; 
const 

the mase of the payload. 

With a given weight (or marj) of the payload, an increase in the ratio 
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M 
t which excrcisea an influence on the final velocity of the rocket» ia 

"k 
possible only by oeans of a reduction in the weight of the rocket» or, to be 

aore exact, by a reduction in the ratio of the weight of the rocket to the 

weight of the fuel placed in it. 

The building of a rocket with a small relative weight requires high 

quality in construction. But the relative weight of the rocket depends also 

on the characteristics of the fuel. If we employ fuel oî high specific weight, 

we can use fuel tanks of smaller capacity. Consequently the dimensions and 

relative weight of the rocket in this case will be less. Thus the second basic 

requirement for fuel is that its specific weight be as high as possible. 

Let us return now to the first basic requirement and consider in more de¬ 

tail the conditions under which it can be met. 

The specific thrust of a rocket engine, in accordance with formule (IV.10), 

is determined by the following: 

For obtaining large values of the specific thrust, in accordance with this 

formula, it is necessary to have fuel with a large supply of chemical energy, 

which is evaluated, as we know, by tue calorific value of the fuel E . Thus 

the first requirement for obtaining a high specific thrust is to have a fuel 

with high calorific value. 

Let us note that in conventional thermotechnical power plants, in which 

we employ as an oxidizer air taken from the atmosphere, the supply of chemical 

energy (or the calorific value) refers only to the weight of the combustible. 

In the rocket engine both the combustible and the oxidizer have the same 

value because both are placed on board the jet aircraft. Thus the supply of 

chemical energy in rocket fuels refers to the weight of all the fuel. 

Numerous recent calculations of specific thrust and also experiments in 

the employment of new fuels have shown, however,, that seating only the requiremen 
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for high colorific »olu. of the fuel, eren though it ia obligatory, .a atill 

tor from being eufficient to encore the oaximum spécifie thruat in the engine, 

Aa ohoen by equotion (IV.10), the «lue of the specific thrust is deter¬ 

minei by not only the colorific value but also the coefficients *nli ’Ht* 

depending, oa we shall see below, on the characteristics of the fuel. 

The dissociation of the combustion products takes place with a lose of 

thermal energy (the conversion of it into chemical energy), and this reduces 

tbs quantity of thermal energy liberated in the combustion chamber of the 

rocket engine* 

Even though a part of the energy expended in dissociation in the combustion 

chamber is returned and converted into thermal energy, duo to the reaction oi 

recombination in the nozzle (see page 3^9), this heat goes into tie *ork of 

expansion and generation of the kinetic energy of the combustion products, but 

is such less effective than the heat liberated i the combustion chamber. Thus 

for obtaining a high specific thrust, the combustxon products of the fuel should 

be stable against dissociation. 

Let us state sore precisely this second requirement for obtaining a 

high specific thrust. The degree of dissociation of the combustion products 

determining the coefficient ^dlai depends closely on the temperature. Also, 

especially in the range of high temperatures, the coefficient of dissociation 

decreases sharply with an increase in temperature. Thus, for a reduction in 

the losses resulting from dissociation of the combustion products it is neces¬ 

sary first of all to have the temperature T2 in the combustion chamber as low 

as possible. • 

Vt can express the value T2 simplest of all as: T2 * c^. 

We can easily see that with the same calorific value of the fuel Hu keal/k? 

that ia, wit», the same supply of energy in it, the temperature in the combustion 

chamber, and consequently also the dissociation of the combustion products will 

decreass with an increase in their thermal capacity, expressed in kcal/kg °C. 

\ 
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Fro« Chapter II we know that the the**»«! capacity of the combustion pro¬ 

ducts having the same number of atoms in a molecule, referred to 1 gram-mole, 

changes within rather narrow limits. 

For a conversion of the thermal capacity of the combustion products from 

kcml/g-mole °C to kcal/k« °C, we make use of a ratio analogous to (11.21): 

Cp kcal/kg °C * Cp kcal/g-mole C -»^7- . 

From this we can see that the decrease in the molecular weight of the 

combustion products will lead to an increase in their thermal capacity weight 

and to a decrease in the combustion temperature. Consequently, for obtaining 

low temperatures in the chamber with the large supply of energy which the fuel 

has, its combustion products must have as small a molecular weight as possible. 

In addition, since the gas constart R is connected with tne molecular 

weight by the ratio R■ 2 , the value of the gas constant will increase with 

a decrease in the molecular weight of the combustion products. Hence we may 

also say that the combustion products of rocket fuels should possess as large 

a gas constant as possible. 

Sometimes this is forrulated in a different way. For the combustion 

products the equation of state has the form 

pv « RT 

or 

(1.2) 

that is, we see that with an unchanging pressure p and temperature Í the 

value of the specific volume of the combustion products is proportional to 

the gas constant R. 

The value of the specific volume v of the fuel combustion products under 

normal conditions (p * 1 physical atmosphere, T * 293° absolute) is called 

gasification and is designated by It is usually expressed in normal liters 

per & (n.i/kg). The larger the gas constant, the larger of course the 
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4 
4 

9 

gasification. 

In ordtr to obtain low temperatures and a reduction in the intensity of 

dissociation in the combustion checker, it is necessary that the combustion 

products of rocket fuels possess the caximum thermal weicht capacity. In prin¬ 

ciple, this will be obtained if the combustion products have either a small 

aolecular weight or a large value for the gas constant R, or a large value for 

gasification V • The last three characteristics of the comburtion prouucts 

are entirely analogous and in the evaluation of fuels they can readily replace 

each other. 

It is necessary to note that a more precise requirecent for obtaining low 

temperatures in the combustion chamber; and, consequently, also reduced losses 

in the combustion chamber due to dissociation, is precisely a high-thermal 

weight capacity of the combustion products but not a small molecular weight. 

As we can see, for example, from the data of Table 3 pertaining to com¬ 

bustion of the fuels, oxygen plus hydrogen and oxygen plus fluorine, in spite 

of the approximately equal molecular weight 1^0 ®nd HF, the thermal weight 

capacity of the latter is less, and as a-result the temperature of the com¬ 

bustion of fluorine fuel plus hydrogen is much higher even though the store 

of chemical energy in both fuels is the same. 

Let us show how the thermal weight capacity (or the molecular weight of 

the combustion products) influences the quality of the rocket fuel by using 

the data for the combustion of two fuels in tne rocket engine: hydrogen plus 

oxygen and carbon plus oxygen. 

The data for these fuels and their combustion, with and without taking 

into account the dissociation, are given in Table 3. 

The thermal weight capacity of non-dissociated combustion products of the 

first fuel (H20; * 18) was more than two times greater than for the second 

fuel (C02; ¿i ■ W. On the basis of the aolecular weights we also find the 

waluea of R and ? of the combustion products of these fuels, calculated 
& 
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without taking into account dieaociation. The influence of dissociation re¬ 

duces somewhat the difference in the molecular weights of the c ambustión pro¬ 

ducts but it still remains considerable. 

In considering the data given in Table 3, it is easy to see that even 

though the fuel hydrogen plus oxygen has a calorific value of Hu 1.5 times 

greater than the fuel carbon plus oxygen, the combustion temperature of the 

first fuel of 3450 is less than the combustion temperature of the second fuel. 

As a result, the heat losses due to dissociation when based on the 

absolute value of the first fuel,are less than for the second (865 as compared 

to 935 kilo-cal). The difference in the relative heat loss by dissociation is 

particularly noticeable. The loss is equal to 1 - *0^ f°r tke fuel of 

hydrogen plus oxygen it constitutes 27% of For the fuel of carbon plus 

oxygen it constitutes 44%, .‘s a result, the liberation of heat in the chamber 

H It,, for the second fuel is almost one-half of that for tne first. Thus 

the specific thrust with expansion from 100 to 1 atmosphere 100:1 in the 

first case is much greater than in the second. Hence from this example we can 

see clearly the superiority of a fuel with a high thermal weight cap¿city (or 

•with a small molecular weight) of the combustion products. 

A factor exerting an influence on the degree of dissociation of the com¬ 

bustion products is the number of atoas in the molecule. As theory and calcu¬ 

lations show, the molecules of tne combustion products with a small number of 

atoms (for example, diatomic) are much more resistant to dissociation than 

molecules with a large number of atoms (for example, triatomic). 

The combustion of hydrogen with oxygen and fluorine (see Table 3) can be 

given as an example. In the first case chiefly a triatomic molecule H2O is 

formed, but in the second a diatomic molecule HF. In spite of the such higher 

temperature of combustion of the fuel fluorine plus hydrogen (4,980 in compari¬ 

son with 3,6500 absolute), the losses in its dissociation are approximately the 

same as for fuel consisting of oxygen plus hydrogen (29.6 and 27%). 
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1 
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hydrogen 

3.210 HF 20 0.350 42.4 1,230 4,980 18.0 47.0 950 0.704 '2,260 
1 

_ 

411 

Thus the second requirement for obtaining a high specific thrust» namely, 

small losses due to dissociation of the combustion products is met when the 
« 

fuel combustion products have a large thermal weight capacity and a str.alx 

number of atoms in the molecule. 

The third requirement for obtaining a high specific thrust in a liquid- 

fuel rocket engine is that the expansion process take place smoothly. The 

quality of this process is determined in the main by the value of thermal 

efficiency 

is we can see from Table 3« the gases having a small number of atoms 

in the molecules, especially at high temperatures which are characteristic 

of liquid-fuel rocket engine combustion chambers, have large values of the 

adiabatic index k. This in its turn, as follows from the graph showing the 

changes in the thermal efficiency given in Figure 63, makes possible (with 

the given value of the pressure differential) s more complete conversion of 

thermal energy into work of expansion. Consequently, with the same supply of 

thsrmal energy in the combustion products the specific thrust of the fuel having 
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« combustion product with a acall number of atoms in the molecule, in accordance 

with formula (IV.10), will be large. 

In addition to the above-considered influence of the number of atoms in 

a molecule, a great influence is exerted on the character of the process of 

expansion by the physical state of the combustion products in the combustion 

chamber of the rocket engine. 

The expansion process leading to a rapid conversion of thermal energy 

into mechanical work, takes place only in gases. 

The employment of the thermal energy of liquid and solid substances and 

tne conversion of thermal energy into work of expansion is possible only by 

the giving off of this energy by the expanding gas. However, the heat exchange 

processes necessary for this method of ising of thermal energy take place much 

slower. Thus the best physical state of the combustion products in the combus¬ 

tion chamber and in the nozzle is the gaseous state. At any rate, at least a 

portion of the combustion products in the engine should be in a gaseous state 

without which an expansion process would be entirely impossible. Thus we can 

meet the third requirement for obtaining a large specific thrust when the com¬ 

bustion products (or in the worst case at least a part of them) have a rel¬ 

atively low boiling point — lower than the minimum temperature of the com¬ 

bustion produc-s in the chamber engine. 

The small losses due to dissociation and the favorable couiae of the ex¬ 

pansion process in the chamber of the rocket engine, as we saw above, are 
i 

obtained in this case if the combustion products of the fuel have definite 

characteristics. These characteristics (small molecular weight, a small number 

of atoms in the molecule, and low boiling point) may be called thermodynamic 

characteristics of the combustion products. The influence of the latter upon 

the increase of specific thrust is at least equal to that of the value of a 

large etore of chemical energy in the fuel. 

Thus we can finally, formulate the basic requirements to be set by 
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fatia, namely,' « lerje eupply of chemical enerf^, «ood theroodynamic * 

characteristics of the combustion products, and a high specific weight« 

It should be mentioned that the deterrination of the degree of suitability 

of a given rocket fuel is very difficult, especially because of tne fact that 

the specific thrust and the specific weight of the fuel exercise a different 

kind of influence upon the final velocity of the rocket. Sometines, for esti¬ 

mating the joint influence on the character of the fuel of the calorific value 

and the specific weight, we employ the value of their product 

K'-Hj, kilnoal/*# : Ute/ 
w 

where is the specific weight of the fuel. 

We call the value K the tnermal density*. In its physical sense it re¬ 

presents a concentration of energy in a liter volume of the tanks. Since the 

calorific value is still far from characterizing the specific thrust, it will 

be more logical to regard as a parameter that can be calculated the product 

P* « P* y kg-secA# which in a physical sense represents the impulse 

present in a unit volume of fuel taken from the tanks. However, even this 

value is poorly suited for the definitive evaluation of the fuel, and all the 

■ore so since the values of specific thrust and of specific weight have a wide¬ 

ly different effect upon the characteristics of rockets for different purposes 

(long range, short range, antiaircraft, etc). We can also say that other more 

complicated combined methods of rating the parameters have not been used to 

any great extent. In important cases preference has been given to direct bal- 

Hgtic calculations of the more important output parameters of rockets (for 

example, range or altitude of flight) with different fuels for the purpose of 

finding out the best fuel for the given conditions. This method gives ' 

■ore precise results, but it is very cumbersome and is not lacking in weak¬ 

nesses, especially in view of the fact that in ballistic calculations it is 

^ Q. r. Knorre. Topochnyve protseasy Combustion processe«^, Oosenerxoizdet, 1951« 
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ntcteeary to take approximate taluee of many parameters as, for example, the 

▼alue of the weight of the warioue aaaembliee of the rocket and the engine 

which could not be calculated theoretically beforehand. 

Constructional Requirements to be met by Fu^js. 

In addition to the basic requirements listed above, the components of 

fuels for liquid-fuel rocket engines must meet a number of requirements neces¬ 

sary for the simplification of construction and the assurance of reliable 

operation of the engine» Let us list the most important of them. 

1. Requirements rising out of the need to cool the engine. 

In order to insure a reliable cooling of the engine at least one of the 

fuel components must have the following characteristics: 

a) A high boiling point tboil °C /boil * boiling point/. 

b) A high value for the thermal capacity c kilo-calAg °C. 

In meeting these requirements there is an increase in the amount of beat 

which must be received before one kilogram of component begins to boil. This 

quantity of heat is called the tneraal receptivity of the fuel component and 

is equal to c (t. .,, ■ t ), where t is the temperature of the component on 
n boil o o 

entering the cooling jacket of the engine. 

In addition, the component employed for cooling should not decompose 

when overheated or produce any carbon deposit because otherwise there 

be a deterioration of the conditions for heat transfer to the liquid and 

the walls of the chamber and nozzle may burn oat. 

2) Requirements resulting from the system by which the components are 

mixed and fed into the chamber. 

a) The viscosity of the components should be as low as possible because 

in this case thare is a decrease in the hydraulic resistance of the injection 

system and less energy is required for injection. 

bX The change in the viscosity of the components with the temperature 

should be a minimum and if possible the same for both components. 
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An increase in the Tiscosity (thickening; of the cooponente at low tempera 

tures is particularly undesirable. 

■hen we neet thie requirement, we improte the operation of the engine in¬ 

jection system and ensure the operation of the engine under different ; 

temperature conditions; 

c) The rolumetric flow rates of both componente should be ae close as 

possible to each other. In this case the number of injectors of combustibles 

and oxidizers is approximately the same making possible a more uniform distri¬ 

bution of the fuel components; that is, facilitating the mixing arrangement In 

the engine. (See Chapter VIII.) 

3. Requirements resulting from the ignition and combustion systems: 

a) In order to ensure rapid combustion in the chamber o? the rocket 

engine, the fuel should burn quickly. At the same tine, a high rate of fuel 

combustion should not lead to an explosive type combustion — the so-called 

detonation — because this would destroy the engine. In addition, the fuel 

should not cause a vibration type combustion in the chamber of the rocket 

engine, that is, combustion during which the pressure in the chamber changes 

periodically (see below, Chapter VIII); 

b) Thw fuel of the liquid-fuel rocket engine may be hypergplic, ¿hat 

is, igniting upon contact and hypergolic, that is, requiring mi-out-r 

side source of ignition. 

The needs of these two types of fuel are somewhat different. 

For non-hypergolie fuels the following are-necessary: a short period 

of delay in ignition, that is, a short pause from the moment of application of 

Ignition up to the actual ignition; and as low an ignition temperature as 

posaible. 

For hiporfolio fuels: a short delay in self-ignition, that is, a 

short period of time from the moment of contact of the liquid components until 

they are self-ignited. 
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The satisfaction of this requireoent takes starting the engine easiert 

and preventing the accunulation of well prepared mixtures of fuel components 

in the combustion char.ber capable of causing an explosion. 

Operating Requirements to Be Met by Fuels. 

The conditions of operation of the liquid-fuel rocket engine also require 

that the fuel components meet a number of requirements: 

The main requirements are enumerated bslow: 

1. Chemical and physical stability of the components, making it possible 

% » - 

to store them for a loig time without any special precautions. 

2. The absence of the danger of explosion. 

It is precisely because of the great danger of explosion that mono¬ 

component fuels have not been used very mucn up to the present tire in liquid- 

fuel rocket engines. 

3. The absence of poisonous characteristics. The employment of fuels 

in engines which have a harmful effect upon the human organism greatly com- 

plicates the operation of the liquid-fuel rocket engine. When we employ 

poisonous components, we must have strict observance of all the rules for 

Safety techniques because the least failure to observe tnese rules could lead 

to serious consequences. 

4. Weakening effects on construction materials. The use of corrosive co-po- 

nente in liquid-fuel rocket engines makes necessary the employment of costly 

materials and metals not subject to corrosion. This greatly increases the 

cost of the entire power plant. In addition, the employment of corrosive com¬ 

ponents creates additional difficulties in transporting and storing them. ■ . 

5« Low freezing point and high boiling point, facilitating storage 

without special measures as well as employment of the rocket and the fuel in 

the necessary range of temperatures of the surrounding medium. 

In addition, the fuel components should be cheap; their manufacture should 

be based on abundant raw materials and an adequate industrial base. 
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Kb «• can see, fuel* and their components must meet numerous and varied 

requirements. «• have not yet succeeded in producing components which will 

meet simultaneously and in a satisfactory manner all the requirements, even 

though in an effort to do this many research workers have conducted analyses 

of almost all the elements of the periodic system of Kendeleev and a consider¬ 

able number of their compounds with a view to the possibility of their employ¬ 

ment as fuels or oxidizers in rocket engines. 

In present-day rocket engineo we employ oxyren oxidizers exclusively in 

combination with hydrocarbon and partly with nitro-hydrogen combustibles. 

As oxygen oxidizers we employ, in addition to liquid oxyren, substances 

which are liquids at normal temperatures in which oxygen is combined by means 

of nitrogen and sometimes also by means of hydrogen and carbon. 

By hydrocarbon combustibles we shall understand not only substances con¬ 

sisting exclusively of C «nd H but also substances in which there are a rela¬ 

tively small number of other elements (in the main, N and 0). The designation 

nitro-hydrogen combustible has a similar meaning. Hence present-day rocket 

•agine fuels consist of practically only four elements: hydrogen H, carbon C, 

oxygen 0, and nitrogen N. In the future we may expect the employment of flu¬ 

orine as an oxidizer, or its oxi.e compound monoxide of fluorine 0 F2. Then 

it will be necessary to take into account the presence in the fuel if a fifth 

•lament, fluorine, and the presence of an oxidizer consisting of two oxidizing 

elements. 

SECTION 26. THERMO-CHEMICAL CHARACTERISTICS CF THE FUEL, 0XI0IZER, AND '1 

PROPELLANT 

For calculation of the operating process of a li< aid-fuel rocket engine, it 

im necessary to know a number of values characterizing the fuel going into the 

engine. Among these values are the weight composition of the fuel and the 

•tore of chemical and thermal eaergy in the fuel - the so-called thermo-chemi¬ 

cal characteristics. 
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The therao-chefflical characteristics of fuel in their turn are deternined 

by the thermocbemical characteristics of the combustible and the oxidizer. 

Thua the calculation of the thermodynamic characteristics of a fuel must begin 

•ith a calculation of these ralues for the combustible and the oxidizer. 

The Weight Composition of the Combustible and the Oxidizer. 

We will define the composition of the combustible and the oxidizer in 

•eight proportions of the given element. 

Let us define the »eight proportion of an i-element in the combustible or 

oxidizer by g^. For a given element, we shall define the »eight proportions 

•ith the symbol of the element and an index indicating precisely »hat compo¬ 

nents make up the content of this element. For example, H and H are the 
g o 

•eight proportions of hydrogen in the combustible and oxidizer respectively. 

We should note that the total of the weight proportions for all the elements 

existing in the component is equal to one 

I*/«1- 
i (T.3) 

This ratio should be used for checking calculations. 

To determine the weigh: composition of a combustible and the oxidizer it 

is necessary to recognize two facts. 

If the combustible or the oxidizer is a separate chemical substance, then, 

to calculate the weighc proportions of tne corresponding elements in the given 

compound we use the formula 

gi 
Á¡zj A ['• i 

— cm 

I Alt! I* (V.4) 

•here g^ is the »eight proportion of the i-element; 

the atomic weight of the i-element; 

s^, the number of atoms of the i-element in the molecule of the separate 

chemical substance; 

• the molecular «eight of a given compound. 
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The therao~cheaical characteristics of fuel in their turn are deternined 

by the theraocheaical characteristics of the coebustible and the oxidizer. 

Thus the calculation of the tneroodynamic characteristics of a fuel must begin 

with a calculation of these values for the combustible and tne oxidizer. 

The Weight C taposition of the Combustible and the Oxidizer. 

We *111 define the composition of the combustible and the oxidizer in 

«eight proportions of tne given element. 

Let us define the weight proportion of an i-element in the combustible or 

oxidizer by g^. For a given element, we shall define the weight proportions 

with the symbol of the element and an index indicating precisely what compo¬ 

nents make up the content of this element. For example, H and H are the 

weight proportions of hydrogen in the combustible and oxidizer respectively. 

We should note that the total of the weight proportions for all the elements 

existing in the component is equal to one 

I (V.3) 

This ratio should be used for checking calculations. 

To determine the weigh: composition of a combustible and the oxidizer it 

is necessary to recognize two facts. 

If the combustible or tne oxidi er is a separate chemical substance, then, 

to calculate the weighs proportions of tne corresponding elements in the given 

compound we use the formula 

Ki 
A;zi 

ï Ai*i 

A¡s¡ 

(V.4) 

where g^ is the weight proportion of the i-elenent; 

the atomic weight of the i-element; 

s^f the number of atoms of the i-element in the molecule of the separate 

chemical substance; 

®°ltcul*r weight of a given compound. 
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The therao-chemicel charecterietice of fuel in their turn are determined 

by the thermochemical characteristica of the combustible and the oxidizer. 

Thus the calculation of the thermodynamic characteristics of a fuel must begin 

with a calculation of these values for the combustible and tne oxidizer. 

The Weight Composition of the Combustible and the Oxidizer. 

We will define the composition of the combustible and the oxidizer in 

weight proportions of tne given element. 

Let us define the weight proportion of an i-elenent in the combustible or 

oxidizer by g^. For a given element, we shall define the weight proportions 

with the symbol of tne element and an index indicating precisely what compo¬ 

nents make up the content of this element. For example, H and Ho are the 

weight proportions of hydrogen in the combustible and oxidizer respectively. 

We should note that the total of the weight proportions for all the elements 

existing in the component is equal to one 

(V.3) 

This ratio should be used for checking calculations. 

To determine the weigh: composition of a combustible and the oxidizer it 

is necessary to recognize two facts. 

If the combustible or the oxidizer is a separate chemical substance, then, 

to calculate the weigh*, proportions of tne corresponding elements in the given 

compound we use the formula 

Api A;z¡ 
Am 

(V.4) 

where g^ is the weight proportion of the i-element; 

A^f the atomic weight of the i-element; 

s^, the number of atoms of the i-element in the molecule of the separate 

chemical substance; 

tZ. , the molecular weight of a giren compound 
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If a given eoabustible or oxidizer is a nixture of different separate 

chemical substancest their elementary weight composition may be computed either 

on the basis of a conventional chemical formula sometimes cited fo' multi- 

component mixtures. These mixtures consist of a large number of individual 

substances (for example, kerosene), based on a ratio (V.4) already given or 

baaed on the weight proportion of a given separate substar.ee entering into 

the composition of the combustible or the oxidizer. 

In the latter instance the calculation is made according to trie formula 

V 
(V.5) 

where g. is the weight proportion of the i-element in tne fuel or oxidizer; 

g^, the weight proportion of the k-compoaent (of the individual caet.ical 

substance) in the combustible or oxidizer; 

g^, the weight proportion of the i-element in the k-component; it is 

calculated by formula (V.4). 

Example 1. To calculate the elementary composition of a combustible con¬ 

sisting of 60½ trimethylamine (CH^)^ N and 40¾ xylidine (CH 

Solution: 

According to formula (V.4) we find the weight composition of trimethylo- 

aine and xylidine. 

For trimethylamine: 

12 * 3+1 /9*14* 1-59. 

According to formula (V.4), the weight pr sortions of C, H, and N of tri- 

aethylamine are equal respectively to: 

H~---0,153; 

N - - 0.237. 
59 
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For xylidine 

«XI M X 11 + 14 >: I - »I- 

Based on the formula (V.4) we determine the weight proportions of the 

•lemente in xylidine 

N-0.116. 

Knowing the weight proportions of the elements of each of the constituent 

components and knowing the proportion of each component gk, based on formula 

(V.5) »« tind\ 

CeOBfc -0.6 • 0.61+0.4 • 0.793 - 0.683; 

Hconto “0>6 • 0l53+04 • ^091 “0I28; 

Nooxb-0-60237^40"6“0'89 

Proof: We prove this by formula (V.3)» In applying this formula to our 

combustible; 

^comb ^ ^omb ^ ^coni) 1 

After substitution: 

-0,683 + 0,128 + 0,189- 1,000. 
I 

The composition of the combustible was determined correctly# 

Example 2# To calculate the elementary composition of the oxidizer of 

pure monoxide of fluorine 0F2# 

Solution: 

The molecular weight of monoxide of fluorine 

l + N 2-M. r 
/ 7 
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Th« »«ight proportions of 0o »nd F0 in accordance fcith formula (V.4) 

amount to; 

« 16 1 -19 2 
O,- —-0.295; F, « ~ - 0,705. 

“ M 

V« do the proof with formula (V.5) 

- 0,+P, « 0.295+0.705 - 1.000, 

The composition of the oxidizer *as determined correctly. 

In certain fuels and oxidizers it is possible to have as ballast some 

additional substances most often water (for example, water added to nitric 

acid, hydrogen peroxide or alcohol). For all subsequent calculations it will 

be expedient at the sane time to take into account the elements forming the 

ballast by introducing them in the weight proportions of the corresponding 

components. In the usual calculations, an insignificant content of some ele¬ 

ments in the fuel excepting the basic ones (for example, iron or sulfur in 

earious nitric acid oxidizers, copper in combustibles for engines based on 

hydrogen peroxide, etc.), is disregarded. 

Example 3. To calculate the weight composition of an oxidizer containing 

96¾ HNOj and 4¾ H20. 

Solution: 

Let us determine the weight composition of HHO^ by formula (V.4) 

, Fhso, — 2¡ Ajt — I • 1 -f 14* 1 -f 16*3 — 63. 

1 -0.0'6; H 
63 

« 16-3 
0--^-MW; 

14 Í 
4 > f ” 'ö * °*222 

Let us determine the weight composition of water by formula (V.4) 

1 141,0 — £ Aiti *= 1 -2 + |6* I — 18; 

! i 
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L«t us dsterainc the weight composition of the oxidizer by formula (V«5) 

% «•-o.r.e.o.ois+ooi-0.11-0.020. 
‘ 0.-0.96-0.762+0.04-0.8*-0.767, ' 

, - ' N.-0,96-0^22-0.213. 

Proof: Formula (V.3) for proving in the instance of a given oxidizer 

has the form: 

H.+0.+N.-0.020 +0.767+0.213 -1.000. 

The composition of the oxidizer «as determined correctly. 

The Quantity of Cxidlzer Theoretically Required. 

On the basis of the known weight composition of combustible and oxidizer, 

we can calculate the minimum quantity of oxidizer needed for a complete oxida¬ 

tion of one kilogram of combustible. This value is called the theoretical 

quantity of oxidizer required and is designated by For correct use of 

a method of calculating this value, let us consider the reaction of total oxi¬ 

dation of the combustible elements. 

The formula for the total oxidation reaction of carbon has the form; 

C+Oa=COa. 
(V.6) 

Let us write now the quantitative ratio determining the given reaction. 

From the reaction formula written, we can determine at once that for the 

oxidation of 1 kg-atom of carbon into the total combustion product — cnrbon 

» 

dioxide gas CO^ — it is necessary to expend 1 kg-mole of oxygen. 

1 kg-atom C ♦ 1 kg-mole 0¿ = 1 kg/moi^ C0¿ 

Passing now to the weight units and ta’d.nu into account the fact that 1 

kg -atom of carbon C weighs 12 kg, and a kg-mole cf oxygen weighs 32 kg, 

we obtain 

12 kg C ♦ 32 kg 02 . 44 kg C02 

(V.7) 
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L«t us now calculate the weight ratios between the elements if there is 

participation in the reaction not of 12 kg of carbon but 1 kg. For this pur¬ 

pose we should divide the equation (7.7) by 12. As a result we obtain 

1 k« C . f kg 02 . kg C02 (t<8) 

Since in the combustible there is not 1 kg of carbon but Ccon^ ¿comb 

combustible7 of it, then for 1 kg of combustible the equation for carbon com¬ 

bustion takes on the form: 

Cco«b k* C * 3 Ccomb °2 s T Ccomb kg C02 9) 

Consequently, for the combustion of CcoBb kilograms of carbon contained 

g 
in 1 kg of combustible we need ^ ^comb oxy£en« 

In a similar manner we can write also the total oxidation reaction of 

another fuel element, namely, hydrogen 

2H, + 0, — 2H,0; 

2 kg/mole H,+ 1 kg/mole 0,« 2 kg/mole HjO; 

4 kg H, + 32kg 0, = 36 kg H.O; 

1 kg H,+ 8kg 0,= 9 kg H,0; 

8 ^omb^K 0,= 9 HçQnb (v.10) 
t 

ik 

Hence, it follows that for total oxidation of Hcoab kilograms of hydrogen 

it is necessary to have 8 8C0B^ kilograms of oxygen. 

In computing the quantity of oxygen necessary for the complete oxidation 

of 1 kg of combustible consisting of carbon, hydrogen, nitrogen, and oxygen, 

we must also takr into account the oxygen contained in the combustible itself. 

We must "Iso bear In mind that nitrogen does not participate at all in the oxi¬ 

dation reaction. Then, to 1 kg of combustible we must supply from the oxidizer 
I 

the following number of kilograms of oxygen: 

Ie comb * ^ ®comb ^comb (V.ll) 
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Let us now estimate the quantity of oxy^n in the oxidizer which can be 

used for burning the combustible. To generalize, let us suppose that in the 

composition of the oxidizer there is also some hydrogen, nitrogen, and carbon 

in addition to the oxycen, because this eery often happens in actual practice. 

The quantity of oxy-en in 1 kg oJ oxidizer is determined by the weight 

proportion of <>o oxygen in the oxidizer, but from it we must subtract the 

oxygen required for the oxidation of the hydrogen and the carbon contained in 

the oxidizer. This quantity of oxygen is determined just as is the oxygen 

necessary for the oxidation of the carbon and hydrogen in the combustible. 

Thus the quantity of oxygen necessary for oxidation of carbon in the oxidizer 

amounts to 

and for oxidation of the hydrogen in the oxidizer the quantity necessary is 

p 

1 7 - ‘ 

Thus the quantity of free oxygen in 1 kg of oxidizer amounts to 

O.-'c.-811,, 
(V.12) 

Let us further detarmine the minimum number of kilograms of oxidizer 

necessary for complete oxidation of 1 kg of combustible, that is, the value 

of . 0 g 
Since for the oxidation of 1 kg of combustible we need ^ CcoBb ♦ 8 HC0Bb - 

8 
0 v of oxygen, and in 1 kg of oxidizer there are 0 - *t C • ® kiloSraaB 
cono + 

of free oxygen; then, for the total oxidation of 1 kg of combustible we need 

8 n 
5 c comb * ^ ®comb ^comb 

0.-1 c0 - 8 H. 
kilograms of oxidizer^. 

1 A.P. Vanichev and G.F. Knorre, Obobshchennyy Raschetnye Formuly Gazoyogo Ana- 

lisa ^Generalized Calculation Formulas for Gas Analysis/, Izd. BNT, 19^6. 

F-TS-9741A 235 



This is the anouut of oxidizer theoretically required 

Bence« 

8 
3 ^co»b * ® ^coob ” Jconb 

0. - f =0 - « H# (V.1J, 

Example 4. To determine the theoretical required amount of oxidizer* of 

96¾ BNOj (96¾ HNOj ♦ 4¾ H20) for burning kerosene with a composition 

Ccomb * °-86î Hco»b * 0-13î °co»b * 0*01 

Solution: 

We take the composition for the oxidizer from Example 3» 

Ho • 0.020; 0o * 0.767; No * 0.213 

The theoretical required amount of oxidizer amounts to 

£ 
3 

*0 “ 

0,86 + 8 0.13-0.01 

0.767 - 8 0”020 
-3,23 - 5,45 kg HNOj kg kerosene 

Hence, for complete combustion of 1 kg of kerosene, the minimum necessary 

is 5.45 kg of 96¾ nitric acid. 

• To determine the theoretical required amount of oxidizer, if the oxidizing 

element is fluorine, we apply the same method used above. Let us consider 

the application of this method to a given case in the following example. 

Example 5. To calculate the theoretical required amount of oxidizer — 

pure fluorine for burning with the combustible dir.ethylhydrazine (CH^) N^. 

Solution: 

Since diraethylhydrazine contains carbon and hydrogen as combustible ele- 

aents (nitrogen does not participate in the combustion process), then for the 

determination of the number of kilograms F necessary for the oxidation of 1 kg 

C and H, the equation for complete combustion of C and H with fluorine must be 

used; 
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C + 2F|-CP« 

Ikf/molC + 2 4/bo1 F -1 kg/no1 CP«: 

l2kgC-f 76kgP - 88 kg CP*; 

I kg C+e.33P-7.33kg CP*; 

H*+ P«“ 2HP; 

Ikg/molH + » kg/mol P - 2 kg/ool HP; 

2kgH + 38kgP-«JtgHP; 

1 kg H + 19 kg P - » kg HP. 

From the combustion equation it follows that for 1 kg of carbon we need 

6.33 of fluorine for complete combustion and for 1 kg of hydrogen, 19 kg. 

Diaethylhydrazine has the following weight composition; 

Cc..b * O-400' Heo»b 3 "comb = °-466 

Thus in the oxidation of 1 kg of combustible with pure fluorine, bearing in 

mind that nitrogen does not participate in the reaction, the theoretical re¬ 

quired amount of this oxidizer ;'0 amounts to V0 * 6.33 CC0Bb ♦ 19 Hcomb * 

6.33 • 0.400 ♦ 19 • 0.134 * 2.53 ♦ 2.55 * 5.08 kg of fluorineAg dimethyl- 
I 

hydrazine. 

If ve employ oxidizers composed of two oxidizing elements in the fuels of 

rocket engines (for example, monoxide of fluorine), the concept of the theore¬ 

tical required amount of oxidizer is not so precise as in the examples con¬ 

sidered above. The fact is that in this case it is necessary to adopt a)ce 

method of expending the oxidizing elements in the oxidation of the combustible 

elements. Usually it is assumed that fluorine has a greater affinity for hydro¬ 

gen, and is thus expended first in oxidation. The residue of fluorine (if it 

is present) and oxygen of monoxides is used for the oxidation of carbon. How¬ 

ever, this assumption is not always correct, and the selection of the ratio 

between the combustible and the oxidizer in such a fuel is at first by approxi- 

nation only. 
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Coefficient of Excess Oxiditer» 

During the operation of a liquid-fuel rocket engine an exact ratio of the 

quantity of oxidizer to the quantity of combustible injected is not always main¬ 

tained» For each kilogram of combustible injected, there may be more or lesa 

oxidizer than that which is theoretically required for combustion. In these 

instances we say that the engine operates with an excess or with a shortage 

of oxidizer. 

Fuel in which there is a theoretical ratio between the combustible and the 

oxidizer is called a stoichiometric fuel. 

Fuel in which there is an excess of combustible is called a rich fuel; and 

a fuel in which there is a shortage of combistible and an excess of oxidizer is 

called a lean fuel. Let us define by V the actual ratio of the oxidizer to 

the combustible in the fuel. This may be expressed as the ratio of amounts 

0 

consumed: 

(V.14) 

where GQ is the consumption of oxidizer in kg/sec; 

^comb* *be consumption of combustible in kg/sec. 

By making use of the equation (V.14) for the actual ratio of the amounts 

of oxidizer and combustible consumed, we can determine the flow rate of each*' 

the;.'components, if vse have only the total consumption G 

G«G .♦G»G v ♦ V 0 . 
comb o comb comb 

whence 

j+T ’ 

o.--r-o* 
(V,l4*) 

If we divide the actual ratio of the components by the theoretical required 
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, the value will characterise the excess or the shortage of oxygen 

0 e 
in the fuel. 

For example« if the real ratio of the components -J * k% and the theoreti- 

cal required amount is * 6* this means that — <. 1 and we have a shortage 
0 

of oxidizer or an excess of combustible — a rich fuel. 

>; 
Seasoning in a similar manner, we can show that with . >• 1 we have an 

. y° 
excess of oxidizer -- a lean fuel, and, with -r— *» 1, we have exactly the theo- 

y o 
retical required amount of oxidizer, that is, a stoic ^ometric fuel. 

The ratio is designated by c>< and is called the excess oxidizer 

*0 

coefficient. 

(V.15) 

We should note as a rule that rochet engines using conventional Cuuls 

at the present time usually operate at 0( <1, that is, on rich fuels. 
i 

Example 6. To determine the excess oxidizer coefficient for a fuel of 96¾ 

nitric acid and kerosene, if the consumption of nitric acid Gq = 12.4 kg/sec, 

and the consumption of kerosene * 2.6 kg/sec. 

The theoretical required amount of oxidizer for this fuel is equal to 

(see Example 4) * 5.45. 

Solution: 

Me find the real ratio of the components. By formula (V.14) 

V. ^ 
öco«b 

12.6 
" "TTS 4.8 

The excess oxidizer coefficient 0( is equal to: 

CK 0.88 

Hence in a given fuel there is an excess of combustible (a rich fuel). 

The Weight Composition of Fuel. 

Knowing the composition of a combustible, the oxidizer, and the actual 
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weight ratio of tha component it is easy to calculate the weight 

composition of fuel* For this purpose we cake use of the following formula: 

#,. - -f< conb+ «»«*<« /'combno 0 
^ »+-0 r+T”* 

where f 
it 

‘ (V.16) 

is the weight proportion of the i-element in the fuel; 

g t g^0t the weight proportion of the i>element in the combustible 

and oxidizer; 

1 ♦ 0< y « the number of kilograms of fuel necessary for 1 kg of com- 
o 

bustible. 

Hence in 1 kg of fuel there will be the following amounts of carbon, hydro¬ 

gen, oxygen, and nitrogen. 

C,■ -Cçonb*»Cq . if — Hçoiab 1 vH„ , 
1+» * f ’ 

0 - 0coab ^ . N Ncomb ' >n„ 
■ t t — • 

U. I+» (v>17) 

Consequently, for the determination of the composition of a fuel, it is 

necessary to know the composition of the combustible, the oxidizer, and the 

excess of oxidizer coefficient 0( or the actual weight ratio of the components 

in the fuel v' • 

Example 7. To determine the composition of fuel: oxidizer — 96¾ nitric 

acid (96¾ HNO^ ♦ ^O); combustible — kerosene (for composition see Example 4). 

The excess oxidizer coefficient is o( * 0.8. 

Solution: 

Let us find the actual ratio of the oxidizer to the combustible ^ (we 

take from Example 4): 
0 

» • 

,«•,.«0,1 3,45 - 4.36. 

According to formula (V.17), we find the composition of the fuel (we take 

ths composition of the oxidizer from Example 4). 
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c, a -ScOObjLíi. _ 

Proof: For proving we use tne equation ^ our «xo®ple: 

Ct+Hr + O. + Nx « 0,161+0,039 tU,<i*6fO,174- 1.000. 

Thus the composition of the fuel was correctly determined 

SECTION 2?. TEE ENTHALPY OF FUEL Aî.û COMBUSTION FHODUCTS 

The total store of energy of the substances which can enter into a chemi¬ 

cal reaction is determined! as we know from Chapter II, by the total heat con¬ 

tant — the sum of the enthalpies and the chemical energy. 

The Physical Enthalpy of a Substance. 

The physical heat content is the amount of heat which is expended in 

heating a given (chemically invariable) substance from absolute zero up to 

temperature T, at which it is employed in the engine. In the usual case, as 

we know, the physical heat content of a weight unit cf gaseous substance (for 

example, the combustion products) having a temperature T, when calculating the 

dependence of the heat Ap-icity on the temperature, amounts to 

r 

Since in thermodynamic calculations tne importrnt thing is not the absolute 

value of the heat content but its change, the temperature at the beginning of 

the reading of the physical heat content may be selected arbitrarily. If we 

designate it by To, the conventional value of the physical heat content will 

T 
amount to \cpdT. 
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Toi* liquid conponents of fuel which are practically incocpressible, the 

heat capacitiee at constant pressure and volume are equal to each other and 

■ay be regarded as not depending upon the temperature. They are designated 

by the letter c. Then, for a »eight unit of liquid components of fuel, the 

value of the physical heat content will be equal to: 

I • c(T - T0). 
(V.l8) 

The expression (V.l8) shows that: 

1. The numerical value of the physical heat content of a given substance 

depends upon the selected initial temperature To* 

2. With an increase in the temperature T, at which the substance enters 

the chamber of the engine or is in it, the physical heat content increases. 

3. The physical heat content of a substance ray be negative, if its tem¬ 

perature is lower than the selected initial temperature T^. 

If in the heating or cooling of a given component from the initial tem¬ 

perature T0 to the temperature T when employing a given component in the engine, 

a phase conversion occurs (for example, condensation or evaporation of the com¬ 

ponent), the heat of the transformation phase should be included in the phy¬ 

sical value of heat content of a component with the corresponding sign. For 

•xample if kerosene, tne initial state of which is assumed to be liquid, enters 

the chamber after evaporation, then we should add its evaporation heat to the 

physical heat content, because in this case the heat is supplied to the substanc 

fro« the outside and increases the store of its physical heat content. 

Heat of Formation of a Substance. 

The total heat content of the fuel components and of the combustion product 

depends to a considerable degree upon the stores of chemical energy in then. 

Thus let us consider more in detail the nature and the methods of determining 

the stores of chemical energy. 

Cheaical reactions take place between atoms of elements so that the ato« 
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and the elementary particles forming a part of it are not changed* However( 

in the chemical reaction processes the atoms of elements enter into a reaction 

or, inversely i break up the connection existing between themselves previously* 

In addition, a redistribution of the electrons forming a part of tne atom takes 

place, and as a result of this a change in the store of energy in the atoms or, 

aa we say, a change in tne energy levels of these atoms occurs. 

The chemical energy liberated or absorbed during a reaction also represents 

the difference between tne energy levels of the initial and final substances of 

a reaction. 

Gne and the same substance obtained as a result of a cnemical reaction may 

be formed from different initial substances. For example, water nay be formed 

from hydrogen .nd oxygen found in the molecular or atomic state. As a result, 

the chemical energy liberated or expended in the formation of a givei substance 

will have a different value. Thus in order to avoid uncertainty as to the value 

of the chemical energy in fuel components and their combustion products, the 

initial substances required for component formation are always tSi:en in a de¬ 

finite, so-called standard form. By standard form of an element we mean a state 

in which this element is most widely distributed in nature. 

The following are accepted as standard states of tnose elements used in 

liquid-fuel rocket engine fuels: carbon in the form of solid graphite, oxygen, 

hydrogen, and nitrogen in the form of molecular gases 0^, H^, and 

Let us consider several examples. In the formation of nitric oxide NO from 

the standard nitrogen and oxygen, that is, from gaseous N^ and in accordance 

with the equation 4 ^ N°* necessary to expend a certain energy. 

Thus nitric oxide possesses a certain supply of energy in comparison with 

the energy of the simple mechanical mixture of standard elements and 02* 

This energy is the chemical energy. 

The diagram of the energy levels of subatanct participating in this reaction 

is represented in Figure 75* 
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If *• assumo, as wa shall do later, that standard elements and of course 

their mechanical mixturen, do not posnens a store of chemical energy, the energy 

expended in the formation of nitric oxide, that is, its chemical energy, will be 

positive. In addition, it is easy to see that toe value of the store of chemi¬ 

cal energy does not depend on the selection of an 0 reading for the chemical 

energy. For example, if we take C as the reading of chemical energy of a random 

energy level (see Figure 75), the chemical energy of the initial and final sub¬ 

stances (mechanical mixtures of and C>2 and nitric oxide NO) will be equal 

to ^ and Q2 respectively. However, the chemical energy of nitric oxide will be 

equal to the difference as can be seen from the drawing, and will not 

depend upon the energy levels taken as the 0 reading of the amounts of chemical 

energy. 1 Quicé awma NO 

I 
xuMuvecM* inepta* onucu 
imam ( no/iomumeAt>*a*) 

Mnanutec*** c*ec* 
Nas 0, 

^ 5 •m 
«y* 

U1 

Mttanunecna* cvtcb 

H. « O, 
\ 

6 XuHuvecKd* *tpeua 
6odu(ompunamefl*- 
MOV ) 

7 Boda M,0 

a f ifc/wAwu 
■niuèomcitma 
lUMUHeCKU* 

'iMtptuù ,npu- 
namatmtia 
I pacienta* 
no/inoeo men- 
jtoco<kp*anua 

Figure 75. The energy levels of standard elements, the compounds 
elements, and the chemical energy of the substances. 

from these 

O — chemical energy of the mechanical mixture N2 and 02 with random selec 
tion of ar 0 reading of the chemical energies; Q2 -- the chemical energy of 
nitric ox'*de (NO) with a random selection of an 0 reading of the chemical 

•nergies. 

1 — nitric oxide; 2 — chemical energy of nitric oxide (positive); 3 “* 
mechanical mixture; 4 — N-, and 02; 5 — random 0 reading of chemical energy; 
6 — chemical energy of water (negative); 7 — water H^O; 8 — conditional 0 
reading of the chemical energy employed in the calculations of complete or 

“ total heat content. 

The chemical energy of a substance may also be negative. For example, in 

the formation of water’according to the equation 

. .] H. + yO.-H.O 
a liberation of energy occurs. In the given Instance (if we take into account 

our assumed value of the chemical anergy of a standard element) water possesses 
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A smaller supply of energy than the mechanical mixture «nd 02, that is, it 

possesses negative chemical energy. This energy is liberated in the formation 

of water. 

In the examples given above, the absorption or liberation of energy takes 

place because of tbs rearrangement of the molecules and the atoms of the 

initial standard elements. To obtain molecules of a given rubstance (NO or 

HgO), the store of energy in them is increased or decreased. 

This change in the store of energy depends only on the structure of the 

electronic shells of the atoms, the initial and the final molecules, and there¬ 

fore it does not depend on either the pressure or temperature at which the 

transformation required for the obtaining of the new molecule occurs. 

Tne chemical energy liberated or expended in the carrying out of the 

formative reactions of a substance may be determined in two ways. 

The first method consists in the calculation of the energy levels possessed 

by the atoms of the elements before and after the reaction, based on a study 

of the o-'i.ctra of the particles (atoms and molecules). On the basis of their 

differences, we find the value of the chemical energy corresponding to the 

given transformation of a substance. 

The second method is based on experimental determination of tne tnermal 

effects of the reactions, that is, the quantity of heat absorbed or liberated 

during the given reaction. The value of this heat effect, referred to the sub¬ 

stances formed, is called the heat of formation. The method given is employed 

mostly when determining the thermal effect of combustion reactions. In this 

ease, in a spécial vessel isolated from the surrounding medium (in a calori¬ 

meter), we carry out the needed reaction during which the cneoical energy is 

transformed into thermal energy. This energy is expended in the heating of 

the combustion products. After the termination of the reaction its products 

are cooled to a temperature which the initial substances had before the begin¬ 

ning of the reaction, whereupon we measure the quantity of heat which is drawn 
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off from th. rooction producta. Th. quautlty of heat datarolnad in thia r.nn.r 

la callad the heat of formation of'a substance, as contrasted to the chemical 

energy found by the firet method. The thermal effect of the combustion reaction 

is sometiaea also called conbustioa heat. 

The heat of formation atando in a definite relatlonahip to the chemical 

energy eeen though It la not equal to chemical energy. The difference bet.een 

the values of the heat of formation and the chemical energy consists of the 

fact that aith a changa in a subatance during a reaction process, a chame '• 

in its store of physical heat occurs# 

This change in physical heat AQ amounts to: 

- - j ¿Q-j' ' 

.hare c ie the thermal capacity or specific heat of th. reaction producta 
prod 

(substances formed); 

e is the thermal capacity of the initial substances# 
•initial 

If «« assume that the thermal heat capacity does not depend upon the 

temperature « then 

* ^cprod * cinitial^ T 

The difference between the thermal heat capacity of the reaction products and 

the thermal heat capacity of the original substances is explained by the fact 

that the substances formed have a structure and characteristics different from 

the structure and characteristics of the original substances. In addition, 

the thermal heat capacity of the gaseous substances depends on the conditions 

under which the reactions take place (with constant pressure or constant 

volume ). 

Thus AQ depends on the type of reaction, the conditions under which it 

takes place, and the temperature T. The latter exercise» the greatest influ¬ 

ence on the value A Q* 4 
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The beet of formation of the fuel components and their combustion products 

used in designing rocket engines usually meet the following conditions: con¬ 

stant pressure equal to 1 atmosphere and to room temperatures (15-25° C). In 

this case the heat of formation is equal to the change in the total heat con¬ 

tent of the substances actire in the reaction, and is designated by AKt • 

The subscript "T" designates the temperature at which the heat of formation is 

obtained. If the heat of formation of the substance refers to the instance in 

which the initial and the final substances art in a standard form at a tempera¬ 

ture T, then we add the superscript 0 to the designation, and the heat of for- 

cation is called standard. 

Let us find the relationship between the heat of formation and the chemi¬ 

cal energy. Let us suppose tr.at for the formation of a substance in a calori- 

o 
meter at a temperature T there is expended a quantity of heat equal to AH-p , 

which is supplied to the substance system or lost by the substance system. The 

heat is lost in a change of the chemical energy I . of a substance and in a 
CQ6B1 

change in the store of heat ÁQ, which, for the supposed conditions will be 

•I“»1 ««prod - einiti1) T- 

Consequently, 

^®T * *chem + ^cprod * cinitial^ ^ 

or 

chem - ( Cprod * cinitial^ T 
(V.19) 

With T * 0, disregarding the value of the difference (c od - c¿n¿tial^' ^ 

and consequently I . „ » A H . In other words the chemical energy of a sub- 
cnem o 

•tanca is equal to its heat of formation at absolute 0. 

We shall determine the sign for the heat of forest ion and for the chemical 

energy by starting with the following rule. If the system undergoing a reacticn 

lost heat and consequently had ita store of energy reduced by the corresponding 
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valut, the heat of formation and aleo the chemical energy are negative. Thus 

the heat of formation and the chemical energy of the combustion products are 

always negative. The heat of formation and consequently also the chemical 

energy of such substances as OH, NO or the atomic gases are positive because 

for their formation from standard gases in molecular form it is necessary to 

use heat. 

*e should note that in certain text, especially in chemical text, the 

sign for heat formation is determined from considerations that are exactly 

opposite. If in the formation of a given product heat is consumed, its heat 

of formation is regarded as negative, and, inversely, if heat is liberated, 

the heat of formation is considered to be positive. Hence in using handbook 

data for heat formation, we must direct our attention to the way in which the 

sign for heat of formation is employed. 

The value of the heat of formation is usually given in kilo-cal/g-mole. 

Method for Reading the Total Heat Content. 

The nuaerical value of the total heat content depends on the method adopted 

for reading the heat content. 

In text devoted to the design of rocket engines and in general to the 

calculations of temperature and composition of combustion products, we find a 

large number of different methods for reading heat content. The methods for 

reading the total heat content differ in two basic characteristics. 

1. We employ a different initial temperature for reading the physical 

heat content T • o 

2. In the different methods chemical energy is related to different sub- 

stancea. It may be related either to combustible elements or to oxidizing 

elements or to substances formed. In addition, the chemical energy may, as we 

have already said, be given a different sign. 

Let us explain this by an example. 

The formation of watar takes place according to a well-known equation: 
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1 1 

In this case there is a liberation of energy equal to 57.8 kilo-cal/g-aole, 

and the equation is written as follows: 

'* I H, + 0, = H|0 — 57,8 kilo-cal/g-oole 

The energy liberated may be referred to a combustible element, that is, 

to the hydrogen, and if we g .ve to it a positive sign, we obtain the so-called 

calorific value of hydrogen1. In this case the chemical energy of oxygen 

and water HgO will be equal to 0. 

In precisely the same manner, the energy liberated may be related to the 

oxidizing element -- or to a substance formed H^O, the chemical energy of 

the other two respective components considered equal to 0. It would be most 

logical to refer the energy liberated or expended during a reaction to 

the substancfc formed. 

In the thermal calculations cited, the selection of a given system of heat 

content is not an essential matter. The only thing necessary is that the en¬ 

tire calculation, that is, the calculation of the total heat of a combustible, 

oxidizer, fuel and combustion products, be brought into one method for calcu¬ 

lating the total heat content. Below we shall use a method of calculating 

2 
heat content proposed by A. P. Vanichev • 

Using this method of calculation: 

1. The chemical energy liberated or lost during a reaction is related to 

the substance formed as a result of the reaction. The chemical energy of the 

basic element in this case is equal to 0. 

A Ya.B. Zer*dovich and A. I. Polyarnyy, Paschet Teplovykh Froteessov Prl Vysokov 
Temperature Calculation of Thermal Processes at High Tempeiatures/, Izd. BNT, 

mi. 
2 A. P. V.nich.T, T.rmodlnaalch.aklT Ra.ch.t Oor.nlra 1 I.ttch.nlT« T Obl.atl 
Vysoklkh Temperatur Ahermodynamic Calculation of Combustion and Discharge 

minder High Temperature^, Izd. BNT, 19^7. 
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2* Tht chtoical energy of the substance is calculated by introduction 

into the total heat cement of the value of its heat of foraation at 20° C; 

that ia, the value or in round numbers, ^293^ 

This aethod of deteraining the value of chemical energy does not involve 

any errors in calculation (if it is done according to one method), and it is 

convenient because the heats of formation of the substance are most often de- 

termined precisely at this temperature. 

3. The chemical energy is regarded as positive if it is expended ic 

foraation of a substance and negative if it is liberated during such a for- 

nation. 

4, For the 0 reading of the physical heat content, we take the temperature 

20° C; that is 293.16° absolute (or conventionally 2930',*bsolute). 

Thus under the method used fcr calculation of the total heat content, the 

value for a substance having a temperature T will be determined by the 

relation 

1 +lc,dT. 
(T.20) 

and for liquid substances 

1 /.-i/fi-+ f (7--293).. ! »9 
(V.21) 

As a result of the conditions given above, the total heat content of the 

fuel components at the temperature of 20° C, which is taken most often for the 

initial temperature of fuel components going into an engine, is equal to its 

heat of formation AH 
293' 

Inasmuch as in the majority of cases the temperature at which the fuel 

components are employed in the engine is equal or close to 20° C, the value of 

the total heat content of tne fuel components expresses for,the most part the 

•tore of the chemical energy in them. 

The values of the chemical energy and the total heat content by the method 
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of A. P. Vanichev (the heat of formation A of standard coitbuetiblet and 

oxidizing elements and also the products which can be formed in tne char.be* %tt 

the liquid-fuel rocket engine are giren in Table 4. The total heat content of 

the standard elements at 20° C is equal to 0. At this sane temperature the 

total heat content of the products which can be formed in the chamber of the 

rocket engine (C02; H20t HF; CO; OH; NO; H; 0; F; N) is equal to their beat of 

formation. As the data of Table 4 show, the total heat content at 20° C is 

rery close to the value of the chemical energy. In addition, for the products 

of combustion (C02, H20, KF, and CO) at 20° C the value Itotal i* negative and 

for the other gases it is positive. 
TAhl* k 

The chemical energy ( AH) and the total heat consent by the method of 
A. F. Vanichev at 200 C (the°heat of formation at 293 absolute — AH™) 

of standard combustibles and oxidizing elements and also tne combuotiOft 
products and dissociation products of rocket engine fuel 

Substance 
Form of 

Substance 
Chemical 
Formula 

Cnemical 
energy 
kilo-cal/ 

g-aole 

“’’otal heat content I_ 
at 20° C (or A 

kilo-cal/ 
g-mole 

kilo-cal/kg 

Carbon 

Rydrogan 

Oxygen 

Fluorine 

Nitrogen 

Carbon dioxide 

Water 

Hydrogen 
fluoride 

Carbon monoxide 

Hydroxyl 

Nitric oxide 

Atomic hydrogen 

Atomic oxygen 

Atomic fluoride 

Atomic nitrogen 

graphita 
Gaa 

M 

tl 

n 

it 

w 

»• 

it 

it 

it 

it 

t! 

c 
H. 

2 
c°2 

H2° 
HF 

CO 

OH 

NO 

H 

0 

F 

V 

0 

0 

0 

0 

0 

-93,64 

-57.10 

-64.17 

-26.80 

♦10.00 

♦21.4? 

♦51.63 

♦58.59 

♦17.80 

♦85.12 

0 

0 

0 

0 

0 

-94.05 

-57.79 

-64.15 

-26.42 

♦10.06 

♦21.60 

♦52.08 

♦59.15 

♦18.29 

♦85.56 

0 

0 

0 

0 

0 

-2140 

-3210 

-3210 

- 945 

♦ 595 
♦ 720 

♦517OO 

♦3690 

♦ 962 

♦6100 
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Computing th« Total 3«>t Content of • Co«bu6t?blc. Oxidizer and Fuel. 

To uoo ftn txamplSf following the concept set forth above in computing the 

total heat content of combuotiblea or oxidizers, it is necessary to take their 

chemical energy and physical heat content into account. By the method of com¬ 

putation applied, the total heat content of the individual chemical substance 

(combustible or oxidizer) is made up of the following: 

1. The heat of formation of a substance of standard elements determined 

at 209 C. This takes into account the chemical energy of a substance. 

0 
2. The heat of warming up or cooling a substance from 20 C to the 

temperature T at which it is used in the engine. 

3. The heat of transition from one aggregate fora to another, assigned 

a corresponding sign if the heat of formation of the substance is net given 

for the aggregate form in which it is used in the engine. 

Since the heat of formation is usually expresoed in kilo-cal/g-mole, we car¬ 

ry out the calculation of total heat content in this measurement. For the con¬ 

version of the total heat content in kilo-cal/kg, it is necessary to bear in 

mind the fact that 1 kg of substance contains g-mole of substance (where 

JK is the molecular weight of the given individual chemical substance). 

Then the formula for the conversion will take the fora: 

/ ff kilo-cal/kg™kilo-cal/g-mole-—*'*-. ^ 

u ' 

Let us consider several examples concerning the most important cases of 

the calculation of the total heat content of rocket engine fuels, "he calcu¬ 

lations are made by A. P. Vanichev's method. 

Example 9. To calculate the total heat content of a liquid consisting 

of 100¾ nitric acid at 20° C. 

The heat of formation of liquid nitric acid at 20° C and the prescure at 

1 atmosphere, from standard elements H¿, 02, and (molecular gases) amount to: 

.1-.. ■ -41,66 kilo-cal/g-mole 
A *9* 
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Tht Mgativ« sign of the heat of formation indicates that in the formation of 

HHO^ from the standard substances 0^, and N2 the heat liberated and the 

•tort of energy in the nitric acid is less than the store of energy in the 

mechanical mixture of standard elemente* 

Solution: 

In the giren system the chemical energy of the standard elements is equal 

to sero and the total heat content of the liquid nitric acid at 20 C 

/Ï 3o°C¿? « total, L * liquid^, amounts to only its heat of formation* 

W i 
(Ifm^oj»’®-A//*, ^ — 41.66 kilo-cal/S'Bol* 

Let us convert the heat content into kilo-calAg according to the for¬ 

mula (V.22) 
1000 . „ 1000 

^HNO, 

Ixample 10* To calculate the total heat content of an oxidizer consisting 

of liquid tetranitromethane CiNO^)^, if it is delivered to the combustion 

chamber heated to 85° C. The heat of formation of tetranitromethene 

■ ♦S.SO kilo-cai/g-mole 

and its specific heat amounts to 0.12 kilo-cal/g-mole °C* 

Solution: 

According to formula (V.21) 

4 - * -16.5 kllo-oal/g-mols 

The molecular weight of tetranitromethane ■ 196*3. Hence 

\ lAv i**® « I6.5^^«84 kilo-eal^cg 
I'lbiSO.i.lj, 196,3 ^ 

Example 11. To calculate the total heat content of water at a tempera¬ 

ture of 20p C* 
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Sol«ties: 

Th« total boat contant of «atar ia aada up of: 

a) Tha haat of foraation of gaeeous «atar from standard elements taking 

late account its chemical energy: 

“""57,79 kilo-cal/g-oolt 

b) Tha heat of transition £Htrftna ¿trans ■ transitioÿ from gaseous 

stata to liquid; at 1 atmosphere and 20° it is equal to 10.56 kilo-cal/g-mole. 

Banca tha total haat content of «atar at 20° C amounts to 

• * * 

k l^lï^-^^+^trans •"57'79”,0*S6“”68*3Skllo*ca1/K 

or in kilo-calAg ( /4, 

M C - - M.35.— TO tllo-cO/kg 

Example 12. To calculate the total heat content of liquid oxygen at tha 

boiling point (90° absolute). 

Solution: 

The total heat content of liquid oxygen, following what was said above, 

«ill consist of: 

1) Tha quantity of heat that must be drawn off gaseous oxygen in order 

to cool it at a constant pressure from temperature 293° absolute to 90° ab¬ 

solute. This will be equal to: 

^0001-^(90-293), 

«hare C is the specific heat of the gaseous oxygen. For the diatomic gases 
P 

at low temperatures, the specific heat is equal to (see Section 9): 

l * ' 

yl.9M^7kilo-oal/s nole 

Tha specific h«at related to 1 g-nola «ill evidently be l/l,000tl> of this. 
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#,-0,007 kllo-Ml/g-IBOlO 

Thons 

A*«OOl “0.007(90—293)--1,42 kiio-oal/g-nol« 

Th« «inus sign indicates that the heat is drawn off the oxygen. 

2) The heat of transformation of a gaseous oxygen into the liquid state. 

This transformation heat is equal to 1.63 kilo-cal/g-molet at a temperature of 

90° absol la and the atmospheric pressure. 

Let iuppose that this heat remains constant at all pressures, even 

under the pressures at which liquid oxygen is fed into the combustion chamber. 

This assumption of course is not exact. Assuming dependence of the heat of 

transformation on the pressure would lead us to the conclusion that the fuel 

characteristics would depend upon the design parameters of the engine. This 

losa of generality in computation of the thermo-chemical parameters of thu 

fuel components is not compensated for by the insignificant increase in the 

accuracy of the calculations. 

Hence, for liquid oxygen at 90° absolute, the total heat content amounts 

to: t 

% 

A/gool+ ^trans*1 — M2—1,63 * -3,05 kilo-oal/g-taole 

or in kilo-calAg: 

IVI »’ab«. 
' AC 1000 1000 

-3,05-¿-(-3,05)- 
#0, *— 

- 96 kilo-cal/kg 

la computing tne total heat content it is sometimes necessary to employ 

heat of formation determined not at 20° C but at other temperatures. Let us 

consider a relative example. 

Example 13. To deteraine the total heat content of liquid ethyl alcohol 

C^^OH, cooled to a temperature of -30° C, if its heat of formation is given 
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¿/y«—<6,45 kilo-« a l/g-no le 

Solution: 

Th« total heat content of the alcohol in this case «ill amount to th« 

following: 

1) Th« heat /**** * warming? necessary for the warming of the 

standard elements forming the alcohol from ¿0° to 50° C. 

2) The formation heat of ethyl alcohol at 50° C. 

&//m——66,45 kilo-cal/g-oole 

3) The heat A kç00i »hich must be drawn off the alcohol in order to cool 

it down to -50° C. 

For the formation of 1 g-mole of liquid alcohol (C^H^OH) it is necessary 

to haw« the following quantities of standard elements: 2 g-atoos of solid 

carbon in the form of (9-graphite, 3 g-mcles of gaseous molecular hydrogen H2 

and # g-mole of gaseous molecular oxygen 02* 

The respective specific heat quantities amount to the following: For 

carbon 0.0021 kilo-cal/g-mole; hydrogen H2 and oxygen 02 (diatomic gases) 

C ■ 0*007 kilo-cal/g-mole. Then: 
P 

• I 

' 1 bQw»m "2-0,0021 (50 —20)+ 3-0,007(50~ 20) + 0,5 0,007(50 - 20)- ^ 
«0,86 kilo-cal/g-mole 

♦ * 

The specific heat of liquid alcohol amounts to 0.027 kilo-cal/g-mole. 

Then: 

/ AQsool - 0.027 (-50 - 20)--1,89 kilo-cal/g-mole 

The total heat content of liquid ethyl alcohol at -50 0 amounts to 

4 
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... ... W» »...« J." ...... .....riMniir"»'"“" . ..... „ •Hf? rNfNiilrffyBliBiiifiW 

iT C " AQ ^11 + ^+AQ#001 
-—•7,40 kilo^O/f-fcol# - -I860 kllo-cal/k^ 

\ % 

Th« h««t contint of a coobustibl« or oxidizer aad« up of «extrai separat« 

eh«BÍcal substances is calculated by the formula: 

*“2/*+*/.<0, 
(V.23) 

«her« Ik is the heat content of the k-cooponent in the fuel or oxidizer in 

kilo-calAs* 

the weight proportion of the k-component in the fuel or oxidizer; 

A I .• the heat of solution of one substance in another /sol * solution/* 
" sol* 

The solution heat is usually given in kilo-cal per unit of weight or per 

1 g-mole of solute* 

For compound fuels consisting of numerous separate chemical compounds 

wev as a rule, do not have weight proportions of the components but of the 

basic composition of the fuel, and instead of taking their heat of formation 

and solution, we simply take combustion heat of the given fuel determined in 

the calorimeter. In this instance, the determination of thu total heat con¬ 

tent is done on the b*ais of the combustion equation according to the follow¬ 

ing example: 

Example 14« To determine the total teat content of nitric acid with 

the addition of 4¾ water at 20° C. 

The solution heat of water in nitric acid amounts to 280 kilo-calAg H^O. 

Solution: 

By using the formula (7*23) and the values calculated above for the total 

heat content of water and nitric acid, we obtain: 

V 0,04A/#ol - 0.96(- 600) + 

i ‘ + 0,04 (— 3795) + 0,04 (— 280) — — 795 kilo-cal/kg 
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Exaaplt 15» To dotormine the total heat content of kerosene if it is 

eoapletely combusted with gaseous oxygen into carbon dioxide gas and water 

H20 (liquid) at 20° C, 10,670 kilo-cal/kg are liberated. 

Tho composition of kerosene is Cco-b ■ 0.858j Hco>b ■ 0.135} °COBll, * 0*007. 

Solution: 

la order to set up an equation for combustion of kerosene, let us determine 

tho theoretically required amount of oxygen for the combustion of kerosene with 

a given composition. 

According to formula (V.13) 

r 

-3,35. 
1.0 

. With the complete combustion of kerosene in oxygen its combustion prod- 

pets will be only carbon dioxide gas and water. 

Making use of the equations for combustion (V.9) and (V.10), we find 

that in the combustion of kerosene the quantity of carbon dioxide gas formed 

aaounts to the following: ^ 0.858 a 3,14 kg; the quantity of wcter formed: 

9 z 0.135 « 1.21 kg. 

Thus the equation for the combustion of kerosene takes thr form: 

■ kg keros ene+3,35 kg 0,-3.14 kg co.+ 1.21 kg>l,0+i0870 kilo-cal 

Knowing the equation for the combustion of kerosene according to the law 

for the conservation of energy (the equation for the balance of energy) we 
« 

shall have: 

The total heat content of gaseous oxygen at 20* C by the method adopted 

is equal to tero. 

The total heat content I 
total CO 

and 1 
total Bo0 

at 20° C is equal to 
2 2 liq 
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(«•• Table 5 end Example 11) 

-94.05-^---3110 kile-ee]/kg 

/c - — 68.35 - — 3795kilo-cal/kg 
19 

By substituting the value of the heat content in the equation for balança 

(VI.24), we obtain: 

Hotel keroeen. * ^14 (*5*795) * 10’870 * -440 “ilo-cUA«. 

The total heat content of a fuel is made up of the heat content of the 

combustible and of the oxidizer which form the fuel. 

For 1 kg of combustible it is necessary to have 1 ♦ V kg of fuel. 

To this quantity of fuel the combustible adds a total heat content equal 

to I. ; the oxidizer, however, adds )) I, • Thus, the total heat content of 
le 

1 kg of fuel /tg * total fuel/ amounts in kilo-cal/kg to: 

V ■ c 

1 ♦ V 

/t « total/ 

¿c • comb/ 
(V.25) 

Example 16. To determine the total heat content of fuel: 9i% nitric acid * 

kerosene at 20° C, ^ a 4.2. 

Solution: 

In Examples 14 and 15 we found the Lotal heat content of nitric acid and 

kerosene. 

They are equal to: 

' ' , h*o.i5;c —195 
* ” *1^- Vf. «ri '— 440 kilo-oal/kg 

According to formula (VI.25) we find the total heat content of the fuel: 
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I# 

Sodb" *♦» 

-440+4.2(-7%) 

1+4.2 
-727 kilo-cal/k* 

th» Total H<at Content of Fuel Coobustion Producta. 

In ealeulations of h»at in rocket engines it is also necessary to deter¬ 

mine the total heat content of the fuel combustion products at different 

temperatures. 

As we have already pointed out, the combustion products of hydrocarbon 

fuels at high temperatures are made up of a mixture of gaseous components: 

CC£, H20, CO, OH, NO, H2, 02, N2, H, 0, and N. 

Th» ratio of these components depends on the combustion temperature, t he 

higher the combustion temperature, the greater the mixture of the dissociation 

products in the fuel. 

The total heat content of each of these components Itotal^ at a givan 

temperature is equal to the sum of the physical heat content at the sar.e 

temperature and the chemical energy is evaluated by the heat of formation of 

a given component. 

The values of the total heat content of each of the components * 

depending upon the temperature given in the method of computation adopted, 

are given in Appendix 3* 

An estimate of the total heat content of the mixture of the combustion 

products for 1 kg of fuel is done by the formula: 

S™* •0Bb“^AÍ<,V (V.26) 

•here M. is the number cf g-moles of the i-gas needed for 1 kg of combustion 

products mixture. 

The number of g-moles is usually expressed by the total number of 

f-aoles of the combustion products needed for 1 kg of fuel M2 and the volu- 

aetric proportion of gases making up the codbustion products r^: 
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Af| * Afif,. 
(▼.27) 

As *• know, 

n- 
(¥.28) 

«her« ie the partial pressure of the i-gas in the oixture; 

P£ is the total pressure of the mixture of gases; 

Af,- 1000 

(¥.29) 

here is the apparent molecular weight of the combustion products. 

According to formula (II.5) 

(¥.30) 

or by calculation of (V.28) 

-K-i? (¥.31) 

«hence 

Mi** 
1000 1000* 

* i1“'1 (T. J2) 

Let us substitute (V.32) and (V.28) in the formula (V.2?); after cancel¬ 

lation of pj we obtain: 

J553ÉL. 
ï"" (».33) 

After the substitution of (/.33) in (V.26), we obtain the design formula 

for the determination of the total heat content of the combustion products. 

‘iproi e«ir -,r “ '■Z-“1000 • (».34) 
< 

In making the heat calculations (see Chapter VI), it is necessary to es¬ 

timate the total heat content of the fuel and of the coie>ustion products in 
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•n« «ad the «aae aethod of ealculation. 

Tho Relation between Total Heat Coptcot and the Theraal Value of Fuel» 

Tha Taina for total heat content ia used in computing liquid-fuel rocket 

enginea and characterizea the energy atore in the fuel. 

Thla aaae characteriatic of fuel is its calorific Talue Hu. Hence one 

ahould find the definite relationship between the calorific ralue and the 

walue of the total heat content. 

By the amount of the calorific walue we mean the amount of heat liberated 

in tha combustion of a unit weight of fuel. In this case the original fuel 

and the combustion products should remain (just as in determining heat of for¬ 

mation) under the same pressure and at the same temperature. 

Since according to the law for the conservation of energy heat liberated 

under the same pressure at the beginning and the end of combustion can be ob¬ 

tained only by a change in the heat content of the fuel by its conversion into 

combustion products, the amount of the calorific value will be equal to the 

difference between the total heat content of the fuel and the combustion pro¬ 

ducts taken at the same temperature T0, equal to the temperature of the fuel 

before the beginning of combustion. 

‘ \ 

i Kt, ^Tprod «cob^0’ (V.35) 

or 

• » 
I 

» " ^phye-t + Ul.em<, “ A?hy»prod comb ~^c'^^rod comb “ 

-(fpky^T^Pkyeprod comb^ + ^che¿t“/eJ«^rod combí- 

Hence the calorific value is the sum of the differences between the physi¬ 

cal and the chemical heat contents of fuel and combustion products. 

The calorific value is usually determined at low temperatures so that T o 

amounts to 300° absolute (18° - 27° C). In addition, under this condition 

the change in the physical heat content during the combustion of fuel and tha 
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conversion of fuel into combustion products is relatively email. The basic 

part of the calorific value is made up of a change in chemica. energy. Hence 

«s may assume that: 

ï ^••^disoh^^chen^,.^ comb)"A,/* (T.36) 

By considering the values of this difference, we see that the calorific 

value increases with a decrease in the chemical energy of the combustion pro¬ 

ducts I and with an increase in the chemical energy of the fuel 

chtnprod comb 

Ichem T' 

First of all, let us note that the calorific value of fiels composed of 

a given combustible and a given oxidizer depends to a large degree on the 

mixture ratios of the fuels, that is, on the value )) or . Moreover, for 

a given fuel the maximum calorific value will be present with the stoichio¬ 

metric ratio of the components that is, with * 1, With ^ 1 there 

cannot be total combustion, as a result of which the chemical energy of the 

combustion products I . will not be the minimum. With Of ^ 1, 

ch#“prod comb 
complete combustion products »ill be formed, but as a total mass the combustion 

products will be lese than when of » 1 because in the combustion products there 

sill siso be some unused oxidizing elements, lienee the average chemical energy 

of all the combustion products will not reach the minimum value again. 

Thus in the determination of the calorific values we shall always relate 

them to the instance Of s 1, so that 

(^chea, “^rod comb^“1, (V.37) 

In the technical calculations we usually compute the calorific value by 

assuming that the combustion products which may be condensed at low tempera¬ 

tures (for example, water vapor) leave the heat machine in an evaporated state 

and carry with then corresponding heat reducing the calorific value of the 

fuel. The symbol "u^ in the subscript for calorific value also designates 
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thia aaauaption, and th« ralua Hu ia called tha "lowest calorific value." 

Exanple 17. To determine the lowest calorific value of a fuel of diethy- 

lamine ♦ liquid oxygen at 20° C * 293° absolute. 

Solution: 

for the determination of the value Hu according to formula (V.35) it is 

aeceaaary to know the total heat content at 20° C and o(« 1 of the fuel and 

of the combustion producta. 

According to the data of Table 6, t e composition of diethylamine (C^Nj^N) 

ia the following: 

I ' Cconfl)-0,657; 0,152; Ggcmb“ 0; Ncomb“0*1®1* 

The theoretical required amount of oxidizer (0o * 1) according to formula 

(V.13) amounts to: 

= —-0,657+8 0,152=-2,97.^ 

It ia necessary for us to know the heat content of the fuel at 20 C, but at 

thia temperature the oxidizer (liquid oxygen) cannot be utilized in the engine. 
0 

Hence, in the determination of heat content of the liquid oxygen 

■uat be taken at its boiling point - I830 C. Then the total heat content of 

the fuel at 20° C and « 1, according to formula (V.25) and considering what 

has been said above, will be equal to: 

/»c + ^/- jVC .-iwc 
.»• c _. TqpQb_T°— 
S 1+^ 

/**« w 
T«oiA. 

- 40Ckilo-cal/kg (Cee Table 6)j = -96 kilo-cal/kg (See Table 5 )« 

Then 

.1 

.^-0,-^^,^7(-96^ _ 170 kllo.cel/kR 

for the calculation of the total heat content of the combustion products 

it ia necessary to determine their composition. Among the products of total 
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combustion «ith * = 1, « ohsll ha», in s gi».n instnnc. CO¿, H.,0, and 

iecording to th. .,ustión, for total combustion of carbon «d hydrog.n, th. 

«tight quantities of these gases will be equal to: 

fco, ' 

(because nitrogen does not participate in the combustión). 

The weight proportions of carbon, hydrogen, and nitrogen in the fuel Cr 

Ht, and Nt according to formula (V.17), taking , i «d 0o * 1, amount to: 

+ ^ 1+2,97 1+^ 1 + 2.97 
Nçonb 

^1 + ^ * 1 + 2,97 0*W* 

Then 

• lcOi_y.0,IM-0,608; fHjO.S0.OM-O,3«; 

’ f».-».049- 

proofi Th. total w.ight of all th. combustion pioducts should amount to 

1 '‘S* 
• #00, ^ 0.603 + 0.3tá + 0,049» 1,000. ¡ 

Th. composition of th. compl.t. combustion products has b..n d.t.rrin.d 

correctly. c 

Th. totU heat cont.nk of th. combustion products pc 

prod comb7 amounts to: 

0».+/?„>/»+'í.cf». 

In this instan« the total heat cont.nt of H^C should be tak.n for «at.r 

sapor b.caus. «. d.t.rmin. the lowest calorific »alus and the total heat con- 

t.nt of molecular nitrogen (the standard element) to be equal to mero. 

W. shall take th. ».lues of th. total heat cont.nt of th. combustion 

products I^° C from Table 4. Th.n: 
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i ^.-2140 0.608 + (-3120) 0.343--2370 kilo-cal/kg ppod eottb 

By using formula (V.35) *• roe#iva: 

J //rC-^C-^eC--n°-(- 2370)-2200 küo-cal/kg 

Lat us pass on to dstarmiño the value of Hu for different fuels. Fron 

tha aquation (V.38) we nay conclude that the increase in the calorific value 

of a fuel may ba obtained by lowering the chemical energy of the complete 

combustion products or by increasing the chemical energy of the fuel. 

The chemical energy of the total combustion products depends on the type 

of molecules formed; that is, of those elements which form the fuel. 

Hence an increase in the calorific value of a fuel is possible by using ele¬ 

ments which furnish combustion products with a large negative chemical energy. 

This is the main reason for the attempts to use metals (aluminum, magnesium, 

boron) and o';her elements as combustibles in liquid-fuel rocket engines, and 

also it is the reason for the use of the element fluorine as an oxidizer. As 

a result of the combustion of these substances, we often obtain compounds with 

a large negative chemical energy. 

For fuels which contain carbon and hydrogen and which use oxygen as an 

element, the value of the chemical energy in the completely combusted products 

decreases with an increase in the hydrogen of the fuel which has a lower chemical 

energy per 1 kg of combustei products (conventional heat of formation A 

(-3,210 kilo-calAg) as compared with carbon (-2,140 kilo-cal/kg). 

For this same reason it is possible to use liquid hydrogen as a combustible 

in liquid-fuel rocket engines. However, an obstacle to this is the v«ry ciaall 

specific weight of liquid hydrogen ( ^ * 0»07 kg/liter) »hich is considerably 

lower than in other combustibles. 

For the usual hydrocarbon fuels coming from petroleum the hydrogen con¬ 

tent is approximately constant and amounts to 12-%3^> The chemical energy of 
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the coapletely combusted products of such combustibles with oxygen changes very 

little. The fuel components for liquid-fuel rocket engines also contain at 

times m binder - nitrogen - which does not participate in the combustion and 

constitutes a ballast. 

Tbs chemical energy of all the completely combusted products of such a 

fuel with OC « 1 also depends on the content of its ballast; that is, in the 

usual case, on the nitrogen content. 

With an increase in the ballast content, there is an increase in the che¬ 

mical energy of 1 kg of completely combusted products. Hence, according to 

formula (V.37), the calorific value of fuel containing nitrogen will be less. 

We saw that by increasing the calorific value of a fuel we can also pro¬ 

ceed to increasing its chemical energy Ichein T* Since Ich#B T determined 

by the heat of formation of the combustible and oxidizer, the greater the value 

of th* heat of formation for the componants, the higher the calorific value 

of the fuel Hu* 

As we have already pointed out, the heat of formation of different sub¬ 

stances changes within wide limits a .d may be negative or positive. It is 

evident that it wculd be most advantageous for all fuel components to have the 

greatest possible positive heat of formation. For example, in the formation 

of 1 kg of ozone from molecular oxygen, one must expend about 730 kilo-cal/k<> 

or >4 kilo-cal/g-mole. 

If «• use as an oxidizer in the liquid-fuel rocket engine - not oxygen but 

ozone - each kilogram of the latter, when burned with a combustible, liberates 

an additional 7)0 kilo-calAg* The calorific value of such a fuel as hJ (see 

Figure 76 a), when compared with the calorific value of a fuel using oxygen 

as an oxidizer will be greater by the value of the heat of foi (ration of the 

ozone participating in the reaction; that is, by 1/3 x 34 kilo-cal/g-mole. 

Hence, in the combustion of hydrogen with ozone, the quantity of heat 

liberated amounts to: 
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#1-0+ ( — 57,79) = 69,12 k ilo-«al/lH|0=3840kllo-eal/kS 

tbat la, it »ill be much greater than the calorific value of the fuel oxygen 

plue hydrogen. 

On the other hand, hydrogen peroxide H¿0¿ has a negative heat of forea- 

tion equal to 44.64 kilo-cal/g-nole. 

Oxygen and water are formed in a reaction of decomposition in hydrogen 

peroxide; «ater ia formed in the amount of one g-sole to one g-mole of hydrogen 

peroxide. Since the heat of formation of oxygen is equal to zero, the total 

haat content of the combustion products is determined by the value of the heat 

of formation of water which is equal to -57*39 kilo-cal/g-mole. The calorific 

value H** of hydrogen peroxide (see Figure b) will be equal to 

; : #ï- -44,84-(-57,79)* 12,95 kilo-cal/g-mole1120 — 380 kilo-cal/k* 

That ia, has a very small value. It is due precisely to the negative heat 

of formation of hydrogen peroxide in its reaction of decomposition that a very 

amall amount of energy is liberated. 

Such is the influence of the heat of formation on tie components of the 

calorific value of the fuel. Substances having a positive heat of formation 

■ay serve as a foundation for very powerful rocket engine fuels. The majority 

of present-day combustibles and oxidisers nave a s:..all negative heat of for¬ 

mation. 

Ihie to the numerous requirements w-:ich fuels for rocket engines must meet 

and also the need for fuels developing the largest possible specific thrust, 

research workerc have investigated (and are still investigating) a large 

number of substances to determine their suitability for use as fuel components 

for rocket engines. 

Ho*cver, up to the present tine, a rather restricted number of chemical 

substances has been used as fuel components in rocket engines. 
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HjtjOj 

A#«a 

' ^.laßt omcitema tUMUvecHut 
Sncpeaù 

Mi^Oj 

Hy* 65,<2 

H|.0 
(>3) 

a) 

A«Hl0la'n» 

'j0*l|O. -a/’» 

*!•&* 

h7o+|o2 J- 
( 4j 

*) 

Figure 76, The influence 0? the positive and negative heat of forcation of the 
eonponents on the calorific value of the fuel* 

a « combustion of hydrogen with oxygen*, b — décomposition of hydrogen perox¬ 
ide • The thermal effect in kilo-cal/g-mole. 

1 M zero reading of the chemical energies; 2 — ozore; 3 •“ g)» ^ 
(34 «). 

Since the characteristics of a fuel are determined for the most part by 

the oxidizer, we shall divide the fuels discussed belo.1 into groups based on 

the type of the oxidizer employed with them. 

In present-day liquid-fuel rocket engines the following fuels have actually 

been used: 

1. Fuels based on nitric acid and other oxygen compounds of nitrogen. 

2, Fuels based on oxygen. 

3. Fuels based on hydrogen peroxide. 

Data which show the characteristics of certain oxidizers, combustibles, 

and fuels aire given in Tables 5» 4 and ?•* 

^Certain data concerning the characteristics of the fuel components of liquid 
fuel rocket engines are given in the book MotornyTopliva, Kasla 1 Zhidkosti 
¿Rotor Fuels, Oils, and Liquid^, Vol I, Gostoptekhizdat, 1953. 

F-rs-çy^iA 269 



U 

O 

c \ I 

r-Ts-^iA 270 

??
at

er
 
i»
 

in
cl

u
d

ed
 
in

 t
h
e
 g

ir
e
n
 t

a
b

le
 b

ec
au

ee
 
o
f 

th
e
 
fa

c
t 

it
 o

ft
e
n
 f

or
m

e 
th

e
 
o

x
id

ie
e
r 

an
d 

fu
el

*
 



B
A

S
IC
 

P
H

Y
S

IC
A

L
-C

H
Q

II
C

A
L
 C

H
A

R
A

C
T

E
R

IS
T

IC
S
 

C
T
 

Œ
R

T
A

IN
 

F
U

E
L

S
 

F
O

R
 

L
IQ

U
ID

-F
U

E
L
 R

O
C

K
E

T
 

E
N

G
IN

E
S

 

<o 

. 

F-TS-9741/V 271 



BASIC CHARACTERISTICS OF CERTA!!’ 

Oxidiser Conbürtlblo 

Nitric Acid 
98^ concentration 
(2JÉ water) 

Kerosene 

Tonka-250 

Anaiine (80^} ♦ 
Furhiril Alcohol 
h4)_ 

kg/oxidizer/ 

kg Conbustihle 

//. 
kilo- 
cal/kgi 

IK» 

4.6 140)1 

NitroEen Tetroxide ; Kerosene 

Tetrenitromethaae Kerosene 

'Hydrogen Peroxide 
£ Concentration 

*ri 

3.0 

4.0 

0.9 

1420 

1550 

1500 

lOo 

20% water I 

Hydrogen Peroxide 
80^ Concentration 
(20/Í water) 

Methyl Alcohol (£Cf) 
♦ Jiydraxinhydrate 
W) i 

2.72 DO) 
• ! 

i 

« % • 

• 1 
Liquid Oxygen 

Kerosene 3,37 , ?2<JO 

Ethyl Alcohol 93.5^ 
Concentration 
(t.lf tv.ter) 

1,95 1 2020 

1 
Diethylamine 2.97 j 2230 

Diet hyl hydra z ine 2.13 2200 

Annonia Ml 1650 

Liquid Fluorine 

¡ Hydrazine j 2.38 ( 2230 

¡ Altwwfl,<4e j 3.36 

« 

2315 

1 

Kpte 1« The walues of the srecific thrust Pgp7,. and "is tre 
(5 * 0«02) and the wr.lue ocf taken in tho field of the optimal 

Note 2« For kerosén« in the calculation we take Ij> * —440 kilo- 
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• % 

, Tkbl« T 
i 

WELS rop. LIQUID-FUEL ROCKET EÎCIÎ2S 

ll 
w 

liter 
when 
Xel 

r, abs. H« "i» 
P»p 

kg-eec/ 
U 

^ipTt 

kg-sec/ 
liter 

..^crfL 
f 0 
kg-sec/kg 

1.36 J 2950 4 3000 26-27 1.144-1.22 225 235 
- 

306 315 155-157 

1.32 3000 26: 27 
. 
1.13+1.19 230 +240 3054 370 1554158 

1.39 3050 26.27 1.15+1.18 2104-230 295-315 155-: 158 

1.38 3200 254 26 1.13+1.19 235 : 215 325 -340 160 165 

1.47 32()0 3'i80 26:27 1.12-1.15 240 : 250 355 -370 ICO 165 

1.34 780 23!. 1,35 90 120 72 

1.30 2600 20-r2l 1.20 2104-220 275 : 285 148 ISO 

1.00 3550+»SO 23+25 1,114-1,14 270+ 280 270 : 280 175+180 

0,99 32504 3350 23 24 •1.12+1.18 250—260 250 -. 260 170+-175 

-——— 

0,99 3550-3650 26-28 1.15 270-280 270 -: 280 130-185 

1.02 1 33)10: 3400 22 1.15 280+290 280+290 1824-184 

0,89 
i 

3010-3050 1 19+20 1,175 1 280—290 250 258 165+170 

1.32 4600-:-4700 20-21 1.19 340-350 450 : 455 185 + 190 

1.18 i 4500+4610 2U-2I 1,20 340 + 350 4004-415 195 : 200 

determined by the colculntion at a preseurt differential 5Cil 

for the given fuel relationship of corsponente# 

cal/kg. 
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SECTION ko. FUEL BASED ON NITRIC ACID AND OTHER OXTG3Í COMPOUND;» OF NITROGEN 

Nitric Acid. 

Nitric acid HNO^, in chemically pure form, is a colorless liquid. Com- 

aereial nitric acid is never a chemically pure product but always contains a 

certain quantity of water and oxides of nitrogen which give the nitric acid a 

reddish-brown color. 

The addition of water to nitric acid is not desirable because water lowers 

heat content. Consequently, nitric acid with a water content of not more than 

2-49( is used in rocket engines, that is, a concentration of 9&-9&£. Each excess 

percent of water in nitric acid reduces by approximately one unit the specific 

thrust developed by the engine. 

Since we employ a highly concentrated nitric acid in liquid-fuel rocket 

engines, the physical-chemical indexes given below are based on a nitric acid 

of a concentration of 1009(. 

Nitric acid contains 769( oxygen and has a small negative heat of formation 

which makes it a relatively strong oxidizer. Of the most extensively used oxi¬ 

dizers at the present time, it has the smallest specific weight (1.32 kg/ltr) 

which makes it possible to achieve a high thermal density. 

For utilization in rocket engines nitric acid has a very favorable boiling 

point (♦ 86° C) and a very favorable freezing point (- 42° C). The addition 

of water reduces somewhat the freezing point. 

The boiling point of nitric acid increases with an increase in pressure 

so that with pressures present in the cooling duct of the rocket engine the 

o 
boiling point reaches 200 C. 

The thermal heat capacity (specific heat) of HNO^ amounts to about 0*3 

kilo-cal/kg, which, with its high boiling point and its large content in the 

fuel ( \) t** 5.5) makes nitric acid a convenient cooling liquid having a large o 

capacity for absorbing heat. 

O mh 
The dynamic viscosity of nitric acid at 20 C amounts to about 1 x 10~ 
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2 
kg-eec/m t which is approximately equal to the dynamic viscosity of water. 

With an increase in the temperature, the dynamic viscosity decreases somewhat. 

Nitric acid is widely used in our national economy for making fertilizers 

and explosives. Its cost is relatively low. 

However, nitric acid possesses a number of shortcomings. The vapors of 

HNO^ are poisonous; if nitric acid gets on the skin, it causes serious burns. 

Therefore, in working with it one must take great care and this creates diffi¬ 

culties in its use in engines. 

Nitric acid is also a very strong corrosive of many metals and other con¬ 

struction materials. The acid dissolved in water is a very active corrosive 

of metals. Hence, the washing of engines and parts after nitric acid cores 

in contact with them should be done very carefully. The materials which resist 

the action of nitric acid are certain stainless steels, aluminum, and many of 

its alloys, especially those which do not contain large amounts of copper. 

The pressure of saturated vapors of nitric acid at a normal temperature 

is considerable. That is, nitric acid evaporates easily. Thus, tc store 

nitric acid one must take precautionary measures. 

Additives in Nitric Acid. 

To improve the characteristics of nitric acid as an oxidizer, we add dif¬ 

ferent substances to it. 3y this means we increase the power of the oxidizer 

and the calorific value of the fuel, the specific weight of the oxidizer, de¬ 

crease the corrosive effect upon construction materials, increase the activity 

of the oxidizer in the combustible, and, especially in the case of hypergpl- 

ic combustibles with nitric acid, lower the freezing point. 

Many additives change not ono but several characteristics of nitric acid, 

that is, they have combined reactions. Let us consider the basic additives 

for nitric acid and their effects. 

Tetroxide of nitrogen is nitric oxide rich in oxygen with a 

very small (in absolute value) negative heat of formation which Increases the 
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h«at content of the oxidiier. This oxidizer usee as opposed to pure HNO^ 

and it increases the calorific value of the fuel (see Tables 5 «ad ?)• How¬ 

ever, it is impossible to employ tetroxide as an oxidizer because of its 

high freezing point (- 11.2° C), and low boiling point (♦ 21° C). Hence 

is also used as an additive to HNO^ for increasing the calorific value of the 

fuel. In addition, the addition of to HNO^ gives a solution with a higher 

specific weight than and HNO^ taken separately. The maximum specific 

weight of such a solution (with a content in the HNO^ of 40¾ H^O^) amounts to 

1.63 kg/ltr (liter). The addition of also increases the activity of the 

oxidizer, and thus facilitates conditions for the starting of the rocket engine. 

Such addition also lowers the freezing point of the oxidizer. The minimum 

freezing point of the solutions of in HNO^ is obtained with an addition 

of and amounts to about - 70° C. 

Concentrated sulfuric acid H^SO^ is employed as an additive; it lowers 

the corrosive action of nitric acid on contact with metals. It improves the 

starting of the engine especially when we employ hypergolic fuels with 

nitric acid oxidizers. 

Mixtures of nitric and sulfuric acids are called melanges (designated by 

M-10). The H2S0i| content in the melange usually amounts to 10¾ (by weight). 

The disadvantage of adding sulfuric acid to nitric acid is the reduction in 

the heat content of the oxidizer. 

Ferric chloride is added to nitric acid in order to lower the freez¬ 

ing point, and also as an additive increasing the activity of the oxidizer. 

However, the addition of ferric chloride reduces the calorific value of the 

fuel. 

Tetranltromcthane as an Oxidizer. 

Among the oxygen compounds of nitrogen, we can use, as an oxidizer, besides 

uitric acid aid nitrogen tetroxide, tetranitromethane It has a posi¬ 

tive heat of formation which increases its heat content. The great advantage 
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o! tetranitromethane as an oxidizer for rocket engines is its high specific 

weight (I.65 kg/ltr) which is greater than nitric acid and its relatively weak 

corrosive effect on construction materials. 

The employment of tetranitromethane is limited by its explosive character 

which is due to the fact that in a molecule of tetranitromethane there is also 

an oxidizing substance, and a fuel element (carbon). Therefore, the molecule 

of tetranitromethane resembles a molecule of powder or an explosive substance. 

We kno«t however, that a very pure tetranitromethane does not possess any ex¬ 

plosive characteristics.^ In addition, tetranitrorethane is a very poisonous 

substance which attacks the mucous membrane of man. 

The freezing point of tetranitromethane is ♦ 13»8° C. However, a mixture 

of it with has a freezing point of about -25° C, making it possible to 

use such mixtures as oxidizers for fuels of rocket engines. 

Combustible Fuels using Nitric Acid and Hyperbolic Fuels. 

Among the fuel combustibles based on HNO^ and other oxygen compounds of 

nitrogen, kerosene is the most widely used. The basic physical-chemical cha¬ 

racteristics of kerosene are given in Table 6, and the data for a fuel of 

nitric acid plus kerosene are given in Table 7. 

Kerosene possesses a number of advantageous characteristics, making its 

successful use in rocket engines possible. It produces a fuel with a high 

calorific value. Kerosene remains a liquid in a wide range of temperatures. 

Kerosene may be employed as a cooler for an engine. Its thermal hc&t capacity 

amounts to approximately 0.45 kilo-cal/kg, and the boiling point approaches 

0 
25O C whan temperatures are increased. 

The transport and storage of kerosene does not involve any great diffi¬ 

culties. The production of kerosene is assured both by the availability of 

raw materials and by the extensive development of the petroleum processing 

^11.0. Chernyahev, Svoyatva i Ketody Polucheniya Tetranitrometana /Characteris¬ 
tic* and Methods for Obtaining Tetranitromethane/, Izd. KVTU, Im, Baumana, 

1<*9. 
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Industries. In addition to kerosene, other combustible petroleum by-products 

which improYe the operation characteristics of fuels are used in rocket en¬ 

gine fuels* 

Kerosene nay be employed as a combustible with all oxidizers based on 

oxygen compounds of nitrogen. 

The calorific value of fuel HNO^ plus kerosene amounts to 1,460 kilo-cal/kg. 

For other oxygen compounds of nitrogen, it is somewhat larger (up ¿o 1,500 

kilo-cal/kg) because of the improved characteristics of the oxidizer. A short¬ 

coming of kerosene is its relatively small specific weight (0.8 - 0.85 kg/ltr). 

Fuel HNOj plus kerosene plus other fuels based on oxygen compounds of 

nitrogen, when using kerosene as a combustible, are not hypergolic and re¬ 

quire induced ignition. 

Other hydrocarbons which produce fuels which are not hypergolic vith 

nitric acid or with other oxygen compounds of nitrogen (for example, methyl 

and ethyl alcohol) have not been practically employed in nitric acid rocket 

•ngines. 

Using KNOj and other oxygen compounds of nitrogen, some hypergolic ... 

fuels have also been produced. To obtain reliable hypergolic fuels we 

use mixtures of hydrocarbons as the corresponding combustibles. As hydro¬ 

carbons furnishing - hypergolic^ combustibles with HNO^ we also use aniline, 

furfuryl alcohol, xylidine, triethylamine, vinylethyl ether, and others. 

Their composition and basic physical-chemical characteristics are given in 

Tsbls 6. Among the special characteristics of these hydrocarbons, we need 

point out only the sorewhat higher specific weight of aniline. 

The basic value characterizing the quality of hypergolic fuels is the 

ignition delay (period of induction). In order to insure the reliable start¬ 

ing of the engine, the ignition delay should not exceed 0.03 sec. In order to 

obtain auch values for ignition delay, we select mixtures of combustibles which 

are sufficiently active in self-ignition and employ activation of oxidizing 
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«Stnts. 

Thtrt «re « large number of hyjptrgolic. futía of -various composition* 

A coaaon weakness of them is their high coat and scarcity. Hence, in spite 

of a number of advantageous characteristics of hypergolic fuels (simplifi¬ 

cation of the engine design not requiring a special system of combustion; less 

tendency of the fuel to detonate and vibrate during combustion and others), 

ve try in so far as is possible to avoid their use as basic fuels in rocket 

engines. At the same time, hypergolic fuels are extensively employed as a 

means of ignition in chemical ignition systems, »^e can also employ them as 

;fuels in liquid-fuel gas generators. 

The most widely used hypergolic fuels are the following: 

1) Fuels using HNO^ and other oxygen compounds of nitrogen as an oxidizer, 

and, as a combustible, a mixture of 50& triethylamine and xylidine (the 

so-called MTonkaM-250). Such fuels were employed extensively in German rocket 

engines. The best qualities, from the point of view of self-ignition, are 

possessed by similar fuels with a high content of sulfuric acid (up to 50^) 

in the nitric acid. They are especially suitable for use in chemical ignition 

systems and in liquid-fuel rocket engines. 

2) Nitrit acid (or other oxidizers based on oxides of nitrogen) and 

combustibles consisting of 80¾ aniline and 20¾ furfyryl alcohol. Combustibles 

based on aniline are employed in many American rocket engines. 

The characteristics of these fuels are given in Table 7. 

Hypergolic combustibles based on aniline were employed in the German . 

rocket engines during the Second florid War. One of these was called "Tonka- 

841.” In addition to aniline, it had in it a complicated chemical substance 

called "optol" which improved its quality. 

A fuel based on vinylethyl ether also ignites well with nitric acid. 

The fuel hydrazine hydrate ignites fairly well with hydrogen peroxide. 
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SECTION 29, FUELS USING LIQUID OXYGEN AND HTDRCGEN PEROXIDE 

Liquid Oxygen, 

Liquid oxygen ie still a «ore concentrated oxidizer than nitric acid 

because it contains 100¾ oxidizing element. Of all the present-day oxidizers, 

liquid oxygen produces a fuel possessing the highest calorific value. Liquid 

oxygen is a transparent liquid of a bluish color boiling at -I83 C. Its spe¬ 

cific «eight is ouch lees than the specific weight of HNO^, amounting to 1.14 

kg/ltr at the boiling point. 

The basic physical-chemical properties of oxygen are given in Table 5« 

The low boiling point prevents the use of liquid oxygen as a cooling 

agent, and it cannot be used in engines requiring its storage in tanks for a 

long time. The filling of the engine tanks with liquid oxygen is done just 

before the start. Even in this cace there is a large loss of liiuid oxygen 

as a result of its evaporation. 

To atore liquid oxy-en outside the en-ine, we employ tanks with double 

«alls. In order to provide insulation against heat from the space between 

the two walls of the tank, we purip out the air from this space, or fill it 

with heat insulating substances to reduce the heat transfer from one wall to 

the other, and, consequently, the heating and evaporation of the oxygen. 

As a material for making the oxyben tanks of the engine we can employ 

rust-proof steel or aluminum alloys. The packing used for sealing is made 

fro« soft metals (copper, lead) or special plastics. 

Liquid oxygen is practically harmless for man. If a small quantity falle 

on the skin, it begins to boil and the layer of gaseous oxygen formed protects 

the akin againr k freezing. 

In the last few years liquid oxygen has been widely employed in various 

fields of technology. There are facilities for manufacturing it on a large 

•cale, and satisfactory solutions have also been found for storing and 

transporting it. In spite of the unavoidable losses due to evaporation (when 
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UB«d in th« rocket engine, about 50é of the initial quantity of liquid oxygen 

ia lost), the cost of the utilization of liquid oxygen in rockets is not great. 

Fuel Combustibles with a Liquid Oxygen Base. 

Aa a combustible for liquid oxygen we can use any of the hydrocarbons. 

With liquid oxygen all hydrocarbons produce non-hypergolic fuels 

The highest calorific value (2,200 kilo-cal/kg), «hen using the universal¬ 

ly employed hydrocarbons, is possessed by the liquid oxygen fuel plus kerosene. 

It ia on the whole the most powerful fuel of present-day fuels for rocket en¬ 

gines. Research work on the use of oxygen plus kerosene fuel was started at 

the beginning of the development of rocket engineering. The difficulty of 

employing it in rocket engines is due to its high cr-'bustion temperature, and 

also to the vary small quantity of kerosene in the fuel (20¾) which com¬ 

plicates the cooling of the engine. Up until new these causes have limited 

the extent )f employment of the oxygen plus kerosene fuel. 

Fuels using liquid oxygen, in which one uses ethyl and methyl alcohol or 

their mixtures as combustibles, are widely used at the present tine. In tech¬ 

nology etnyl alcohol are employed with a maximum concentration oí alcohol at 

93«5# by weight (6.5¾ water). 

The basic characteristics of ethyl and methyl alcohol are given in Table 6. 

The calorific value of alcohols is lower than in the case of kerosene be¬ 

cause they have a large negative heat of formation, but on the other hand the 

temperature of the comoustion of alcohol in oxygen is lower thus facilitating 

the design of the engine. The specific weight of the alcohol is small (about 

0.8 kg/1). The boiling point is rather high, making it possible to employ 

alcohol as a cooling liquid. 

As a result oi the fact that the alcohol itself contains a consider¬ 

able amount of oxygen, the relative content of alcohol in fuej. is large (it 

amounta to 40-45¾). Hence, achieving satisfactory cooling for oxygen-alcohol 

engines is much easier than in ¿he case of oxygen-keroeene engines. Besides, 
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the specific heat of alcohol is somewhat higher than that of kerosene and 

SBounts to approximately 0,6 kilo-cal/kg. 

Ethyl and methyl alcohols in any proportion are mixed with water. There¬ 

fore baaed on them it ia easy to obtain fuel with a lowered calorific value; 

that ia, one can lower the temperature in the combustion chamber and increase 

the capacity of the combustible for absorbing heat to any desired degree neces¬ 

sary for the reliable operation of the engine. This is precisely the method 

used by the designers of the A-4 (V-2) rocket engine when they employed a com¬ 

bustible of a water solution of alcohol — 75¾ concentration (by weight) — 

even though in doing so they reduced the specific thrust of the engine con¬ 

siderably (to 200 kg-eec/kg). 

The low congealing point of alcohol makes it possible to e ploy it in 

a wide range of temperatures in the surrounding medium. 

The alcohol is produced on a large scale, so tnat it is not in short 

supply. Alcohol has no corrosive action against construction materials, so 

that containers for alcohol can be made from rather cheap materials. 

As a substitute for ethyl alcohol we can use methyl alcohol, producing 

with oxygen a fuel of somewhat poorer quality, ¡-.ethyl alcohol is nixed with 

•thyl in any desired proportions; hence it can be used in case of a snort age 

of ethyl alcohol, by adding a cer ain proportion of it to tne fuel. 

Fuels based on liquid oxygen are employed almost exclusively in long- 

range rockets. 

For aome time the use of sore complicated hydrocarbons w^th liquid oxygen 

for example, diethylamine and dimethylhydrazine, in racket engines has been 

discussed. Such fuela can give somewhat higher specific thrusts than the liquid 

hydrogen fuel plus kerosene with a lower temperature of combustion (see Table 7). 

Hydrogen leroxide. 

Hydrogen peroxide (H^O^) la a pure fora (that is, 100¾ concentration) ia 

not used in techad' gy because in this fora it is an extremely unstable product 
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capable of spontaneous décomposition, exploding easily under tue influence 

of any kind of insignificant external action — a blow, illumination, the 

smallest contamination with organic substances, and with certain metals* 

In rocKet engineering we use a more stable product, a highly concentrated 

solution of hydrogen peroxide in »ater. Hydrogen peroxide is used most ex¬ 

tensively in the form of an 8(14 concentration. For increasing the stability 

of hydrogen peroxide we add to it small quantities of a stabilizer (for example, 

phosphoric acid). The use of 8(14 hydrogen peroxide at the present time re¬ 

quires only the usual measures of precaution necessary in handling strong 

oxidizers. 
» 

Hydrogen peroxide of 8o4 concentration, in the presence of a catalyzer, 

quickly decomposes with the liberation of heat in the amount of H^ * 190 kilo- 

calAc, free oxygen in the amount of 0.377 kg to 1 kg of This oxygen 

can be îtaployed for the oxidation of the combustible. 

Hydrogen peroxide has a fairly large specific weight -- 1.3^ kg/1 ®04 

hydrogen peroxide at 20° C. 

There has been no success in using hydrogen peroxide as a cooling liquid 

because when it is heated to +151° C it does not boil but decomposes. 

The freezing point of a water solution of hydrogen peroxide depends on 

its concentration. This dependency is shown in Figure 77. 

* ö W* A W ff» w- ----- -- —-W * - * ^ 

tion of peroxide on its concentration. 

1 — freezing point of a aolution in degrees Cj 2 — concentration of a water 
solution of H20 6¾ by weight. 
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Th* freezing point of the norn*lly used 80¾ hydrogen peroxide amounts 

to -25° C. 

Materials for the tanks and the pipes of engines operating on peroxide 

can be stainless steel and a very pure aluminum,(99.5^)« It i8 absolutely im¬ 

possible to employ copper and other heavy metals because copper is a strong 

catalyzer! capable of decomposing hydrogen peroxide. For packing and 

sealing we can employ certain kinds of plastics. 

If concentrated hydrogen peroxide gets on the skin, it causes a serious 

burn. If H202 falls on organic substances, they will be burned. 

The Basic Fuels of Rocket Engines with Hydrogen Peroxide Base. 

Using hydrogen peroxide we can make fuels of two types: seperately in¬ 

jected fuels and m^nocoruponent fuels. Also, in fuels based on H202, we can 

use both the heat '•i decomposition of peroxide and the oxygen given off during 

its decomposition. 

The fuel used in the Walter liquid-fuel rocket engine is known. An oxi¬ 

dizer of 80¾ hydrogen peroxide was used in that engine. As a combustible, 

■ethyl alcohol (50¾) and hydrazine hydrate (50¾) were used (see Table ?)• 

Hydrazine hydrate (NH2)2 x H20 has a small supply of energy, but it in¬ 

sures self-ignition of the combustible with hydrogen peroxide. 

The small calorific value of such a fuel and its high gas formation 

(small value of) cause a low temperature in the chamber, making it pos¬ 

sible to create a reliable engine operation. However, this engine has a low 

specific thrust, about I85 kg-sec/kg. 

Hydrogen peroxide is also used as a fuel generating heat during decompo¬ 

sition with the help of a catalyst. 

However, in this case much less heat is given off than with the use of 

any other two-component fuels. The teuperature in the combustion chamber for 

the highly concentrated hydrogen peroxide does not exceed 850 C, and is lower 

for the more diluted solutions. As a result of this low temperature, rocket 
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•nginte using the dsconposition reaction of hydrogen peroxide with a catalyst 

«re called "cold” engines. The combustion chambers of these engines are 

usually not even cooled. The basic weakness of Hcold" engines is that because 

of the small amount of heat given off, they have a very low specific thrust 

(about 90 kg-sec/kg). 

The use of a catalyst in the "cold" engines is done by two methods. 

The first method consists in placing a liquid catalyst (just as the hydro¬ 

gen peroxide) in the combustion chamber by means of injectors. 

In the second method the catalyst is placed directly in the combustion 

chamber. This method is used when we use solid catalysts. In this case hydro¬ 

gen peroxide is a monocomponent fuel. 

Due to the low specific thrust developed by engines operating on hydrogen 

peroxide fuels, we could hardly utilize these fuels in the future as oasic onus 

for rocket engines. At the same time, however, hydrogen peroxide fuels are 

employed extensively for the purpose of obtaining a steam gas used in turning 

the turbines of turbo pump sets of liquid-fuel rocket engines. 

The Use of Hydrogen Peroxide in Makinr Steam Gas. 

Hydrogen peroxide is well suited for generating steam gas used in driving 

turbines. The temperature of steam gas obtained by the decomposition of &O0» 

hydrogen peroxide, depending upon the type of catalyst, amounts to ^50-500 C. 

This makes it possible to use the gas directly in the turbine of the turbo 

pump assembly. 

fuels composed of a solution of alcohol in hydrogen ¡eroxide have a high 

calorific value and, consequently, also furnish a steam gas with a high tempe¬ 

rature. If we add a certain amount of water to these fuels, it will not 

create an explosive risk -- an addition which makes possible joint storage 

and injection into the gas generator through one pipe. The "area” of the ex¬ 

plosive risk in tetra-mixtures — alcohol plus hydrogen peroxide plus water — 
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is shown in Figure 78.* 

A mixture of s 50¾ concentration of hydrogen peroxide and 8¾ alcohol will 

haws the maximum calorific value. This mixture is a stoichiometric mixture 

without explosive risk. 

Steam gas obtained by the combustion of this mixture has a temperature 

of 800d C, making possible a smaller mass flow rate needed to obtain a 

given power in t .e turbine when compared with the flow rate of 80¾ hydrogen 

peroxide. ( 
w 

' 
T-1 
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figure 78. The area of explosive risk in three-conp ..cnt mixtures. 

1 mm concentration of water solution of H2O2 by percent of weight; 2 -- line 
of the stoichiometric mixtures ( o< * 1); 3 ~ area of explosive risk in 
three-component mixtures; 4 — content of alcohol in three-component mixtures 

by percent of weight. 

SECTION JO. UZM FUELS Fí R LIQUID FUEL ROCKET ENGINES 

In the preceding section we considered present-day fuels of rocket en¬ 

gines. None of them, with the exception of the oxygen fuel plus kerosene, 

give specific thrusts greater than 250-260 units. At the came time, for the 

further improvement of rocket aircraft, it is first cf all necessary to in¬ 

crease the specific thrust of the engine. 

This being tne case, we have been and still are working continuously to 

find new fuels having better qualities than those we now have. 

Of course when we seek new sources of fuels, we consider only the basic 

*Raketnyye dvigateli /Socket Engines/t Materials of the German Academy for 

Aeronautical Research, ^zd. BTN, 19^8. 
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fu.l rtqulreoents. I« «ddition, In tb. firnt stnges, beginning with the work 

of Sanders end Kondretjuk, special attention was giren to the ralue of the 

store of chenical energy (calorific ralue) and the specific weight of the fuel. 

A* a nil®, sufficient attention waa not given to the thermodynamic character- 

iatica of the combustion products. 

Tuais with Increased Calorific Value and High Specific Weight. 

In searching for fuels with a high calorific value, all of the periodic tabxe 

of Mendeleev was first studied, the analysis of which made it possible to 

select elements having the maximum store of chenical energy. The results of 

this analysis are summarized as follows. The most suitable oxidizing elements 

from the point of view of value of store of chemical energy are oxygen and 

fluorinej as combustibles, the elements hydrogen, lithium, beryllium, boron, 

carbon, magnesium, aluminum and silicon. 

The basic characteristics of fuel made up of these elements are given in 

Table 8. By considering these data we can draw the following conclusions. 

1. Present-day fuels composed of oxygen, hydrogen, and carbon employ 

•laments having a very low store of chemical energy. There are pairs (for 

example: Be ♦ 0 and Li ♦ F) which have high calorific values, 2.5 - 3 times 

greater than the calorific values of present-day fuels. Tnis has served as a 

basis for numerous hypotheses to obtain very high specific thrust — 400-500 

units — using metallic fuelr. Metallic fuels are arbitrarily understood to 

mean all fuels using a combustible of nouorganic origin, including bnron and 

silicon. 

2, The specific weight, and, consequently, also the thermal density of 

almost all metallic fuels are very great. For example, for fuel ne ♦ 0 — 8,850 

kilo-cal/1; for Kg ♦ F — 5.350 kilo-cal/1. This circumstance also called 
* 

attention to the problem of using metallic fuels in rockets. 

A great disadvantage of almost all metallic fuels is the high molecular 

weight of the combustion products and, consequently, the low heat capacity per 
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«ait of »tight. Along with a high calorific walue they also have high tempera¬ 

tures of combuetion and, conaequently, heavy losses as a result of dissociation. 

Several years ago we did not have at our disposal the necessary thermodynaeic 

data for the combustion products of metals, but et the present tine these data 

have been widely published and make possible a sufficiently precise calculation 

of the combustion process of metallic fuels. 

for example, in the case of á fuel of oxygen ♦ aluminum, the combustion 

temperature reaches 5,000° absolute. Here the losses of energy due to disso¬ 

ciation and evaporation of the combustion products amount to about 2,600 kilo- 

cal/kg, that is, 6?« of the calorific value. The molecular weight of the 

gaseous products is high * 48), as a result of which the index of the 

adiabatic expansion is very small (k * 1.2) and the effectiveness of the pro¬ 

cess of expansion is small ( ^ * 0.534 with a ratio of pressure of 100 : 1). 

As a result, the theoretical specific thrust of the fuel 0 ♦ A1 is equal to a 

total of 230 units which is considerably less tnan a fuel of oxygen ♦ kerosene. 

4. The values of the store of chemical energy Kq kilo-cal/kg of metallic 

fuels given in Table 8 pertain chiefly to the solid state of the combustion 

products. They are not the lowest calorific values Hu which are computed 

assuming that the combustion products are gaseous. This has been done of ne¬ 

cessity because the heat of evaporation of many products is eitner not kno?/n 

or not very accurate. In addition, under metallic fuel combustion conditions 

in tha rocket engines, the combustion products may be partially found in a 

condensed state (solid or liquid phases. In this instance the store of chemi¬ 

cal energy relates more correctly to the solid state of the combustion products. 

One aust bear in mind, however, that thu evaporation heat of the combustion 

products of metallic fuels, especially the oxygen compounds of metals, is very 

great. For example, based on certain data the evaporation heat of the oxide 

of beryllium increases its heat of formation. This means that in the combustion 

of beryllium heat is not liberated in the gaseous products (oxide of beryllium) 
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but Bust bt eupplied fron the outside. On the other hand, the boiiinc point 

of the combustion products of metallic fuels (and especially of the oxides) is 

as a rule Tory high. The relative figures in Table 8 are sometimes absent, 

and often they are not sufficiently precise, for ehich reason they are enclosed 

in parentheses. However, the data given are sufficient to enable -us to evalu¬ 

ate the state of the combustion products in the chamber. Of course, to obtain 

high temperatures a part of the combustion products should be in a solid or 

liquid state and apart in a gaseous state. 

The relative quantities of substances present in the condensed and gaseous 

phases are determined by the law for the change of pressure of saturated vapors 

fron temperature. In the case of combustion of aluminum with oxygen in the 

liquid state, the amount is close to 21¾ (by weight) of all the combustion pro¬ 

ducts. Consequently a part of the combustion products of metallic fuels is 

present in a state not suitable for expansion. This reduces the specific thrust. 

Hence an analysis of the characteristics of metallic fuels shows that their 

use is not expedient for the purpose of obtaining a high specific thrust. 

The method of burning metallic fuels in liquid-fuel rocket engines also 

Involves certain difficulties. It has been proposed, for example, to feed 

them into the chamber either in a liquid melted form or in the form of sus¬ 

pensions} that is, suspensions of finely-ground metallic powders in liquid 

fuels or in the form of compounds of metals with organic substances — the 

so-called metallo-organic compounds. 

Some of the metallo-organic compounds, even though they contain a large 

percent of metal, are under ordinary conditions liquid. Tor an example of 

such metallo-organic compounds see Table 9» 

Suspensions and colloidal solutions of metals in combustibles ray also 

be of interest. 

A fuel employing such a colloidal solution of beryllium in the combustible 

vas proposed by V. P. Glushko in 1930. If the metal content in the fuel is 

Ft.tv. i kh~lãTvã~r«ãktIrnofO d.lth.nly« ¿Fh. Physic. snd Ch.cistry of J.t Pw* 
2, Publishing House of Foreign Literature, 19 o. 
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•nail, ita c?*buetion product will be preaent in the condensed phase and will 

give off a large quantity of heat which is taken up by the gaceous combustion 

producta. The email content of tne condensed phaae in the combustion producta 

does not worsen the expansion process too much. 

Tabla 9 

Substance 

Chemical 
Formula 

Content of 
the metal in 
% by weight 

* a.ltlnç 

°C 

1°- 
boiling 

°C 

Specific 
weight 

fcgA- 

Pentaboran 

Diboranimine 

DiethylberyIlium 

Triailan 

Trisylalamine 

B5H9 

si3H8 

(SiHjîjN 

84.8 

50.7 

13.4 

91.2 

78.5 

-47 

-66 

12 

-117 

-106 

58 

76 

200 

53 

52 

0.72 

0.70 

0.20 

0.88 

0.895 

The use of suspensions and colloidal solutions of metals in combustibles 

makes it necessary, however, to create special kinds of injection systems. 

The delivery of a liquid metal into the chamber of the liquid-fuel 

rocket engine is possible, in principle, because the apparatus for this (for 

example, pumps) has already been worked cut and employed in other branches of 

engineering. It is more difficult to plan the heating and the melting of the 

metal in designs which are small in dinensionB and light. It is also more 
* 

difficult to provide for good atomization and combustion of metal fuel in the 

chamber. 

At the present time there are no engines burning metallic fuels. 

The second possible method of increasing the calorific value of fuels 

for rocket engines is the employment of substances as fuel components which 

have large positive heats of formation. 

As an oxidizer of this kind we can point to ozone which in its formation 

from oxygen accumulates 730 kilo-cal/kg which is given off during combustion. 

A well-known combustible from the standpoint of a large positive heat of for¬ 

mation is acetylene which requires an expenditure of 2,120 kilo-cal/kg for its 
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formation. 

Tht uat of ouch fuels is rendered eery difficult because of the high ex¬ 

plosive risk in the components. 

A considerable increase in the calorific value of fuels can be obtained 

if ve «ere able to employ ordinary elements, not in the molecular form but in 

the atomic form, as fuels and oxidizers. 

For example, the heat of formation of atomic hydrogen amounts to 31*700 

kilo-calAg* T* we employ it as a combustible, the heat effect of an oxy¬ 

gon ♦ hydrogen fuel increases up to 8,690 kilo-cal/kg. If we burn atomic hydro¬ 

gen with atomic oxygen, the heat effect amounts to 12,200 kilo-cal/kg. 

We can also consider the use of substances in atomic form as monocomponent 

fuels, if the energy is liberated only by recombination of the atomic element 

to form the molecular. 

The actual use of the elements in the atomic form cannot be judged 

until we find a method of conserving the elements in the atomic state. 

Fuels PoascssinK the Best Thermodynamic Characteristics of their Combustion 

Products. 

As we saw, the creation of new fuels through use of components with in¬ 

creased calorific value has met certain difficulties arising for the most part 

out of the high combustion temperatures. Therefore, attention has, naturally, 

been turned to those fuels which, though not having such a large store of 

energy, would still ensure high specific thrusts due to the improved thermody¬ 

namic characteristics of the combustion products. 

Earlier we pointed out how the thermodynamic characteristics of the com¬ 

bustion products exercise an influence upon the combustion and expansion pro¬ 

cess in the liquid-fuel rocket engine. A good example characterizing the im¬ 

portance of the thermodynamic characteristics of the combustion products is a 

fuel of oxygen * ammonia. This fuel has a calorific value (due to the large con¬ 

tent of nitrogen and the large negative heat of formation of ammonia) equal 
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in all to 1,640 kilo-cal/kg. This fu»! can give a epee ific thrust of 280- 

29O kg-aec/kg which ia equal to or somewhat exceeds the specific thrust of a 

fuel of oxygen ♦ kerosene. At the same time, the combustion temperature of 

the first fuel ia much lower than that of the second (3,000° absolute aa op¬ 

posed to 3,^50° absolute). 

We should remember that this development is due to the small molecular 

weight of the combustion products (N2 and HgO) which give low temperature in 

the chamberí and a fairly large content of diatomic gases (N2) which leads to 

a higher value for the adiabatic index of the expansion of the combustion 

products. 

For some time the periodical press has devoted a great deal of space to 

a discussion of the possibility of using nitrogen-hydrogen fuels in liquid- 

fuel rocket engines: ammonia, hydrazine and its derivatives. The increased 

content of nitrogen in hydrocarbon fuels (for example, triethylcunine and di¬ 

methyl hydrazine) though it somewhat lowers the calorific value of the fuel, 

dots not cause a reduction in the specific thrust. In addition, even the 

ttmperature in the chamber will be somewhat less, thus providing a solution 

to the problem of efficiently cooling the engine. 

The further improvement of the thermodynamic characteristics of the com¬ 

bustion products may be expected as a result of using fluorine oxi-izers with 

nitro-hydro ;en combus.iblcs« As v/e have already pointed out (see pa^e 223) 

the products of the total combustion of this fuel is a diatomic “as (KF) v.hich 

makes greater stability in the combustion products airainst dissociation and 

higher efficiency of expansion 0^) possible. In addition, fuels of fluorine ♦ 

hydrazine and fluorine ♦ ammonia (see Table 7) give the highest values for 

the designed specific thrusts (360*370 units). At the same time, the use of 

fluorine with the usual hydrocarbon combustibles could scarcely be expedient 

because the combustion of fluorine with carbon leads to the formation of an 

easily dissociated pentomic molecule of CF^ and is accompanied by a relatively 
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•nail liberation of heat — 1,850 kilo-cal to 1 kg CF^. 

The further search for future fuels is facilitated by the fact that at the 

present time we have prepared tables of thermodynamic characteristics of the 

coabustion products of all the basic elements which can be used as rocket en¬ 

gine fuel* This renders it possible, with a sufficient degree of accuracy, to 

sake a preliminary calculation of the specific thrusts of the most varied fuels 

and to find the best combination of fuel and oxidizer without having to resort 

to costly experiments. 

The careful calculation of specific thrust enables us to find more pos¬ 

sible fuels. However, both theoretical research and experience with thermo¬ 

dynamic calculations convince us that the specific thrust of chemical fuels 

has a very definite limit amounting to about 38O kg-sec/kg. 

Possibilities Opened as a Result 01 tne Use of Nuclear Snergy in Pocket 

Engines. 

A further increase in the specific thrusts of rocket engines can be ob¬ 

tained by using energy of nuclear reactions — so-called atonic energy. 

Nuclear reactions in contrast to chemical reactions take place in such 

a manner as to change the structure of the nuclei of atoms. 

Based on present-day concepts, The nucleus of an atom consists of heavy 

elementary partiel*s of two kinds: protons and neutrons, which have a (rela¬ 

tively) large mass. 

The proton is a positively charged particle with a mass equal to the mass 

of the nucleus of s hydrogen atom. The neutron, as indicated by its name, has 

no charge at all. The mass of the neutron is also clo^e to the trass of the 

hydrogen atom. 

The properties of the atom depend on the number of protons and neutrons in 

the nucleus. Therefore, the number of protons Z in the nucleus of each element is 

always strictly limited and numerically equal to the atomic number of the ele¬ 

ment in the periodic table of Mendeleev. Asa result, the positive charge of the 
• 
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nucleus amounts to Z x e (e ia tho value of the charge of the electron)* 

Normally the atom is electrically neutral, the number of electrons in 

the electron shell of the atom, which determine the cheuical characteristics 

of the element are always constant. 

The number of neutrons in the nucleus ray differ* The number of neutrons 

without charge in the nucleus does not change the number of electrons or the 

structure of the electron shell* The ciiemical characteristics of atoms with 

a different number of neutrons remain unchanged in epite of the fact that 

these atoms have different atonic weights or a mass number A which represents 

the sum of the protons and neutrons in the nucleus. 

This characteristic of the nuclei of atoms explains the existence of iso¬ 

topes of elements encountered in nature. The presence of isotopes leads to 

the fractional atomic weights of many elements. Tor example, chlorine which 

has an atomic weight of 35.^6, is, in reality, a mixture of three isotopes with 

a mass value A equal to 3^« 35 and 37* The number of protons Z is equal to the 

atomic number of chlorine wnich is 17« and this number is invariable in all 

isotopes* The structure of the nucleus of the atom is indicated by indexes 

with the symbol of the element* The upper symbol designates the mass number 

A representing the sum of the protons and the neutrons; the lower index re¬ 

presents the number of protona Z, that is, the atomic number H. The number 

of the neutrons is equal to A - Z. 
Q 

For example, Lij indicates that the given isotope of lithium possesses a 

mass number 8. In the nucleus of this atom there are three protons and five 

neutrons. 

In the formation of the nucleus of an atom from free protons and neutrons, 

just as in the case cf the formation of molecules from atoms, energy is given 

off. The liberation of energy is based on a condition: the nuclei of the ele¬ 

ments represent a stable structure connected by Intranuclear forces, the ap¬ 

pearance of which, at the time when the nucleus is formed, should be followed 
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by A dtcre&ee in the potential energy of the system* 

The calculation of the energy of formation of the nucleus can be done most 

conveniently by applyiag the principle of the energy and mass equivalence ac¬ 

cording to which these values are interrelated by the ratio: 

i 
E^-mc*, 

where E is the energy in kg-m; 

■t the mass expressed in kilograms of mass; 

c, the velocity of light which is equal to ) x 108 in m/sec. 

The energy equivalent to 1 kg of mass amounts to 

, •O'* kg-m/kg mass 

and in kilo-calories for 1 kg of weight 

. * 9101- 
- -9,,,¾ ^2.15-10» kilo-cal/kg 

According to equivalence of mass and energy, it follows that tnc- mutual at¬ 

traction of the particles of a nucleus forming a stable atom (with negative po¬ 

tential energy) is accompanied by a decrease in their mass as compared to the 

mass of those same particles when moved to a distance which excludes any inter¬ 

action between them* This reduction in mass during nuclear roucti ns is c-lled 

mass dofect and it' designated by Am and can be determined experimentally, 

According to the ratio (V.38), the loss of energy in the system (this 

means the value of the caergy liberated in the formation of the nucleus of 

the atom) is equal to: 

, £*=i/wc* ’ 

As an example, let us find the energy of formation from the elementary 

particles of the nucleus of the atom of helium He^» having two neutrons and 

two protons^ and, consequently, also two electrons* 
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• For a unit of mass in nuclear reactions, we take 1/16 of the mass of an 

16 oxygen atom 0 which is equal to 

^ 1,649-10~,: kg mass.. 
% 

The xasaee of the r"1*'*!®!®11 expreosei in nuclear unite amount to tht 

following: 

Masa of the free neutron.... 1.00645 

Mass of the free proton. 1.007522 

Mass of the electron. 0.000548 

Mass of the helium atom He^. 4.00336 

The mass of the nucleus of helium is equal to the mass c * a helium atom 

minus the mass of two electrons: 

The mass of the nucleus of helium * 4.00336 - 2 • 0.000548 * 

4.002264 

The mass defect in the formation of the nucleus of helium amounts to Am* 

(2 • 1.00645 ♦ 2 • 1.007522) - 4.002264 a 0.02968 of nuclear units of mass. 

In the formation of one helium atom from elementary particles, the fol¬ 

lowing quantity of heat is liberated: 

0,02968-1,649-10-^-9,81-2,15 10'1-1,02 10-u kilo-rni/tto¿ . 
• • 

• * 

i 

For 1 gram of helium it is necessary to have K gran-mole of helium, and 

23 since in a gran-mole of any substance there are 6.O6 x 10 atoms, the total 

quantity of heat liberated during the formation of 1 gram of helium amounts 

to 
• • 

-î-e.OMO»1.1,02-10“ukUo-cal,'c -1,55 10» kilc-cal/?; 

This quantity of heat corresponds approximately to that which is libera¬ 

ted during the formation of 50 T of water from standard elements. 

The energy of formation, and also the mass defect of the different nuclei, 

just as in the case of the energy of formation of the different chemical 
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compounds, is different. Consequently, in principle it is possible to hove 

nuclear reactions which lead to the fornation of kuclei with larger mass de¬ 

fects than the initial nuclei. Also, the formatier: of nuclei will be more 

•table. The energy liberated in the fornation of a new nucleus will be equiva¬ 

lent to the difference of the nass defects of the newly forced nuclei and the 

initial nuclei. 

The nuclear reactions of different elenents Jake place in different ways. 

The easiest are the nuclear reactions of heavy elec nts v.ith a laiçe t-.ass number. 

It has been found that the larger the c-ass number of tao nucleus, the less 

■table the nucleus and the greater tendency it wi.l have to disintegrate. The 

disintegration expresses itself in the fission of t :e r.eavy nucleus into lighter 

ones with the liberation of energy in the form of .adiation of different typen. 

It is precisely the heavy nuclei of tue elecents w ich possess the quality of 

radioactivity characterized by powerful radiation taking place during the 

fission of the nucleus. 

It has also been known for a long time that tacre are artificial nuclear 

reactions connected with the conversion of light elements. 

However, in order to obtain a large and cons ar.t yield of energy in 

nuclear reactions, it is necessary to hav artifK u-.l excitation of :he nuclei, 

increasing tneir energy to such an extent that th.y will beccr.e unstable and 

disintegrate with the fornation of new nuclei. Ti« e.*r* of excitation of 

the nuclei is analogous to the energy of activati'n ci c.:e* ical reaction^. 

The value of the energy of excitation in its-If should be considerable, 

because the exciting particles which carry tiie ne assary energy must pene¬ 

trate into the nucleus. 

For tae intensive excitation of the nuclei, chorpod particles have been 

found unsuitable bee use they lose a larc;« part of ti-eir .-nerry before reach¬ 

ing the nucleus in overcoming the force of the electric field surrcur.diuT the 

nucleus. Tbe most suitable particle for excitati>n of the nucleus is the 
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neutron which does not have a charge. 

In addition, fur the continuity of the nuclear reaction, it is necessary 

to have either a flow of neutrons corresponding to the energy or the nuclear 

reaction itself should be the source of the formation of the neutrons neces¬ 

sary for excitation of more and more ,00* nuclei. It was not until after th» 

creation of such conditions that the practice 1 utilization of the nuclear 

energy of heavy elements becar.e possible. 

For the excitation of light elemente ».0 need .till more energy. In 

practice, this is achieved by using energy from nuclear reaction of heavy 

'elements. 

Let us now consider the quantitative side of the problem and appraise the 

possibilities arising out of the use of nuclear reactions. 

Each nuclear reaction is characterized by its energy effect. As a measure 

of energy effect we take the mass defect which is expressed in fractions £ of 

the initial mass of the active substance. 

The value of 6 is very small. Of course it is less than the relative 

mass defect in the formation of the nuclei of the elements because it is de¬ 

termined by the difference of the mass defects for the two nuclei. 

For the reaction of the fission of a uranium nucleus á s 0.000731, 

in reactions with light atoms, the value ¿ is much higher. 

For the reaction of the formation of helium from lithium and hydrogta 

Li? ♦ HeJ -* 2HeJ, the value b * 0.00232. 

In the reaction of transformation of hydrogen into helium 4h He , the 

value b * O.OO715. 

However, even with such insignificant mass defect«, a result of the 

enormous value of the energy corresponding to the unit of mass, the yield of 

energy Kft in kilo-cal to 1 kg of nuclear fuel, with tue afore-mentioned nuclear 

reactions, will be very large. The data for the yield of energy are given in 

the following table: 
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Type of Nuclear Reaction Yield of energy 
in kilo-cal/kg 

235 
Reaction of uranium fission 

7 1 A 
Li' ♦ HJ -*2He2 

4H1 -w Ha4 

1.57 * 1010 

2.67 • 1010 

1.5*» • 1011 

Th« very large quantity of energy liberated when using nuclear reactions 

in engineering designs should be absorbed by another irass carrier in the form 

of thermal or chemical energy which in turn, as in an ordinary engine, can be 

used for the creation of thrust. 

This method of employing the energy of nuclear reactiona opens up great possi¬ 

bilities in the choice of a mass carrier — a carrier of the energy in the 

engine. As a mass carrier absorbing nuclear reaction energy and transforming 

it into heat, we can select a substance with the best thermodynamic character¬ 

istics; that is, with a snail number of atoes in the molecule and as low a 

molecular weight as possible. 

As a possible material for use as a mass carrier, we ha^e diatcmic hydro¬ 

gen which possesses excellent characteristics because its molecular weight is 

equal to 2. After this material come ammonia and water i^O, the heat 

capacity weight of which is comparatively high. If the temperatures in the 

atomic rocket engine cnamber are sufficiently high, the ammonia will be de¬ 

composed into N2 and n2i and the water to 02 and H2. With still higher tem¬ 

peratures a considerable quantity of atonic gases !•, E, and 0, wi^l go in.c 

the compound of the nass carrier, and this leads to a further improvement in 

the thermodynamic characteristics of the mass carrier. 

We should note that the phenomenon of dissociation, harmful when using 

chemical energy, can prove to be useful in using nuclear energy because with 

dissociation nuclear energy can be accumulated In the form of chemical energy; 

for example, in the form of positive energy of formation of atomic gases. In the 

expansion process chemical energy which results from the recombination reaction 
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can b« liberated and transformed into kinetic gas energy. 

The maximum temperature of the mass carrier is determined by the possi¬ 

bility of construction of a reliably operating design for an atomic engine. 

Data for the quantity of heat KQ in kilo-calAg, «hich accumulates in 1 kg 

of mass carrier composed of different elements at a temperature of 4,000 and 

6,000° absolute (without taking into account dissociation), are giren in 

Table 10. This table gives the quantities of active substance (uranium 

or plutonium necessary for heating 1 kg of mass carrier to cor¬ 

responding temperatures. 

Data for specific thrust which can be obtained by using atomic energy 

indicate that a greater thrust than with the usual fuels can be obtained only 

with high temperatures in the chamber or, if we are limited to relatively low 

temperatures, only with the use of hydrogen as a mass carrier in the engine. 

However, hydrogen is not suitable because its specific weight in the liquid 

state is small. Consequently, the gain in specific thrust obtained by the use 

of hydrogen is considerably reduced by worsening the weight qualities of the 

rocket. An increase in the temperature in the engine presents new problems 

in its cooling system. 

The expenditure of active mass for heating the mass carrier to the re¬ 

quired temperature is extremely small. However, the actual quantity of active 

mass in the engine is determined by tne fact that for nuclear reaction to take 

place it is necessary to have a certain minimum or critical masa. 

The requirement is explained by the fact that the dimensions of the atomic 

—24 2 
nucleus are small (the cross section is about 10 cm ), and to insure a 

sufficiently nigh probability of collision between the neutrons and the nucleus 

of the atom it is necessary to have a very large value for the path which the 

neutron must travel in the active substance. That is to say, the mass of the 

active substance should be larger than a certain minimum value. 

*The value of the critical maas depends on the form of tne active substance 
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and the conditione under which the nuclear reactions take place. 

For example« for a pure substance or Pu*"^t the critical mass 

amounts to a sphere hawing a radius of seweral centimeters and a weight of 20- 

30 kg.^ However, one could hardly employ active substances in such a form in 

a rocket engine because under these conditions the area of heat radiat.^n is 

very small. In addition, the nuclear reactions take place very quickly. For 

increasing the area of hea transfer, retarding the velocity of nuclear reac¬ 

tion and providing a means to control it, we must add a so-called inhibitor 

to the fissionable substanco. The inhibitor should possess a small capacity 

for absorbing neutrons, but it should greatly reduce their velocity. As an 

inhibitor we employ graphite or heavy water. 

This scheme for using an active substance constitutes the basis of all 

the existing projects for the use of atomic energy for industrial purposes. 

The value of the critical mass when using an inhibitor greatly in- - 

creases and reacnes hundreds of kilograms. 

The basic difficulty arising from placing the packet of active mass and 

inhibitor in the chamber of the engine is that the temperature of the active 

substance which insures the heat transfer to the mass carrier should be greater 

than the temperature of the mass carrier itself. That is, the temperature 

should be very high. A solution to this problem is very difficult because we 

do not know materials which reraain solid at temperatures of 4,000-6,000® ab¬ 

solute. Uranium melts at T * 1,150° absolute. A higher melting substance, 

uranium oxide, melts at T * 2,100° absolute. ¡Sven graphite evaporates at 

temperatures of about 4,000° absolute. 

For these reasons we must find a design solution in which all parts of 

the packet of active substance can be subjected to intensive heating and such 

that the cooler sectors will insure the necessary mechanical stability of the 

packet as a whole. 

^ Sovremennaya Tekhnika ¿Present-day Technolog^« Collection of Bssays, 
No'. Ó7 Publishing House of Foreign Literature, 1949. 
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Th« 4ÍB.M10M of th. packet, if poa.lbl«, ehoold also b. mad. larger, 

Id order to obtain th. n.ceseary ».lue for th. eurfae. transmitting heat to 

th« aass carrier. 

Thie difficulty ia not encountered in another ciethod of applying nuclear 

energy in the engine — naraely, a nothod by which the active substance is 

«prayed into the chamber in the form of a solution or a suspension in liquid. 

In this instance the nuclear reaction takes place in the vapor mass of the 

mass carrier, that is, in the homogeneous gaseous phase. This system for using 

atomic energy is very attractive because it insures the best conditions for 

heat transfer in the turbulent gas flow. At the same time, in t.ie gaseous 

mass carrier we can obtain the necessary very high temperatures needed for 

high specific thrusts. In addition, the walls of the engine can b« insulated 

from the effects of the hign temperature gas flows by a layer of relatively 

eold gas. 

A great difficulty in the application of such a system is that the di¬ 

mensions of the chamber must be very large. 

The value of the critical mass in this case is replaced by the critical 

product of the pressure in the chamber p2 by radius Rk. Based on certain 

estimates for the use of hydrogen as a mass carrier at a temperature in 

the chamber equal to 5,000° absolute, the necessary product p^ amounts to 

12,000 m atm (the product of meters by kg/cn^). Hence, with a pressure in 

the chamber of 100 kg/cm2, the chamber should have a minimum diameter of 240 o. 

It is useless even to speak of making chambers of such dimensions. 

These same estimates for other mss carriers give still greater values 

for the critical dimension of the chamber. 

We have already had thermonuclear reactions not connected with the <alue 

of the critical macs. Howeve-, for the excitation of these reactions, we must 

have outside sources of high temperature. The only source of this kind up un¬ 

til now is the atomic explosion, but, of course, we cannot employ it for 
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•xcitation of thermonuclaax reactions for relatively slow release of energy 

necessary for nuclear reaction in the rocket engine* 

Another source of excitation night be the powerful highly concentrated 

gaseous electrical discharge which, as proposed, Bakes it possible to control 

the velocity of thermonuclear reactions. However, the practical employment 

of this or a similar initiator of thermonuclear reactions in engineering de¬ 

signs must be preceded, of course, by a long period of research work in this 

field. 

The brief statements concerning the possibilities of the utilization of t^ie 

fcnergy of nuclear reactions in rocket engines given above show that this 

problem is very complicated and that a great amount of work still remains to 

be done before we can employ atomic energy for a rocket engine in actual 

practice. 

QUESTIONS FOH «SVIJ.V AI.D FRCBLEI'.S 

1. What are the basic requirements to be met by fuels for liquid-fuel 

rocket engines? 

2. What is the importance for the qualities of rocket engine fuels of the 

ïarga thermal capacity by weight for tne fuel combustion products? 

3. Explain why in liquid-fuel rocket engines it is more advantageous to 

employ fuels whose combustion products have a small number of atoms in the 

molecule. Illustrate this problem by an example of the combustion of fuels 

consisting of oxygen plus hydrogen and oxygen plus carbon. 

4. Determine the gasification of a fuel whose combustion products have 

a molecular weight equal to ¿6.2. 

5. Nane and give the basis of the design requirements made of fuels for 

liquid-fuel rocket engines. 

6. Name and give the basis of the operating requirements to be met by 

fuels for liquid-fuel rocket engines. 

7. Find the weight composition of a fuel consisting of a mixture of 40¾ 
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diaethylhydrazine and 60¾ diathylamine (data shown in Table 6). 

8. What la néant by the theoretical required quantity of oxidizer? 

9. Find the valué 0 for fuel consisting of 75¾ ethyl alcohol plus 

oxygen. Determine the elementary conposition of this fuel with * 0.9. 

10. What characterizes the total heat content of a component and of what 

component parts is it composed? 

11. Describe the system for reading the total heat contents proposed by 

A. P. Vanichev. 

12. What is the difference between the value of the chemical energy and 

the heat content Itotal at 20° C in the system of A. P. Vanichev? 

13. Determine the total heat content of methyl alcohol of 90¾ concentra¬ 

tion by weight, if the heat of its complete combustion with oxygen to form 

liquid H2O and COg amounts to 6,920 kilo-cal/kg. 

14. Determine the total heat content of a 98¾ solution of nitric acid 

with water at 20° C, if the heat of solution of water in nitric acid amounts 

to -280 kilo-cal/kg of water. 

IJ. Determine the total heat content of a 75¾ solution of ethyl alcohol 

with water at 20° C, if the heat of solution of the alcohol in water amounts 

to -I70 kilo-cal/kg of water. 

16. Give the basic characteristics of nitric acid and the purpose of an 

additive in it. 

17. Name the combustibles employed in fuels based on oxygen. Give their 

characteristics. 

18. What hypergolicfuels do you know? What are their advantages and 

their weaknesses? 

19. Wnat advantages and disadvantages do metallic fuels possess? 

20. What are the possible methods of utilizing the energy of nuclear 

reactions in rocket engines? 
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CHAPTER VI 

THE THEM'AL CALCULATIONS OF AN ENGINE CHaFDER* 

Th« thermal calculation is made to determine specific thru-.t and the 

basic dimensions of the nosmle of the liquid-fuel rocket onSine. It includes 

the calculation of combustion and discharge. 

The calculation of combustion and diecharge is based on calculation 

of the composition and temperature of the combustion products in the engine 

chamber and on the noazle exit at the prescribed pressures. 

This calculation must of necessity take into account dissociation because 

there is a large quantity of chemical energy left in the combustion products. 

SECTION 31. DETERMINATION OF THE COMPOSITION OF COMBUSTION PRODUCTS OF THE 

SIMPLEST FUEL 

Setting up the Equation System to Determine the Çocxpsition of_lhg__Ço52 

bustion Products at a -iven Temporoture. 

The calculation of the composition and tne temperature of the combustion 

products is a rather cumbersome operation in which one must clearly present 

the significance of the equations allied and the methods of solving them. 

Hence, before proceeding directly to the desired calculation of combustion 

and discharge in rocket engines, re should study a simpler example based on 

methods for drawing up and solving equation systems which determine the tem¬ 

perature and composition of the combustion products. 

Let us determine the composition of the combustion products of hydrogen 

and oxygen at a temperature equal to 3,200° absolute, and at a set precsurs 
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of P¿ > 1 atm with tha initial mixtura containine 1 gram-mola of hydrogen 

H2 and 1 gram-mole of oxygen 02. We can ar.aune that the dissociation of the 

complete combuation products, that is, water vapor, takes place only with 

molecular hydrogen and oxygen according to the equation: 

H.O-H.+ÿo,. 

In this case the combuation products will consist of three gases: hydro¬ 

gen, oxygen, and water vapors. The number of moles of these es, which we 

shall designate by ; M0 id Q, will be three unknown quantities, the 
“2 2 2 

value of which we must determine. For the determination of these three un¬ 

knowns it is necessary to set up a system of three equations. In conformity 

with the dissociation reaction in question: 

H.OÍH.+lo, 
(VI.1) 

the constant of equilibrium (see Section 12) of this reaction is writ -en in 

the form: 
i 

*h/q, 

PHfi (VI.2) 

This value as a general rule depends on the temperature, but since in our 

example the temperature is given, it nas a definite numerical value which 

amounts to 0,0877« 

It is necessary to set up two additional equations for the determination 

of the composition of the combustion products. They can be found if ne em¬ 

ploy the law of the conservation of matter. Since no change in elements 

takes place in chemical reactions, we can say that the quantity of elements — 

that is, of hydrogen and oxygen — computed before combustion reaction, is 

equal to the quantity of these elements present in the combustion products. 

The equations for conservation of matter, written in this form, are 

called the equations for element balance. Since the quantity of this or that 

r-TS-974lA 308 



•lement is dstsrnined entirely by the nucbor of its grao-ooleo, we should set 

up the balance equation in gran-coles. This in the given instance gives us 

the simplest form of the balance equation. 

Let us set up the equation for the hydrojen balance. 

Before combustion according to the conditions of the problem, we have 1 

gram-mole of hydrogen. After combustion and dissociation, the hydrogen will 

change into water vapor i^O and into molecular hydrogen Let us direct 

our attention to the fact that for the forcation of 1 gram-mole cf water vapor 

it is necessary to expend one graa-cole of molecular hydrogen. 

Since some H^O and are formed in tne combustion products, the number 

of gram-moles of water vapor H^O formed during the combustion of 1 gram-mole 

of with dissociation will be less than unity. 

We designate the number ofgram-moles of water /apcr in t. e combustion 

products by x, that is, ^ * x. Then the quantity of gram-moles of hydrogen 

present in the combustion products is determined by the sum x gram-moles of 

which are part of H^O and gran-moles of free molecular hydrogen. Since 

in accordance with the law for the conservation of matter, the total number ' 

of gram-moles of hydrogen does not change in combustion, this sum will obvious¬ 

ly be equal to the number of gras-moles in the initial mixture, that is 1.. 

Consequently: 

: J Im+Aín, 
(VI.3) 

or, solving for , we obtain: 

'1 Af»,— 1 — Jt. I 
(VI.4) 

These same considerations also enable us to set up a quation for oxygen 

balance. In the initial mixture before combustion, tf - s one gram-mole of 

Op. After combustion the oxygen is in the water vepor H^C and in the form of 

free molecular oxygen Op, The amount of oxygen going into the water vapor 
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aaounts to )4 groin-Bole to on* gran-aol* of H^O* Sinw* tho number of grao-ooles 

of «ater * z( thenf designating the number of gram-moles of free oxygen by 

Mn f we may write: 
°2 

1—Ljí+Mo. 
(»1.5) 

or 

■! A*o,-1-0,5^. (VI.6) 

Hence we hare obtained two additional equations for the determination of 

combustion products» Let us notice that the number of balance equations is 

always equal to the number of elements forming a pa**t of the initial fuel. 

Now we have three equations for finding three unknowns. 

The Solution of the Equation System to Deterr.ine the Composition of Com¬ 

bustion Products. 

To solve the equation system received in (71.2), (VI.M, and (VI.6), we 

express the composition of the gases in partial pressures. For this purpose 

it is necessary to use a relationship of partial pressures p^ and p^ 

'Yt tb*~number of moles of these gases. 

Pnfl-rH'Opt; pH' = po,-r0pt% 
(VI.7) 

where p^ i* the total pressure of the gas mixture; 

r_ f r„ and r_ , the volume proportion of the corresponding f.aoes in 
n 2 O2 

the mixture. 

Since the mole of any gas under the given conditions occupies a strictly 

determined volume not dependent upon the type of gas, the volume proportion of 

any gas is determined by the ratio of the number of gram-moles of the gas to 

the total number of gram-moles of all the gases constituting the mixture. 

In the given instance: 
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Mho Mu 
fM|-— ro, 

(VI.8) 

Tht total number of ao!eo amounta to: 

Mi « Mujo + ^h, + Mot, 

Making use of the equations (VI.4) and (VI.6), we obtain: 

(VI.9) 

Af««*+l-x+l-0,5jí«2-0,5jc. (VI.10) 

In accordance with (VI.8) and (VI.7) the volume proportions and the par¬ 

tial pressures will be equal to the following: 

Til 01 

1-jr . „ _ 
fH,***:—TT~ • P"’ 

’ '¿-0,1m 

1 — 0,.*jc . _ 

' '“■“T^Ts/ p0~ 

1 — X 
2-0,hx 

1 -0,5jr 

/>t; 

Pi' 
(VI.ll) 2 —0,5jt 

Let us substitute the values of partial prêt,Tires and the value of the: equi¬ 

librium constant in the equation (VI.2) and after cancelling p^ and (2-0.5 x), 

me obtain: 

/(-0,0877^ ILt^O-o WL pY 

(2-0.5jr)Ta 
(VI.12) 

or 

i 
K 0,0877 (l-jr)(l-0,5jr)T 
f" » " I • 

Pi Pi (7-0,$x)Tx 

(VI.13) 

Hencet if the given value of the total pressure of the gaseous mixture is 

P£ , then, from our system, w« receive an equation with one unknown. 

Let us solve the equation received with the pressure pg , equal to one 

physical atmosphere (in the value of equilibrium constants we usually do not 
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hav« technical but ph/aical atcospherae). 

In this caea the aquation (VI#13) takes the form: 

(VI.14) 

This aquation is one of the third Je^.-ae, the analytical solution of 

which is possible but rather cumbersome. 

We can solve the equation by the trial-and-error method. Let us note 
f . 

the ’'area" of the expected values of x. If the combustion takes place with¬ 

out dissociation, then there will be 1 gram-mole of H^O in the combustion 

products because the oxygen for the oxidation of all the hydrogen in the ?/ater 

is sufficient (t/e need # gram-mole, and there is 1 gram-mole) and the value 

M. a x would be equal to unity. As a result of the dissociation, the water 

H2° 
vapor content will be somewhat less, that is, x < 1. 

Having given the different values x < 1, let us calculate the value G, 

which enters the equation (VI.14); 

We graphically carry out the solution of equation (VI.14) (Figure 79). 

For this we plot on the graph the relation; 

0 a f(x) 

We find the solution of the equation (VI.14) as the point of intersection 

of the curve G with the straight line which marks off the value of the right- 

hand member of equation (VI.14) on the G axis. In the caae considered here 

with p£ a 1 and T a 3,000° absolute; 

Q a K > 0.0877 
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Fleure 79. The eraphical solution of equation (VI.1*0 to det-rtdne the corjo- 
sition of the mixture of dissociated combustion products. 

As we can see, x * 0.874. 

Thus, the quantity of water vapor moles that exist in the dissociated 

mixture is equal to 
mH2c * 0.874 

This means also that as a result of dissociation 1 - 0.875 = 0.126 cram- 

mole of water vapor was decomposed in spite of the fact that there was fully . 

enough oxygen for the complete oxidation of hydrogen. 

Making use of equations (VI.4) and (VI.6), we find: 

AfH.-l-0.874«<M2& 
Afo,-1-0.5-0.874-0.563. 

The total number of moles of combustion products K£ amounts to: 

Af« —2—0.5ÜC—1.563, 
F 

and the partial pressures with Pj» • * 1.0» ln accordance with (VI.11), are 
% 

equal to: 1 Ph, —• 1 “0.08; 

*>,-”•1-0.36; 
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at 

Thua « daterais« the coopoaition of the dissociated «abaction product. 

P£ * 1 ata and T ■ 3*000° C. 

TH» Influence of Pressure and :‘eDPerature on the Conpositlon pX.Copbustión 

Producta« 

Th. equation according to which the dissociation of water yapor takes 

placa: 

.hows that dissociation of water vapor Is acconpnnied by «1 increase in the 

number of moles or of th. total volun. of th. gas mixture. Consequently th. 

course of th. dissociation reaction depends upon th. pressure (see Section 12). 

An increase is th* rre«“« should lead to a decrease in the dissociation of 

the water vapor and a reduction in pressure should lead to an increase in 

dissociation. 

In addition, the intensity of the dissociation reaction of combustion 

products dependo on the temperature. With an increase in the temperature 

there should be an increase in the content of the dissociation products in 

the combustion products. 

In order to follow the influence of pressure on the composition of the 

gases, let us salve the equation (VI.13) with the temperature 3*200° absolute 

and with two mixture pressures: = 10 atm and p£ = 0.2 atm, as a result 

of which the left side of the equation (VI.13) will be equal resrective- 

ly to 0.0259 with pç * 10 atm, and 0.196 with pj = 0.2 a^o. The graphical 

solutions, shown in ^irura 79* give respectively 

s ^..-0.956 and ¿n-o.i*0'760- 
'1. 
% 

The composition of the combustion products, calculated with a pressure 

of 0.2, 1 and 10 atm, are given in Table 11. 

The data of this table show that with a decrease in the total pressure in 

>0 
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the mixture of gasee, 

and Mq ««ill actually 

the content of the 

increase. 

dieeociation products, that is, K,, 
“2 

Table 11 

COMPOSITION OF COKBUSTION PRODUCTS AT A TEMI2RATURE T * 3»200° ABSOLUTE AT 
THREE D1FFEREI.T PRESSURES 

(Initial mixture: 1 gran-mole H2 ♦ 1 gran-mole O2) 

Pressure 
p 2 in atm ^20 % H£ 

p°2 

0.2 

1.0 

1C.0 

0.760 

0.87^ 

0.936 

0.240 

0.126 

0,044 

O.62O 

0.563 

O.522 

1.620 

1.563 

I.522 

O.O94 

O.56O 

6.280 

O.O3O 

O.O8O 

O.29O 

0.076 

O.36O 

3.430 

Let us evaluate the influence of temperature on the conpoeitior. of com¬ 

bustion products. For this purpose let us also calculate the composition of 

the combustion products at the pressure p £ * 1 atm with two additional 

values for temperature: at 3»**00° absolute and 3»600° absolute. 

The left parts of the equation (VI.13) «ill be equal respectively to the 

values of the equilibrium constants. By carrying out a graphical solution 

analogous to the preceding, we obtain the data given in Table 12. 

Table 12 

T.-.E COMPOSITION OF C0:3U3TT0U FROLUCTS AT A PRESSURE OF 1 ATMOSPHERE AM) THREE 
DIFFERENT TEM ERATURES 

(Initial mixture: 1 gram-mole H2 > 1 gran-mole O2) 

T° aba *2 ^20 \ °2 ?H2° P°2 

3,200 

3,400 

3,600 

0.0877 

O.I544 

O.2556 

0.874 

0.796 

0.712 

0.126 

0.204 

0.288 

0.563 

O.602 

0.644 

1.563 

1.602 

1.644 

O.56O 

O.498 

0.434 
1_ 

O.08O 

0.126 

0.175 

O.36O 

0.376 

0.391 

As we can see from the comparison of the data of Tables 11 and 12, the 

temperature exercises a sharper influence than pressure upon the cor.poaitior. 
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of the combustion products. For example, a change of temperature from 3»200 

to 3»6CX)0 absolute, that is, by 12.5'¿« l«d to a greater change in the compo¬ 

sition than the change of pressure from 1 to 0.2 atm, that is, a fivefold 

change. 

SECTION 32. SETTING Ul A«. EQUATION SYSTEM TC DETSaSINE THE COMPOSITION AND 

TEMPERATURE OF CGIJiUSTIOi.' IRODUCTS III THE ENGINE CHAMBER 

An example of the determination of the composition of combustion products 

at a given temperature, analyzed by us above, enables us to explain tne types 

of equations entering into the equations system needed to determine the compo¬ 

sition of combustion products. 

The first type of equation is that for equilibrium constants of disso¬ 

ciation reactions which are considered in the calculations; tho second type 

of equation is for the balance of elements which form the fuel. In addition, 

in the calculation we use the equation for the total pressure of the combus¬ 

tion products P£ • 

The equations of the two types mentioned furnish a sufficient number of 

aquations necessary for finding the composition of the combustion products. 

As supplementary equations for determining the composition we use equations 

relating the gas composition expressed in gram-no lea to gas composition ex¬ 

pressed in partial pressures. If we set ourselves the additional task of also 

determining the temperature in the combustion chenber, we find a new unknown, 

namely, the temperature of the combustion products. For the determination of 

this temperature we must draw up an additional equation. 

Since the temperature determines the store of energy in a gas we must 

use an equation relating the store of energy in the fuel to the store of ener¬ 

gy in the combustion products, in order to compute temperature. During fuel 

combustion a transformation of chemical energy into thermal energy takes place. 

However, if we do not take into account the loss of heat to the external me¬ 

dium, the total store of energy in the fuel and in the producta of combustion 
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according to tne law for tue conservation of energy, remains unchanged. 

The total supily of energy in the event of combustion at a constant pres¬ 

sure ia characterized by a total heat content I. „ Consequently the total 
total 

heat content of the combustion products jrod comb ^inc^udinß chemical 

energy) at the combustion temperature Tg at the end of tue combustion chamber 

should be equal to the total heat content of the initial fuel K . „ 
total T 

'r. 
(VI.15) 

This equation, inasmuch as it does not deal with calorific values but 

rather with total heat content value«% is applicable both for complete combus¬ 

tion and for incomplete combustion. Incomplete combustion may take place be¬ 

cause of a lack of oxygen and also as a result of dissociation. 

Let us consider setting up a system of equations for a situation in which 

a fuel has four elements: carton, hydrogen, oxygen, and nitrogen. This case 

is the most typical of liquid rocket engine fuels used at the present time. 

Setting Up ¿quations fer Dissociation Reactions. 

Let us begin by setting up a system of equations of the first type, that 

is, equations for dissociation reactions possible in the combustion products 

of the fuel considered. 

Such reactions are: 

1. The dissociation reaction of carbon dioxide 

CO|^CO + —- 0| 4* 93.64 kilo-cal/g—aol 
i 

• ,co* (VI.16) 

2. Dissociation reaction of water vapor to form molecular hydrogen and 

oxygen 

I 
^0^14, + -1-0, + 57.10 kilo-cal/g-tao* 
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t (VI.17) 

At tne .... t.E,.r.tur. ta... ro.ction. IVI.16) .nd (VI.17) t^c. pU« 

witn different intencitiee. 

«ith ta. ¡-rec.nce of hjoroc.r. ...d oxyt« i. to. «ütur. of conbo.tion 

product.i to... das.ooiotaoo r.oction. en .x.rcio. a nntu.l inflo.nc. upon 

each ether. 

For «xocple: cxvg.n g.n.r.t.d duran, das.ociation of carbon dioxid. can 

s.rv. in the oxidation of b,droB.n di.charg.d curing th. dis.ociation of .at.r 

vapor. 

fb. occurrence of th. fir.t t.o reactions at on. tin. can b. foiled 

easiest of all if -. ret up the total reaction coubinine them. In ca... »n.r. 

there is a shortage of oxidir.r ( « < Despecially'characteristic of »action 

is th. fornation of .at.r gas received b, the subtraction of the second re- 

action froQ the first. 

00,-11,^(:0 + 11,0 + 36.54 Uilo-cal/g-™* 
• *• 

\ 

The equation for the equilibria, constant in this reaction has the for.: 

... » 

V __ Pcohtfl _ 4 /ta 
^ /CO./«. /,-(n* . (VI.17' ) 

This reaction occur, during froduction of generated gas b, the injection 

of «ter vapor into an atmosphere of carbón monoxide »hieb is over a layer of 

heated carbon. This discharges tn. necessary heat for th. formation of hydro- 

g,n and is called formation reaction. This reaction also has 

. tremendous .ignificanc. in th. processes which occur in th, combustion Ca¬ 

ber of rocket engines. A characteristic of th. reaction for th, formation of 

water ... is that, in contradistinction to th. reaction of it. component., it 

cur. without a change in th. number of mole, (volume). Consequently th. 

composition of th. combustion products, if they are formed according to thU 

k 
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reaction, does not de¿erá on tne jressure in tne ooabustion chanber. The 

circumstance mentioned reducer tne effect of ¿.ressure increase as an item 

interfering in tae chamber of tie rocket engine with dissociation c* the 

combustion yroducts of urocarton fuels. 

i’he equilibriun constant a ’ as equilibriun constants of all 

the other reactions taxing place eith a heat loss increases with an increase 

in tne temperature. Consequently, with an increase in temperature in the 

gas mixture tnere will be an increase in the content of carbon monoxide 

in the water vapor. Cn tne other hand, at low temperatures in an equalized 

mixture, there ..ill be a ¡redcr.ir.ance cf carbon dicxide and molecular nydroge 

The equation for the reaction in water vapor is often times used to take 

calculations of states of equilibrium. 

3» Reaction of dissociation of water vapor to form hydrog-R and the 

hydroxyl group: 

H,0 ^ OH + *H,+10,00; 

i_ 

K ***!.--/,(7). 
/^,0 

(VI.I8) 

4. The reaction for the formation of nitric oxide; 

N, + 0,^2NO + 21.47; 

=/.(0. 
Pn.Po, (VI.19) 

occurring with a loss of heat and without a change in the number of molea. 

5. The dissociation reaction of molecular hydrogen to form atomic 

hydrogen; 

H,^2H+ 51,63; 

^ ..= r. if i. 
(VI.20) 

6. Dissociation reaction of molecular oxygen to form atomic oxygen; 

-/.(0. 
'H, 
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(VI.21) 

0,^20 + 58,59; 

Po, 

7. Dissociation reaction of molecular ni-rogen t« fort atomic nitro*en; 

N, ^ 2N +85,12; 

/r.=A_/.,7). 
’ - p»> - ' (VI.22) 

The seven reactions cited are the roet ¡robabl« ones that take place in 

the cot.busticn chamber. The rest of the reactions, for example, the reactions 

for tr.e forr.ation of hycrccarbons (of the type cf methane CH^), at temperatures 

present in t..e combustion chamber, shoulc not be taken into account because at 

high temperatures tne hyurocarbons are not stable and cannot be contained in 

the combustion chamber of liquid-propellant rocket engines. 

The seven equations cited for tne equilibrium constants of th dissocia¬ 

tion reaction© contain eleven unknown partial pressures of gases constituting 

the combustion products, namely: 

• peo,'. Ph,o'. Pco; Ps,\ Ph,\ Po;. Pno\ pon\ Ph* Poand Pa¬ 

in addition, we do not know the value of the temperature in tne combustion 

chamber which determines tne temperature of equilibrium constants. Hence there 

is a total of 12 unknown values in the dissociation reaction equationa. 

Setting up Element kalar.ee Equations. 

As we found above, the balance equations for elements are set up by 

equating the number of elements contained in the fuel to the number of thesa 

same elements forming part of the combustion products. In setting up the bal¬ 

ance equation for the combustion chamber of the rocket engine we shall express 

the number of elements contained in the fuel composition in kilograms per kg 

of fuel or, what is the same, per *:g of coabustion products. 

Let us consider in detail a method for setting up balance equations for 
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nientntb* ueinf t,e e.tup oí a b.l.nc. for oxtro6.n .a ar. •»H- 

The nunber of kiloeraro of nitro,-en necensarv for 1 kr oí fuel, according 

to equation (Vel7) anounta to 

1X1 U* 1 (VI.23) 

lor a rouj, entínate of tr.e a.ount of o^ge» in tn, cor.buntion jroducts 

.« should bear in rind tnat tr.e folio».nr three ¿aoes enter into the fuel con- 

position: molecular nitrogen atonic nitrogen N, and nitric otid. »0. let 

us designate b, II , M . the number of gr.n-nol.s of these ga.es needed 
n2 o 

for 1 i^c coauuetion products. 

1 gre_-nole of molecular nitrogen Wj contains 2 x li • 2£ g of nitrogen: 

and 1 grnn-mole of atonic nitrogen K and nitric oxide HO contains 1 x 1¾ » ib 

of nitrogen. Consequently tn. amount of nitrogen contained in the combustion 

products in gram 1er 1 kg of combustion froducte amount, to: 

2 - 14Mk, +1 • + ' • H^ho 

and in ki-ograœs pßr 1 kg: 

J-(2 14AfN, + M4iWN 
lOUO 

+ 1 • MAW = -¡¡5 (2^ ' ^ M,m)' 

In the produced ratio l.t u. substitut, the g.s gr.m-moles b, their 

values in partial pressures. For this purpose let us consider t.o value.: 

the total preneur. p£ under »hieb the combustion product, .re pr...ot 

total number of gram-moles of .11 t.. combustion product. l:£ n.ed.d per 

kg of propellant (kg of the combustion nrodueta). 

Tnen .nee hection }1> the numaer of moles of nitroger.-contoinlng gases 

is written in the form: 

.-Af, —; -,. 
/« (VI.24) 

mad the amount of nitrogen in 1 kg of tn. comcustinn product, mmy be .ritt« 
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as follows: 

•. * 14 . 
î=~“ (3P*.+P* +^110) • 

,00° '« (VI.25) 

According to the i.ean¿c¿; of the balance equations of the elements, we 

E.Ui.t equate this quantity of nitrogen witn the quantity of it which io present 

in t::e fuel. The final balance equation for nitrogen assumes the fora: 

(VI.26) 

The outline for construction of balance equations, as s :own in the example 

âí.alyzed above, as follows. The cordon coefficient before the paren- 

M ■» 
theses which ontaino the sum of the partial pressures, is the ratio -it j?*.. 

1,000 Pj. 

multiplied by t..e atomic weight of the element for which t ie oalance equation 

Is written. The partial pres ures contained in the balance equation are taken 

with the coefficient and are equal to the nun.ber cf atoms of a given element 

found xn a molecule of a given gaa. Based on this, the rest of the balance 

equations for carbon, hydrogen, and oxygen are writteu in the following fora: 

. f 
c „Jsonb+'C* 1241, . ; 
^ tt;—f i 

H," 

O, 

1JK 

io». ~ (2p»fl + 2/»h, +/»om +/>m); I 
®coni>* I64f 

(VI.27) 

(VI.28) 

H* 

ï, 
r~ (tyo, + 2pa>, +Ph,o +/>co+ 

I 
(VI.29) 

lOOty», 

+Poh+Pmo+Po)- 
9 

Additional Eo.uations for Dctermicinf the Composition and Temp mature of 

Combustion Froducta. 

In the four balance equations produced above, two additional unknowns 

appeared -- the number of gram-moles of combustion products needed for 1 kg 

of propellant M , and the total pressura ps. 

The total pressure is dstermined sa the sum of partial pressures in the 

combustion producta. 
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pi-pço,+p»o+rce+rii.+po.+p«.+r<*+**>+rH+ , . 
+/-0+/-,-¾. (ïl-50) 

*, exproes to. «lu. I.j »7 rr.scur.. oí t« í-«. 

up th. corbuetton product.. Ut u. d..ign.t. th. .ppnr.ut .ol.cul.r ..ight of 

the nixture of combustión producto by • 

On the basis of formula (II*?)* 

1 V* ... 

(VI.Jl) 

1 kg of G« nixtur. .ith an ««nr.»t nol.cular ..tent ct f-Z .«ount. to 

1 000 
-JL- part of a ’'C-~le or gran-aolea. 

^ Consequently the number of gran-oolea in 1 kg is equal to. 

„ 1000 loop* 
Mtm-M - , 

eg 2.1»^ (VI.32) 

+u * +h. ratio 1 contained in the balance equation* 
from which we can *ee that tne rati 

m.2f>. (VI.27). (VI.28), and tVI.29), «n b. writt.n in th. form: 

Mt 1000/, IO» ' 

h (VI.33) 

Th. laut .quation in th. «t.m con.id.r.d .ill b. th. .quation tor th. 

coTia.r«tion of .n.r», .hieb, for combu.tion ih th. .b..»c. of dl.«h.rg. of 

heat from the chamber, ha* the form (VI.15)* 

Art*14p Jr.* t • 
3 

For th. solution of thi. .quation it U n.c.ar, to b. nbl. to find tb. 

total h„t content of tb. combu.tion product, .t . gi«n t.mp.r.tur.. If th. 

composition of th. combustion product, i. d.t.rmin.d (th.t U. Pt b.. b... 

found), it i. ...ï to .otim.t. th.ir tot.l h..t cont.nt nt . «i«n t.mp.r.tur. 

(... Section 27) b, »bin* ... of tb. t.bl. for tot.l h..t ...t.nt. *i«. U 

Append!» 3* 

(VI.}**) 

r-TS-9?i»iA 323 



IVI.35) ma 

ï In fé 

mtPifl 
« 

1000. 

Forr- of th« -rt«r. °f ¿^»tl°n» ,nd 

L.t ». r.d»« t,. .quations »hieb i..«rib. tb. at.t. .« tb. i» th. 

cb.nb.r of tb. .ngin. into . singl. .,.t.n. o.itting tb. int.rn.di.t. fors» 

Us. ïhi» syst.s takes o» th. follo.ing fors: 
f 

i. K,m. 
feo, 

i 
.r 

or 

2. 
fl* 

frnPu o 

Peo,Pu, 

Poil f ti. 

fuW- 

3. a',- =/i(n- 
Plifi 

4. K.- 
f*So, 

s. K;--" -MT)- 
Pii 

6. K,-—- -/^T)' 
to, 

7. A\.A-/,(7). 
• 

8*. C,- - (/»c», + 
\*éPi 

fVI.36) 

9. H,1 
£i*^ 

(2/)11,0 + 2/>h, + /»o« +Ph)- 

Th¿-balase, .q^ûon. of tb. .l.s.ne. »ritt.» by eon.id.ring (VI.33). 
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ir» 

' 

10. N, * ■ (2p*, ^Pho+/>*)• 
1*>P¡ 
« 

11. O, ■■ (2fo, + 2/»co, + pno +^Cp +Pon + 
iéPifi 

+P*o +^o)* 

.12. (’.1.3C) 

ï ^ 
í 

14. pt^YéPi^Pf 

In this system of 14 equations there are 14 unknown values, namely, 11 

partial pressures of the gas mixture componentsyu.^ , ^ *n<l Tg» There¬ 

fore, in theory the system may be solved. 

If the equation system produced were reduced to a single equation (as 

was done in the example analyzed above), one would have a highly complex equa¬ 

tion. «ïith only three unknown partial pressures above, it was necessary to 

solve a cubic equation* 

Every highly complex equation has, as we know, not one solution but seve¬ 

ral systems of roots the number of which is equal to the degree of the equation* 

In the solution of technical and physical problems, the selection of the neces¬ 

sary values of the root is made by a consideration of the physical sense of 

the expected solution. Since the roots of the equetiou system involved re¬ 

present the partial pressure of gases in their mixture, all the roots in the 

correct solution should be positive and real. It has been proved that an 

equation system of equilibrium constants and balance equations, similar to 

ours, hfis only one unique system of roots in which each root has a positive 

and real value* 

Consequently the problem of solving the equation system Involved boils 
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down to U -to* procisely thii «iogl# oy.t.» of root.. A. « !>.». .Ire.dr 

.t.t.d, th. Bolutioo b. obt.ln.d b, . roduction of to. «qu.tioo syot.m to 

. singlo highlj conplox .quntion .ith .ubooqo.nt oolution bp • method of triol 

nnd error or by tee method of succeeeiec epproxinatione. Such . method of 

solution in exeeeeieely cumbersome nnd wry tin. consuming. Ewry ehnng. in 

th. equntion .»stem or in th. initial data requires additional writ by nay of 

Chang« in th« general «quation. 

Kethoda of succ.ssiw approximation ar, more practical for th. sy.ta. 

being considered. 

In order to facilitate th. solution by a method of successive approxima¬ 

tion. of this cumbersome .,stem of equations, it is necessary to writ out a 

strict sequence of solutions so that th. sortins equations »ill be simple (of 

lo. dagre.) and provide a scheme of solution »hich nahe, possible a verifica- 

tion of the resulto obtained. 

The scheme of solution of th. system by th. method of successive approxi- 

motion is aa follow«• 

Assuming a temperature T in the realm of expected temperatures in th. 

combustion chamber, based on table, of Appendix 2 or some other data. ». da¬ 

terais. th. numerical values of all th. equilibrium constants. After thin, 

in definite sequence (and thin also constitutes a peculiarity of this or any 

other method of solution) .. can sole. th. equations of th. constant, and th. 

balança »hen given the valu, of one or several partial pressure, (th. mathod 

of selecting th. value, of th... partial pressure, .hich «.re assumed initial 

ly also constitute, a peculiarity of this or any other method of calculation) 

Sine, in thi. «... if ». require on. or several partial prsasur... «d a cor 

responding numb.r of equations fro. our syst.« (VI.*) «• cl.arad and not 

used, then th... cleared equation, b.com. proof equation, or may b. used to 

find th. aubaequent approximation, of the partial preaaure. aalectad «bi- 

trarily beforehand* 
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By substituting *11 tnu values obtained in the ¡roof equation, we can 

verify tne correctness of t te initially selected jartial ¡.ressure. If the 

proof equation checks out, tnen all the partial pressures i.ave beer, determined 

correctly. If, however, taey do not cneck cut, t..en we introduce corrections 

in the selected partial pressure until the proof equation checks out with the 

degree of precision required in tne calculation. In tecnnical calculations, 

the partial pressures of tne combustion products are carried out to the third 

or fourth decimal place. Usually the proof equation is an equation of ths 

equality of tne sun of all the partial tressures tc the pressure in the 

chamber (VI.30). The partial pressures found give us the equilibrium compo¬ 

sition of the ccnbustion products at a selected temperature. 

Figure 60. Determination of the state of combustion products in the coabustion 

chamber (at the entrance of the nosale). 

1 — kilo-cal/kg; 2 — beat loas; 3 — heat absorbed; 4 — curve; 5 ~ 

cal/kg °C; 6 — total; 7 — comb prod; 8 — mbs; 9 •• «hen 

To check the accuracy of-the selected temperature, we use equation (VI.15s, 

which nust be precisely followed when heat losses are absent. If the equa¬ 

tion does not check out, we designate a new temperature, taking into account 

in this case the sign of ths error in heat content balance. In practico it 

would be advantageous to carry the calculations out with three temperatures. 
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r. T", and *" ln such • way that th. à. sí?* t.np.ratur. Tj .ill h. b.tw.n 

T* »nd T"« 

Th. t«np«ratur.s T*. T», and T»'ar. tak.n in nultipl.n of hundr.d of 

d.gra.a and at an int.r»al of 100° C t.eaua. th. tabl.a for th.raodynanic 

fonction, ar. usually s.t up i» pr.cis.ly this a.thod. 

att.r calculating th. conposition of th. conbuction product, at th.s. 

t.np.ratur.s, « construct a graph for th. d.p.nd.nc. of conbustion product, 

heat content on tenperature, ana on this basis »e find the design combustión 

temperature. 

à diagram of this solution is shown in Figure Ö0. 

SECTION 33. SOLVING THE EQUATION SYSTEM TO LETEKMINE THE COKFOSITION OF THE 

COMBUSTION HiOLUCrS OF FnOPELLANrS NOT CONTAINING NITROGEN 

V.e offer a concrete method of solving the system of equations for deter- 

Dining the coapusition of the combustion products at a proscribed teoperatur. 

fur fuels containing no nitrogen. 

Th.. venation System for Determininr the Composition of Combustion Fro^ 

ducts. 

In this instance the system of equations is simplified because tne equa- 

tion for balar.cs of nitrog.n (VI.26) eanc.ls out, as do also th. .quations for 

•quilibriua constant. (VI.19) and (VI.22). In addition, to simplify th. 

solution of th. system of equations, ». use not th. absolut, balanc. «qua¬ 

tions but th.ir ratios. In this cas., in th. ba'-anc. equation, th. valu.. . 

yu.£i and p£ cancel out by division. 

Let us consider the ratios and-—. L 

OT T 
The ratio — is written in the fora: 

C T 

i Oy ^ 16 1Pot+1pco,+PHfl+Pa>+FoH+Po 

C» 12 fco+Pco 
% 

• tyo'+'Pco.*Pho+Pco*Pw*'Po^ ^ 

Pco,+Pco 4 

. (VI.37) 

(VI.38) 
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°T 
Th« balance equation ratio asaunea the for«: 

^o.4^Tcn,o'*Pco f^OHTo ^ I Of J 
H» ' (VI#39) 

where A and B are the calculated coefficients based oa the composition of 

the fuel. 

In addition to these two equations, in the calculâtjon we use the re* 

saining equations for constante of equilibrius (VI.16), (VI.17)« (VI#l8)t 

(VI.20), (VI.21) and the equation for total pressure in the conbustion pro* 

ducts (VI.30). 

» i im 

Pco, Pup Php 

»_y,„ 

Procedure for Solving the Equation System Deed to Determine the Coapo- 

cition of Combustion Productw. 

Let us consider the sethod of solving the syaten o: equations used to 

determine the composition of ccmbvstion products of a propellant not containing 

nitrogen. 

I. Initial Data 

The initial data for the calculation are: 

a) The basic composition of tue propellant (See Section 26) 

b) The temperature i' at which the- calculation is nade and the numerical 

values of the equilibrium constants K^j K^f Ky, Ky at this temperature 

(the temperature prescribed). 

c) The pressure in the combustion chamber 11 or pressure at 

the nozzle exit Py 

d) The constant coefficients for the entire calculation 

¿.A®»; 0». . 
« c, • I« H, (VI.40) 
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lÉMpiNI 

'*• uhöll solve the equation syotea using a method of successive approxii*' 

tlona, prescribing th* partial pressure of the oxyren. 

II. The First Arrroxiration in Determining Composition 

1. »Ve select a value of partial pressure in the oxyren for the first 

approximation K. ■ OC2. The selection of this partial pressure should be 
°2 

done on the basis of the result of the preceding calculations. 

2. We find t.:e equations for partial pressures of ell the combustion 

product component of gases in terms of tne partial pressures of C02 and H20: 

a) Using t-.e constant /( „ % *« obtains 
Pcot 

Plo- bpcOf 

b) Using the constant 
., Pn.Po. A,- — 

^11,0 
v we obtains 

(VI.41) 

Pu .«*: y 
Kt 

; m cpnfii c~-~ 

I 
.T 

c) Using tne constant A’a- , we obtain: 
Pn¿) 

Pon-«* 4 I’"'0' t * 
Ph, 

d) Using the constant /f»"- t »• obtain: 
'M, 

(VI.42) 

(VI.4J) 

Ph *“ VPh, ip¡\p“ cVpnfi> 
*. * 

e) Using the constant % we obtain: 

PomtV^Pmf9 

(VI.44) 

All the partial pressures are expressed in terns of 

and P. A co2 h2o. % 
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3. ..9 solve tr.e system of ’•ataos oí balance equations (VI.30 and (VI.39) 

For this we do the followings 

a) In equation (VI.3o) we substitute the values pc(); p^; P0 and p0H 

deterrined by forculas (VI.41) - (VI.44). The equation takes the form: 

M+TpcO'+PHfi+iPco+lVPHJD ♦/ ' 

PCß, + **COt 

b) In equation (VI.45) we cancel like terms and compute the coeffi¬ 

cients with p^qî yp¿^ and pCo2» afUr which u BBBumññ tl# tor* 

(VI.45) 

XiPco, + J'iPh.o + A Vpnfl + •»“(), 
(VI.46) 

where X^t Y^* and are numerical values for the equation coefficients 

(VI.46). 

c) In equation (VI.39) *e substitute the values of: 

PH¿5 ?0H’’ PHî P0? PC0 

deter-ained earlier. The equation assumes the form: 

'2*-+1Pco.+Pu 

tfPnfi*9 ’ ; . (VI.4?) 

d) In equation (VI.4?) we cancel like terms and find the coefficients 

with PC0 . % o Vp“; it then assumes the form: 
2 2 2 

XtPco, + > tPH,o+VP*,o + •«—0, ' (VI.48) 

where X2» Z2 and ^>¿ the numerical values of the coefficients of the 

equation (VI.48). 

e) From the remaining two equations (VI.46) and (VI.48) we exclude the 

partial pressure pco of carbonic acid gas. To exclude this partial pressure, 

the equation (VI.46) is multiplieo by the absolute value of the coefficient 

X1# and the equation (VI.48) is multiplied by the absolute value of the co¬ 

efficient X2. After this, the equations are added or subtracted, depending 
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r upon th. .Ip.» of th. Xj «1 «2. « *»“ PC02 n0 lcnser •nter* 

into the total equation. 

The equation obtained has quadratic fern relative to VPg «*• 

Yputo + Z VPh.o + ♦—0. (VI.49) 
t 4 

4. The quadratic equation (VI.49) is solved for Vpj^Q* 

„Vp- has positive and negative signs, we discard the colution with a 

negative sign because it gives negative values for p0H and pH, which we can¬ 

not have • 

If both roots of the equation have positive values, the cancella¬ 

tion of the unnecessary product is done later when it is found that one of 

the roots produces a negative value of partial p-reesure for a given gas. 

Usually we encounter different signs for value VPg^ as Clted in the flrst 

instance. 

5. find the partial pressures in tne first approximation of the gases 

raking up the combustion products: 

a) We find Pg 0 * < « 

b) We find Pg * cfy2<)* 

c) We find p0H * d VpJ^î 

d) W# find p^ * t VPg“! 

,) By Baking us. of til. equation (VI.46) or (VI.48) and on th. basis of th. 

known values of Pg Q and Vpy^Q w. d.t.roin« 

Peo, 
YtPHfi + fyV. 

(VI.5O) 

( 

f) IV. find Pc0 • bpc0^* 

bile check to sa. that th.r. are no errors in the calculation of partial 

pressures: 

•)* check tne values cf the equilibrium constants. Using th# vsluss 

found for the partial pressures as a base, we find values for tne constants 

?» 
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and conpare tnec i»itn the true ealuea found in the calculai icno. 

b)»c check the accuracy of the solution by seeing if it satisfies the 

absolute equations for balance of the elements (VI.27), (V1.26). and (VI.29). 
M E i.ooo 

For this purpose we first oetercine the value p ~ * £yl4i^i 

If all these equations are satisfied, then in the solution tnere are no 

errors of calculation» 

y,/e check the accuracy of the value taken for the partial pressure of 

oxygen. 

In order to do this we subtract the total pressure of the coabustion 

products 

pa * Pco? * Pco * PH2C * PH? * Po,’ * Po * P0H * PH • 

If the sum of pj; received agrees to a sufficient degree witn the pre¬ 

scribed pressure p2 in the coaoustion chaober, the calculation is completed. 

If the pressure p^ differs from the pressure p2 by more than can be allowed 

in the calculation, we then determine the composition of tne second method of 

approxination• 

HI. The Second and Subsequent At proximal ions for determining Composition 

1. We select a value for partial pressure of oxygen in tne second approx¬ 

imation pft «i*2. I* i» firet approximation we received P£ < P2« *• 

increase p0 in the second approximation as compared to in the first ap¬ 

proximation; and. vice versa, if Pr> P*. then p^ in the second approxima¬ 

tion must decrease as compared to p0^ in tne first approximation. 

2»VJe repeat all of the calculations that were nad« in the determining of 

composition in the first approximation. 

j.If necessary we introduce the necessary correction in the value p0^ • a 

for the following approximations. 

IV. The Final Determination of Composition. 

When finally, as a result of the approximations, we find the coapoaition 

of the combustion producta and p j, equals p2 with the accuracy prescribed,•• 

F-TS-9741A 333 



nakt the finei correction in tne value for partial pressures of the combustión 

< roducts. This correction is ^iade on the assumption that srmll cuangec in 

pressure do not exercise any influence upon the composition of the combustion 

products; and, hence, to determine a precise value for the pressure p¿ of the 

composition, the partial pressures of the components are evaluated in direct 

proportion to the pressure, that is, we determine them by linear interpola¬ 

tion (for example see Section 

SECT1C1»' SGLVlhJ T.i£ E^UATIOK SYSTCt-. FOR DETLRi.INING THE COMPOSITION OP 

COi-.bUSTIO;. I.tGiuCTS FOR PROPELLANTS CONTAINING NITROGEN 

The Equation System for Detern.ininn the Composition of Combustion 1 roducts. 

In the case considered, we must solve all the equation systems given in 

section 32. For the concrete solution with the method given below we convert 

this system. 

we reduce the balance equations to the following ratios: 

1, We take the ratio N. 
; it will be equal to: 

C; 12 Pco+Fco 

or 

PcO,*PcO 7 SlmtQ 
’ 7p„t .>A Tn, (VI.51) 

whera 
^“Pho+Pm** 

V 6 H, 

2. We take t.^e ratio ; it will be equal to: 

Hi_ 1 lPnjo+1Pn.*PoH+PH 

N, “ 14 2Pm,+Piio+Pii 

or 

2Pn,+A ^ (VI.52) 
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whej • 

+ Ai* H • 

Oj 
3. M* take tne ratio c —î it »ill oqu»! to: 

O, je 2/»co, ^ /Vo -4 Th ,o4 2ro,4 Po + PpH + hto 

12 Pco, +Pco 

or 

’¡Pco,v /’n o4 Pc«+ 9 

Pco, * Pco 

3 0» 
V 5, 

(VI.55) 

where 
0 = 2/Ju, • /»OH +Pko +P0’ 

5- 
3 0,. 
4 Or 

4. Let us make use of t.:e equation of total pressura: 

pt = pco,+p\i.o+l’co^ P*i+P"t. P^+Poh S-Pno+^h * Po^Ph. 

or 

Pt-pco, 4-Pm.o + /»co *i PH, +P«. + £, 
(71.5^) 

where 

£*=/»Gfc+/»oH "i1 Pho+Pm+PovPw 

5. Let us use tue eonet.nt of equiUbrlu» of the re.ction of ».ter (U 

in the form: 
PcoPh.o ~ e 
Pco/h, 

(VI.55) 

The flee equation, obtained.(VI.51) - (VI.55).«e the basic one. for th* 

following solution. 

In addition to these, we use the equations for connais of equilibrium, 

which we write in this form: 
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6, The equation for constant K^: 

7. The equation for constant K^: 

_ $S Php 
/>OM"A| i • 

b. The equation for constant K^: 

Pho—V Kjhtfo,- 

9, The equation for constant K^î 

Ph ™ 

1Û. The equation for constant K^: 

Po^V KtPo,. 

11. The equatior for constant Kyi 

Pm^VRÏP*,- 
(VI.56) 

Vè shall noive the equation system given above by a ciethod of successive 

approximations, assuming t iat in t.:e first approximation the partial pressures 

of the six gases and t..e products of dissociation are equal to 0« 

\ * 0i "OH * 01 PH0 * °! ^ ' 01 ''o * 0' % * °- 

Then, in the equation system ¿here remains a total of five unknown partial 

pressures of basic gases: 

PC02{ PH20; *nd 

To find these unknowns we have the first five equations (VI.51) - (VI.55)* 

in which the values A, B, D, and E in the first approximation are equal to 0. 

fc solving this equation system of the first approximation we find the 
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partial pressures for five basic gases: 

Pc02' V* ic0' ^2* V 

In the second a^roxinatior.having the .arti.l iressure. of the five 

from the first anroximation. «its equations CVI.h6)«e fino 
basxc gases from tne 

for the six gases in the tecond apiroxination «sich «ere 
the partial pressures for the six gase 

tasen earlier to be equal to 0. 

Po2< %* ho' ph' po' h’ 

Using the values of these six partial pressures as a base. ». ^ »• 

values A, B. D, and S. Then tne system for the first five equations again 

.. , ., tartial r**essures for the first five 
becomes solvable, and we can fxna the lartxal :-essure 

■ .ï 
gases in the second approximation. 

pC0* pco; ph2; ph2* 

„ the differences be tween the partial .«.sures in the first and s.cond 

approximation prove to be larger than those permitted by tbe accuracy of 

the calculation,«, nahe a third approximation, etc. 

.u. F.foiation System B.reived to ■•erking Formnljs. 

Befor. explaining tne method of solving the system, let us reduce ,h. 

equations obtained to more convenient working formulas. 

1. The derivation of a formula for the d.t.r, motion of the partial 

pressure of molecular nitrogen p^: 

a) Using the equation (VI.51) 

fcov+'cQ—q, 

whence 

poo, +Pco “■ ^ +^ 
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b) Ueing enuation (VI.52) 

vhtne« 

*r*,+Á 

PM,©+/>M, “-y ^ T *’ 

c) Usine equation (VI.51») 

t 

Pt “ Pco, +Ph,o +/>co '♦’P1'* 

In this equation we substitute the sua of PçQg * ^00 &n 

taking as our basis the relationshipsobUined above 

/>i—Q (2ph,++y ^ “ "f- 

From this we obtain a formula for determining 

2(/+^+1 
(VI.57) 

2. The 
derivation of formulae expreeeing toe partial preesuree of CO H 

and H2 in iartial pressures of C02« 

a) Using equation (VI.51) 

PCO, * P**> _r% 

Q' 

whence 

/»co-¢(2^, + ^)-/»co. \ • 

(VI.58) 

or 

/»co—fl—/*CO,i 

where 

a~${2pn' + A). 
(VI.59) 
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b) f.akinç use of equation (VI.53) 

gfco, +_ fu/» i#» ** 5 

/•co, 

In tne numerator and denominator we substitute the values of the sums of 

PC02 ♦ Pçq* found in example 1. Then we obtain 

Pco, + ^ foi'- + *) + ^h,o ^ „ 
Q&Pn,+A) ’ » 

wnence 

*' Pn.o" Q (2^n. + (Í— 1) — ^co, (VI.60) 

or 

where 

Pm,o" 

>-<H2p,. + A)(S-l)-¿>. 

c) u&ine the equation (VI.52) 

whence 

(VI.61) 

^ R 

1hi,+* 

Pm, — y (?pH, + ^) - y “P«/»* 

Let us take the value Pg 0 according to (VI.60). Then 

P»,-J (2/>,,+-»I - Y - P (2p». + (S-1) + »+PCO . ^ 

In the final fora 

+ <<)[y-9(S-1)]--f + 0+*.. 
(VI.62) 

or 

Pm,—c+Jco,, 
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wher# 

(vi.63) 

In calcilatint coopoeition of the combustion producta in the f^rst 

approximation, the coefficienta A, B, D, and cj are e^ual to zero* As a re¬ 

sult of thia, the formulas (VI.57), (VI.5i>), (VI.60), and (VI.62) for the 

first approximation can be simplified and take the fora* 

^’"“iO+Ä+T ’ (VI,64) 

pco^WPn.-Pv* (VI.65) 

pu fi - 2QP*,{S~1 ) ~PiX't 

en-tP'.l'-W-''»}***- 

Procedure for Solvinr: the 2cuation System for Deternininr the Composition 

cT Combustion Producta. 

Baaed ou the working formulae recsived we determine the composition of 

the combustion producta in the following manner. 

I. Jhe Initial uata. 

a) The elementary composition of propellantCjî Nji 0T; 

b) The heat content of propellant 

c) The temperature t at which we make the calculation and the numerical 

raluea of the equilibrium constante K^, K^, K^, K^, and K^, at thia 

temperature; 

d) The pressure in the combustion chamber. 

II. Preliminary Calculationa. 

On the baeia of known elementary composition of the propellant, we find 

the coeflicients Q, R and S. 

F-TS-9741/V 3^0 

(VI.66) 

(VI.67) 

j 



III. Determ .nin^ the Copeo.-it ion of the Coabu-tion Products by th» 

First Av roxii.ation« 

1. In th : first ai-proxir.ation, we take t.ie partial pressures equal to 

/>o,*=0; Poh“0;/'ao*0; 

2. As a result of tnis, the coefficients A, B, Dt and E art equal to 

A * 0; B * 0; D * 0; E « 0. 

3. Wo find tne partial pressure p». of nitrogen, according to formula 

2 

(VI.6*0. 

4. We find the equation for pco? pB^Q and Pjj^ through pco^î and the 

known value pM according to formulas (VI.65) - (VI.67)« 
m2 

These equations have the form: 

PooamJ"Pco,; pn,o-b—pco; PH,"f+/»coe 

where a, b, and c are tae nuDierical coefficients. 

An error or lack of accuracy in determining coefficients a, b, c renders 

further calculation very difficult; and for this reason it is recommended that 

we check tne calculation of these coefficients by the following relation: 

a + b + c * *2 * P*. 

5, We solve the equation (VI.5?) for equilibrium constants of water gas 

, in rhich we substitute the expression, for partial equations pCQ; Q 
¿ A 2 

and Pg which wa obtained earlier 

(0 - Pco) (»-/to.) 

Aco.(‘+*o.> (VI.6fi) 

The equation (VI.60 ia a quadratic equation with relation to Pco^* 

By solving this equation we find the partial pressure pco . Fron the two 
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root, of th. ..lotion of th. oquotio. .. »1«* ta' “* ’ïi,iei, gi’" r0“îi” 

values for all the rest of the partial pressures. 

^ /vT _ ivi b7) we find the jartial pressures 6. Based on equations (VI.oJ) • vvi.o/; 

pCo* % o and 
7.2 V, chock for orror. in th. solution by caking a rough ootioat. of Kj. 

baooh on th. composition found and by comparing th. composition uith th. tabu- 

lar «lu. of this constant. In addition. .. d.tormin. th. total pr.ssur. p£ . 

which should be equal to th. prescribed pr.ssur. in th. chamb.r. 

IV. netercinlng th. Carnosition of the Cootuotion froduct, of th. 

c.prnnd and Sub-equMit Af} roxic-ations. 

1. a. find th. partial pressures of si* gases of th. second (or subs.- 

quest) approkication. according to formula (VI.56). i« -bich .. substitut, 

th. partial pressure, for fi.irain gas., found in th. fir.t Cor in th. pr.- 

cedinc) approximations: 

Poh' 
is PhP . »A» {“ . 

Pno—VKiPv.Po,'* 

Pn~y Kiph,\ 

Po-Vtt 

(VI.69) 

2. W, find th. coefficients of th. s.cond (or following) approximation. 

^see (VI.51) - (VI.5^* 

*) a mFtio^mPn\ 

t) B "“PoH+P» 

c) D -2/»o, 

d) E -po,+^08+^0+^+^0+^- 
(VI.70) 

Th. further solution of th. equation sy.t.n is carri.d out 1» th. earn. 
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manner ar deterr-ininc composition by the first ap}roxication, but in the second 

and successive apprcxir.utions we use the forzulas (VI.57)* (71.5^)* (VI.60), 

and (VI.6<?)# and not the partial formulae (VI.64) • (VI.6?) which relate 

only to the first approximation. The number of necessary approxinationa is 

determined by tr.e precision required in calculating tne coaposition of the 

combustion products. 

In the process of calculation it would be advantageous to check to ds- 

terr.ine the accuracy of the determination of the coefficients a, b, and e 

on the basis of tne relation (for the second and subsequent approximation) 

aebec«P2-P|,2-5 

and also to check the results obtained in any given approximation by values 

p £ and K2a* 

We should also note in the absence of errors in tne solution, that the 

values for the partial pressures of each gas, depending on the number of the 

approximation, should be arranged in a definite sequence. If we construct, 

for example, a graph for dietribution of the values for partial pressure« in 

accordance with the increase in the serial number of the approximation 

(see Figure c9)j the curve obtained should have the form of a curve for 

damping vibrations ï.hich (with large values of the serial number of the 

approximation) tends towards the true value of the imrtial pressure of the 

given gas* 

We have explained two method« of calculating, by successive approximation, 

the composition of the combustion products at a prescribed temperature, I» 

thia case the calculation« are, aa we said above, a necessary end rather 

laborious stage in the thermal calculation of • liquid-fuel rocket engine. It 

should be mentioned that the two method« considered above far from exhaust all 

the possible methods of calculating the composition of combustion product« 

even for the «impleat fuel« which contain all four elementa C, H, 0, and V, 

With a large number of calculations it would be advantageous to nprly specialised 
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methods which make it possible to carry out calculations of the compositions 

at a required temperature by ta# simplest means. 

For example, there are special methods suited for high or for relatively 

low temperatures; for small values of the excess oxidizer coefficient c<< • 

for calculations with variable pressure or variable ratio of the several 

components; etc. The conilexity and laborious character of calculations 

increase abrujtly if there is an increase in the number of elements in the 

fuel. However, methods of calculation have been worked out even for these 

cases. The large number of indispensable calculations for example, in the 

drawing up of tne * S-diagrams (see page 35*01 can be made with elec¬ 

tronic computers. 

SECTION 35. T..ER.iAL CAkCUUTIOh CF T.iE Ei.Gll<£ CKAÏÎBER 

•Ve perform the thermal calculation of a liquid-fuel rocket engine chamber 

according to the current concept of the design cycle described in Section Ifc. 

Let us recall that thermal calculation includes the following: 

1. The determination of composition and the temperature of the combustion 

products in the combustion chamber (at the entrance to the nozzle), taking 

dissociation into account, but witnout calculating the incomplete physical 

combustion of the fuel, we can also take into account the heat added to or 

removed from the fuel before its entrance into the cnamber or tne heat added 

to or removed from tne combustion products before their entrance into the nozzle. 

In the calculation v.e can also take the change in the larameters of the com¬ 

bustion products into account, with reference to their acceleration in the 

chamber. However, only one rocket engine known to us has a combustion chamber 

with a substantial acceleration of the gaaes, as a result of which this calcu¬ 

lation is not mada. 

2. Calculation of the isentropic flow of the combustion producta along 

the nozzle without taking heat exenange, losses due to friction, etc., into 

account. To carry out this calculation it is necessary to determine the 
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following: 

a) Entropy of the cot.bustion products in t.ie c .a.’.ber (at tha entrança 

into the nozzle); 

b) Composition, tetj-eratura, and entropy of the combustion producta 

at the exit. 

3. Determination of tne total heat content of the combustion producta 

at the exit and the theoretical velocity of discharge. 

4. Determination of the theoretical specific thrust, consumption of 

fuel, index of isentropy li. , and tie ¿eomotrical dimensions of the nozzle. 

? e processes and the losses related to them, distinguish the real cycle 

from the design cycle, and are taken into account b, introducing experimental 

coefficients into the calculation. 

Determining Composition and Temperature of the Combustión Products in the 

Combustion Ciamber (at the Entrance 'nto the ll^zzle). 

Making use of the above explanation (or, in case of necessity, of any 

other methods of calculation), we determine the composition of the combustion 

products at three temperatures (T?, TM, and T,M) which are selected in such a 

manner that the expected temperature in the chamber will be in the interval 

of temperatures encocpasoed by toe calculation. Knowing the partial pressures 

of the components of the combustion products and making use of the tabular 

values of total heat content Itotal ** the respective temperatures we determine 

the total heat content according to formula (V.?^) in kilo-cal/kg at tempera¬ 

tures X*, T", and Tm. The calculation of total heat content can be performed 

conveniently by making use of a table, the fora of which is given in the 

example of Section 38 (see Table 14). Such tables are of course drawn up for 

each of the three temperatures. 

By making a rough estimate for the value ltotal C0Bb* »• con¬ 

struct a graph for the changes in value jrod comb on teaperature 

(see Figure 80). (Considering the fact that for the majority of fuels the total 
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heat contents sre negative, it will be more convenient to coretruct a graph 

for the value Itotal prod COB^t as was done in Figure fcO). Cn this aaae graph 

we plot a line for total heat content I. ., , . of the fuel. It is ee- 
total ¿.rod cor.b 

tivated by forrula (V.25)» The point of intersection of the straignt line 

^total T and the curve Itotal prod conb cives thc value for tne t«®P»rature 

in the chamber. 

By the value Itotal *e generally understand the neat content of the 

fuel at its ter.;erature in the tanks. If we heat tne components of the fuel 

in the cooling jacket, heat exchanger (including the atocic reactor), etc., 

then to calculate the total heat content of tne products in the conbustion 

cnamber Itotal2«e ®ust add the value of preheatiig^Q^ kilo-cal/kg, referred 

to 1 kg of fuel or combustion products to the total heat content of the fuel. 

This should be done in thoee special cases where we observe a considerable pre¬ 

heating of the fuel components. There nay also be a loss of heat from the fuel 

components enroute to the chamber or from the combustion products in the cham¬ 

ber itself (before entrance into the nozzle) for example, due to intensive 

coolinz of the combustion chamber. In this case the corresponding Quantity 

of heat — kilo-cal/kg — should oe subtracted from the heat content of 

the fuel. Thus we can obtain a value for the temperature in the combustion 

chamber by noting the neat added or removed (see Figure Ô0). It is obvious 

that the heat added to or remuved fro:; the combustion products of the fuel 

in the nozzle cannot be taken into account by the method described above. 

In normal calculations for specific thrust, it is not necessary to know 

the composition of t.ie combustion products at the temperature T2. If, how¬ 

ever, we need it for any reason, it can be determined to a sufficient degree 

of accuracy by a method of linear interpolation of values for partial pressure« 

computed for two adjacent tei.peratures between whic.i we find 

Just as in the case of the temperature, we can determine graphically th« 

apparent molecular weight of the combustion products in the chamber yutg ■/¿£2 
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(see Figure 60) which is needed to calculate the value for the gas constant of 

conbustion products in the chaaber The values /*■'g » *n^ 

are found by the forcula (II.7). In these calculations it will also be con¬ 

venient to use the tabular composition (see Table 1*0. 

Deternir.inr the Entropy of Combustion Products in the Conbustion Chamber. 

In calculating the process ci expansion it is necessary to know the value 

of the entropy of the corbustion products in the craaber. All preceding cal¬ 

culations of temperature and composition of combustion products are actually 

needed only for this purpose. 

We determine tne entropy Sprod comb of the combustion products for a 

given temperature and at the over-all pressure of the combustion p>roducts aa 

equal to p g (or by using the relatif r.s( 11.46) and (VI.33)» which pro- 
* , r 

duce: 

V— y í-v* -4 WP* 'b a)- 2. Hi/»/ 
(VI.71) 

Tne values for standard entropy Sq^ of different gases and of different tables 

are taken from corresponding tables. The table lu Appendix 4 is an example of 

such a table. In that table the standard entropies are expressed in kilo-cal/ 

grao-moles °C. 

The easiest way to determine the entropy values S'prod COjnb, S"prod ^ 

and Sm . .is bv using the tabular ccnpositions and continuing it by the 
prod comb 

corresponding method (see '’’able 14 in the example in Section 3®)* 

The calculation of the entropy for the products in the combustion chamber 

may be performed by two methods. 

By the first method — by linear interpolation — we find the values of 

•ntropy So^ for the component combustion products st s temperature T2 found 

earlier in the combustion chamber. Thent on the basis of formula (VI.71)» •• 

carry out directly the determination of entropy in the combustion chsmbsr* 

In this case we use the values for partial pressures in the combustion products 
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at the terperature T2 ^nd a pressure p2 in the charber. 

By the second method v;e find t'.ie entropies COBb* S prod comban^ 

c... of the cocbustion products at the three temperatures 7', T”, and 
prod cosb 

T'", which rere used to detercine the cor-position and temperature of the 

combustion products. In this instance, in formula (VI.71) *e substitute the 

values for partial pressures found at these temperature*. 

The entropy value sought. $¿% is found as the point of intersection of 

. . -♦ s*' and S*" a w and the tempe ra¬ 
the entropy lines =>*prod C0Bb» b prod comb prod coab 

ture line (see Figure 80). 

In th. thsrral calculation of the liquid-fuel rocket engine it ie often 

necessary to introduce a correction in the e rlier entropy «lue for eoa- 

buetion products. This necessity ariaee, for example, upon correction of 

calculation errors, additional calculation of heating or cooling of compo¬ 

nents or in rendering more precise «lues for total he-t content of the fuel, 

etc. The above-mentioned correction can be performed uith a very high degree 

of accuracy and in a very simple manner on the basis of the foliosing eon- 

sidaration* 

Lst u* suppose that a changa in conditions for angina operation leads to 

a change in the total heat content of the fuel injected into the chamber by 

the value , . Then, according to equation AS . (see page 110), 
totalg 

this will result in a change in the entropy of the combustion products by a 

valuet ^ 

r, * 
since Aa «Al , in the icobaric combustion process. A certain error 1* 

total^ 

introduced due to the fact that the temperature at which additional anargy ia 

added to the combustion products ia regarded as constant and equal to T2. Thin 

arror, however, i* snail becauaa with a large value of T2 (T£> 3*000° absoluta) 

tha temperature change whan adding haat aven by 100° reault* in an error in 

1 The method of Introducing a corraction for the value of entropy was propostd 

by V. A. Il'inskiy, Candidate in Technical Sciences. 
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dot*rnlnia; correction e ¡nal to only 3.3 *# Knowing the previously calculated 

value of S^t the entropy in the chamber, and the value of the correction As, 

we can obtain a new value for entropy S'2 by mating use of the natural relation: 

*^i *■ «S| + LS. 

This value (S'^) can be used to calculate the discharge without determining the 

composition and temperature of the combustion products under new conditions. 

Since the value of LS amounts to a snail part of th* relative error in 

the determination of S'2 will be insignificantly small. 

Calculating the Com-osition and ’’enperature of the Combustion Products 

at the Nozzle Exit. 

A comparison of design and experimental data based on the specific thrust 

values of the rocKet engine permits us to confirm that with expansion of the 

combustion products in the nozule recombination reactions can taJce place 

very successfully. Consequently in each nozzle section a chemical equilibrium 

of the combustion prodrets' composition is established. HencS| the composition 

of the combustion products in hhe nozzle section is governed by equations for 

equilibrium constants used in calculating combustion. Such a discharge pro¬ 

cess may be regarded as reversible, and consequently the entropy of the gases 

in any section of the nozzle is equal to the entropy in the combustion 

chamber. 

To calculate the composition and temperature of the combustion products 

at the nozzle exit v/e use exactly the same system of equations, with the excep¬ 

tion oX lhe balance equations of heat content (VI.15), which we set up to de¬ 

termine the composition and temperature of the combustion products In ths ehaa- 

ber (see Section 33 or 3*0« 

In this case this equation must be replaced by an aquation for tha 1»en¬ 

tropie expansion procaaa: 

S$-S* 
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Th« ¿aviation of th« real expansion process fron the adopted theoretical 

isoentropic expansion scherce oust be accounted for by an experimental nozzle 

coefficient. 

In solving the equations system to calculate the state of the combustion 

products at the nozzle exit ue rust bear the fact in mind that the tempera¬ 

ture at the nozzle exit is ruch lower than in the combustion chamber. Under 

these conditions we can often disregard the content in combustion products of 

atomic gases (H, 0, and N), and also nitric oxide (NO) when o('< 1. This 

accordingly simplifies calculation. Just as in the case of the eonbuntion 

chamber, the calculation of composition is made at three temperatures in the 

anticipated range. This terperature can be approximately determined by the 

equation: 

a- i 

(VI.72) 

in which we can recomrend the following tentative values of N: for kerosene 

4 oxygen fuel n « 1.08 - 1.10; for oxygen + alcohol fuel n « 1.10 - 1.12; for 

nitric acid 4 kerosene fuel n s 1.14 - I.I6. Smaller values of n should be 

taken for higher temperatures For more detailed data aee Table 7. 

Figure 8l. The graphic determination of the otate of combustion products at 
the nozzle exit. 
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AfUr selecting the three temperature values T', and T'" we calculate 

the ccmjosition of the coobustion producta at these terperaturea at a pressure 

1 Z1 * p3# ïhe a#thod oi calculating the conposition of th gas renaine the 

same as in the case of determining composition of combustion products in the 

cor.b'istion chamber» For composition of the coobuction products found at the 

noasle exit at temperatures T', T", and TM\ we determine the entropy of the 

combustión products S'prod coBlb, SMprod coQb, and S'"prod C0Bb by using for¬ 

mula (71.71} and construct a graph for the dependence of entropy on tempera¬ 

ture (Figure 31). The design value of temperature at the nozzle exit ie 

founa on the basis of the value for entropy 3, in the chamber which was already 

determined earlier (see Figure 3o). For this purpose we solve the equation 

(VI 73) graphicallys 

S,-S,. (VI.73) 

The molecular weight ^ ot th* combustión products at tha axit of 

the nozzle is necessary to daterait# P.,, and if. found by tha veraue 

temperature curve. The method of finding values characterizing tha state 

of the combustion products at tha nozzle exit is shown in Figure 8l. Cal¬ 

culation of values necessary for the construction of a graph is aleo done 

by using the tables of composition. 

Detarrining the total Heat Content of the Combustion Producte at the 

Exit and determining the Theoretical Velocity of Exhaust. 

Making use of the f-ct that the composition of the combustion products et 

temperatures T', T”, and T"’ and at preaaure Pj * P¿ haB ®lre*dy been found, 

we determine the value of the total heat content of tha products of combustion 

pt the indicated terperaturee. Vie then construct a graph for tha dependence 

of heat content on temperature. Tha total heat content °* ***# com¬ 

bustion producta in tha section at temperature Tj ia usually found graphically 

aa shown in Figu.’W 81. 

ïïe can now da termina the drop in the total heat content which 
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go.. t. er..t. ».locitjr .,. Thi. arop 1. d.t.r.in.d bJr th. aUf.r.nc. i. th. 

tot.1 h..t eont.nt of th. ooobu.tion prcauct. i. th. ehavb.r ana at th. no,.l. 

exit. It anounte tot 

^1 total * Itotal2 ' ^ total, 

If there is no heating or coolies of th. fuel exponents in th. engine or 

of the combustion irolucts in the chamber, ^totalj * ItotalT* 

^ ^ totai * *total^ ^total, 

line. th. aisclarge is ..«¡tea as being »aiabatic, th. theoretical 

velocity of aisc.iarge can be calculated by equation (111.10'. in .hieb th. 

exhaus. velocity . is equal to the velocity sought at th. nomd. .«it .,. 

•,-91.5Vd/ total J (VI.71*) 

-- Theoretical Sr.cif(c T rust. Iso.ntrnplc Ina.« of Sxpandon. 

and T?Q7zle DinensionB. 

fina the specific ».iqht of th. gas on th. basis of th. «eta of cal¬ 

culation of the state of the gas at the nozile exit. 

V. • (VI-75) 

V,. also set up an equation for th. consumption of 1 hg of combustion pro- 

cucts by the discharge sectiou: 

(VI.76) 

where is the specific passage section at the exit of the no**le necee- 

asry for tfcs passage of 1 hg of gas per oeconi, that is, f, * 8- 

\Ye uae this equation to determine f’j 

re_ » 

/$ (VI. 77) 

Knowing f, ana .,. .. oar. fina th. thaoratical .pacific thru.t for th. 
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ensine throuçh fcrcula 

w /t:;eo sp * theoretical s:ecific7 

Pth.o ep * f'j lP3 * FH) (VI.78) 

AccoräinE to toe roooir.d absolut« ».trust 7. « finó the n.c.sary th.o- 

retical consuottion of f’-el per second G^fa#0 

P 
'theo * P theo ap (VI.79) 

Then we determine t..e thecrecical dimensions 

fJ theo * M’j 

of the nozzle at the exit 

(VI.60) 

To determine tr.e di ensions of the critical cection, the iooentropic 

index n^ oust be known. 

In addition, the change of the gas constant (or the molecular weight) 

in the combustion products during the expansion trocees must be taken into 

account especially in the case of high temperature, with strong dissociation 

in the engine chamber. For this purpose we derive the equation of the isoentro 

pic process under tr.e prescribed condition*. 

The xsoentropic equation takes the form pô i8*const. In this eXfrresoion 

replace the specific wolune value in accordance with the equation of state P0 

« RT. 

Then 

A* pu 

Wt apply this equation to the exiansion process in the rocket engine, 

toat is, the process 2-3: 

‘ 

whence 

F-TS-9741/V 353 



Ar»_/m 'i* 
\p») 

By treating this equation Iccaritneically and solving it for nis v;e obtain 

R*h Pi (VI.81) 

C n 8^8 
Since H * “77” « 

P 
the equation (VI.81) can also be written in the foro: 

«18- 
* 

?j- El It. 

i*s P» h 

To determine the theoretical dimension of the critical section we make 

use of the condition tnat tne aegree of nozzle expansion required in the cal¬ 

culation depends on the pressure ratios at the nozzle exit and in the combustion 

chamber, and on the isoentropic exiansion index. 

Consequently by determining the value of the index n^ by theoretical 

. 3 theo 
calculation we can calculate the ratio of the i«.age sections f ^ ^ 

by using formula (111.65) and substituting in it the equired value 6 .2* 

and the value n^ which was found by equation (VI.81). After this we find 

the theoretical value for the critical section fcr tht0» 

ThermalCalxu^atJ^n^o^alii^ui^Fro^ellant Rocket Engine b.V iQtal dS8t 

__ Content-Kntropy Diagrama. 

In the calculation of thermodynamic processes we often employ the total 

heat content-entropy diagrams (I^^S-diagrams). They are called entropie 

diagrams for short. For certain rocket engine fuels there are ItotlllS- 

diagrams calculated by taking into account dissociation. A scheme for the 

entropie diagram is represented in Figure^82. The entropie diagram is de¬ 

signed for a completely specified fuel, that is, for a given combustible, 
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operan, oa a eiv.n r,... - — *« * 

thr„ networke .r cor«.: iootaaraat aaoOara. aoo Uo.nor.. -Uk Pk. .U o, • 

„Uch it i. cae, to calculate all to. n.cc.a.r, T-rareter. of to. .a*in. 

a v.e-nl* of calculâtine thermal ircceca by oear.a of an 
thermal process. An example of caxcuxm. 

entropie diagram is shown in Figure 8j. 

«f t-h*, lire for total heat content (which refers to 
ïhe intersection of tne line xor 

tot.l neat content of a Eiv.n fu.l -itk tn. iaokar P2 (.kick r.f.r. 

to t, c required prensare in tk. cor.kustion coanker) l.cat.a th. point .hick 

deterninee tn. state of tn. product, in tn. caak.r (point , in fi^r. 6,,. 

and deterninc values of T, and and b, it the values of T, S, 

The line for isoentropic expanston in toi. dia.r.n is tn, vertical line 

s . conat. TO. intern.ction of tais vertid Un, .itk the isobar for ra- 

nuired pressure p} at the nod. exit produces point J, .kick d.t.rain.n 

the state of the combustion products at tne node exit, 

temperature T . th, specific volume y}, and heat content 
Continuing, .e calculate th. theoretical apcciUc tkru.t, the fu.l con- 

.umption per second, and nod. paa.ag. a.ction in exactly the same menn.r 

„ is don. in th, analytic.l calculation after tk. t.mp.r.tur. and ccmpoaition 

V„j «a tn® nozfcle wxit nnwn b®on 
of th# combustion products in the chamber an 

datarmined« 

Th. p.s..g. s.ctiono .r. ..Iculat.d .itn valu., for .pacific ™l«-.a of 

th. combustion product, tk.t.r. taken fro. tk. IB thl* 

.. us. an aquation for a .pacific paaoag* aection 

. ._ mu. v*iocity w ia found fro« tha 
obtained fro« the consumption equation, ¿he weloc y 

correaponding drop Û ^total* 
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The gas state in t.ie critical section is determined by the point of 

intersection of the line S2 * const and the isobar of the critical pren- 

which is found by fcrmula (I1I»52)» 

Fi-ure 85. Scheme of tne tr.ermal calculation of the rocket engine 
by the ItotaAS - dlegran. 

On certain 2tota^s “ diagrams we plot additional lines, facilitating 

the finding of tne geometrical dimensions of the nosale* 

sscticn 36. i:;*Vja.cE 0? íempshatuhí; ai.d frsssure 
IK jJiGL.E Ctl3UbTI0Ii CUAi .nEH Ah'D THE 
COkKELAriCI. Or fliii CCi.FCKENTS ON THE 

PArtAi-ETEhS OF 2d'¿ HOCKET EKGl..ï 

Influence of Temperature 

At the present time a large number of calculations have been »ade to 

determine composition and temperature of combustion procucts and theoretical 

specific thrust. Let us look at the primary results of these calculations. 

Given in Figure is the design graph for change, dependent on tea- 

perature, in the volumetric content of gases in the combustion products of 

kerosene (CCOBb*0.87, Hcomb*0,13) and oxygen with a*0.86 and pressure 

pS * 10 ata. 
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In tht ran^e of relatively low tecí.eretures (300-2f>00° absolute), the 

cosi/Obition of cocbu^ticn ^rocucts follows, in principle, tue equation for 

t;;e equilibrium constant of a water ¿as reaction which does not form a 

conciacraole quantity of any otner kind of dissociation ¡roducts except 

carbon monoxide CC and molecular hydrogen IÎ2. With an increase in tempera¬ 

ture there is a rapiu rise in tne content of car.on monoxide and water 

vapor in the products of combustion. 

.«ith an increase of temperatures to above 3»000° absolute there takes 

place a ratio tecreace u. t.ie content of conjlete combustion products 

(tria.toi.ic ¿ases) as a result 01 a rise in the content of diatomic gases 

and above all of carbon monoxide CO. The increase in the content of other 

diatomic gases, H_, 0., and OH, in tie prooucts of combustion is not as 
* c c. 

great. Being dissociation products,tnese diatomic gases have in them a 

chemical energy, ana in t.;ic manner reduce tue total amount of neat 

generated in the caamber. A iurt ¡er increase in combustion temperature 

to above 3f700° absolute causes dissociation of even the diatomic gases(above 

all and 0.) into atonic gases. At very high temperatures, the combus- 

tion products would be composed of atomic gases H and 0 and also vapors of 

carbon C. 

Pt • • 0,86 

H,0 
H 

co\ ******* 

— 

col c-w irbon 
rapor *8 

\ 

>> /iX-h. 

y i __ ''' 
201 10 I mo so ÕÕ mri •aba 

'comb 

Figure 84. The influence of temperature on the 
composition of combustion products. 
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Th* design coEbustion tecj-tratur* for this cixtur* amounts to 3i3oO 

absolut*, that is, th* actual t*2.f-*raturea in the combustión cnamber are in 

this zone when ther* is already a great deal of dissociation. 

Tne influence oi fressure in the Combustion ChambT 

In the graph Figure ¿5 we give the change in the combustión producta* 

temperature T£ l*1 the combustion chamber and in temperature Tj at the 

nozzle exit in relation to pressure This is for combustion proaucta 

of fuel that are composed of kerosene ♦ liquid oxygen at a * 0.8. Th* 

pressure at the nozzle exit remains constant and equal to one atmosphere. 

From the graph »e see that with an increase in preseure the cccbuetion 

temperature Tp alto rises somewhat. This occurs because an increase in 

pressure lowers the degree of dissociation (see Section 12). The tempera* 

ture T at’ the nozzle oxit drops with an increase in so that with 

^ < * P3 
P5 -- const s 1, the degree of expansion in the nozzle decreases, 

and as we know; 

The influence, however, on temperature Tj of an increase in •*** a 

P* 
rise in pressure p£ is small by comparison with the influence of ratio 

Hence we see that with a rise in pressure in the chamber, there la also an 

increase in the temperature difference (T2-Tj), and consequently there la 

also an increase in the discharge velocity of the combustion products froa 

the nozzle, since (see Section 13) 

With an increase in discharge velocity, there is also an increase is 

the specific thrust of the rocket engine. Consequently, with sn increase in 

the pressure in the combustion chamber there will also be an increase in tbs 
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specific thruat of the rocket engiß«. 

r'abs 

Ficur. S5. DeFen'i«« of ‘«Lifer.tur. T2 in th. 
combustion cnambsr and of tamper.tur.Tj.t 
the nozzle exit upon pressure p? in the «" 
tion chamber. (Fuel consists of oxygen ♦ kero- 

sene, p, * const * 1 atmj. 

Th. depandenc. of specific thrust o, pressure in the combustion chamber 

of a rocket engine with constant pressure P, « the nozzle exit for 

.ariou. fuels is shown in Figure 86. Kith an increase of pressure in th. 

chanber, the specific thrust increases, lor two reasons: The first 

¥ hand is that with an increase in p, there ie a decrease 
reason in the case at hand xs that wj.™ - . 

1» th. velu, of S sod th. thermal efficiency of the engine ,.=.-4 * 

increases. Ih. second reason for an increase in P.p consists of th. fact that 

with an increase in p, there is an increase in the generation of heat in th. 

chamber and a rise in temperature Tj. The influence of th. second inntanc. 

i. all th. mor. peroeptihla. th. high.r th. tamparatur. in th. chamber and 

th. utron,.r th. di.sooi.tion of th. combustion products. For this reason 

the pressura .how. its.lf »or. perceptibly in th. «lu. P.p in th. in.tanc. 

of fuels, .ith . higher c.lorific ealu. (compara th. cure, in Figure 86 for 

fuel, eoneisting of oxygen » kerosene end oxygen ♦ elcohol). 

Another mstt.x of int.re.t in the character of dependence of th. value 

♦ on preseur«. ThU dependenc« i* nU® 
of th« complex of par«n«t«m f Qt 

•P-T3-971HA 
360 



„h... (for th... .ao. fuel.) in n^r. 86. Ae folio*, fr.» th. cr.ph.. th. 

„1« of th. cor.pl.X of parwJ.ters /¾ ri... v.r, slo.ly *ith « incre... 

.. vttUim A , 4¿í aleo characterizes 
in precsure. '.'he increaae in the value 0i 

., f uAb6 in the chamber (see below, Section 37). 
an increase in the c^eration of he®, in tne 

This i. duo to . certain d.tT.. of .uipr.s.ion of dissociation. 

* Chang, ill prosear, in th. char.oer also leads to a change in th. 

Q.oc..trical dio,«.ion. of the engin, nonti.. This ir.flu.nc« is char.ct.rls.d 

h, th. graph in Figur« 67. on .rich .. have plotted th. dop.nd.nc. of th. 

critical section area. (F^) ano th. exhaust section (Fj> of an engin, 

notcl. developing a thrust of 1.000 kg. Then, too, the pressur. in th. 

nonti, section r.nains constant and .„u.l to 1 atx. As .. can ... fron th. 

graph, th. critical section area of the nonti, decre.s.s sh.rpl, .ith an in¬ 

crease in pressure- approxin.t.ljr in sccordanc. .ith th. hyperbolic U». 

The basis of this is th. «ell-kno.n r.lation 

/ex-^- 
Sine, f changes little with a changa of P2 (see Figura 86), Fcr diopa 

sharply with an increase in ,,. In th. cas. b.ing consiuer.d, th, additional 

d.ereas. in Fcrf n.od.d to obtain th. raquirad thrust in the .ngina, occur, 

because of a «Lotion in fuel consumption 0 .hioh i. ns.d.d for thi. pur¬ 

pose. Th. decraas. in a Si**« f“*l consumption ia th. result of a ris. in 

the specific thrust of th. «ngina «ith an incraas. of p,. 
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Figure 86. The dependence of specific thrust P and the 

parameter complex on the combnatlon 

chamber pressure for different fuels (p^ * const * 1 ate). 

The dotted lints are the graph of ß. 

The decrease in the required critical section area, is so considerable 

that in spite of the need for a constant increase in the ratio -2.- (la 
Fcr 

order to preserve a pressure in the at the exit equal to one atmosphere «hep 

there is an increase in chamber pressure.' the absolute value of also 

increases considerably. 

Bence the pressure increase in the chamber leads to a decrease in all 

the nozzle dimensions. Oftentimes tnis also leads to a reduction in nozzle 

weight* 
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to *0 u to 

Figure £?. Change in te critical section area of tne 
nozzle F and the exhaust section F- in relation to 
the pressure in the chamber, (fuel:-5 oxygen ♦ kerosene, 

* const * 1 atm.) 

Figure 88. Dependence of specific thrust P and 
*P 

paraceter complex f■ —q* on 

the excess oxidant ratio°< (with p_ « 
J * Æ 

const. ■ 1.) Tne dotted lines are graphs of B. 
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Th« Influgucg of the ruel Component Ratios 

Tb. value of the actual ratio of fuel comionent.i) or of tka eaceaa oii- 

uakt r.tio-.’ao axarcia. .n icfl-anc. ujon th, tamparatur. 1« th. com- 

bust ion cbanoer ano ujon the Of.cific throat of tha «nEin«. 

„ith th. usual oxygen-hydrocarbon fuels for roex.t ananas, th. .pacific 

thrust PB and the tecLjerature in toe conbustion chamber ij have aaxiaua 

values (other conditions retaining tha saca) not in th. cas. of a 

stoichiometric ratio of tha coupor.asta «X .1). but an insufficiency of 

oxidizer * < 1 or ,)<>/.• This is .xplainad by tn. fact that th. combua- 

tion products of hydrocarbon fuels»*« < 1, contain a eraatar quantity of 

carbon monoxida, .hies, even though a prouuct oí incompleta combustion, is 

at tha sama tin. comparâtiv.l, stable against further dirtociation (aa. 

Figur. 8b). is a r.sult of this, with «<1 th. loss of heat du. t. 

dissociation is somewhat r.auc.o, which Lads to an increase in th. tamp.ra¬ 

tura in tha chamber. In adcition, an increase in the relativ, contant of 

carbon monoxide causas an incr.as. in tha gas constant R, and this improvas 

th. thermal efficiency of th. engine. For these two reasons th. .pacific 

thrust ha» a maximum valu, with <X < 1. As a» example, we have shown ia 

Figure 88 graph. of th. change, in specific thrust for two fuels: oxygen a 

kerosene and nitric acid a kerosene. All th. rest of th. parameter, of th. 

engine remain unchanged. These graphs show that with high temperatura, in 

tn. chamber (fuel consisting of oxygen , kerosene) th. influence of of on 

the specific thrust shows itself in a more pronounced manner and that th. 

»Ximum specific thrust corresponds to smaller values of . In this same 

figure wa have shown the dependence of the value complex 9J °D^ " 

These graphs show that the change in th. .pacific thrust in th. Ínstanos 

being considered take, place chiefly as a r.sult of a change in th. quantity 

of heat generated in the chamber. 
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Coefficient of Specific Thrust 

The calculation of tneoretical specific thrust ta*es into account only 

the thermodynamic losses of ener¿y occurring curlnc the opérâtL.£: process in 

the ensine. These losses include the following;: 

— loss of heat carried off by the combustion products. These are taker 

into account by the thermal efficiency; 

— los_> of heat related to dissociation of combustion products in the 

chamber; these are taken into account directly in the calculation of the 

tneoretical temperature in the conoustion chamber with allowance for 

dissociation. A partial restoration of chemical energy in the nozzle due 

to the recombination reaction is accounted for because the expansion process 

is described by an isoentropic expansion index n. 
18 • 

However at the present time other energy losses (incomplete physical 

combustion in the chamber; heat exchange; friction in the nozzle; deviation 

of the expansion process from the limit equilibrium scheme of isoentropic 

expansion; presence of radial velocities of gas in the nozzle, etc.), are not 

calculated theoretically but are accounted for by introducing two coefficients 

ch *nd tfnoz (later on iD tûe calculations ws shall employ a system of 

impulse coefficients)(ch = chamber; noz s nozzle). It should be noted that 

due to the nigh concentration of energy in the engine and the large value f<r 

the thermal efficiency of the rocket engire , the role of the additional 

processes mentioned above is small and the coefficients 

are close to unity. 

The experimental coefficients are obtained as a result of comparison of 

the actual engine indexes with the theoretically calculated ones* 

For example: An overall decrease in specific thrust, both as a result 

of loss in the chamber and as a result of loss in the nozzle, can ba 
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determined oy coff.jaring the actual specific thrust Pep with cne tueoretical 

specific thrust rtheo gp* which is ectixaated theoretically in the thermal de- 

sicn of the engine* 

It is obvious that the ratio of these specific thrusts 

ptheo sp - (VI.62) 

is an overall coefficient which accounts for both kinds of losses* 

This coefficient is called the sjecific thrust coefficient » It 

is evident that the specific thrust coefficient is equal to 

<? - "ch"«>* (VI.63) 
* <* 

For an experimental determination of (f it is necessary to perform the 

measurement of three values: the absolute thrust of the engine P> 

consumption of *uel Gcomb» and consumption of oxidizing agent Go« On the basis of 

these values we find Fsp* 

In order to calculate theoretical specific thrust, it is necessary, 

in addition to this, to know the pxessure in the combustion cnamber p¿ and 

the pressure ‘at the nozzle exit px* All the measurements connected with 
* 

the rocket engine tests are rather complicated because they are made under 

test conditions tnat are of very short duration and must be made, because 

of the requirements of technical safety, by remote control from a distance. 

However, the measurement of component consumption and of thrust and prussurt 

in the chamber, may be cade at the present time with reasonable accuracy. 

It is only the measurement of pressure at the nozzle exit that we have not 

been able to cake vith any degree of success. 

Hence all the data for calculation of ? theo sp can be obtained. In 

practice, the calculation of theoretical si«cific thrust must not be made 

until after testing the engine with the measured pressure in the chamber and 

the actual consumption ratio of fuel components 

_• 

Georib * 
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•.akin, nlacff ir. tne testin»; oí t.*e engine. ?nis nust be dcr.e tecajye in tie 

teste it is very o.íficuit sir.ul'.aneoucly to r.aintain bota tie required pressure 

in tne caarber aro tnc required consunttion ratio. Tne pressure at tha noz- 

*1« exit <i; its value is net determined experimentally) is assumed to be equal 

to tie ;ressure in tie surrounding r.ediurr,, or it is assumed to be equal to the 

preecure determined by calculation with formula (::7.65), with an index of iso- 

entropj ri8 celected tentatively beforehand. 

iler.ce, based on t ie results of t :e test, we find tne coefficient of spé¬ 

cifie tnrust 'f. 

^erin entai determination cf the Cc-fficiert of the C¡.a:.,-er and the Co- 

efficient of tie . orzic ( tS . and sP ). 
ich 7 noz 

Tne calculations and reasure er.ts necessary for the ex]erir.entai determi¬ 

nation of the specific thrust coefficient sake it possible to se;arate the 

lessee in the cnanber and in the nozzle. Such a separation of losses is use¬ 

ful because it can sho-.v ways for ii proving ergine construction and makes pos¬ 

sible a r.ore deliberate selection of the coefficient values. 

i’o clarify t.ie pousxoility of separating losses in the combustion cianber, 

we employ tac expression (111.60) 

. /cr vm . 
*“*0," "ÄT* (VI.84) 

In this expression we replace t.ie value RT^, bearing in mind thatj 

whanca 

* A 

By introducing the obtained value RT^ in (VI.84) and representing the 

constant terms by Bn, we obtain 

i-p.f-B.VK 
for 0| 

The parameter complex P*— possesses the dimension of specific thruet 

(VI.65) 

kg-sec/kg and, just as tne specific thrust, is proportional to the square root 

of the value of the energy expended in creating it. 

Since tne value ^cr 
0, includes tne engine parameters which characterize 
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the cocbustioc chamber (u^ to t..e critical sectior. of t e nozzle), t.'.e decrease 

in its value when cor.jared to t .e t »ecretical uesicn value will te caused by 

energy losses in t..e cha:..uer w.».ci are not considered in tue calculation. 

fne losses in tne combustion chamber censist chiefly cf lessee in the 

combust ion process; hence the value cf t .e jara, eter corjlcx obtained from 

tne e/.terir.e-t • oy be written in the form . .1 
r , . _ /exp - experineny 

ivi'e6> 

As we already knov;, t .e losses due to d-osociutior. are taker, into account 

in theoretical calculation of fuel corb.st^on in t e coi.buction c .amber, 

rherefore, t .e value of the jaraneter complex obtained from tue calculation 

may be re.resented in tne form 

The value of /3 v for tie given fuel has a very definite value 3 and 

characterizes tne amount of energy generated in tie combustion c .arber. The 

graphs for t..e Change of in relation to ti.« rrescure p ? «nd 0( in 

the chamber (see Figures c6 and St), show tie character cf change in t.ie mag¬ 

nitude of heat generated in the cnasber due to losses fror, dissociât ion as 

shown by the equation (VI.¿7), witn tie value 

If *e compare tue equations (VI.t6) and (VI.c7), tr.en, fron tien, by 

division we can easily obtain tne value 

Ot 

theo 
(VI.8b) 

where . is the cnataber irapulsc coefficient. 

The value according to the efficiency system (see Section 19) 

introduced earlier, will account for only tne losses connected ;»itn rhysically 

incomplete combustion and friction in the corbustion chamber. 

Hence value ^ can be determined from tne comparison of thermal cal¬ 

culation and engine test data. resides, experimental deternination of 
e 

&__f uoee not require setting up any additional measurements 
•«p [ Ox J6®? 

except those which are necessary to determine Psp. 

« 
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It .voulü oe aJva:'.ta¿ocuc tc theoretically calculate he val ue theo 

■ 1th «x}.erin.eiitally Uet-.i ined Pt. G ana ^ ln conrection »ith wticb 
uconb 

values \ 2 and 0 £ in icritula (V:.Cw) can be carcellei and . acquire 

the cinple ferr: 

that is, it i~ 

section o* tue 

.ith ; re:.ci re~ 

^eh¬ 
er. exp. 

(VI.£^) 
•theo cr 

determined b.; the ratio o! .he actual area of tue critical 

tested engine to the urea of the section calculated theoretically 

I2* *ucl con.-un.^,tion and tfie ratio of tho con onents V . 

I. -e hee. uhe sj'ecified oterutin^ conditions ..hile testing the locket 

engine on the stand; that is, if = tth90* anu calculation for the 

value of the critical section of the engine tented is also cuide, the coefficient 

of the char.ber is expressed in the following manner: 

^2 theo (VI.vo) 

that is, in this case the chamber coefficient re;, resents the ra:io of actual 

pressure r.ached in the combustion chamber to the theoretical pressure which 

should be available ..ith the specified component consumptions and the value 

of the critical section of the nozzle* 

If in testing the engine ..e kee^ the prescribed pressure, then 

^»thedP/’to 
and forfftfr we obtain the formula: ' • J 

*cK 
Gtheo 
a «qp 

(VI.91) 

The chcober coefficient assumes the form of a’ consumption coefficient 

and is the ratio of theoretical consumption needed to create the epeelfled 

pressure in the combustion chamber (-ith the prescribed f^) to the actual 

consumption obtained in the tests* 
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Knowing the cnm.bnr coefficiont ant the . ¡.eti.ic hru t crtfticler.t, 

ne can alao ontain t .e value for notai.» coeííicient: 

^no*’ 
%h » tv:-52) 

In nelecting valúan .or chancer coaificient ant -ha no.nle coefficient 

,, ,ut. direct onr attention fe confortitv of the con.truetlon.l data of tie 

- . wQ fti- *»•., -r io froc Ahich' v.e ob- 
cetirned en ,inc «itt the com truet ior.ax ^ata o* —-nu-J 

tained tne ex; erir.eiital coefficientE <f eh and (fnoT* 

The T.,cr=;l Calcul-t ion oi' an m:ine. Ulo>v¿lLT ^ a ^r^ïÙ^l CoTflCifBtta 

. /a _Mj id c- ? c€î1 ©rr *.i*t? tiic V’olxi© ox 
Having reccriwou t'.»e Vuluo ^chan(i inot* 

tree actual c.-exile .nruuc : cccrúi-i; to fonaula: 

%”^ch?noz,Jtheo sp (VI.93) 

and find the uctu.1 required per oeconc concurtiefi of cooponentt: 

' (71.94) 
fsp ?ch ,QOi 

Can also rake ad,1’JStrent in the direnslons of "ne critical section cf 

the nozzle so as to obtain (with tie new cons option and allowing for the 

losses in the ch <r.ber and nozzle) the assigned rressure in the chasoer p^. 

Between the actual and the theoretical A arañe ter coruplexec there will 

-, . fvl R?) ÍCrP: mm 9 3^60 - be a ratio analogous to ^-1.^ fch GtJi«o 

T;,» ¡xe. sure p in the chnnuor uhould equei the '.snigned v.lue 

for fr.s.ure fjtheo, and the actual conuumption in connected to theoretic.l 

connuoption by the value of the relation (¢1.94). Connequently. 

fer *ch * . -Myj---- 
'theo cx °the ^di *no* 

or: I 
Scr ‘4,hoo<rTaot ' 

1 (VI.95) 

The relationship (V1.95) shows that we should increase the critical section 

erea solely for the purpose of the passage through it of an auuitionnl fuel 

consumption which compennste. for the losses in the nontie. The additional 
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fuel conation us.d to r.fHce 1o»b»o in the charter doer not require an 

increase in the critical section area of the norrle. 

The looses liken into account ty the e«ierirer.tal coefficients should 

exercise an influence on the value of the isoentropc index K^s ho.cver, 

in actual jractic. .e nave not yet teen able tc deten-ir.e this influence. 

Hence .e shall assure that Mie in the real exiansior, ¡rocess taking into 

account the losses, .ill he equal to his of the theoretical ex-ansion yrocess. 

Then, too, the ratio -f- neec.d to obtain the required fressure in the nossle 
cr theo 

section will not differ fret* the theoretical nozzle ex¡ansion ^ 

calculated earlier* 

As a resi:lt of this, 

1 4 _y»thao t 

• ’ ' ,n» '(VI.96) 

Consequently, aa a result of the calculation, »e determine the actual 

erecific thrust of the engine, the coc-ionent corsunitlor jer second and the 

dimensions of the critical and exhaust sections of the noutle. 

SECTION 38. EXAF.FLES O*’ COl-0U3*I0IJ AND m.SCÎ'..\?GE C’LCUTATION 

Thenal reroigr. of the RocV^t Snrir.e Oreratinr cr ^el Containir^ Î-trocen. 

Carry out tna thermal desicr of a liquid-fuel rocket engine with a 

thrust on the ground of 12,000 kg. Fuel: Cxidiser -- 99¾ nitric acid; 

cot bust ible — kerosene having a cocpoeition of Gcoirb = 0.865; HcoBb * 0.135; 

0 * 0. The excess oxidant ratio ia OÍ. * 0.8. The Dresmire ia . 
corb 

the corbustion chamber is p2 * 30 atm; the pressure at the nozzle «sit is 

Pj 3 0.9 atm. The exrerimental coefficients are: <Pcb = 0.95; 

The thertal design of tne rocket engine .& divided into the following stejs. 

I. Determination of cosjosition and tett¡erature of the gases In the com¬ 

bustion chamber. 

II. Determination of composition and tetpernture of the gases at ths 

nozzle exit. 
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III. DwUrnination of specific thruct md th*» critical and exhaust 

ciinen: icr.c of he noazle. 

1. D'■ ter:.inat.ion of Cod,osition and T -tc.orr.ure in t.he Corbustior Chambei 

X. Contosition 100Í nitric acid (tee Table 5) 0 = 0.762; H = 0.016; 

N , 0.222; Co&.osition of .vater: 0 = 0.889; H = 0.111. 

2. C Rjosi’-ion of the o::idizer according to formula (V.5) 

Û = 0,98* 0,762 ♦ 0,02* 0,689 = 0,764; 

H t = 0,9& * 0,016 ♦ 0,02 • 0,111 » 0,018; 

K * 0,98 * 0,2'.2 * 0,218; 
0 

c = o. 
o 

Irocf: o ♦ - o o 
.734 + C.01H ♦ 0.213 = 1.000. 

3. ,.e ueteroine the theoretically necetsary quantity of c/idizer V#, 

According to fornula (V.13) 

. Ÿcc°ri>+aiW0°°°* Y0-165-*-*-0-'”_. r 
8 0.764-8-0.011 O.-y 0.-8”. 

4. ..e ueternine the actual consumption of oxidizer for 1 Kg of 

concubtible. According to formula (V.15) 

1 ,«at.-0.8* 5.47-437. ( 

3, ,.e determine the coicjosition of the fuel. According to 

formulas (V.17} 

"fuel 
=Cço2b+jÇt^_Míí_-06| 

) + • I+4.W 

u- . _HComb + vH0_ 0.136+4,37-0.018 _AAilA. 
»fuel --¡TT"“-^- 

« » 
0 —^comb + >0. — 4,37-0,764 
fuel 

M »N.   4,37-0,218  a 177 

fuel f+r 5,37 

1 + 5,37 
: 0,622; 

Proof: 

Cfuel* ^fuel ^ Ofuel ^ ^fuel=0,161 + 0,040 + 0,622 + 0,177 -1,000. 
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,.e aeteruine tne 6. beat content of -le fuel. 

Cn the baila of tne uata in 'faole 5t ^eat contvnt of H. is t iual 

to -6Ó0 kilo-c -1/kcî tile heat cor‘ttrat of »-*** amounts to -5790 kilo-cal/kg; 

the heat of cclution cf ..ater in nitric acia is eau«l to -2Ô0 kilc-cal/kg 

h2o. 

T'.e neat content of the oxioiaer according to fcrnulo (V.2J) is 

I totals - -660 0,98-3790 • 0,02-0.02 • 28(^—729 kilo-calAg • 

In accoraance .vitn the .ata 1' able 6, the heat content of kerosene 

is taken to oe equal to 

The heat content of the fuel according to formula (V.25) is 

ItoUlfuri. _ 677 kilo-calAt* 

?. According to the data in Table 7, the temperature in the combustion 

chamber .ill be within the limite of 3,000° absolute. Hence the calculation 

of the composition of the coooustion products will be done for three 

temperatures: T' = 2900^ absolute» f" * JOuO absolute* 

and T"* = 3100° absolute. 

o. The ]ressure is expressed in ¡hysical atmospheres* eithin the 

dimensions of vnich -e havu .given values for the equilibrium constants: 

». » —— 29 «ta.. 
pt 1.033 

9, ..e now uetercin • the constant values Q» ?* and S for the given 

design. According to formulas (VI.51)» (VI.52)» and (VI.53) 

Q.JLÇÍJtó=X®-i|?|-It06; 
6 Nfuel 6 0'177 

Hfufil-14^-3.16; 
Nfuel 0.177 

c 3 Ofuel 2.90 
S“Tcfurt «».i« 

l e 
In addition « we make a determination of the compos .tion c. the 

comuuotion i routcts at the temperature 3000° absolute, rakin; use 

F-Tb-9741/V ^73 



of the rrethod of xicceaaive ap¡;oxiiratioac described in lectioa 

The Tiret A;troxiaa:ion 

10. Let us deterr.ine the coBî-oait-or. of tne ccucuc.ion jro<ucts in 

the :irst a¿ rr/.ii^tion by tne formulas (VI.64) and (VI.67) 

P*, 
m_h. 29 -4.6¾ 

20 + Ä+1 21.06 + 3.16+1 

Poo “ 2Q/>n, ~~Pco, ■» 2 • 1,06 • 4,62—/»to, “ 9,80— pto,', 

Ph,o - 2Q/»n, (6 -1 ) - /»co, - V.80 (2,90 -1 ) - /»to, -18.60 - pco,; 
3.10 

/-H,-2/--,[* -<W-'>] + ^0.“2-4,62[^-1.05(2,90-1 )] + 

+ pco, * /»co,—4,07. 

,e check ti;e accuracy of dete:«ination of tre coefficients: 

a-t-hc=9,80—18,60 -4,07 24,33, 
. Pl_pNi =29.00-4.62 - 24,38. 

T„e cosí ici.nts a. b, ana e, hava b.'en d.t.rnin.rt without any nubctanti. 

errors. 

11. The ^uacratic equation (VI.68) takes the form 

„ (9,80-^0)(18,60--^0.) 
^ _ — 

Pco, (Pco, -^07) 

Let us lake the value of K2 at ^ * 3000 abs. 

*„-7.38. 

The quacratic equation takes the forœ 

6.38/>J0j- l,60/»co,—182.3*0, 

whence 

1*■ / L«>"*'+ 4 ÏK2.3 <r,38 c At, 
Uro bs —-■' — - 

^°1 2-6,38 

/»co — 9,80 — 5,48 4,32, 

PUjO** 18,60 — 5,48 —13,12; 

/»h, = 5,48 — 4,07 = 1,41. 

Iroof: 

a) According; to* tue overall pressure 

/»i ~ i>, - 4.62 + 5,48 + 4,32 +13,12 +1,41 

-28,95; (/»,-29); 
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b) .n t. e b sis ox" t..e *Tuilibrijxa constant 

/’iii/’ho 4,32*13,12 

- ■ ^c, “ Tii"mT " 7-x (7> 

The tabular value of K,, «.e<t in clculotior. is , iwn U ^rentnesU. 

The jar-.isl j-reusures oí ...e f.rst eutirate have been found .f.r.out any 

Eubctantial errors, 

j,^L_è*JS.QP<l.4PProxi-at.ion 

12. ..e take '.h * valuec for the equilibrium contante for 3000° abs. 

fror the table of A]pendi/ 2. These are rounded to the third decimal 

¡oint. 

A', = 0,342; A's = 0.0484; A', = 0,0147; A'* = 0,024¾ 

A* — 0,0144; 1,88.10-1. 

Accordin^ to formular. (VI.69) 

/,oh=*A,—1°-*= 0,0484-»0,534 

r..# 

/»NO*! KpsPv,^ 1'0.0147-4,62 0,188 = 0,11¾ 
• ——_ * 

Pn = 1 %Ph: » ^0.0248 1,41 - 0,187; 

Po ~ VKtJ¿ = 1 ÖF4TÖ,l88 -0.052; 

Pn = 1 K-.Px, - Vl.Wi-IO-‘.4,b2= 0,003. 

13. »e determine the coefficients A, B, D and B by formulas (VI.70) 

^ ^Pso"l-Ps ~1J + 0,<»01-»0.11G; 

^~/»o.. +Ph“ 0,534 + 0,187 = 0,721 ; - 0,3C0; 

i Pou + /»no+ /»o~ 2 0.188 + 0,514 + 0.113-1 

+ 0,052 - 1,075; 

£ * Po, +/»oh +/»ko + Pn + Po ^ Pn — 
= 0,188 i 0,5.14 f 0,113i0.187 0.a52 f 0.03:)-1,077. 
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14. .c now ceterc4.n* th* partie*! pra.'isures o; 

in the tecoud a* p.oxirtntion. iccoi'uin.; to iortulas 

tne five basic ganes 

IVI.57)» (VI.52), 

(VI.60), (VI.62) 

Ps 
* ~-A (Of y) 

-'<? T W H 

25 -1.077 ' — 0,110 + 

2 1.1101 3.16-^ I 

V - - 1.077 -f 0.300 — 0,1 If* 2.5« 
6,28 

Pco^Ql'-Ps • A) — /)lU( - 1,O')(2-4,46 

^.46. 

0,1 H») —/4/> *“ 

^9,58-/»co ; 

/>Mo»g(2/»s. i)-0-/»,.o *= 

■= 9 58 (2/ 0-1)-1,075 - /»o.. = 17.12 - /», <, ; 

/•„ - Os - ^)[-*-0(4-1)1- * + Æ f ,>,.0,- 

— (2-4,41.-1-0,¡10) I - j*- — 1,06(2,90-1)1- 

*■ 0.3,.0-f 1,075-f/>co,—/>co.— 3,27. 

; roof of accuracy in aeterc.inmg coefficients a, t>, and c: 

a r¿rf-9.58+17,12-3,27-23,43; 

• Pt - /»N — £ 29,00 - 4,46 — 1,077 — 23.463. 
The coefficients have been celemineo \..t.iout significant errors. 

The quaùratic e uation (VI.6h) takes the fora; 

(O.W-Zco.K^.^-Cco,) _ 7 3j. 

’• fco, (/•«.,-3.^) 

After cancellation we receive 

whence 

6.38/»¿0| + 2,58/>co, — 164=0, 

-2.58 -f 4~C» lS4 
re0.“ 2-6,38 

pc0-9,58-4^7-4,71; 

/»m,0=17,12-437^12.2¾ 

pH| 4-4.87- 3,27-1.60. 

Fisof: 

- 4.87 4-4,71 4-12,25 f 1,60 + 4,46 4-1.077 - 

4.71-12^ 
1,60 4,87 

7.40(^- 

28,967 (pt-29,03); 

738). 
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The Third Appj oxlcatlon 

15. . e eteriuire tne :artic.l jretsur^s cf .e nix runes, 

.,e ucc ;h* i'oraalaa ina corstants fror, t.ie ‘.econd ariroxinatioa 

^,-(0.342^-0.124-, 

Pon “ 0,0484 —0,468; 

Pso~\ rW 47 ^46^124 - 0.091 ; 

pH -1 0.024»-1,00 = 0,199; 

Po = ) 0.0144-0,124 = 0,012; 

/>,-ri .»»• 10-‘4.46 - 0,003. 

16. ,.c- cctcrn.ii.e tne coefiicients 
1 

A - 0.091 + 0,003 = 0.094; 

B=0.408 + 0.199 — 0,667; y-0,333; 

0 = 2 0,124 + 0.468 + 0,091+0,042 " 0,849; . 

t = 0.124 + 0,468 + 0,091 + 0,199 + 0,042 + 0,033—0,927. 

17. ,.e ¿eternise the :artia?. ] re. surer of l ive basic n^cec: 

29 — 0.927 + 0,313 —0,094-2.Cl_ _A 

?*•-Ï# ’ * 

pco = 1,06 (2 4.49 h 0,094) - /»co, - 9.64 - />co,; 

pufl - 9.64 • 1,9C - 0.849 - pco, -17.47 - /»co,; 

pM| « (2 • 4.49 + 3,091)( - 0,44) - 0,331 + 0,849 + pco, - 

— Pco,—3.48. 
• • 

The quadratic equation tak s the fora 

^CO.^CO,-3'41) 

6.38pi0i +1,43pco, -168,5=<fc 

. -i.«-! /1.43_5Qj. 
pco,-— 2 6 3¾ 

pco,-9,64-5,03-4,61; 

P,,.-17.47-5.03-12,44; 

pH|-5,03-3.48-105. 
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if tim
t 

? redi 

% 

PI w 4,49 + 5,03 + 4.60 + 12,44 + 1.55 + 0.9J7 2‘.i,027; (p, - 29,00); 

AV 
4.01 >IMI 
ï, 50-5.(13 

--739 (A',.-7,38). 

By coc+äi'ing the valuer, ior jre'-surec ir. * .■'.c cocor.d and 

thiro estiretes (T«*hle 13)« that the dilfercr.ee in tre 

artial recoures ie ~till lar^e: for C0¿ ana H¿0 it acountc to about 

0.2 atit. Hence -e uutt nahe yet another, fourth, af ] roxiiration. 

»i proxiiration 
Nurber 

1 
2 
3 
4 

ÍABLE 13 

N, CO, 

Partial pressures of gases 

H, CO H.O O, OH NO H 

! 
4.6215.48 4,32 

4,4614,87 4,71 

4,4915,(3 4,61 

4.48 5.00 4,60 

13,12 

12,25 

12,44 

12,38 

1.41 

1,69 

1.55 

0,188,0,53410,113 

0,124 0,408 0,091 

1,54 ¡ 0.139 : 0,480,0,196 

0 
€.187 

0,199 

0,196 

0 
0,052 

0,042 

0.045 

N 

0. 
0. 
0. 

?ne Fourth Approxlratlo.. 

lb. ’.e determine the partial presares of the gases; 

/^.-(0.342^-0.189: 

.*■, íoh-0.0484 ^-0.480. • • 

1 Pno-Ï 0,0»47 4,49 0,139 - 0.096; . 

pH»| 00248 1,55 = 0.196; 

Po-Ÿ '0.0144 0.T39 -0,045; 

¡ p*—0,003. 
ly. e deterr.ine the coefficients A« B» D« and E. 

A =0,0% + 0,003 = 0.099; 

Ä = 0.480 i 0,19u = 0,676; y=0338; 

Û = 2 0,139 + 0.480 i 0.09o r 0,045 = 0,899; 

£-0,139 r 0,480 r0,0%+ 0,196 \ 0,045 i 0,003 = 0,959; 

O 
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20. , d«„r,.,e ¿irtial jr.^ur., .» the five bas.c ,acc.= 

•.K* »•.«<* »Ä =«4,48. 
f». “ ' P.2« 
fcÄ« 1.0612 449 : 0.099)-/«co,-9.60 -/»co,; 

o « 9.60 1.90 - 0.899 - /»..o, = 1738 - /»co,; 

r„ «(2-449 - 0.099)( - 0.44) -0.338 • 0.899 f /»co. ' /»co ■ 3.40. 

r're quidratic e i:ior. is 

Proofs 

i i.iv)—r. or)(17,3* :^Sií¡ 

b.3Sr:0i r 1.46/>co, —1664-°. 

- M6 * = 5.00. 
/Vo *“ " J 6,3« 

rco-960 - 500-<«>; 

„-17.38 - 5.00=12.36. 

^-5.00-3.46-154. 

^ = 4.« r 5.00 + 4.00 M2 38 T1.54 t0.96 - 29.07; 

-amv K .1^1^--7.37(^=738). 
(^, = ^.00). Au* 1,54.5,03 

3y ««parias tá. Ul predas oí toe ,aaeo ahica -he up ta. 

h .... ..o ucts ar.i Uhi.0 ,er. obta.a.ó U tn. third ano fourth .atUat.a. 
combustion ¡ro-accB o. 

‘»'«c is O.O6 atra (forpH20J* 
.. can re. that iie raxiaur ciííer.nce b.t.e.a 

-ot re-uir.6. Heac. « »cc.pt the conpoaitioa oí 
Furthor est-mates are ^ot re^xr« 

a ee. attained in the fourth eo.Uat, a. final, de round off 
combustion jroiucts Ow 

the valuer of the .urtial .resrur.r to the recoad deoU.1 ,U... <• - 

.Ot consider to. content of the atonic hltr.se. b.c.ue, 1» ,«tUl pr.^. 

„ ac.t - -r Ficure fj *• cho« the nature of eon.ergeoee 
aaountr to orlj C.uCJ a— -a rtC» 

i. the lartUl pr.rrur.s calculated in the different .prr.xlMtlo.. 

th. ..act values. lUttln, thi. type of Sr.ph la couv.nl.nt for oh 
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of tne } rocecs of colculotion. I’no ¡pra; h in Figure t'J er.ova, in p articular, 

tnat ia the case involved we could have lirittd the calculation to taree 

estimates. Fer ai,.her cei-i-erotures the tonverçenct ia ot aa ri* id end it 

is necessary to ,.ake a ^ itional esticatec. 

Figure £9. Convergence of the olutions obtained by the method of 

eucces .ive aproximación. 1 -- epproxirc'? tion curve? 

1 -- exact value of Pf^O« 3 •• number of approximation. 

21, Cn tne basis 01 the ¿iven calculation >.e uraw u] a table for 

coin osition ana aetertunation of the state of comous.ion products at a 

prescribed tenjerature (Table 14), The oet-.od of filling in the table is 

evident from its construction. The values for total heat content 1totol ¿ arid 

for standard entropies Soi of the combustion products’components are taken from 

the appropriate tables for tem;eraturc et which the calculation is made. 

On the lowest line of tne table 've have given the required values for 

calculation of the sue. of the products: 

£/>,; Si-./v 

After placing the values found fa' partial ¡rassures of combustion products 

components iu the table it is necessary to check at once to see if there 

are any errors in the calculation. For this .urpose we make use of absolute 

balance equations 

Hjw. ,- «n— (2Pm,o + 2/»n, + Poh + ^m) “ 
luSl ¿ 'MPi I 

_1- (2 12,38 r 2 1.54 + 0,48 + 0,20) «■ 0,0398; (0,040); 
716.8 
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Table 14 

TABLE FOR CCliPOSITION Al.D LETSRriNATICi* OF CCMBÜSTIOIi FRCOUCTS 

AT A IRESCRIBID TEMSRATURE (COMBUST10¿. CÍIAI3ER) 

T ■ JtOOO0 abs. 

-r 

j 

i 

—r 

< 

“1 

Z 

—r 

5 
9. tr« jy 

£ I 
$ 

M 

U 

! 
o 

<«■ 

> M 

A? * — 

• 

3* 
a. 
SfO 

Í] 
u 

N. 
co, 
CO 
Hfi 
H, 

Oi 
OH 
NO 
H 
O 

4.4S 
5,00 
4,50 

12.38 
1.54 
0.14 
0.46 
0,10 
0,20 
0,05 

28 
44 
28 
18 
2 

32 
17 
30 

1 
16 

125.5 
220,0 
128.5 
223,0 

3.1 
4.5 
8.2 
3.0 
0.2 
0.8 

22,20 
-57,31 
-4,03 
-27.92 

21,24 
23,48 
31,55 
44,36 
65,53 
72,69 

99.6 
-286,5 
-16,5 
-346,0 

32.7 
3.3 

15,2 
4.4 

14.1 
3.6 

63,77 
79.91 
65.46 
68,27 
48.47 
67.98 
61,38 
68.85 
38.86 
50,09 

286,0 
399,0 
312,0 
845,0 
74,5 
9.5 

29,4 
6.9 
7.8 
2.5 

0,651 
0,698 
0,673 
1,093 
0,187 

-0,854 
-0,318 
-1.000 
-0,698 
-0,302 

13,3 
15,9 

M.l 
61,8 

1.3 
-0.5 
-0,7 
-0.5 
-0.6 
-0,3 

272.7 
383.1 
297,9 
783.2 
73,2 
10,0 

30.1 
7.4 
8.4 
2.8 

Total 29,07 7 6,8 — 1-476,1 1868,8 

+ Pco) " 7Í6 • (500+ O*16°¾ (0,161); 

■■ (2pc0, + Pco + pHfl + 2po, + /»OH +Pho +Po) ■■ 

-^(2-5.00+4,60 + 12^+2 0,14+0.48+0^0+0,05)- 

-0,6215-. (0,622); 

4uil“(2p». + Pk°) “ 

— (2--4.48+0,10)- 0,177; (0,177). 

In parenthesis we give the values 

calculation of fuel cocposition. 

Hfuel* Cfuel* °fuel * ?!fuel found in th# 

As a check chows, the coEposition of the 

coabustion products has been determined without significant errors. 
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AfUr this we cau find the rest the values i.hich characterize the 

state of tae cor.buction ^roaucts. The required valu-'e are taken iron the 

composition table. 

We determine the total heat content of the combustion products 

,/9 determine the a;iarent molecular weight of the comburtion products 

r* I 

The gas constant of the com ustión products is equal to/?,*= ~■ 34,3kg-Vkg°C. 

We determine the entropy of the products of combustion 

1000 

' -1000^—2605 eaVIce’C-Z,60S klLo-caVk«0®- 
716,8 

22. In making similar calculations for the temperatures 2t9CC and 3*100° 

absolute we obtain the results given in Table 13* 

By constructing a graph (Figure 90) we find: 

r.-Med** abs.; 2597 calAg’C i*.-= 24.7; /?,« 34,35 kg-nAgOC. 

F-TS-^lA 382 



_j^totalc.p.kHo-cAlAs 

^ -•‘V - 

•‘i Rkg-VkgOcj 
« 

2900 
3000 
3100 

-720 
-665 
-595 

25,12 
24,68 
24.03 

33,75 
34.3 
35.3 

2381 

»'i 2805 

2619 

With this we ha», completed calculation for the state of cocbuetion 

products in the combustion chamber. 

—Deterei nation oj_Cois;.o3ition and Temperature of Conbustlon Products 

in the Nocsle Exit. 

23. Let uo prescribe a reference (ruide) value for the iroentropic 

expansion index. Accordi„s to data in figure 7. for this instance we ra, 

assume the index to be equal to 0.17. ». determine the anticipated temperature 

of the combustion producto in the nozzle exit. 
•jj-i 

. , }- ^.(^) ^ ^ ’ , 
To calculate the composition and combustion temperature in the”non- 

»1. exit w. assue., throe temperature values: I6000, 170O0, and 1600° abcolute. 

24. IV. perform the calculetion of the combustion products composition 

at thane temperatures and under a pressure p} a -£-A_ ., 0>g7 atB> 

For example, let us consider calculation at T a 1,700° abnolutc. 

Since the temperature in the nonsle .lit is expected to he relativ.lv 

low and o< < 1 , w, can assume that the content of 0¿, OH, KO, H. 0, 

•nd N in the combustion products will be so small that w. can disregard them/ 

Then the combustion products will consist of five basic gases the partial 

prassuras of which ara datar.,.ined from th. first approximation bv formula. 
(VI.6b), (VI.67): 
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. W--0,13¾ 
% 30+Ä+I 21,06 + 3,16+1 

/co~2Q^M,-pco,- 2-1,06 0,139-pco,- 0,294-pco,; 

pttfi - 2Qp¥l (5-1 ) - poo, - 0594 (2,90 -l)-pco,- 0,554 - pa>,; 

/K.-2/»». [y-Q(5-1 )]- 2-0.139 1.06 (2.90-1 )]+ 

+ ^0,^^:0,-0,122. 

W« take value VL^ at 1,700° absolute fron the table of Axpendix 2. 

/ft«—3.56. 

The quadratic equation (VI.63) takes on the form 

356M (0.294 —pco )(0,SSI — pco ) 

Pco, (Pco, ~ ,w) 
or 

- 2.56/>k, + 0,414/»co( - 0,164 « 0, 

whence 

. _ -0,414 + /o.4t4M 4 i.:% 0.|f»4 _A IQJ. 
*°--W6---0l184- 

Pco - 0,294 -0,184-0.110; pHfi « 0,554 - 0,184 * 0,370; 

^h,—0,184—0,122 — 0,062. 

kroof: 

a) According to overall pressure: 

, ; pi—0,139 + 0,184 + 0,110 + 0.370 + 0,062 — 0.8G5; (0.87); 

b) In accordance with the constant of equilibrium 

0,1100..170 
0,184-0,062 

-3.57; («U 3.56). 

The first approximation composition has been found correctly. 

We check further to determine whether or not we can really disregard 

the partial pressures of the six ¿ases in this calculation. Fron Table 14 
t 

showing composition, we can see that of the six gases, OH contains the 
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■iftxifflUB quantity of dissociation products. It would be expedient to 

check its content at the no.^le exit, for this purpose we take the value 

for constant * 0.625 X 10 Then: 

.^-^^-0,625.10--^-0.925.10-^0,00001 .t»u 

^ • * » 

Ac «e can see from the calculation of OH* we can actually contletely disregard 

partial pressures for dissociation products. Hence we can consider the 

conposition obtained in the first estimate as final. 

25. He draw up « table for conrosition and detenr.ination of the state 

of corbustion products at the prescribed temperature (Table 16)• e creek 

for absence of errors in calculating by the balance equations, an I v.*e find the 

state of the cocb istion products **t 1,7' absolute teciperature. 
‘ I 

+ 2fH‘* ~ 

.-1-(2 0,370+2 0,062)-0,03¾ (0,040); 
21,74' 

TABLE 16 * _ _ __ 

Table for composition of combustion products at the prescribe 1 temperature 

(nozzle exit) 

T * 1,700° absolute 

Í 
* 

o 

* f 
u, 

A \ 

% 
o* 

I 

g 
fî 
M 

N, 
CO, 
CO 

H,0 

H, 

total 

0.1» 
0.184 

0.110 
0,370 

0.062 

0,865 

28 
44 

28 

18 

2 

3,89 
8,10 
3,06 
6,65 

0,12 

10,89 1.52 

-76,42 -14.02 

-15,41 
43,97 

10,27 

21,74 

-1,70 

-16.25 
0,64 

—29,81 

58,81 

71,58 
60,50 

61,29 

43,70 

8,18 
13,17 
6.66 

22.68 

2,71 

-0,857 

-0,735 
-0,958 

-0,55 

-0.62 
9,49 

—0,432*—0,73 

-1.207-0,34 

8.73 

13.79 

7.15 
23.41 

3.05 

56,13 

r-TS-97iHA 385 



\ul-f^(fico.+fco)—^ (°.IM+0,110)-0,'62; (0,161); 

Ofml “ er“ (2fco, + Pco + P»/>) ■” 
Z nPi 

—5^J (2 0,184 + 0.110 + 0^70) -0,623; (0,622); 

2,,.-^-2 0.139-0.17¾ (0.177); 

1000 -1000 =£*'- - -1370 Kilo-eO/kgj 
21 *74 

8.-^.7,,--.^-21.74 -25..2: 
I 

Sf. e- 2 '* “ 
T* 

-1000 - 2582 celAg'C 

'ÄÄ-Uw beeis of the calculation riven above and others se obtain the «nuits . 

given in Table 17. • 

Tabla 17 

faba. Itotalp.c. 
kilo-cal/kg 

tP
 o

 

1»« #kg-Vkg°C 

1000 
1700 
1800 

-1440 
—1370 
-1312 

2S32 
2S82 
2640 

25,32 
25,12 
21,9 

33.5 
33,7 
34.1 

Figura 91. The solution of the example. Determination of T^; and fly 
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2C. Acccrdinc to the data ia r&oie 17 »e detercãne graphically in ficure 

91 (with the value of tne entropy fouud earlier in the corbuotion cuarber * 

2,597 cal/kg: °C): 

• r.-1730'abs jltotal,-»355 Icllr>-cilA«l 
a • •» - ——.9 

^-85.0¾ «,=¿^-»33.9ki-t/kgOC. 

Hence we have found the state of the combustion products at the noznle «xit. 

Ill, Determination of Specific Tnrust and Lir.ension: of the Critical ard 

Exhaust Sections of tne I.czzle. 

2?. '.Ve determine the drop in total heat content; 

Altotal * Itotalconb “ I total, — - 677 - 1355 - 678 kllo-cal/kf. 

28. We determine the velocity of discharge; 

. », -=91,5/âltotal“ 91 678 " 2380 a^sec« 
» ••• 

29. ..e determine the specific weight of the combustion products at 

the nozzle exit. According to formula (VI.75); 

30. We deterc-ine the specific passage section of the nozzle according 

to formula (VI.77); 

' :! r - 26,4 • 10 *4 a2Aß" 26,4 cm2Aß* l,r, 0,1515 2380 

31. We determine the tueoretical specific tnruat. Based on formula 

(VI.78); 

+ +26.4(0.9-1.0)-239,6 kg McAg. 

32. Æe determine tne specific thrust according to formula (VI.93); 

. . V^lh» «p'^eh ^no»-239,6 0,95 0,97 - 221 kg «‘At- 
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33. Wt determine fuel eontjumjtion end individuel conronor.t coneunption; 

' * * 

Oi- —■=——543 kg/secj 
221 . 

®P 

OeoA-O«?^—rs-101 k«/“c» ^ 1 + ¾ 5,37 

^54.3- 43.2¾^. 
? 1+» 5,37 

' / 
34. We determine the dimensions of tne exnaust nozzle section according 

to formula (VI.96); 

«here 

é ft theo 
/* T»;» 

/•thw/i 0^/,-^--26.4 1^-1321 co*; 
ftheosp 

/.-^-'353 cm>. 

239,6 

35. VJe determine the isoentropic index according to formulas (VI.6l); 

11¾ 
__ft 33 ^1 to 

ÆfLA. 34,3-29610.9 ’ * 

* V* Ä ^33,9-1730 30 

36. Making use of the graph in Figure 59 or tne formula (III.65) for tne 

pressure ratios = 33*3 end n. = 1.19i ^e find the required nozzle expan- 

sion which is equal to 5«&. Consequently 
cr 

/^^-26»«*. 

Hence the task of calculating heat has been accomplished, »e have found the 

fuel consumption and tne dimensions of the critical and exhaust section of the 

nozzle. 

37. The accuracy of determination of the critical section area rust be 

checked by finding the actual value of tr>e parameter complexes equating it 

with P*. • estimated roughly for a given fuel. Let ua note that this check 
* theo 

concerns not only one critical section but the entire thermal calculation 
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• »tcüî-aï^-HSkg Bee/kg i 
' Oi 5Í.3 

la-JL . 1^-156 kg aecAg. 4 
Pthö^fch o-95 ' - 

Th. «lu. found for f tne0 diff.rn .ery little fron tn. dat. calculat.d 

for thia car., fu.l (a.., for .xtóti., Fleur. 86). Heno, .e eonaid.r that th. 

heat calculation was i-ade without any substantial error. 

Calculation of the Combustion Iroducts1 Composition for i in_tÎL-L2 

Nitrogen 

Find the conoosition of the conbustior. rroducts of fu.l with tf.e follo»- 

ing oomoaition: conbuatibl. - 96S ethyl alcohol, oxidizer - liquid oxyj.n 

at <X ' 1; cfuel = 0.167! Hfuel a 0.063, 0fuil = 0.790, th. jreasure 36 ata 

and temperature 5,400° absolute. 

1. Wt~calculate the pressure in physical atrospheres 

• 34,80 ata. 
1,033 

* 
2. ee take the values of the required constants at a temperature of 

3,400° absolute equal to 
. - 

*,«1.226; *,=0,154; *,-0,193; *, = 0.217; *,-0.1C0. 
• « 

3. We deterrine the values of th* constants for tne co::.r.lete calculation 

» 

of the coefficients 
■ee 

’ . . 3 Ofüél _ Î 0.790.3 55- fl. 1 Cfuel I 0.790 . .. 
4 T 4 ÕJ«7 3,55: ° 1® ^fUs! ï® ÕjW3 * ** 

The First Approximation 

4. We take the value of the partial pressure for oxygen from the first 

estimate« PO2 * * a ^^O; a * 1.58» 

5. According to formulas (VI.4l-VI.44) we calculate the value of the 

4 
coefficients 
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« 

9 

mí“077* fvWKo;' 

/N,.-0.097,,,^ 

‘'“Tv”-^^“0'620. />oh-0.6301 ^ 

#-V'^K?-V'Ô5f7TOÕ97-O.U6; ,„-0.145^ 

/-V^<i*K0,161,58-0.63¾ p0 = /-0,632. 

6. We find the first quadratic equation. For this purpose we use 

•quation (VI.45) 

^ + IPco.+tPcO' ^PH o + dÿ" pH O -f / 

^co, +*/>co, “ * ' 

After substitution of values found for partial pressures, this equation nas 

the form 

0 

2-2,504-2^0 +0,777^ -1 />H o+0,62u^ ^Hi0+ü,632 n me 

fco.+o.m^-,ws- 

After cancelling like terms, we obtain the first quadratic equation 
f 

_ . \ 
— 3,540/Jco,+pap + 0,620 Y piifi + 5,632 -«0. 

7. 

J_Iço,+ ^0. . + PHfl + dVíHQ+f 

2f/M,0 + 2/»„ o + |/ ^H(0 + ^ V /’h.O 

we substitute the values found for tue partial pressures; 

2-2,80+2/^ ^0.277/7^0 -p ^n.o ~i 0.620^ -j 0,632 ^ 
2-0,097/^0 + +0. 

Cancelling like terns, we obtain 

2.777^co,—1,52/>m,0—0,231 VVh.o+5,632-0.. 

8. We multiply the second quadratic equation by the ratio 

add the result to tne first equation. We thus obtain 

¿¿40 
2.777 

and 
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' 0.888pH/>-*0,296 V pup +• 12,632 • 0. 

9* 1« eolv* th« «quatien obtained for FR^O: . 

• . w- 0.296 * V 2 W _3 93 
! VPnp^ - 2-0,MS 

Of the two solutions *.e take only the jositive because with a negative 

•y^pa^O* ever‘ thouch pjj^O wi^1 have a positive value, still, for exaoule, 

Pqh * dVp^ l)econes ne¿at‘AVe* whicn is ir-possible. 

10. We find tne partial ¡rescures of the hydrogen-containing gases: 

PHfi ■■ (|^h,o)* ™ 15.50; Ph, •= ■* 0,097 -pu/) » 
-0,097 15,50-1.51; 

Pom ■■^KPm,o=0,620 Vpwo ■■ 0,620 • 3,93 — 2,45; 

. pH — r Vphjo=0,145 • 3,93 - 0,57. 
11. We find the partial pressures of t;e hydrocarbon gases. For this 

purjose, we substitute tue value founu for PH^O tue first quadratic equo 

tionj , .-. 
~3^4pco, +15,50 + 2,45 +12,632 - 0. 

' ! 
\ ' K 

t 'Poo, *“ 6,65 and pc0 — ¿peo,=0,777 • 6,65—5,13. 
whence 

12. We place the results of tue calculation in the table for conp.us.tion 

(fable It). 
Table 16 

T * 3,4CO° abs 

(ha Oi O H,0 H, OH H co, 

—MM— 

CO total 

pi 
pi 

NPl 

2,50 
32 
80,0 

0 63 
16 
10.1 

15,50 
16 

278,8 

.... 
1.51 
2 
3.0 

2.45 
17 
41.6 

0,57 
1 
0,6 

6,65 
44 

291,0 

5.13 
28 

143.5 

34,94 

850,6 

13. We check to see whether there are errors in the solution by making 

use of the absolute balance equations (VI.27), (VI.?8), and (VI.29)» taking 

account of (VI.33) 
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tfvOr P/*".+íP»fl+PoH+p¿- . 
- • ' .. , 

i "ST.«8-'-51 +^^+8.45+0^)-0.043¾ (11^-0,043): 
IS f 

'; ^^“í^<^».+^eo)-i¿i(«.65+5,l3)-0;i«S: (0^-0.147): 

• I 
' * ; I ^ 

+ 2/*o, + Pl\l0 + /»CO + /»oil -f/»o)“ 
r 

-¿j (2 8.85+2 2^ +15,50+5.13 + 2,45+0.63) - 0,790-, 

<0ft»L-<>.ra>). » 

I" th* *r« indicated the valaea of Cfu#1, and Dfu9l used 

in the calculation. As can be seen, no errors have been nade in the deteroi- 

nation of composition. 

14. Sinca the value p£ » 34.94 obtained in the calculation is greater 

than the specified pressure in the combustion chamber p2 * 54.3c atm, we in¬ 

troduce a second calculation, specifying a dm-.iPer value for po2. 

15. fle select a new value a2 » p^ « 2.45 and make calculation just as 

ee did before. After the checking, we place the values obtained for partial 

pressures in a table of composition (Table 19). 

-. . . Table IQ 

'0, #0 Fii4o /il, • ^Otl Pu o 
£

 Pco j Pi 

! . »•« 0.63 14,70 1.45 2.35 0,56 6,43 
1 

5.04 : 33.62 

As we can see, the pressure p£ , obtained as a result of tne seco-1 

calculation, is less tnan the specified pressure p2. 

lb. We recalculate composition at a specified pressure of 34.80 physical 

atmospheres, assuming that, in the narrow interval of pressure between 34.94 

and 33.62 atm, tne partial pressures change in accordance with the linear 

law, that is. 

I 0.106A/.,, 
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•hart 
\ 0m- 

iPl—PhtM-Pi*#- . 

A recalculation of the partial pressures is given in Table 20, In giving then, 

we round the values obtained. 

Table 20 

Oas o, 0 H.O H, OH H CO, CO Total 

PiHM 
Pimm 

Ipi 
0.106 A* 

PtUJO 

2.:o 
2.45 
0.05 
0.00-. 
2.50 

0.63 
0.03 
0.00 

0,0» 
0.C3 

15.6) 

14.70 
0,80 

0.(85 

11.41 

1/1 
1.45 
o.o; 
o,o»4:i 

1,50 

2,45 
2.36 
0.(»9 

0.WT5 

2.14 

0,57 
0.56 
0,01 
0,0010 
0.57 

6.05 
6.43 
0.22 
0,023 

6,63 

5,13 
5.04 
0.01) 
0,0005 

5.12 

34,94 
33,62 

1,32 

34,80 
• 

« 

Hence the composition of the combustion products at the temperature 3,400° 

absolute and p^ « }6 kg/cm^ has been found. 

qUESTIOkS FOii REVIEW 

1. Into vnat groups do we divide the equation systems which determine 

the composition of combustion products at a prescribed temperature? 

2« What influence does pressure ha/e on the composition of the combustion 

products of hydrogen and oxygen? 

3* Vihat influence does temperature nave on the composition of the 

combustion products? 

4. State the equation for nitrogen balance and explain how it is obtained 

3* How can we determine the apparent molecular weight of the cor.buction 

products 

6. How can we determine tne total number of gramznolecules of tie 

combustion products Mr. per kg of fuel? 

7* Find the volumetric content (r^) of the gas components obtained in 

the heating of hydrogen up to T ■ 4,000° absolute, at p£ * 10 atm; at pg * 

100 att• Explain the result obtained. 
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8. Statt the tquation for tat conatnration of tnergy in fuel combustion 

in the chamber with an absence of heat loseta. 

9* Explain tht method for calculating temperature and composition of 

ths combustion products in the engine chamber. 

10. Explain how to calculate temperature at «he nozzle exit. 

11. How can we determine the theoretical velocity of nozzle discharge? 

12. How can we determine the theoretical nozzle dimensions? 

13. How can we complete the calculation of heat according to the 

diagram? 

14. Explain the influence of temperature on composition of the combustion 

products. 

15. What influence does the pressure in the combustion chamber have on 

the specific thrust of a roc';et engine and the geonetrical dimensions of the 

nozzle? 

16. How can the coefficient of the chamber be determined experi¬ 

mentally? 

17. How can the experimental coefficients in calculating actual specific 

thrust and the geocetr^cal dimensions of tne nozzle be accounted for? 

4 
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8. Statt the elation Tor tne conservation of energy in fuel combustion 

in the chamber with an absence of heat losses. 

9« Explain the method for calculating temperature and composition of 

the combustion products in the engine chamber. 

10. Explain how to calculate temperature at the nozzle exit. 

11. How can we determine the theoretical velocity of nozzle discharge? 

12. How can we determine the theoretical nozzle dimensions? 

13» How can wt c -aplate tue calculation of heat according to the 

diagram? 

14. explain tne inlluence of temperature on composition of the combustion 

products. 

15# What influence does the pressure in the conbusticn chamber have on 

the specific thrust of a rochet engine nnd the geometrical dimensions of the 

nozzle? 

16. How can the coefficient of the chamber be determined exjsri* 

Dentally? 

17. How can the experimental coefficients in calculating actual specific 

thrust and the geometrical dimensions of the nozzle be accounted for? 
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CHAPTER VII 

COOLING LIQUID-FOHL POCKKT ENGINES 

3«etion 39« Baaic Inforaation from the Heat Tranefar Course. 

The Trananiaaion of Hast. 

Bafora proceeding to consider the special characteristics of cooling 

liquid-fuel rocket engines, we shall briefly review some of the basic inforaa¬ 

tion presented as part of the course on heat transfer.^ 

In the heat transfer process heat is always transmitted from a body having 

a higher temperature to a body having a lower temperature, i.e., from a warm¬ 

er to a cooler body« 

The heat flow, which we shall designate here by a symbol Q, is the total 

quantity of heat transmitted by the body during a unit of time« Here, we shall 

express these magnitudes in terms of kilocalories per hour or kilocalories per 

second« 

The intensity of heat exchange is determined by the magnitude of the ¿spe¬ 

cific heat flow q, l«e«, the quantity of heat that passes through a unit of 

surface of a body per unit of time« Thus the value for the specific heat flow 

is expressed in terms of kilocalories/m^ per second« 

The transfer of heat from one body to another body and to the interior 

of a given body may take place in a number of different ways depending upon 

the structure of the bodies in question, their physical state, and various 

other factors« 

^ K« A« Mikheyev. Osnovy telploperedachi /Heat Transfer Principles?. 
Gosenergoisdat, 1^9. - 
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Xa th« h«at transfar process «• distinguish three basic foras of heat 

transmission: heat conduction( heat exchange by means of convectionj and 

heat radiation» 

Beat transfer by means of heat conduction occurs only when there is direct 

contact between particles of the bodies. Where such is the case, the transfer 

of energy in liquid and solid bodies (dieléctrico) is effected by propagation 

of elastic waves; in gar.es the transfer is effected by the diffusion of atoms 

or molecules; and in metals the transfer is effected through the diffusion of 

free electrons. 

Beat exchange by means of convection occurs only in liquids and gases. 

In this type of exchange heat is transferred directly by a shifting of par¬ 

ticles (volumes) of gas. 

Heat radiation is the process of propagation of energy in the form of 

electromagnetic waves* The radiation of heat is accompanied by a conversion 

of heat energy into radiant energy, and vice versa* 

In technical devices and heat engines heat usually is transmitted by two 

or three of the above-mentioned methods at the same time. Under these circum¬ 

stances it will at times be very difficult to determine precisely by what 

method the greater part of the heat is being transferred. 

Heat Exchange by Keans of Heat Conduction. 

Where heat conduction alone is involved, the transfer of heat can occur 

only through solid, opaque bodies. 

In liquid-fuel rocket engines, heat exchange by conduction in its pure 

form occurs upon transfer of heat through the solid (nonporous) vail of the 

combustion chamber toward the cooling liquid* The quantity of heat transferred 

by conduction can be determined as follows: 

Let us assume that the wall in question has a thickness of a and an 
2 

area of F m (Figure 92)« 

Suppose the temperature of the heated surface is equÀ to the 
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Fifur« 92* D«ttnlnatiOB of hoot oxchaago by conduct loo. of beat, 

toaporaturo of the cold aurfaco is equal to Tj* C* The flow of heat *páoa4nff t 

through the wall per unit of tine froa the heated aurfaco to the cool aurfaco, 

l#c.t q kilocaloriea per hour, can bo doterainad by the foraula; 

. (j—j-nr.-r.), 

■h«BS* th* iraeiflc hut flow lot 

(m.i) 

vhera \ la the heat oonduction coefficient. It characterizes the capacity 

af a giron body for conducting heat. 

According to foraula (VII.l) 
r - 

Iwm-2- kilo-cal/a/a per hour per OC (or kilo-eal/a per 

hour °C. (în.2) 

goaetiaea the nagnitude of the heat conduction coefficient X ia expressed 

in terns of eal/n aeo °C. 

the heat oonduction coefficient ia determined by the quantity of heat 

that paaaea through a unit of surface per unit of tine with a teaperature 

Hfferenee of one degree per unit of thickness of the wall. The higher 

the heat oonduction coefficient, the easier it will be for the heat to pasa 

through the wall, and the difference in teaperatureo arising in a wall of giren 

thickness will be correspondingly aaaller. 

The ralue of the heat conduction coefficient rarlea froa one substance 

and one body to another. The heat oonduction coeffleiont ia dependant in each 
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Isatanc« ob th« taaparatur«, oa tha danaitj, oa tha haaidity( and on tha 

structura• 

for gaaaa tha haat eoaduetioa aoafficiaat rangas soaavhara from \ • 

0*005 hilo-eal/* hour *C to ^ • 0*5 kllo-cal/s hour ^C* Ao tha taaparatura 

risas» tha valúa of X iaaraasao* Thia aoafficiaat ia practically iadapaa« 

daat of gas praaaura* 

For liquide in drop fora, tha haat conduction coefficient lias r laawhara 

between 0.08 and 0.60 kilo-cal/» Aour °C* For aoet liquida (other than water 

and glycerine) tha value of \ drops as tha temperatura risas* 
f 

For various types of atruatural and heat-inaulating asterisla (brick, 

wood, leather, aineral wool, etc.), tha haat aonduetion coefficient lias 

soaewLere between X. ■ 0.02 and X ■ 2*5 kilo-cal/n houi C* 

Figure 95* Tha relation between temperatures and tha haat conductance coaffi¬ 
aient for sobo aetals* 

X { 2 — teehnically-pure copper; 3 — JOKhMA steel; 
■ Aour ®C ^... wtainlass steal of tha lKhl3N9T type. 

For aatals tha haat conduction coefficient lias soaawhara between X * 

2 and X • 360 kilo-cal/a hour °C* For aost aatals tha hast conduction co¬ 

efficient deelines as tha taaparaturas iaeraasas* If there are any impurities 

présent in tha natal» tha beat conduction coefficient declines sharply* For 
a 
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this reason alloys usually haut a low heat ooaductioa soaffislant« 

' Figur« 93 shows ths rslatloa hstwssn tbs tsaporaturss and ths eosfflelsat 

of boat conduction for several aetals. 

Isat Exchange by Means of Convection. 

lent exchange by ntans of convection (convectlonal heat exchange) occurs 

in the transmission of heat through liquids and gases, and also in the trans- 
« 

for of heat from a liquid or gas to a wall, or vice *0«***- from*a wall * 

to a liquid or gas, A heat exchange by means of convection is always accompa- 

niced *by «beat exchange through ncoaduction. 

Zn convectlonal heat exchanges the transfer of heat is inseparably linked 

with the movement of the moving particles of the liquid or gas; and for this 

reason, the exchange of heat by convection is a very complicated process and 

is dependent upon a large number of different factors* 

As regards liquid-fuel rocket engines, heat is transferred by convection 

from the heated combustion products that move about through the combustion 

chamber and the jet nozzle to the walls, or away from the walls toward the 

cooling liquid* The flow of heat transa! tted from the gas to the wall by r 

means of convection can be determined by the followine; formula: 

Q~af(rt-rt), 
(VII.3) 

2 
where F is the area of the surface (in m ) through which the heat is exchanged; 

Tj is the temperature of the gas, in C; 

T2 is the temperature of the wall in 0C; and 

©C is the heat transfer coefficient. . 

The heat transfer coefficient is dependent upon the conditions of heat 

exchange between the liquid or gas and the wall* As indicated by equation 

(YII.3) above. 

•" kilo-eal/m2 hour °C (fllA) 
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Consequently the heat transfer coefficient is determined hy the quantity 

of heat transmitted per unit of time through a unit of surfacs, with a tem¬ 

pera turn difference of one degree between the surface and the liquid or ¿ps. 

In a conreetional heat exchange the transfer of heat from a gas or liquid 

to a wall, or rice rersa, from a wall to a liquid or gas, is inseparably connect¬ 

ed with the motion of the particles of the liquid or gas themeelres. It is pre¬ 

cisely from these particles, as they get close to the wall, that the energy in 

the form of heat is giren out or carried away into the mass of the liquid. 

It will therefore be clear that the greater the number of particles that 

transmit their energy (as determined by temperature T^) to the veil, the higher 

will be the ralue of the heat transfer coefficient. The number of particles 

reaching the wall, and therefore in a position to exchange energy with it, will 

be proportional to the speed of their morement and (for gases) to the number of 

particles per unit of Tolume, i.e., to the density. 

Consequently the quantity of heat transmitted to the wall will be propor¬ 

tional to the product of the density of the flow multiplied by Its speed, i.e., 

p w. This product is known as the mass Telocity. The greater the mass Telocity, 

the greater will be the heat transfer. Thus for liquid-fuel rocket engines, 

for instance, the mass velocity for the movement through the Jet nozzle will, 

according to the continuity equation, be expressed by the following equation: 

(▼11.5) 

Since the values of G and g are constant for the length of the Jet nozzle, 

the siass velocity obviously must reach its maximum value in the critical section 

of the nozzle, where f has its smallest value. 

experiments have shown that the greatest heat convection currents do in 

fact occur in the clrtical section of the nozzle. 

The mass velocity, and consequently also the heat transfer coefficient 
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fron tha ^a« to the wvllt la dopendent upon pressure. With increasing pressure, 

the density p is increased, and the nass Telocity likewise Increases. There 

is an Increase also in the heat transfer from gas to wall. 

for the aorenent of an inconprensible liquid p s-const, and the heat trans¬ 

fer coefficient o( is dependent for the nost part on Telocity w. Such is the 

situation that preTails in the cooling jacket cf a liquid-fuel rocket englno. 

Aside fron the nass velocity, the magnitude of the heat transfer coeffi¬ 

cient also shows the Influence of a number of other factors: heat conduction, 

specific heat of the gas, the shape of the channel, etc. 

In computing heat flows for heat exchanges by convection, many difficul¬ 

ties are encountered in determining the heat transfer coefficient o(. It is 

a very difficult natter to determine the theoretical heat transfer coefficient 

and sometimes it is quite Impossible. For this reason the heat transfer coeffi¬ 

cient usually is computed with the aid of formulae based on the results of a 

large number of experimental determinations made on similar installations. 

These formulae show the relation between the heat transfer coefficient and that 

of heat conductance, the mass velocity of the gas flow, and gas temperature. 

Formulae for Computation of the Heat Transfer Coefficient. 

Two formulae will be found in the following for computing the heat trans¬ 

fer coefficient for conditions of heat exchange that are closely similar to the 

conditions that prevail in the liquid-fuel rocket engine. 

If one wishes to compute the heat transfer coefficient from the heated gas 

to the wall, If the gas is flowing through a smooth cylindrical tube, the formula 

that Bust at present be considered the most reliable is the semlemplrlcal formula 

devised by Gukhman-Ilyukhin, which has been experimentally proven for numbers 

M <1.* 

A. A. Gukhman and H. T. Ilyukhin, Oenovy uchenlya o teploobmene prl techenll 
gasa s boPshoy skorost'yu /Principles of Heat Exchange in High-velocity Gas 
flow/, Mashglx, 1951. ~ é 
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Thit equation takes the fora: 

g y.m, T* V».* /f«w* s€ft* wftli7 

(ÎII.6) 
á 

vher« o( is the heat transfer coefficient fron ^s to %ali, in kilo-cal/a 
fas 

sec °C; 

Cp f.w. and Ac<w< %r® th® «pacific heat in kilo-cal/kc °C; the heat 

conduction coefficient in kilo-cal/m sec °C of the ca« and the 

coalmstion product« at the teoperature of the gas chamber wall; 

V is the speed of movement of the gases in m/sec; 

d is the internal diameter of the tube in m. 

y is the specific gravity of the flowing gas in kg/m1; 

Tgw is the temperature of the wall to which the gas transmits its heat 

the heat of the hot wall in ° ebs; 

T* is the deceleration temperature of the ffis flow in 0 aba. For the 

purpose of computing heat exchange in the liquid-fuel rocket en{.*ine we 

assume T* » T2, throughout the entire length of the combustion chamber 

sad the Jet nozzle. 

Since we shall make use of this reUtionship later on. we shall present it 

here, in this connection, in a simpler fora. 

From the formula (VII.6) we get: 

v0.is / r, ^ • 

/^0,0.62 -, • (TI1.7) 
« 

Ve multiply and divide the right half of equation (VI1.7), by the complex: 

(cß pi&gmP'*' 

where^gw is the dynamic viscosity of the heated g^ses, at the tençerature 

of the gas chamber wall in kg-sec/m2. 

Thus we have: 
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c. 
r \*.» 

XiT-c,.,)«» (-fcj • (TII.8) 

The value for _-8*-— it dependent only upon the composition of the 

gasea and is not dependent upon temperature and pressure. So far as the liquid- 

fuel rocket engines operating on ordinary fuels are concerned, this value varias 

within a snail range, and can be assuned to be equal to 1.25, l.e., 

_ill—-1,25. 
c,gvr*gw 

(VII.9) 

Fron the continuity equation we get: 

V 
4 

C« iwf. 
(VII.10) 

where 0 is the consurption, per second, of the gas mixture in kg/sec; 

2 
F la the croas section area in n • 

Fron fornula (VII.10) we have 

°-40 

(VII.ll) 

Substituting (VII.9) and (VII.ll) in the equation (VII.8) we get: 

or 

i, / 40 \u.«/ r, 
»ja,“0,0162 (1.25)” '< -^,enJA,- (/, g, (>-) 

Wg-=0,0I62(1,25) ' 

#() 

SO that after conputing the numerical value for the constant coefficient we 

get the following equation: 

- O*“ i r» i’31 * 
^0,0206 r, g* 7^" Vfgv' (VII.12) 
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In this «^nation ®jq?re«»ed in terms of cnl/n^ sec °C. Ordinari- 
2 

ly, however, the heat transfer coefficient is expressed in terns of kilo-cal/n 

hour °C; and the formula (VII.12) then reads as follows: 

«•¿a»" • 
w- ** * * 'r®*7 (f 11,13) 

This is the formula used in coiputlng heat exchange in the liquid-fuel 

rocket engines. 

The following empirical relationship is given for computation of the heat 

transfer coefficient in the case of flow of an incompressible liquid through 

channels of different shape:^ 

Ü9í?s.o.o2i (!■ ^aîSaHi^iiûiiisr*, Æ* = 
‘Uai ' "W 1 hlq I (VII.1U) 

where is the heat transfer coefficient from wall to liquid, expr< 3sed 

./2 o* in cal/m sec C; 

X11(l — in cal/m sec °C; 

— in cal-sec/m2; 

Cp — in cal/kg °C; 
q 

^ liq **" in ; 

are respectively the: heat conductivity, viscosity, specific heat, and specific 

gravity of the cooling liquid, all taken at the average temperature in the rele¬ 

vant section; 

d ^ is the equivalent diameter of the cross section of the duct in m. 

This is computed by using the equation: 

d 
•q n * * 

2 
where 7,. is the cross section area of the duct in m ; 

liq 
T is the total ("wet") perimeter of the cross section, irrespective of what¬ 

ever part of this perimeter may be involved in the heat exchange. 

1 N. A. Mikheyev, Oenovy Teploperedachl /Beat Exchange Principiei?, Gosenergolsdat, 
1956. 
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Th* détermination of équivalent diameter* for variou* chapes of the duct 

uced in the cooling Jacket* of liquid-fuel rocket engines will be explained later 

(see paragraph h2). 

pu the coefficient which allows for the direction of the heat flow 

Experience has shown that when a liquid is being heated, i.e., when the flow 

of heat ie directed from the vail toward the liquid, the intensity of the heat 

exchange is greater than in circumstances where the flow of heat is in the oppo¬ 

site direction, i.e., in the process of cooling the liquid. Apart from that, 

the intensity of the heat exchange is dependent also upon the temperature head, 

i.e.t upon the value of - *liq)* As temperature head increases, the 

heat transfer coefficient increases during the heating of the liquid, but 

decreases when the liquid is being cooled. 

The dependence of heat transfer on the direction of the flow of heat and the 

temperature head must be explained as due to differences of temperature fields 

and viscosity in the boundary layer end the thickness of the boundary layer 

Itself during the process of heating and cooling a liquid. This relationship 

likewise is indicated by the coefficient the latter being expressed as 

follows: ,* 

heat, and the heat conductivity of the cooling liquid at the tecçierature of the 

liquid chamber wall. 

Tor the conditions that prevail in the cooling of liquid-fuel rocket engines, 

the value of ranges from 1 to 2. 

Ve shall now put equation (VII.14) into a form that is more convenient for 

purposes of coiqratatlon. fron (VII.14) we get: 
• -. 
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According to the continuity equation» 

where 0 , U the flow rate of cooling liquid through the cooling Jacket kg-oec; 
cool 

2 
*liq ** ^081 *®ction area of the cooling tract in ■ . 

Fro« the foregoing we get: 

« w.J?09Sl. 

Substituting the equation (VII.16) in (VII.15) and specifying, 

*0.« 
UP 

(VII.16) 

we get: 

^ 0,021 7 / Ö£pol\0,,| 

^1--¾ V W (VII.17) 

In formula (VII.17) i* expressed in terns of kilo-cal/m* sec °C. Dut 

2 o 
we always express io terns of kilo-cal/m hour C, In this modified foro 

the equation (VII.17) reads as follows: 

(VII.18) 

In this form the sane equation can also be used in computing heat exchange 

in liquid-fuel rocket engines. 

The physical constants of liquids used in cooling liquid-fuel rocket engines 

are presented in the diagrams in Figures 116-119^ (see page ^66). 

The values of Z for the various component« that may be used as cooling 

liquids are given in the diagrams in Figure 120, where they are computed in 

* M. P. Maikov and K. F. Pavlov, Suravochnlk po glubokomu okhlaxhdenlyu /s%nd- 
book on Deep-Free*in¿7. Oostekhitdat, iwi Spravochnlk khinlka /Chemical Hand¬ 
book/, Ooskhimitdat, 1951: Tekhnichesknya entsiklopedlya /Technical Encyclopedia/, 
Handbook of Physical, Chemical and Technological Numerical Data, Sovetskaya 
Intslklopedlya Publishing Houss, 1927. 

* 
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ttrat which correspond to those used in equation (Til.18), ■ 

Heat Exchange hy Radiation. 

The carriers of radiant energy consist of electromagnetic oscillations whose 

wavelength varies from fractions of a micron to a length of many kilometers. 

These oscillations are ¡mown under the name of Xrays, ultraviolet rays, visible 

light rays, infrared rays, and electromagnetic waves. 

Of special Interest for our purposes are those rays which are capable of 

transmitting heat energy. This capability is possessed in the greatest measure 

especially by light rays and infrared radiation, i.e., rays with a wavelength 

of about 0,U ja to (\j* «0.001 mm). These rays are also spoken of as 

heat rays, and the process of their propagation is referred to as heat émission 

or radiation. The laws of propagation, reflation, and refraction which have 

been established for visible light rays are applicable also to the radiation of 

heat rays. 

Any body possessing a temperature always radiates energy. When coming into 

contact with another body, this energy is partly absorbed, partly reflected, and 

to some extent passes through the body. That portion of radiant energy which 

is absorbed by the body in question is reconverted into heat energy. That portion 

of the energy which is reflected falls upon other (surrounding) bodies and Is 

absorbed by them. This is also precisely what happens to the portion of the 

energy which passes completely through the body. 

In this manner, after being absorbed a-number of times, the radiated energy 

is coíçletely distributed among the surrounding bodies. Thus every body not 

wily times gives off radiation, but also without interruption absorbs 

energy. Consequently the quantity of energy given off and received by a body 

is determined by the difference between the absorbed and the absorbed radiating 

riergy. 

In liquid-fuel rocket engines, the exchange of radiant heat takes place upon 

heat transfer from the heated combuetion products in the engine chamber to the 
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Uma which corraapond to tnose used In aquation (VII.18). 

Haat Sxchan/;e by Radiation. 

The carriara of radiant energy ¿ontlat of electroDagnetic oacillatlona whose 

wavelength Taries from fractiens of a micron to a length of many kilometers. 

These oscillations are known under the name of Xrays, ultrarlolet rays, risible 

light rays, infrared rays, and electromagnetic wares. 

Of special Interest for our purposes are those rays which are capable of 

transmitting heat energy. This capability la possessed in the greatest measure 

especially by light rays and infrared radiation, i.e., rays with a warelength 

of about 0,U jA to 40(l^U *0.001 mm). These rays are also spoken of as 

heat rays, and the process of their propagation is referred to as heat emisslcn 

or radiation. The laws of propagation, reflection, and refraction which hare 

been established for risible light rays are applicable also to the radiation of 

haat rays. 

Any body possessing a temperature always radiates energy. When coning into 

contact with another body, this energy is partly absorbed, partly reflected, and 

to some extent passes through the body. That portion of radiant eneriy which 

is absorbed by the body in question is reconrerted into heat energy. That portion 

of the energy which is reflected falls upon other (surrounding) bodies and is 

absorbed by them. This is also precisely what happens to the portion of the 

energy which passes completely through the body. 

In this manner, after being absorbed a number of times, the radiated energy 

is completely distributed among the surrounding bodies. Thus erery body not 

only at all tistes gires off radiation, but also without interruption absorbs 

energy. Consequently the quantity of energy giren off and receired by a body 

is determined by the difference between the absorbed and the absorbed radiating 

energy. 

In llquld~fuel rocket engines, the exchange of radiant heat takes place upon 

heat transfer from the heated combustion products in the engine chamber to the 
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vail« of tho lattor. 

Th« heat energy radiated hy the body (the flow of radiated heat) 1« 

expressed in teros of Icilo-ral/hour. r quantity of energy radiated per unit 

of surface per unit of tiae is known as the body's emlsslvlty. and is usually 

represented by the letter E. Thus we hare 

kilo-eal/m^ hour /rad « radiated7 
(▼11.19) 

If, out of the total Quantity of energy that falls upon a body, the 

portion is absorbed, Qg i* reflected, end 0D passes through the body (Figure 

94), then obviously: 

(▼11.20) 

Dividing both sides by *n (^11.20), we cet: 

i ^ Qj) 
2mm •+- - 4. U 

rad 

or 

' ' (711.21) 

The first nenber of the equation (711.21) characterises the absorption 

capacity of body A; the second, its reflecting capacity R; and the third, its 

diathernancy D. These values indicate the relative proportion of energy that 

is reflected, absorbed, or passed on by tho body, and they are variable only 

within a range of 0 to 1. If all of the Ifipihging radiated energy 1« absorbed 

by the body, then A a 1. A body of this type is called an ideal black body. 

If all of the inpinging energy is reflected in its entirety, then R ■ 1. 

If in that event the reflection is normal, i.e., follows the laws of optical 

geometry, the body is called specular; if the reflection is diffused, it is 

called Ideal white body. 
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ligur« 94. The diitrihutlon of radiant energy. 

If all of the inoinging energy passe», in its entirety, through the body, 

then D » 1. A body of this type is called an ideal transparent body. 

Ideal black, white, or transparent bodies do not exist in nature. Solid 

bodies and liquids are pmctically nontransparent so far as heat rays are con¬ 

cerned (i.e., for them D * 0). The absorption capacity A and the reflection 

capacity H vary according to the nature of the body, the temperature, and the 

wavelength of the radiation, and are in a large measure dependent also upon the 

nature of the surface of the body. 

An ideal black body emits rays in all wavelengths from X«r0 to 

at all tecperatures excluding 0. 

At any given tecçerature the intensity of radiation of an ideal black body 

Is greater than the intensity of radiation of any other type of real body under 

the same conditions. 

If a body radiates rays of all wavelengths from to Xs00 at all 

temperatures other than 0, and the intensity of radiation of this body for each 

wavelength is proportionately lower than for an ideal black body, such a body 

is called a gray body. 

In thermotechnical calculations it is usually necessary to compute the amount 

of heat exchange between bodies whose surface properties, dimensions, and tem¬ 

perature are known quantities. 

On the basis of these data it is always possible to determine the energr of 

radiation of both bodies with the aid of the Stefan-Ioltznann law. 

The Stsfan-Boltsmann law is usually formulated as follows: The energy of 
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radiation of an Ideal black body Is proportlcnal to the fourth power of the 

ab»olntO-.U'meratlire‘1 

(VII.22) 

where E0 It the eoisalTlty of the ideal black body; 

C it the radiation coefficient of an ideal black body; /abs »absolute o 
temperature/ 

O (\ U 
C it ^.96, in terms of kilo-cal wr hour abs . 

o 
In its application to gray bodies the Stefan-Boltzaann law takes the follow¬ 

ing forn: 

(VII.23) 

where C it the radiation coefficient of a gray body in term* of kilo-enl/n2 

0abt\ 

E it the gray body's enissivity. 

The ratio between the emisslvity of a gray body and that of an ideal blacK 

body at a given temperature is known as the relative emleslvlty. or the degree 

of blackness of the body & 

(VII.2h) 

Obviously the value for 6 oust be somewhere between 0 and 1. 

Since the quantity of heat given out by a bcdy is equal to the difference 

between the quantity of radiated energy absorbed and given off by a body, the 

computation formula for the exchange of radiated heat between two parallel plane 

surfaces takes the following form: 

(VII.25) 
1Hert and in the following, in the revie# part dealing with the fundamentals of 
heat transmission, the derivation of the formulae is not indicated. Tor details 
see M. A. Mikheyev, Osncvy teploperedachl /Heat Transfer Principles/, Gosenergoisdat, 
1949. 
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where q^_2 le the quantity of heat paceed on fron vail 1 to vail 2, in terne of 

kllo-cal/n* hcur; 

it the temperature of vail 1 in °abe; 

T2 le the temperature of vail 2 in °abe. 

(VII.26) 

the indicated radiation coefficient of a system of bodies in terms cf kilo- 

calories/n hour abe . Here C^t C2 and Cq are the radiation coefficients of 

body 1, body 2, and of an ideal black body. 

Radiative Heat Exchange in Gases. 

Cases likeviae possess a capacity to enit and absorb energy, but this capac¬ 

ity varies from one gas to another. A considerable emissivity and absorptivity 

is possessed by polyatomic gases, and in particular by carbon dioxide CO^, water 

vapor R20( and sulfur dioxide SO^. 

In gases the radiation and absorption of energy distinguishes itself in the 

following manner from that of solid bodies: solid bodies radiate and abeorb 

radiant energy of all wavelengths from X« 0 to X=xoo , while gases radiate 

and absorb energy only within certain ranges of wavelengths which differ from 

different gases. Such radiation and absorption is called selective. 

Most solid bodies are nontransparent for heat rays and it may be nssumed 

that radiation and absorption in the case of solid bodies takes place on the 

surface layer. 

In gases radiation and absorption of energy occurs in volume. As the 

rays pass through the gas, radiant enerar is lost due to partial absorption. 

The amount of energy loss is determined by the number of molecules encountered 

in its path, which is proportional to the length of the path traveled by a ray 

I and partial pressure of the gas p. Consequently the absorptivity and 

emissivity of a gas depend on the whole on the product of pi. In addition, 



they further depend on the teoper&ture. 

Experimental data hare Indicated that the radiation and absorption of carbon 

dioxide is proportional to T3*5, while the radiation and absorption of water wapor 

is proportional to T^. Howerer, as a natter of convenience, nost practical com¬ 

putations of the radiation of eas«s are likewise based on the Stefan-Boltzmann 

law. The radiation and absorption of g*186® *n terms of unit of surface of the 

tolune they occupy is taken as proportional to the fourth power of the absolute 

temperature of the gas. 

Thus the quantity of heat radiated by a gas is determined by the formula: 

: w W.(¡r)‘ 
where q-.- represents the flow of heat for each unit of surface of the nass 

of the gas, and £ , represents the degroe of blackness of the gas. 
Cr*® 

The magnitude depends for a given mass upen the composition of the 

gas and the form which the radiating mass has, i.e., upon the product pi, and 

also upon the temperature of the gas 

So far as the products of combustion of most of the usual fuels are con¬ 

cerned, the most important of the radiating components of the gas mixture are 

carbon dioxide and water vapor. 

The average length of the path traveled by radiation for the different 

forms of volume taken up by a gao can be determined from the data given in 

Table 21, 

However, the quantity of heat given off by the gas wall will not be equal 

to the quantity of heat given off by the gas. This is due to the fact that— 

Just as in the previously considered case of heat exchange between two surfaces 

—part of the heat radiated from the gas onto the vail will be reflected from 

the latter back into the f^s and will thus be absorbed. 

A flow of radiant heat qrftd onto the wall is in this connection determined 

according to the foxvula 
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(VII.28) 

«htr« j]^l) U «ffectiT# d«gre« of blaeknosa of tho «all, with 

dua allowanea for tha praaanca of tha radiating gas; 

£ ia tha dagraa of blacknass of tha gas at tha taopara- 
O4*® 

tura of tha gas; 

kmmm la tha abaorption capacity of tha gaa at tha tanpera- 
gaa 

tura of tha wall 

Table 21 

Avaraga Length of Path Traveled by Radiation in Qaaeoaa Bodies of Various Fora 

Foro of Gaseous Body 
Length of Path 
of Radiation 

A Sphere having a diaaatar d 

A Cylinder having diaaatar d, of infinite lengtht with 
radiation upon tha lateral surface 

A Cylinder having height h ■ df with radiation upon 
tha lateral surface 

0.6 d 

0.9 d 

0.6 d 

Section 40. Heat Exchange in a Liquid-Fuel Rocket Engine. 

Tha Process of Heat Exchange in tha Liquid-Fuel Rocket Engine, as Considerad 

Froa the Point of View of Physics. 

Fron the point of view of physics, the process of heat exchange in the 

liquid-fuel rocket engine can be represented as follows (Figure 95)« 

Heat ia given off by convection and radiation fron the producta of con- 

bustion to tha wall of tha conbustion chamber. Thus it aay be said that the 

total heat flow froa the heated gases to the wall is coaposed of two currents 

of heatt a convection current __ and a radiation current q ., i.e., 
conv rao 

where 

*“^conv+VrÄi» 

9 conr* fgw) • 

(VII.29) 

(fll.30) 

F-TS-97MA %13 



Troa there the heat le ]>aeeed on farther by conductivity, thrcu£h the wall 

of the conbuetlon chanber. Fron the vail of the chanber the heat is passed on 

bgr convection to the cooling liquid that passes through the coollni: Jacket. 

In the event that there is no external cooling (as is the case where there is 

internal cooling or accumulation of heat), the heat is given off by the wall to 

the surrounding atnosphere. 

At the nonent when the engine begins to function, when the walls cf the 

chanber and of the noxzle are still cool, the entire flow of heat does not paca 

through the wall to be given off to the cooling liquid. Fart of this heat will 

be consuned in heating the walls of the chanber of the engine. This type of 

cooling of the liquid-fuel rocket engine, where the temperature of the wall and 

the flow of heat into the cooling liquid are subject to cnnnge with the passage 

of tine, is called an unsteady cooling process. 

Figure 95* Explanation of the process of heat exchange in the liquid-fuel 
rocket engine. 

?2 — temperature of gases In combustion chamber; T. w> -- temperature of the 
"gaseous wall," i.e., that wall of the engine's combustion chanber which is on 
the eide of the heated gases; Tj^q w -- temperature of the "liquid wall," i.e., 
temperature of that wall of the chamber which is on the side of the cooling 
agent; Tcooi ~ temperature of the cooling liquid, i.e., the cooling agent. 

1 — Outer covering; 2 •— direction of movement of cooling liquid; 3 — heat 
flow; 4 — wall of combustion chanber; 5 — heated products of combustion. 

In due course of time a balance is established when the cooling liquid 

takes up all of the flow of heat that is passed from the heat producte of com- 

buetlon to the wall of the engine1e conbuetlon chamber. At this, there beglna 
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and continues a constant (!.«., constant for the process of the engine prevail¬ 

ing at the tia») teaçerature for the gas-side and liquid-side «alls of the 

engine's combustion chamber and for the flow of heat through the «ell. This 

process is know as the stable process of cooling. 

In the following we shall devote attention only to the stable processes 

of cooling. 

Characteristics of Heat Exchange in the Liquid-Fuel Rocket Engine. 

One of the foremost problems encountered in creating a liquid-fuel rocket 

engine is that of cooling the combustion chamber and nozzle of the engine. As 

compared with the cooling of other types of heat engines, the construction of 

the cooling system of the combustion chamber of a liquid-fuel rocket engine is 

a rather conçlicated process due to the special characteristics of the combustion 

process and the flow of gases in the chamber of the engine, and also due to 

operating conditions of the liquid-fuel rocket engine as a propulsion system. 

The process of combustion in the liquid-fuel rocket engine occurs at high tem¬ 

peratures and high pressures. Both of these factors result in an increase of 

heat currents toward the walls of the combustion chamber. 

The heated gases move through the combustion chamber and nozzle at an 

extremely high speed. Consequently, high mass velocities of the flow of heat 

are characteristic for the liquid-fuel rocket engine. As a result, there occurs 

an abrupt increase of the coefficient of heat transfer by convection from the 

heated products of combustion to the walls of the engine chamber °^ga** 

there prevail convectional heat currents toward the walls of the chamber that 

are very much in excess of the heat currents ordinarily encountered in heat 

engines. 

The high combustion temperatures of the fuel in the liquid-fuel rocket 

engine also determine another special feature of its cooling system, since 

there is a strong flow of heat occasioned by heat transfer in the fora of heat 
4 ■ 

radiation. 
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It it A well-known fact that the heat-radiation capacity of gatee it in 

proportion to the 3*3.5 power; consequently, at the temperature« of 2,700- 

3,500° C that prevail in the combustion chamber and nozzle of the liquid-fuel 

rocket engine, there arito very etrong heat currents, due to radiation. For 

ordinary fuels these attain 20-30$ of the total heat flow in the wall of the 

combustion chamber* The relative proportion of radiant heat flow decreases in 

proportion to decrease in the temperature of the gas in the nozzle. 

The total heat currents in the walls of the combustion chamber and nozzle 

reach in the critical cross section extremely high values (Q max up to 20*10 

kilo-cal/n2 hour). Great difficulty is encountered in removing such a powerful 

flow of heat. 

A third special characteristic encountered in creating a cooling system 

for a liquid-fuel rocket engine arises from the unusual manner in which these 

engines are used. In the overwhelming majority of instances these engines are 

used in projectiles or in aircraft of various kinds. For this reason it would 

not be a rational procedure to make use of a special liquid to be carried 

for cooling these engines. Usually the liquid-fuel rocket engine is cooled 

by using the components of its fuel mixture, conducting them into the combus¬ 

tion chamber of the liquid-fuel rocket engine through a cooling Jacket fthe so- 

called regenerative system of cooling). This, however, creates new difficul¬ 

ties and involves additional requirements to be made of the fuel components 

and also of the system of cooling, since the quantity of fuel components that 

can be used for cooling purposes as they pass through the cooling Jacket is 

limited* 

A fourth special characteristic of the liquid-fuel rocket engine cooling 

system consists in the fact that the powerful heat currents in the chamber 

wall and the noszle cause the material of the walls themselves to be raised to 

a very high tejera ture. This makes it necessary to resort to ths use of heat- 
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r«*iêtaat ««tais with tb* hightat poaaihlt coafficitnt oí Uet cooductiou. 

Thus a propar solution of tha cooling probltn in tha liquid-fuel rocket 

angina nakas it nacassary to aaat tha following raquiranants for tha giran 

operating conditions of tha angina (praaaurt in tha chaobar p^. consuaption 

0 and tanparatura of tha products of conbustion): 
cool* ^ 

1) Tha tanparatura of tha gasaous wall of tha chaabar muat 

such that it will parait tha rtquirad strength of tha wall. A decreasing 

T will laprore the functioning of the engine. 
g.w. 

2) Tha temperatura of tha liquid TUq as it issues fron tha cooling 

jacket aunt not be above the boiling tanparatura. This requireeent can be 

regarded as satisfied if tha total heat flow orar the entire cooling surface 

of tha chaabar QtQtill !••• tht h#at rneeptirity of tha cooling liquid 

¿ont ■ entering_/ 

Qtot< 0«°olf í7*-r«nl}' (¥11.31) 

whore 0 . is tha consuaption of cooling liquid in kg/hour; 
cool 

C is tha specific heat of tha liquid; 

T# is tha boiling temperature of tha cooling liquid at tha pressure 

that prevails in tha cooling jacket; 

T is tha temperatura of the liquid as it enters the cooling jacket. 
oat 

Lot us BOW consider tha manner in which tha cooling condition« and tha 

operating conditions of tha engine influence the temperatura of tha gasaous 

wall of tha chaabar of tha liquid-fuel rocket angina. 

Tha Relation Between T_ _ and tha Speed of Moraaent of the Cooling Liquid, 
a. i |— "g.w. 

The spaed of aorenent of tha cooling liquid affects tha coefficient of 

hast transfer from tha wall to tha liquid and as this spaed increases, 

likewise grows larger. 
11¾ 

For a given specific flow of heat q^ temperature of tha liquid Tllq 

tha temperature of tha waM on tha side of tha liquid T^q w can be determined 

froa an expression derivad fron a formula that is analogous (¥11.30), 
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Figur« 96. Th« «ff«ot of th« «j>««d of th« cooling liquid upon 

1 — cooling liquid; 2 — diatribution of tenpcratur«« when the ralue for 
0(.. i« larg«, i.«.* when the cooling liquid nove» at great «peed. 
^ liq 

(VII.32) 
liq(7Uqw-7iiq^ 

• V * ■ 

«hieb upon b«ing conrerted takes the following form: 

7iiqw"7iiq+5±q> 

that is, upon th« inert««« of 1±<l* th# tomperatur« Tliq w decreases. 

la its turn, the heat flow through the chamber wall is conveyed by means 

of beat conductivity and follows th« law expressed in formula (VII.l), which 

takes the following form: 

(VII.») .-1 

whence 

T _/t >wa^ XT 
V t u<lw (VII.>4) 

Consequently, for a given metal, a given thickness of the wall 

and a given specific flow of heat qg , the temperature of the gaseous wall 

T mill be the lower, the lower the temperature of the wall on the side of 
g.o. 

the liquid TUq 

However, ** T^iq v S*tB lower, the total flow of heat into the wall of 

the engine*a combustion chamber will increase to some extent, due to the 

decrease of T (see formula (VII.30)), and this once more results in a rise 
g.w. 
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•f ,nd ,0 f0rt'1' 
la th« final analyaia the stable process »ill* as the speed of the cool- 

in« liquid increases, establiáh itself at lower ^ T ^^than was the 

case before the increase of speed (figure 96). Thus the tecperature of the 

gaseous »all Tg w is in a large measure dependent upon the speed of moeesent 

of the cooling liquid: the greater this speed, the lower will be Con- 

s »quently« in order to maintain the required one say increase the speed 

of the cooling liquid (for example, by reducing the cross section of the tract 

through which the cooling liquid must move). 

Iffeet of the Surface Boiling of the Cooling Liquid on the Value of T. - 

In the process of heat transfer from the wall of the combustion chamber 

to the liquid there are two possible relative prop0****0118 between T^^^w> an 

the boiling temperature of liquid T# for a given pressure in the cooling 

jacket: 

rliqw<M 
rliqw^>7'-’ 

(VII.35) 

In the first case it is impossible to bring the liquid in the cooling 

jacket to its boiling point. In the second case it is possible to bring the 

surface of the cooling liquid to a boiling point along the surface of the liquid 

side of the chamber wall. If in this event the mass of the liquid has a tem¬ 

perature that is lower than Tg, then the bubbles of stear forming on the sur¬ 

face of the liquid side of the wall will be washed away by the current of the 

liquid and will then be condensed at a cooler point of the stream. In this 

manner the bubbles, acting as a "stirring rod" for the liquid, will increase 

the heat transfer from the wall to the liqnid, i.e., will increase at 

the same rate sf aovonent of tbs cooling liquid* 

The increase of as a result of surface boiling leads to the same 

final result as an increase of °^^¿q from an Increase of speed, 

*19 P-TS-9741A 



it will lead to a decrease of Tg>w> t** a0Be increase of the total flow 

q£ • 
The iaproeenent of coolinc conditions for the wall in this instance will 

not result in the necessity of increasing the pressure of the cooling liquid, 

such as would be required for increasing its speed of coeement. However, in¬ 

tensive boiling on the surface oay lead to an excessively energetic formation 

of steaa, so that the bubbles will no longer be washed away by the flow of the 

liquid, and will, to the contrary, form a solid film of steam on the wall 

surface* Since steam is a poor conductor of heat, there will in that event 

occur an abrupt decline of the coefficient of heat emission °^iiq* 

end result will be the opposite, i.e*, there will be an increase of and* 

possibly, a burning out of the wall* 

The Relation Between T and the Heat Conductivity > of the Material o_f 
• "" 1 .'g » W * ————————————T"———— 

¿he. Combustion Chamber of the Engine. 

According to Formula (VII.l) the flow of heat through the wall of the 

combustion chamber and the nozzle will follow the law expressed by the equation 

— (7gw— 
'wall (TII.3*) 

whence 

7gw~T ¥ liqw* 
(▼11*37) 

As indicated by this equation, for a given set of values for Tliq#w#« 

à and qj, the temperature of the gaseous wall will decrease in 

proportion to the increase of the coefficient of heat conductivity of the 

metal V . Here again, however, as T _ decreases, in accordance with equa- 
v w gsWm 

tion (VII.30), there will be an increase of the total flow of heat qj* , thus 

causing T to rise again to some extent. But even under these circumstances 
g* w* 

(the same as happens in the event of a decline of Tliq.w. when there is an 

increase of 0(,4 )• the stable process of cooling will be established at a 
liq 
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lowtr T than vat tha ease for the «all whoae material had a lower value 

for \ • 

CiftOKUKW 
mudkOC/nb 

liqw 

-ftcnpedentnue ney/ffjja/pypo, 
neu OoMtwen ]*Q*e»uu X 

Figure 97* The effect of the heat conductivity of the metal of the chamber 

«P0» T 

1 — cooling liquid; 2 — distribution of temperatures for a high value of\ 

Aa indicated by equation (VII.3&), the decline of temperature through the 

vidth of the engine's wall as the value of X increases will follow a more 

sloping curve. Since q^ increases slightly, the heating up of the liquid 

will likewise progress more speedily, and the value for ?nq#w# become 

higher* 

Thus the curve for the change of temperature through the width of the 

wall will, for a metal that has a high value for X , proceed as shown in 

Figure 97, intersecting with the earlier curve for changes of temperature 

through the vidth of the wall (where the value for \ was lower). In de- 

signing a chamber for the liquid-fuel rocket engine it is therefore advisable 

to sake use of a material that has the highest possible coefficient of heat 

conductivity X« It is necessary, however, to keep in mind that, as a rule, 

the metals that have a high coefficient of heat conductivity quickly lose 

their strtbgtli’ as the temperature Increases. 

The Relation Between T^ w and the Thickness of the Engine Chamber 7/all 

From equation (VII*37) it is apparent that when Tliq#w> q ^ remain 

constant, the temperature of the gaseous wall T^ v will decline in propor¬ 

tion to the decline of the thickness of the wall b waU>« 
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Although according to equation (VII.30) the flow of heat q^ increaaea 

alightly cyan though T drops lower« the stable process of cooling becomes 
^ g.e* 

established at a lower T . It is therefore desirable to have the chamber g.w. 
of a liquid-fuel rocket engine made with the least possible thickness of wall 

* wall* 
The Effect of the Combustion Chanber Pressure upon and q£_ . 

As the pressure rises in the chamber of the engine« the density of the 

moving gas increases throughout the chamber, as does the rass speed of tae gas. 

At the same time, there must be (see Section 39) an increase in the value of 

the coefficient of heat transmission from the gas to the walls °fgas* At 

the same time, there occurs also an increase of the convection flow <lconT« 

According to both experimental and theoretical data, qconT increases with an 
pt 0.8 

lacrease in pressure, according to the ratio (”„—) - • 

An increase of pressure in the engine chamber also res s in an increase 

of the partial pressure p^ and PH20* erhebe radiation is composed, in 

the main, the radiative flow of heat into the wall 

Thus the increase of pressure results in an increase of the total flow 

of heat into the wall of the chamber of the engine q£ • The increase of q 

proceeds in keeping with the formula 

. 7'uqTr"7iiq4'^iq 

and produces a higher temperature of the liquid wall There is also 

a rise of T «as will be obvious from the formula g«w, 

Tçr"» Tiiqw + X 

It is true that at the same time the flow of heat q £ declines to some 

extent due to the increase of T , but a new stable condition is established g* w, 

at a higher T and with a higher flow of heat q T than would have been the g»W* 4« 

ease at lower pressure in the chamber. 
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Thus ths incrssasd prsssurs la th# chamber of the engine leads to a 

higher T and qr* • reil^r8 th® cooling the chanber 
° g*v* Z* 

of the engine Bore difficult* 

The Effect of the Temperature of the Conbustion Chamber upon • 

âs TJ rises higher, the convectional and radiated flow of heat increases. 

Consequently a rise in the temperature of the products of combustion leads 

to the same result as does an increase of pressure in the chaaber, i.e., to 

a higher ®fl^ ® higher q j • 

This relationship between the conditions for cooling the engine on the 

one hand and the temperature cf the products of conbustion on the other 

occasions great difficulties in the construction of engines that operate with 

a high calorific capacity Hu* Thus, in the present literature on the subject, 

a completed liquid-fuel rocket engine using kerosene ♦ oxygen as a fuel is 

quite unknown. The use of other, more highly heat-producing fuels requires 

even more intensive cooling of the engine chanber. 

The Effect of the Engined Operating'conditions upon T&.w. * 

It frequently happens that in operating a liquid-fuel rocket engine there 

arises the need for operating the chaaber which is cooled by one of the fuel 

coaponents, under a variety of conditions. In this case the maximum thrust 

constitutes the rated chaaber operating conditions. . • 

When the engine changes over to operation at alnlnum thrust, there i 

occurs a decrease of the pressure p2, and the temperature T^ in the chaaber 

decreases somewhat. Both of these factors contribute toward a decrease of the 

flow of heat q^ into the wall of the engine*s chamber. However, when the 

thrust diminishes, there occurs also a decrease at the same time tf the eon- 

suaption of the cooling component. Since the dimensions of the cooling tract 

remain unchanged, the speed of movement of the cooling agent through the tract 

w decreases in proportion to the decline of the cooling-agent consumption. 

Vith the decline of the speed v there occurs also a reduction of the coefficient 
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of h#*t tBÍssion fros the wall into the liquid 

For thia reaaon, aince the aurfact of the cooling area for the chanber 

reaaina unchanged, the extent of the heating of the cooling agent in the cool¬ 

ing tract may, when its consumption is lowered, become quite considerable, 

which will lead to a rise of the temperature 

When a considerable increase of occurs, the cooling agent may in 

some instances be unable to overcome it, since the total flow of heat into the 

wall , nay be greater than the heat receptivity of the liquid, 
total 

A decline of *nd *** increase of may also produce the result 

that, irrespective of the decrease of the flow of heat q£ , the temperature 

of the gaseous wall T will increase as the thrust declines. For this 

reason, if the engine is to operate with a variable thrust, it will be neces¬ 

sary to make computations to check on the cooling also for 'smaller thrust 

From our consideration of the effects of the basic parameters upon T 

we may draw the following conclusion. In order to reduce in th* • 

• •ass of external cooling, it will be necessary to increase the speed of the 

cooling liquid, which will result in raising the value for 18 

desirable to have the engine's chamber constructed of the most highly heat- 

conducting metals available. 

If it proves impossible to obtain a satisfactory value for ^merely 

by external cooling, the heat currents in the wall will have to be artificial¬ 

ly reduced by creating in the layer of gas closest to the wall a somewhat 

lower temperature by enriching this wall-side layer with one of the components 

of the fuel. This method is known as internal cooling of the engine chamber. 

Ordinarily a combustible is used for this purpose. It may be fed Into the 

wall-side layer, either by means of special jets located at the head of the 

engine, or through a series of openings in the engine's wall (the so-called 

cooling belt). 

In order to keep T at a satisfactory level, recourse is frequently 
g» w# 



Md« to th« «iaultantous une of «n interuJil *nd externai cooliná «yctem. Thi» 

typ« of cooling i« known ab alxed cooling« 

Section 4l. Coaputatlons for External Cooling. 

The Sy«t«BB of External Coollnp;« 

Th« slaplest method of «xternal cooling la shown In Figure 9&* 

Th« cooling liquid flows into collector 1, and from there into th« cool¬ 

ing jack«t (cooling tract). As it passes through the jacket, the liquid cools 

the wall« 3 and becomes heated in doing so. The heated liquid passes out of 

the cooling jacket through the collector 4. As was pointed out above, for 

purposes of external cooling the engine chaaber is usually cooled with one 

•f the fuel components themselves. Either a fuel or an oxidizing agent may 

b« us«d as cooling liquid. 

¿A) Qtflamdamaa »Lukucmt 

Figure 98. Diagram of external cooling. 

1 — input collector of cooling liquid; 2 — cooling tract; 3 — »»11 of 
chamber; 4 — output collector of cooling liquid; 3 — head of engine chamber 

a — cooling liquid 

Sometime« when the quantities of fuel and oxidizing agent are limited, 

both components are used for cooling purposes. Since a mixture of the two 

component« cannot be effected outside the combustion chamber, one of them ordi¬ 

narily is used to cool the engine's nozzle, and the other to cool the combus¬ 

tion chamber. The sysfem for this type of cooling is shown in Figure 99« 
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Figure 99. Diagram of external cooling of toe engine chamber by ueing two com¬ 
ponente. 

1 input collector of oxidising agents 2 -- output collector of oxidizing 
agent; 3 — input collector of fuel; 4 — output collector of fuel. 

a — fuel; b — oxidizing agent. 

Apart from that, there are aleo a number of projects aimed at cooling the high 

thruet liquid-fuel rocket engine by means of a flow of water arranged in euch 

manner that the water ie heated to boiling temperature in the cooling tract. 

Cl) 8õd*mj 

( Ü fonPuSxDit 
w ' mcocot 

Figure 100. Diagram of cooling the engine chamber with water and subsequently 
using the stream that has formed to drive a turbine. 

1 -- condenser; 2 -- water pump; 3 — water; 4 •— stream; 5 — turbine; 
6 — fuel pumpe. 
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Th« •tO'io formed ln this process reaches the turbine and it used to drive 

the pumps that bring in the components. A system of this kind is shown in 

Tigure 100. 

The sisplest system of external cooling from the point of view of con¬ 

struction, is the system shown in Figure 98. The great majority of completed 

liquid-fuel rocket engines are cooled by only one of the components, as shown 

in Figure 98. 

Method of Computing the External Cooling of the Engine Chamber. 

As we know, structura] calculations are subdivided into two types, planning 

confutations and verifying computations. 

In connection with planning computations we must, proceeding from the 

given working conditions of the liquid-fuel rocket engine in each case (T2» 

^comb* <V p2* the 0* the **11®)» confute the shape and dimensions 

of the cooling tract of the chamber as required for satisfactory cooling of 

ths walls. 

In making verifying confutations, we first choose the type of structure 

und determine its dimensions. Then we oust verify, by means of computations, 

whether or not the chosen type of structure will be adequate for the working 

conditions that exist in the case under consideration. 

At the present time, the second of these methoda is used in solving prob- 

Isms that have to do with the cooling of liquid-fuel rocket engines. 

The general scheme of heat exchange at the basis of these verifying compu¬ 

tations is shown in Figure 95* 

Utilizing this scheme we proceed in the following order to make computations 

for an external cooling system. 

1. Making use of already-existing data on cooling, we specify the temper¬ 

ature of the gaseous wall of the combustion chamber and nozzle determine 

the coefficient of ccnvactional heat emission from the heated products of com- 
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taction to wall and determine the specific ccnvectional flows of haul 

*conV 

2. We determine the specific flows of radiated heat 

3. We determine the total specific flows of heat into the Mails of the 

engine chamber . 

4. Ve werify the presence of the required quantity of cooling liquid, so 

that the latter will suffice to remore the specific flows of heat q^> *» and then 

determine the degree of heating of the cooling agent. 

5* Snowing the ralue for the specific flow of heat q^ and the speed of 

flow of the cooling liquid through the cooling tract, we determine the coeffi¬ 

cient of heat enission from the liiuid wall into the cooling liquid and 

ascertain the temperature of the "liquid wall" T,. that will result under nq.w. 

these conditions. 

6. Knowing the value for the coefficient of heat conductivity for the 

metal in question, we determine *nd check whether it is appropriate for 

the given flows of heat q^ and the resulting T^io ¥ , at the temperature of 

the gaseous wall T specified under No. 1 above. 
a. w, 

7. If the T Ç obtained as a result of the computations differs by more 

than from the Indicated temperature, the computation is repeated from the 

beginning, allowing a new value for T , Intermediate between the one origi- g.w. 

nally given and the one that was found by computation. 

Dsterolnlng the Specific Convectlcnal Flows of Heat into the 'fall of the Engine's 

Combustion Chamber. 

The value for the specific convectlonal flow of heat it determined from 

equation (YII.30) 
0 

*cortf "*gaa^r“7gw * • 

2 
where i* the coefficient of heat transfer from gas to wall in cal/m 

hour °C; 
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valut being constant through the length of the chaeber; 

T it the temperature of the gateout «all in °aba. 
!••• 

The tenperature of the gas is known to us from the theraal computations 

bearing on the process of combustion in th* chamber of the engine (see Chapter 

VI). 

The coefficient of heat transfer from gas to wall o< # we then deter¬ 

mine from equation (VII.15): 

It should be pointed out that the result obtained from the use of this 

formula in computing heat exchange in the liquid-fuel rocket engine is not 

quite accuratet since it was computed for subsonic speeds and presupposes a 

flow of gas through a cylindrical tube. In the supercritical part of the 

nossle of a liquid-fuel rocket engine we hare speeds higher than sonic speed 

and s cone-shaped duct. In order to adapt the formula to computation of the 

cooling of a liquid-fuel rocket engine it is necessary to divide the engine 

chamber into a series of cylindrical sectors« the diameter of which will be 

equal to the average diameter of the corresponding cone-shaped part of this 

sector. 

Making use of formula (VII.13)* computation of the specific heat flow 

from gas to wall q proceeds through the following stages. 

1. We set a temperature for the gaseous wall of the combustion chamber. 

For this purpose the temperature of a steel wall in the critical part of the 

nossle may be taken as equal to 700-850°C; and for a copper wall, as equal to 

300-330° C. The temperature of the wall at the output from the nossle we 

place at 330-500° C for steel, and 150-200° for copper. The temperature of 

the wall at the nossle input is set at 50-100° C higher than for the nossle 

output. The temperature for the gaseous wall of the cylindrical part of the 
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ch*ab«r 1« taken as constant and as equal to the temperature of the gaseous 

vail at the input of the nozzle sector. 

Figure 101. Approximate distribution of T through the length of the cham¬ 

ber for a steel*will. 

The distribution of temperature along the length of the engine chamber 

ve assume to be linear in the first approximation (Figure 101). 

2. «e estimate the specific heat Cp^ _ and the viscosity U m m of 
g.W. ! g.w. 

the products of combustion at the temperature of the gaseous wall at the input 

into the nozzle sector« and take these values as constant for the entire length 

•f the engine. 

Generally speaking, the two above-mentioned values vary according to the 

temperature of i;he products of co&bustion near the gaseous wall, i.e., accord¬ 

ing to T t but since tne computation is merely approximative, we may assume 
g.w. 

that the two values are constant for the entire length of the chamber. Ordi¬ 

narily the values for Cp and U. _ are taken at the temperature of the 

gaseous wall at the nozzle input. 

In computing Cp and A. . the specific heat and viscosity of those 
/ g# Wm 

components of the products of combustion which form only a small part of the 

gas mixture are disregarded. Such components are usually C,fc OH, H, NOw . . * 

The value for Cp _ is computed according to the formula, known from thermo- 
f 

dynamica, for the specific heat of a gaa mixture: 

* , (VII.J8) 
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where Cp^ g.*.1* ^he «p*»cific heat of a fiven coaponent of the «a« »ixture of 

the product* of comfcustion, in kilo-cal/kg ®C. The value for Cp^ 

for the different gases is shown in Table 22. 

g is the gravimetric portion of the component cf the gas mixture. 

(▼11.39) 

Here r^ and are the volumetric portion and the molecular weight of the 1 

component of the gas mixture; 

h (YII.^O) 

where p^ is the partial pressure of the component of the gas mixture. Its value 

Is known from the thermal calculation, 

is the pressure in the combustion chamber. 

Substituting (Vll.hO) in (VII.39) we get 

Pi"i 

(THAI) 

The coefficient of dynamic viscosity is computed according to 

the known formula for a mixture of gases 

2-« wall 
» 

(VII.42) 

where is the coefficient of dynamic viscosity cf the i-component at a 

given T • 
I*w. 

For the purposes of our computations it is more convenient to make use of 

formula (TII.42), dividing both sides of the equation by the value of the 

acceleration of the earth g. The equation then takes the fora 

——Y-t-r-, 
irgw wall 

(▼11.42') 

P. ▼ukalovich and others, Termodlnamlcheeklye svoystva gasov /Thermodynamic 
Properties of Cases7# Mashgix, 1953. 
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(At thU point one nuet not confuse — the weight quantity — with g — 

acceleration of the earth.) 

The walues for É * ^xi T*r,u# tenperature for various gases are shown 

in Table 23. Into all of the equations used by us in ccisputatlons of the cool¬ 

ing process enters the product &J* * which has the following dimensions: 

■ kg sec kg 
2 2 

sec a a sec 

Reference works frequently construe viscosity as meaning the p-cduct g , 

and tern this magnitude dynamic viscosity. 

The values for kg/n sec for some of the liquids are sh^wn in 

Figures 116-119. 

In Tkble 23 and in the diagrams in Figures 116-119 are shown the products 

g • J* , When reference materials are used, it will be necessary to direct 

attention to the dimensions in which the viscosity is shown; and when substi¬ 

tuting it in formulas, one must change this viscosity value to the corresponding 

dimension. 

3. We subdivide the engine chamber lengthwise into 10-20 sectors (depend¬ 

ing on the desired degree of accuracy of the computation); and for each section 

we compute the value for using the formula (VII.13) in the same manner 

as for the cylindrical tube, adopting its diameter d and the gas wall temperature 

T. w as the average values for a given section. g.w* 

4, Having determined we compute for each section the specific con- 

vectional flow of heat qconv according to the formula 

^onv “ *gas ( 
(TUJO) 

Deteralnlng the Specific Radiant Flows of Heat and the Total Flow of Heat into 

the Walls of the Engine Chamber. 

The heat flows in the engine chamber proceed from the aeated products 
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of coBbuition into the *alle of the chamber. A* wae ehown eleewhere (tee 

Section 39)* the main portion of the heat radiation it giTen off by CO2 and 

Uperlnental determination of the radiating heat currente in the chamber 

of a liquid-fuel rochet engine it a very difficult matter. For thit reaeon 

theie flowt are computed with the aid of the empirical formulae need to compute 

radiating heat exchange in other typet of etructuree and enginee.1 

*0, - wîw[(i£)u-OnM) 

(Tn>J) 

2 
where p^ and p^Q are the partial pretsuret of the ^tet in lcg/cn ; 

Z it the reduced average length of the path of the ray (at determined 

fron Table 21). 

The total flow of radiated heat q . we assume to be equal to the sum of 
rad 

these currents 

*rad“^C0,*^M‘0* 
(▼11.46) 

In liquid-fuel rocket engines the radiated heat flows will not be uniform 

throughout the length of the engine chamber, since the températures of the hot 

products of combustion are not the sane in the chamber itself as in the nozzle. 

For this reason we first determine the radiated heat flows for three cross 

sections: 

1. The section of the chamber at the entrance into the tapering part; 

2. The critical section of the nozzle; and 

3. The section as the nozzle exit. 

1 
A. ▼. Bolgarskiy and V. j[. Shchukin, Rabochlye proteessy t zhldkostno-reak- 

tlvnykh dvlgatelyakh /Operating Processes in Rocket Engines/, Oborcngiz, 1°53. 

4 
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For «ach section the cooputation is custonarily nads as for a cylinder 

of infinite lencth and of a diaaeter equal to respectively the diameter of the 

combustion chamber, the diameter of the narrow section of the noxzle, and tho 

diameter of the exhaust section of the nozzle. The section of the chamber is 

taken as uniform throughout and equal to th® exit end of the chamber. 

For the intervening sections of nozzle we determine these values by com¬ 

bining in a curve the q ^ values for the afore-mentioned three sect! ns. 

Having determined ^d knowing the value for the convectional heat 

flow qçQ^, ve compute for each section the total specific heat flow into the 

walls of the combustion chamber of the liquid-fuel rocket engine, using the 

formula 

»■“‘'rad* W 
(VII.47) 

The manner in which the heat flows are distributed along ohe length of the 

engine chamber is shown in Figure 102. 

Figure 102. The nature of the distribution of heat flows along the length of 
the engine chamber. 

Method of Ensuring the Presence of the Required Quantity of Cooling. Liquid, end 

Determlnln/t the Degree to which it is Heated in Each Section. 

Knowing the magnitude of the heat flows into the wall of the combustion 

chamber, we also know the amount of heat that must be absorbed by the cooling 
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liquid. 

th. «xltmm quantity of heat that th. cooll.e Uq..i4 1» of *’,,or 

lBC ,. determinad hy hrlnelnd thl. liquid to It. bolllne point T, at a eiv.n 

pressure in the cooling jacket. 

th. entire quantity of heat that enter, the uell. of the cta.b.r eoe. for 

heating the cooling liquid, i.e., ** ««y write 

Ê ft 1/1 " ^cool^ouf * ( ¥ 11 >8 ) 
I at 

.her. . U t»« «pacifie heat of th. coolln* liquid in hllo-c.l/hc °C. t.h.n 

at an average tempere ture 

r »—«nt+Tpuk 
/av J 

6 1, the con.umptlon of coollne conpon.nt in ke/hour; r\. f1 U th. total flow of heat in kllo-eal/n2 hour and th. area of 

£ 1 eurface in n2 of th. l—ction of th. co.hu.Hon chamberí 

T and T . are the inlet and outlet temperature, of th. cooling liquid. 

According to formula (TII.48) th. outlet temperature of .the cooling liquid 

fro. th. cooling Jacket I« determined a. follow.: 

»-« . 

il1 lfl t 
rout-!=S^1+7'«'t‘ (TIJ.49) 

U pr.wiou.ly nentlcned. the liquid-fuel rocket engine 1. in moot in.tan- 

... cooled by it. own component.. If the outlet temperature of the cooling 

liquid fron the Jacket Iout 1* higher than it. boiling point at the pre. 

,ure obtaining in any giren case. thl. mean, that us. of only on. of the 

component, for cooling purpo... will not .uffic. for th. chanter of thl. 

engine. In that .went it will be n.c...ary to arrange, within the interior 

of the chanter, for a protectl.e internal cooling curtain (... below). In .0«. 

»..tance, it will be ..ce.«ry. 1» ord.r to reno« all the inco.ing heat, to 

*37 
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na« both coopcnents for cooline in the o&nner Indicated in Figure 99. 

Aftar the cooline liquid haa been chosen, it la possible to compute its 

temperature for each individual section. In doing so, the temperature of the 

cooling component, as it enters the cooling Jacket, is taken as equal to the 

highest temperature of the surrounding medium, i.e., the tecperature at which 

the liquid-fuel rocket engine is expected to function according to the speci¬ 

fications (e.g., 0. Once the innut température of the cooling agent is 

known, the amount of its heating for the section can be determined from the 

equation 

Çt </i*= cOcool. (W ~ ^cnt i)# 
(VII.50) 

and from this expression, the outlet temperature of the liquid as it leaves the 

section (equal to the input temperature for the section next following, i.e., 

T » . . , »T i .) found by using the equation ant i <f 1 out i # ^ 

t0 +7entlf (VII.5I) 

The specific heat in kilo-cal/kg °C can be taken for the temperature equal 

Determination of the Coefficient of Heat Transfer fron the Liquid Wall to the 

Cooling Liquid iq.w. and of the Teoperature of the "Llould Wall" of the 

Engine Chamber w . 

The tec$erature of the "liquid wall" depends not only on the heat con¬ 

ductivity X and the thickness ^vall cf the wall of the engine chamber, but 

likewise on the manner in which this wall is bathed by the cooling liquid. 

Obviously, the more intensively the chamber wall is bathed by the cooling 

liquid, the more adequately the latter will remove the heat flows and the lower 

will be the temperature of the "liquid wall." A lowering of Tj^ w will, in 

turn, result in reducing the temperature of the gaseous wall T u ; this will 

subsequently lead to an exchange of the entire heat flow, the latter being 
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1 parted to the wall. 

In thU aanner we deal here with a highly coapllcated relationship be¬ 

tween the tenperatine of the walls and the flows of hent. 

Knowing the constructional dimensions of the cooling jacket and taking 

into account that the entire flo* of heat mist be remcired by the cooling 

liquid, we obtain T from the equation 

Uq-i (ril.52) 

where the coefficient of heat emission from the wall to the cooling liquid 

°^liq c,in im;nd from th® preeiously-obtained formula (VI1.18) 

‘liq—Z^p 
rXlq 

Using this formula we compute ^or o^ch section, and having found 

^liq W* detennine Tnq.w. for ®ach section. 

Prom the equation (VII.52) 

r f« 
/liqw 

•Uq 
+ rUq* 

(▼11.53) 

The temperature of the liquid we take as equal to the average tem¬ 

perature of the liquid in each section. 

Checking the Correspondence of the Assumed with the Computed Distribution of 

Temperature of the Gas Wall T ~ g, w. 

The computed value for ^ we determine by proceeding from the equation 

for heat conductivity through a solid wall 

(TH.Jfc) 

where 6!• the thickness of the wall of the combustion chamber in a; 

^ is the heat conductivity of the material of the liquid-fuel rocket 

engine In kllo-cal/m hour C, taken for the average temperature 

of the wall 
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r^JELtiUgjr. 

from «quation (VII*>4) «• get 

Í»"«* » +7ilqw- (»II.55) 

If th« nagnitude obtained for T ia expended at the given value for 

T it «ill be necessary to assign ne« values for T v values that will be 
§•«• §•«• 

internediate between the values earlier assigned and those obtained; and the 

coaputation is then started anew* 

Tf the oagnitude obtained for T is higher than the liaits permissible 
g • « • 

for the metal in question, it will be necessary to reduce it to the admissible 

value, or to reduce the cross section allowed for passage of the liquid, or 

to reduce the thickness of the wall of the engine chamber* 

If the above-mentioned measures prove to be insufficient, it will be 

necessary to have recourse to internal cooling* 

Section 42. Different Toras of a Cooling Tract for the Engine Chamber. 

In Baking the computations for external cooling it is necessary to know 

both the dimensions and the shape of the cooling tract of the engine chamber* 

It is an indispensable preliminary requirement in designing the cooling tract 

that one must obtain, in the region of the critical cross section, speeds of 

aovement of the cooling liquid soniewhere near 5-10 m/sec* 

Depending on the required rigidity of the structure and on the available 

quantities of the cooling liquid, use will be L:ade of one or another of the 

following basic types of cooling tracts. 

The Slot-Type Duct. 

The cooling tract in the shape of a smooth slot'.td (circular) duct'(«*ee- 

Figure 103 a) is the simplest to produce, and is the one that has been most 

widely used in the actual construction of liquid-fuel rocket engines. 

*Its basic shortcoming consists in the fact that combustion chambers with 
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fhl« tjrp« of tract pooseot only a 00011 degree of rigidity. In order to increase 

the rigidity of the Internal lining when the slotted duct is used, recourse is 

ande to various ways of bracing the internal lining of the engine ehaober against 

the outer lining. Moreover, in order to increase the rigidity and to ensure 

a »ore even flow of the liquid through the crosswise section of the slotted 

duct and along its generatrix, use is sometimes made of built-in reinforcing 

ribs about 1 mm in thickness, with a pitch of several millimeters. 

Figure IO3. The cooling tract in the form of a slotted duct 

» — cross section of a smooth slotted duct; b — cross section of a slotted 
duct with lengthwise reinforcenent ribbing. 

1 — cooling tract; 2 — assembly A; 3— cross section BB; 4 — dcool; 5 — 
number of ductu, 

A second shortcoming of this type of cooling tract can be seen in the 

fact that when the quantity of cooling liquid is small, it is necessary to 

make use of very small slot dimensions so as to obtain a sufficient speed of 

flow of the liquid through the cooling tract. Technologically it is difficult 

to produce a uniform slot of a height of less than 0.8 mm by machining, and 

one of less than 1.5 mm if the engine chamber is of welded construction. This 

is a fact that should be borne in mind in making computation for the cooling 

of the chamber. 

The equivalent diameter for the computation of cooling when use is to be 

smide of a smooth slotted cooling tract (eee Figure 103 a) Is obtainsd from 
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th* «quation 

d cool 
r ^eooi (TII.56) 

If th« «lotted duct ha« lengthwi.e reinforcing rib« («ee Figur« 103 b) then 

4k|«-^ lü 4tak_ 

■J(ä + k)t 

Jak 

« + * ’ (tu.57) 

where h 1« the «agnitude of the open «pace in the «lotted duct; 

s 1« the nunber of ducts; and 

a is the width of the duct between each two rib«. 

The thickness of the inner lining of the engine chamber is usually set at 

1.5-4 «un. 

Th« Cooling Tract in the Fore of a Spiral Slotted Duct. 

Th. cooling tract In the fore of a .piral .lotted duct (on. or more than 

one) 1. chosen for the purpose of Increasing the .peed of flow of the liquid 

through the tract, with a rlew to Increa.lng the heat erchange, and also for 

tho purpo.. of Increasing the rigidity of the Internal chamber lining of the 

•nglne. »part fro. that. a. a re.ult of th. rlhhed .urface of the conbu.tlon 

chamber wall obtained In thl. sianner, condition, are ootatned that ate more 

favorable to the exchange of heat, .ince there 1. an Incrca.e of the heat-tran. 

ferring »urface. 

Figure 104. Cooling tract in the form of a «piral duct. 

1 — Assembly A; 2 — Z - number of turn«; 3 — dipir‘ 

The passage section of the spiral duct Is ..looted on the basis of the 

Ut2 
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required speed of flow of ♦he liquid. The height of the oprn epece h (figure 

104) is chosen at 2-3 o». The thickness of the spiral ribbing b is chosen at 

about 1 a.’». 

As an exasqple of a liquid-fuel rocket engine with a spiral cooling tract 

one night cite the ORM-65 engine (Figure 127). 

The basic shortcoming of this system of cooling can be seen in the diffi¬ 

culty of producing nn adequate threading, especially on the cone-ehaped part 

of the chamber. 

A second shortcoming can be seen in the large anount of hydraulic loss in 

the spiral duct. This makes it necessary to increase the pressure upon the 

cooling component at its point of entry, and, consequently, the pressure of the 

feed (see below, Section 54). 

Inasmuch as the strongest heat flows are to be found around the critical 

cross section of the chamber, it is necessary to provide a great speed of flow 

for the cooling liquid to carry the heat away, spiral ducts are often used only 

around the critical section, while in the remaining part of the chamber the cool 

ing tract is left in the form of a slotted duct. 

Figure IO5. Cooliig tract of the nossle part of the 03(-45 engine. 

The cooling tract of the "Walter" engine (Figure 125) has this design. 
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required speed of flow of the liquid. The height of the open space h (Figure 

104) is chosen at 2-3 The thickness of the spiral ribbing b is chosen at 

about 1 an. 

As an sample of a liquid-fuel rocket engine with a spiral cooling tract 

one might cite the ORM-65 engine (Figure 127). 

The basic shortcoming of this system of coolinr can be seen in the diffi¬ 

culty of producing an adequate threading, especially on the cone-chaped part 

of the chamber. 

A second shortcoming can he seen in the large amount of hydraulic loss in 

the spiral duct. This makes it necessary to increase the pressure upon the 

cooling component at its point of entry, and, conrequently, the pressure of the 

feed (see below. Section 54). 

Inasmuch as the strongest heat flows are to be found around the critical 

cross section of the chamber, it is necessary to provide a great speed of flow 

for the cooling liquid to carry the heat away, spiral ducts are often used only 

around the critical section, while in the remaining part of the chamber the cool 

ing tract is left in the form of a slotted duct. 

Figure 105. Cooling tract of the noxule part of the 03M-45 engine. 

The cooling tract of the "Valter" engine (Figure 125) has this design. 
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Figure 106. Engine chncber onde of eplral tubes. 

The equivalent diaoeter of a cooling tract in the for® of a spiral duct 

is, for the purposes of computing heat exchange, derived from the equation 

^ P 2(^*7."TTT* 
(Til.58) 

Figure 105 shows the nozzle part of the ORM-^5 engine designed by V. P. 

Glushko. Here the cooling tract is also formed after the manner of a spiral 

threading. It it interesting to note that here the height of the threading is 

equal to one-half the height of the slot of the coding tract of the engine. 

At a variant form of the tpiral cooling tract we may regard the cooli.".g 

tract made of tubes. In this case the walls of the engine chanter are made of 

copper or steel tubes tightly fitted one against the other. The cooling liquid 

flows through the inside of these tubes (see Figure IO6). 

Section h3. Example Showing the Method of Calculating an External Cooling 

Tract for an Engine Chamber. 

ftie problem it to make a test calculation of the cooling system for an 

engine chamber that uses as fuel 96f> nitric acid «• kerosene. The consumption 

of fuel it G = 2.7 kg/sec; and the consumption of oxidizer is G * 11.2 
COQD 0 

kg/sec. 

At a result of the thermic ccoqputations the following results were ob¬ 

tained: temperature of combustion T2 * 2,853° abs; pressure in the combustion 

chamber p2 * 23 kg/cm2; isoentropic ihdex for the discharge nlg * 1.18. 

F-TS-9741/t im 

•*» • 



t 

t 
A 

Ih« «ncint installation mist function at tenperatur«« of tha anblent 

■edlua varying fro« +50° c to -5^° C. 

The conposition of the product« of conbu»tion in the chanber 1» «hovm in 

fable 2k. 

Table 24 

Component CO, IM) CO H, 0, N. 

/ Pt . 
i 

1.63 •.77 4.13 1.« 0.30 3.40 

Hote: The share of other components of the products of combustion in the 

■ixture is so small that in this computation they rAy be disregarded. 

The cooling tract has the form of a slotted **ap. 

The height of the slot is constant throughout the length of the cooling 

tract and is 2 mm. The thickness of the inner lining of the engine chamber 

is likewise con«ta.nt throughout the length and is 2 on. 

The basic dimensions of the cooling tract and the basic dimensions of the 

engine chamber are shown in Figure 107. 

The material of the chamber wall is stainless steel. 

In solving the problem we follow the procedure uiscussed in Section 41. 

We take the following for the temperature of the gaseous wall: 

In the chamber and at the inlet 
of the nozsle.T m 4500 C ^ 723 abs 

6«W# 

In the critical cross section.T = 925° C —1,098° ab« 

At the exit of the nozzle.T * 350° C — 623° abs 

For the purposes of a first approximation we asr.ume the variation of T g» w, 

along the length of the chanber to be rectilinear. 

A diagram showing the given distribution of T w is shown in Figure 107. 
£e W# 

We now compute the specific heat C„ , w and the viscosity at the temper- 
P g»w» 

ature of the gaseous wall at the inlet of the nozzle. 

The data of this computation ire shown in Table 25. 
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Figure 107. Illustrating the exanple of calculation of the cooling of an engine 
ch&nber. 

1 — eectlon; 2 — first approxination; 3 — gix«n first approximaticn; ^ — 
found first approxlnation: 5 — given second approximation: 6 — final dis¬ 

tribution of q and T . 
K»w« 
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it retult of thl* conputatlon we get: 

Î Cp g W' ^0.3535 kilo-cal/irg °C; g ja^ ^ * 2.9Ö • lO“^ kg/n/tec 

<* 
< 

l< 

After "iibttitution of these values and the values for 0 

(Vll.rj)t the latter assîmes the following fore: 

0.82 In equation 

(VII.59) 

We call attention to the fact that, owing to the snail power to which the 

tenperature ratio is raised, the value for (-¾—)°»35 varies only within 
T 
i.v. 

narrow linits. For this reason the value for the coefficient of heat transfer 

varies throughout the length of the engine chamber mostly in proportion 

1 

gas 

to the value for 
,1.82 

We subdivide t£e engine chamber into 14 sections and in accordance with 

the previously-derived fornmla (VII.59) we compute the coefficient of heat 

transfer °^B from the heated products of combustion to the gaseous wall for 

each of the sections. 

(In working out these computations and those that follow we round off all 

the numerical values to the limit of the accuracy of the slide rule.) 

Knowing °^gai. formula (VII.43) we determine the specific convectional 

flow of heat into the wall o ^ . The computation of values for and o 
conv gas conv 

is shown under lines 1-9, Table 26. 

We now proceed to determine the radiated heat flows q . 
rad 

We determine its constituents for three sections according to formulae 

(VII.44) and VII.45). 

In the combustion chamber T- - 2,853° abs; T 773° abs. 
^ g. w* 

The reduced length of the path of a ray 1 * 0.9 d = 0.9 • O.25O = 0.225 n. 

/ico(v3,63 kg/cm 2j/H/>-9.77 kg/cn* 

3,5/Î6Ï^223[(^)M-QM]-38800ü kUo-cal/Arr; fco.» 

^-3,5.9,77^0,22^ ioo; Uoo 
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According to fonnuiA (VII.46) 

qrad *380,000 ♦ 193,000-581,300^0.581 • lO^ktlo-cAl/«2 hour 

In the critical cross section 
n. 

abs. 

Tor the purposes of approxlnatlon we assume that the partial pressures of 

the individual products of combustion vary in proportion to the total pressure 

of the gaseous mixture (this assumption is permissible in view of the onnll 

variations of temperature). 

The pressure in the critical section p^. is equal to » cr 
-!Ul 
"irf1 

us 
./2 \ in' / 2 tu*-» . - 

Consequently: 

^.-3.83^ = 2,07 kg/^ 

“ 977 — = 5,56 kg/oo2; 

/-0,9^^-0,9^108-0,0972 n; 

^-^-5^0,09^^-(^(=32000^^- 

800-f32100 = 213600 kilo—cal/lf*hr# 

At the exit of the nozzle, the pressure p^ * 1 atm. Consequently, 

^0.-^-0.188 ke/cnz, 

• ^11,0*0,425 kg/cn^j 

/-0,9(/, «=0,9 0,22 - 0,198 n. 

The tençerature at the exit of the nozzle is found from the well-known 

relation 

I.IS-I 

r,-7*(£) 
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Dat« on Caleulatlec of floallr* 

• of 
ine D&ctfáKñSt VWl«. 

Symbol end 
dimension«!-* 
-It*- 

Number of 

1 2 3 

1 Average diameter of section <nriB ■ 0,214 0,202 0,190 

2 
1 

*av 
4,«7 4.95 5.26 

3 (tr 16,S 8,3 20,5 

4 Given temperature of gaseous 
wall (first approximation) 

fgvfiii'abs. 63S 684 735 

5 
r, 

. V 4.49 4,17 3.88 

6 (£r 
• 

1,692 1,049 1.608 

7 Coefficient of heat transfer 
from gas to wall 

«gas 
In kilo-csl/ 

lihr^C 
972 1050 1148 

• Tt-Tpf 2218 2k«£ 2118 

9 Specific convectional flow 
of heat 

fleonv. 10-« 
kilo-cal/lrhr 

2.15 2,28 2.43 

10 Specific radiated heat 
current 

Oradlo-* 
kilo-ca3/i£2lir 

0,040 0,060 0,080 

11 Total specific heat flow 
kilo-cal/U^hi 

2,19 
4 

2.34 2.51 

12 Area of surface through which 
the heat exchange takes place 

0,0207 0,019* 0.0184 

19 Flow of heat within the section 0,0453 0,045( 0,0462 

14 Temperature of the cooling 
liquid at the exit of the * 
section 

'out^ 52.5 55,0 57,5 
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Systea for the Engine Cbarber 
Tibio 26 

Sect! on of Cooling Tract 

4 5 6 7 8 9 10 11 12 13 14 

0.178 0.166 0,154 0,142 0.130 0,118 0,108 0,120 0,166 0,236 0.2S0 

5.62 6,02 6.50 7.04 7,70 8.48 9,26 8,34 6.02 4.24 4.00 

23.2 26.2 30,3 35,0 41.0 49,0 57,5 4:.6 26,2 13,8 12.4 

785 835 886 940 992 1045 1098 988 885 780 723 

1.63 3.42 3,22 3,04 2,88 2,73 2,60 2,89 3,22 3,63 3,95 

1.587 1,539 1,506 1,476 1,447 1,421 1,398 1,450 1,506 1,570 1,616 

1290 1410 1587 1796 2065 2425 2790 2390 1373 754 697 

2068 2018 1967 1913 1861 1808 1755 1865 1968 2073 2130 

2.67 2.04 3,12 3.44 3,84 4,38 4,90 4.46 2,70 1,56 1.48 

0.100 0,120 0,140 0,166 0,180 0.200 0,214 0,319 0,424 0,529 0,581 

2.77 2.96 3,26 3,60 4,02 4.58 5,114 4,779 3,124 2,089 2,061 

0,0172 0,0161 0,0149 0,0137 0,0126 0,0114 0,0102 0,0124 0.0230 0,0297 0,267 

0,047« 0,0477 0,0486 0,0493 0,0505 0,0622 0,0522 0,0593 0,0719 0,0621 0,551 

•0.1 62.7 66,4 66,0 70.7 73,5 76.4 79.6 83.4 86.7 116,0 
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>• of 
<in« 

• 

Designation of Value 

i 
Symbol and t 
Dimensionei-’ 

1 tv 

Number of 

• 
2 3 

15 Average temperature of the 
cooling liquid in the section 'ev-C 51.2 53.7 56.2 

16 
Drop of teoxerature through 

ith'e thickness of the wall at 
a given temperature T,.#w 

.. iwall 
ôtwall m— 243 260 279 

17 The temperature of the "liquid 
wall" at a given T 

— _ g» w* 
Tliqw"rgW“4/»tn 392 424 

• 

456 

16 5 1.17 1.195 1,225 
19 z 0,0482 0,0486 o.oio:» 
20 Average diaretcr of the cooling 

slot in the section dcool1 in m 0,221 0,209 0,197 

21 ( 1 r 
'<^cool< ' 

3,31 3,50 3,67 

22 Coefficient of heat transfer 
from the wall to the cooling 
liquid 

«liq kkrl/n2hr°c 17150 18550 20200 

23 fi 

•llq 
128 126 124 

24 The obtained temperature for 
the "liquid wall" Ulq 179,2 179.7 180,2 

25 The obtained temperature for thej 
gaseous wall (first acuroximation} 
-II_-In 

w +At;vall 422,2 439,7 459,2 

26 The obtained temperature for t.'.e | r 4 • k 
gaseous wall (first approximation) g^ln abs* 
—----:-in cabs 

695.2 712,7 732.2 

27 The given temperature for the gas¬ 
eous wall (second approximation) fg.ln-abs. 673 698 

<0 
732 

21. The obtained temperature for the 
gaseous wall (second approximation 

} ï'girin’ab«. 675 706 731 

29 The specific convectional heat 
flow (second approximation) qrad 

kcel/m hr 
2,07 2.25 2.41 

ao The total specific flow of 
heat (second approximation) kcal/m^hr 

2.11 2.31 2.52 
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Table 26 (continued) 
Section of Coolir.,: Tract 

4 1 6 7 9 8 10 11 12 13 14 

Ism 
1 

61.4 64.0 66.7 69.4 72,1 75,0 77.9 81,0 85,1 101,4 

» 329 362 400 445 509 568 531 347 232 229 

477 506 524 540 547 536 530 457 538 548 494 

I.2IS 1.21 1,203 1,195 1,183 1,180 1,174 1,166 1,156 1,146 1,108 

0,0*98 0,0500 0,0506 0,0511 0.0516 0,0521 0,0528 0,0531 0,0510 0,0515 0,0575 

0.185 0,173 0,161 0,149 0,137 0,125 0,114 0,128 0,176 0,214 0,258 

3.89 4.07 4.33 4,59 4.90 5,28 5,67 5,19 4,01 3,09 2,955 

21300 22400 24000 25500 /7200 29600 32000 29400 22800 17600 17200 

130 132 136 • 141 147 155 160 162 127 119 120 

199.1 193,4 200 207.7 216,4 227,1 235 239,9 208 204,1 221,4 

496.8 522.4 562 607,7 661,4 736,1 803 770,9 555 436,1 450,4 

769,8 795,4 835 880,7 934,4 1009,1 1076 1043,9 828 709,1 723,4 

767 807 847 893 955 1030 1098 1015 868 730 723 

7t4 802 851 900 966 ini9 1076 1041 845 721 721 

2.67 2.90 3,23 3,58 3,97 4,45 4,90 4.36 2,742 1.636 1,485 

2.77 

1 
3.02 3,37 3.74 4.15 4.65 5,114 4.679 3,166 2,165 2,066 

i 
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^-W.0.4»-.O..^p'-@‘]-3300 Vllo-ca/n^r, 

-i24 600 + 3300 -27 800 Vil^ctl/œ2^« 

Th. «1«.. oí V4 in tb. Int« roed int« ..ctlon. art d.t.rnln.d o. th. >».!. 

of th. atsunptlca »ad, ccncralne th. Un.ar dl.trlVatlon of Vd beW”“ th‘ 

Ul.t .«ctlon. to th. noitl. and th. critical ..ctlon, a. «11 a. h«t««n th« 

critical and exit «ections. 

* graph of th. distribution of V4 Ungthwls. in th« cha»b«r 1. given 1. 

ngur. 107. Knowing in «ach .«ctlon, « find th, total .pacific th.r»l 

flux In each eectlon 

" ‘tad + ^onv * 

Th. «.tinatod data for W and ,r ar. glv.n In lin.. 10 and 11 of Tabl. 

26. 
find the total thermal flux to the wall 

Knowing q^* each section, we 

of the engine chamber 

1,2297-104 kilo-ciil/hr• 

A. a cooling liquid. « ..Let th. oildlt.r which 1. 96^ nitric acid. 

Its coneuaption, a* assigned. Is 

O.-U^kc/scc. 
e 

,. d.t.ralne roughly th. .xlt t.np.ratur. of th. cooling liquid, nitric 

«Id. It. inlet t.np«ratur. T^. in confornity with th. a..ign.d op.rat.ng con¬ 

dition. of th. .ngln., w. aaoune to equal 5®° C. 

Th. h«t capacity of th. cooling liquid w. con.ld.r roughly to equal 0.47. 

Than, in accordanc. with foroula (TII.49) 

T-TS-97^1/7 
US!* 



f 50-65+ 50=115^. /9nC 0,47 11,2-3600 

Tito output pressure of the cooling liquid ss it leaves the cooling tract 

P ^ take as being approxiaately equeJ. to the sun of the pressure in the 

•ngine chamber and the drop of pressure in the jets A Pj« If "• **suae that 

& Pj is equal to 6 kg/cm2 < A Pj is usually known fron computations for the 

jets), we then have 

Pcool-p. + A/>5=23 + 6 = 291 

With p t » 29 kg/cm2 the boiling temperature of the nitric acid 

equals approximately 230-250 C, i*e. 

Consequently the nitric acid is fully sufficient for cooling the chamber 

of the engine^ 

In accordance with formula (VII.51) compute the extent of heating of 

the cooling agent and its temperature for each of the sections. Data for 

the computation of are provided on lines 14 and 15 in Table 26. 

We now proceed to determine the coefficient of heat emission from the wall 

to the liquid *n<i the temperature of the "liquid wall" of the engine 

chamber w . The value for is determined according to formula 

(VII.18) 

For the slotted cooling tract we have for each section 

I 
d ^4ms.4*liq.5 

n **cocii » 

where d , 4 is the average diameter of the cooling slot in the i-section in ■ 
cool i 

F equal d S .is the passage cross section of the slot in 
liq 1 ^ cool i cool 
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the 1-tectlon, in a . 

After eubstitution of the value of d#l appropriate simplification, and 

coupatAtlon of the ccn.wnt, foroula (7111.18) ».tuno, the followloc fom for 

the case of a slotted cooling tract: 

(¥11.60) 

For the given example, after substituting the value 

Giiol-U^-«.W#oel -0-002 «>» 

we get 

91100Z—xf-* 
•cooli (VII.61) 

For the case \xnder consideration the value of Z is known, eince the tem¬ 

perature of the liquid is known for each section. For the purpose of computing 

the coefficient we aacertain the temperature of the »liquid wall» Tllq w# 

according to the formula 

T -T _tE*-n 
* *• » 8, (TII.62) 

The heat conductivity of the etalnle.e «teel. a« «horn In the dine» In 

fleur. 93. depends tat sllrhtly on the temperature; and for this reason « assume 

the coefficient of heat conductivity >1 to he constant throughout the l.neth 

2 , . kllo~cal 
of the engine chamber and equal to 18 • 

Knowing the value for « deternln. |3 . and then compute o<llq In 

accordance with formula (TII.61). The data for thl. computation ara provided 

in line* 16-22, Table 26. 

Saving determined 0(^ for onch .action, v. use formula (TII.53) to find 

the température of the "llnuld well* for each eectlon 



It it obriout that T.. at obtained fron formula (Tl1.62) may differ 
liq.w. 

fr<» T.. at obtained fron foroula (Vn.63)* tinco in fornula (VII.62) T # 

vat a given value. 

Vf rake a check upon the attuned and computed dlttribution of tenperaturet 

Tg.w.* to<,%fin« Tliq.v. fr0D fornula fTlI«55). deternine TXiq for each 

tection. Data for the computation of Tüq#Wí ^ Tg,w. are ,hown 1,1 llne* 

23-26 of Table 26. ?3£ure 107 thovt the curve for the first approximation 

obtained for valuet of T w for the entire length of the engine chamber. At 

indicated ty Table 26 and the diagrant in Figure 10?, the discrepancy of the 

given and the obtained valuet for Tg r&nget in tone tections as high as 9.5$. 

Ordinarily it it desirable that the discrepancy between the given and the ob¬ 

tained T vhould not exceed 5/». For this reason we assign a new dittribution 
g.w. 

of T intermediate between the given and the obtained valuet in the first 
g.w. 

approximation, for the distributions of T . The newly-assigned values for 
w. 

T are shown in line 27 of Table 26 and in Figure 107. 
g.w. 

As shown in the diagram of Figure 107, a curvilinear distribution of Tß ^ 

along the length of the chamber has been adopted in the second approximation. 

IQpon going through all the computations a second time we get the value 

for q , q- and T . The results of the computation are shown in lines 
xonv ¿ g.w. 

28-30 of Table 26 and in Figure 107. 

Conparieon of the given and the obtained values for T ' eveals a dis- 

crepancy of not more than 2$; and for this reason the results obtained from 

this second confutation can be accepted as final. 

Section Uh. Other Tÿpes of Cooling Systems for the Liquid-Fuel Rocket 

Inglno. 

If the pressure in the engine chamber is increased and use is made of fuej.8 

of a high heat-producing capacity, the total flows flowing into tne walls of 

the engine chamber will be greatly increased (Figure 108), and may attain values 

F-T5-97M/F *57 



where it le iiç>oa?i-le for the external cooline to remove all of the flow of 

heat (the liDitine ▼»lue for la in each caae deternined ty ccnditione and 

proceaaee inaide the enelne chamber, the type of cooling liquid need, and the 

nature of the material of which the engine walla are made). Etader auch con¬ 

di tlona une ia made of other methoda of cooling the walla of the engine chamber 

or protecting them agilnat premature burnout. 

•0 

Figure 108. Total heat flow versua combustion chamber pressure. 

Aa we showed earlier, most commonly use is made of the following methoda of 

protecting the walla of the engine chamber: 

1. Internal cooling of the liquid-ftie] rocket engine. 

2. Mixed cooling of the liquid-ftiel recket engine. 

Apart from thia, a number of experimenta have been made to cool the walls 

of the engine chamber to keep them from burnout by using coatings or by means 

of heat accumulation. 

Internal Cooling. 

For purposes of Internal cooling of the chamber of the engine the latter 

is protected from burnout by using the method of creating around the wall a 

layer of gas of a temperature that ia relatively low compared with the tempera¬ 

tures at the core of the flow of heat. Thia layer usually is called the wall- 

alde layer. 

While the external cooling problem amounts to removing aa efficiently aa 

possible the heat entering a wall not protected against the action of gaaea 
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heated to a high teoperature, the internal cooling problem consista of reducing 

the heat flows to the walls of the engine combustion chamber by creating a «11* 

•Ida layer of lower temperature. 

The reduction of the te^wrature of the gas in the wall side layer is ob¬ 

tained ty artificially enriching this layer with one of the coiçonents, which 

in this instance functions at the sane time as a cooling agent. As a rule. 

this component is the combustible. 

(i) mdxocmuM jamnMM cm 
IVkipoÕQÚ (¿ax6í>iú)3aitíuMM cmû 

« \ nadava Mudxocmu du* 
OfiMmÖCKU* 

00 rofifovee 

(S) kucnumt 

3ateca nodaemc*WTiiteca /r'aexc* vepes 
•a iwoõKU enemy komcp* cnpanup acom 

Figure 109. Internal cooling of the engine chamber. 

1 — liquid protective layer; 2 — vaporous (gaseous) protective layer; 3 — 
feed inlet for fuel for internal cooling; ^ — combustible; 5 — oxiditer; 6 — 
curtain is fed from the head; 7 — curtain is fed through the wall of the com¬ 

bustion chamber and nozzle. 

Feeding of the excess fuel into the wall-side layer is effected either by 

suitable placing of jets at the head of the combustion chamber (see below. Section 

50), or by providing special zones for feeding liquid into the internal cooling. 

These zones may be placed either directly at the head of the engine chamber, or 

else in the cylindrical and nozzle parts of the chamber. 

In some instances it will be possible to feed water or gas for the purpose 

of internal cooling. If a liquio is used for the internal cooling, it will be 

turned into vapor under the action of strong heat currents, and there will be 
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created abe<c the llotild layer a protective layer contisti&c of vapore of the 

liquid in question (figure 110). In this Banner one obtains, so to speak, two 

distinct protective layers: one of vapor and one of liquid. The ineoaing liquid 

will spread very quickly along the chamber wall in a very thin layer under the 

action of the stream of the combustion products. 

As a result of the vaporization of the liquid, the thickneos of the vaporous 

layer upon the liquid will increase in the direction of movement of the current 

and that o the products of combustic.i. The enlargement of the vaporous layer 

will con irue up to the section where the liquid is completely vaporized. Be¬ 

yond this section there occurs a gradual decrease of the thickness of the va¬ 

porous layer, due to the fact that it becomes mingled with the general flow, 

i.e., due to the washing away of the vaporous curtain. However, the intensity 

of this washing-away process is relatively slight, and for this reason the pro¬ 

tective < ffect of the vaporous layer is preserved for a considerable distance 

(of the order of dozens of centimeters). 

Since the specific gravity of the vapor is many times less than that of 

the liquid, the vaporous layer has greater thickness than the liquid layer. 

Apart from that, since the heat conductivity of the vapcr is many times less 

than that of the liquid, the thermic resistance of the vaporous layer is several 

times as great as the thermic resistance of the liouid layer. 

As a result of the simultaneous influence of these two factors, the pro¬ 

tective action of the liquid layer is relatively slight as compared with that 

of the vaporous layer; and one may thus consider that the vaporous layer is the 

principal protective layer. . .. . . 
cjiri tinaprfoú nmumuvú, enoù 

Figure 110. Diagram to show the action of Internal cooling. 

1 — liquid layer; 2 — vaporous protective layer; 3 — cooling agent. 
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crMtM .*»»• t-ne Ulula layar a rrotactlra layar con.Utla¿ of rapora of tha 

IHula lo quaatloa '\,^ra 110). In thta nannar ona ottalna. ao to apaak, two 

diatlnot protactlra layara: ona of rap or and ona of liquid, Tha inconlng liquid 

»111 apraad aary quickly alone tha chan bar »all In a aary thin layar undar tha 

action of tha atrean of the ccnbuatlon producta. 

da a raault of tha aaporlaatlon of tha liquid, tha thlcknaaa of tha aaporoua 

laytr upon the liquid will increase in the direction of norenent of the current 

and that of the product« of co*bu»tion. T-a« enlargement of the vaporou« layer 

will continue up to the «ection where the liquid is completely vaporized. Be¬ 

yond this «ection there occur« a gradual decrease of the thickness of the va¬ 

porou« layer, due to the fact that it become« ningled with the general flow, 

i.e., due to the washing away of the vaporou« curtain. However, the intensity 

of thU washing-away process is relatively «light, and for this reason the pro¬ 

tective effect of the vaporous layer i« preserved for a considerable distance 

(of the order of dozen« of centimeter«). 

Since the specific gravity of the vapor 1« many time« le«« than that of 

the liquid, the vaporou« layer ha* greater thickness than the liquid layer. 

Apart from that* «ince the heat conductivity of the vapor is many times less 

than that of the liquid, the thermic resistance of the vaporous layer is several 

times as great as the thermic resistance of the liouid layer. 

As a result of the simultaneous influence of these two factor«, the pro¬ 

tective action of the liquid layer is relatively slight as compared with that 

of the vaporous layer; and one may thus consider that the vaporous layer is the 

urincipal protective layer. N ... 
1) mudnOCmnya CMÙ ViJapoiou 3atHUinnnuCA0u 

r r '• 

Figure 110. Diagram to «how the action of internal cooling. 

1 — liquid layer; 2 — vaporou« protective lay*?» 3 “ cooling agent. 
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In Figur« 111 «r« «hown data obtained fro« experinent* conducted by the 

author on wiation of heat flow« along th« length of the chanter of a liquid- 

fuel rocket engine when water wa« injected for internal cooling purpo«e«. 

Let ue concider the variation of the heat flow« in any one of the section« 

of the chanter, let u« «ay in section 8 (Figure 111), in relation to the ccn- 

•unption of water per second. We find that when only a snail quantity of water 

is expended for internal cooling (up to 1 g/»ec) there is no considerable de¬ 

crease of heat enission into the wall of the engine chanter in section 8 (the 

critical section of the nozzle), since all of the vapor formed in this connec¬ 

tion is washed away ty the flow of gas. When the anount of water used in the 

section under consideration is increased, a vaporous curtain is formed and the 

flow of heat currents into the wall of the chanber is reduced. Moreover, as 

shown in the diagrams of Figure 111* the decreare of heat flow into the wall 

is directly proportional to the expenditure of cooling agent for this curtain. 

However, when this expenditure Is increased to more than 18 g/sec, no further 

decline of the heat flows is observable. The reason for this phenomenon can 

be seen in the fact that the liquid film reached the section under consideration 

here, so that the entire surface of the nozzle from the feed zone to section 8 

was covered with a film of liquid. Obviously, with further increase in the 

consumption of the coding agent, there is no longer an increare in the surface 

of the liquid from which is formed the vapor which protects the wall section in 

question; hence the thickness of the protective layer in that section remains 

unchanged. An increase in the expenditure of water leads in this instance to 

an increase of the thickness of the liquid layer, which, for reasons previously 

indicated (relatively low thermic resistance of the liquid as compared with 

the vaporous layer), does not exert any substantial influence upon the exchange 

of heat. For this reason the first problem in arranging for Internal cooling 

is to create a stable curtain of vapor along the wall. 

One modification of internal cooling is the so-called "porous cooling 
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.y.U».* «th tht« •jritai th. wilt of the charter *re «ade of a perene “‘erial, 

the coollne ««ent poete. throu«h eery .»all openln«. equally dl.trlhuted crer 

the entire rerface of the chanher (Flfure 1U). Slther liquide or «a.e. can be 

used as cooling agonis in th® porous cooling syst®«. 

Figur« 111. Sffoct of int®rnal cooling on magnitud® of hrat flow. 

1 — fuel; 2 — cooling agent: witer; 3 — fu«1 coneunption 

In Figur® 113 are shown ®xperimental data on the cooling of a porous wall 

hy passing cold air through the openings. These data serve to indicate that 

only negligible quantities of the ^s are required to create a satisfactory cur¬ 

tain, if the cooling system using porous material is properly designed. 

It is not advisable, however, to have the entire wall of the chamber built 

of porous material, since a stable vaporous curtain can be created also with the 

aid of a feed tone to introduce liquid for internal cooling. 

Apart from that, one of the main disadvantages of the porous materials is 

that they possess only a low degree of durability. I*« to this fact, it would 

be necessary to build thick and heavy chamber walls. The second disadvantage 
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es„Lt. i. th. - th. .n*ln. U r-tloMnc. «- ,cr.. of *. 

mterlal lulckljr «x«»™ ob.tructe4; thu. It U «>7 dimeuU to cr 

poroul ia to rial that -oui. -.»tat. a «notant rat. of n.-rooLtano. throurf, 

out the entire eurface of the naterial. ^„metcropa«“* 

JLX)]puiiim**ú Cf OÙ MP* 
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rtguro 112. ^iaera» to ihow a forous coollne oyote». 

, . .. n. 2 — protective layer of vapor; 3 — 
! _ fio» of product, of connustlon.JP 
liquid fil»; h — porouo »all. 5 c°0ii « 
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^ _ t tonporature of hot faoeo. 

neuro 113. Experimental daU eonoeming h«t tran.f.r into the porou. -U' ^ 

to .11 known de.ie«. of the liquid-fuel rocket engin. «H» »■> Interna 

lag ayote» the eaporou. curtain i. created with the aid of cooling .one. 1- the 

for» of a ring-ohaped .lot or a nuaher of opening.. 

It i. »Tld.ntly po.eihle to deeign the Internal cooling oyote» oo that 

the engine chamher -ill he ahl. to function the required length of tl»e »1th- 

, U63 
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of this type poateta tha great di«advantage that th» cooling agent, which per¬ 

foran a supplementary function in the chaaber, dees not fully take part in the 

coahuation process, so that the total specific thrust of the liquid-fuel rocket 

engine with Internal cooling will he less than that of a liquid-fuel rocket 

engine with external cooling. For this reason it is cost connon at the present 

tine to protect the walle fron burnout by the use of the so-called mixed cooling 

aystea. 

The Mixed Systea of Cooling. 

Mixed cooling is the tern applied to a systen of cooling that nakes use 

simultaneously of the method of reneving heat flows by the use of a cooling 

liquid that flows through a cooling Jacket, and of the nethod of feeding in a 

protective curtain, either throughout the entire length of the chamber of only 

at the nost dangerous points. Usually the nost dangerous zones are those cf the 

inlet of the nozzle end the nozzle throat. 

Figure 114. Cooling zones in the chamber cf the engine of the A-4 rocket. 

1 — alcohol feed for external cooling; 2 — alcohol feed zones for internal 
cooling. 

As an example of a liquid-fuel rocket engine with nixed cooling we nay 

cite the chamber of the A-4 rocket engine (Figure 114), 

The liquid-fuel rocket engines with nixed cooling include also those 

liquid-fuel rocket engines in which a fuel feed sone for protecting the walls 
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fro« boated product» of conbjsticn 1» located along the periphery cf the head* 

M, for laitance* in the chonber of the BHT and R-3395 engine». 

Strictly speaking, the liquid-fuel rocket engine» with nixed cooling in- 
fflflratjH 

elude also those in which the lowering of temperatures in the wall-tide layer 

Is effected ly «eans of a group of appropriately-distributed Jets of combustible 

and oxldlser in the head of the engine chnnber. 

Protection of Combustion Chamber Vails aralnst Burnout by Means of Coatings 

or by Accumulation cf Heat. 

Protective wall coatings of heat-resistance ceramics on the hot side of 

the wall may be found to be a highly effective means of protecting the walls 

of the liquid-fuel rocket engine from burncut. K. E. Tsiolkovekiy, for in«Unce 

suggested covering the interior wills of the engine chamber with graphite, 

tungsten, or other heat-resistance naterialr,. 

Figure II5 shows the combustion chamber of the 0^-9, which was designed 

la I93O by T. P. Glushko. On the walls of this chamber use was made of a 

heat-insulating ceramic preparation based on zirconium oxides and magnesium. 

The nozzle part of the chamber was given a copper Insert for the accumulation 

of heat. 

However* notwithstanding the fact that the work on the use of ceramics for 

protecting the walls of the combustion chamber has long been in progress, this 

method has not been widely applied up to this time, since all of the existing 

ceramic substances readily crack under thermal stresses. 

la liquid-fuel rocket engines that have to function only for a very short 

period of time (up to 7 sec) the walls of the chamber are made very thick to 

provide protection against burnout, with a highly heat-conducting material 

for this purpose. The flow of heat that reachee the walle of the chamber le 

quickly absorbed, owing to the good heat conductivity, and is distributed over 

the satire mats of the metal, thus being, to to «peak, accumulated la the walls 

of the chamber. 
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figuro 115« Costuotion chaster of the C3K-9 engine. 

1 •• eeramic corering; 2 — copper insert for aecunulation of heat. 

Figure 116. The physical constants of kerosene. 
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Figur# 117. Physical constants for alcohol. 
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Figur« ll8* Physical constants for nitric acid. 

Figure 119. Physical constants for vater. 
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1 — "ater 
?. — Kerosene 

Figure 120, The relation of coefficient Z to teaperature»‘ r 

REVIEW QUESTIONS 

1. What basic forme of transfer of heat do you know? 

2« What is meant by "specific flow of heat?" 

3. Bow is the transfer of heat effected in convection? 

4« What is the "mass speed?" 

5. Explain the determination of the coefficient of heat conductivity 

and of the coefficient of heat transfer. 

6« Point out the basic characteristics of heat radiation in gases. 

7. How does the transfer of heat occur in the chamber of the liquid-fuel 

rocket engine? 

8. Point out basic characteristics of heat exchange in a liquid-fuel 

rocket engine. 

9. How do T and change in relation to the speed of flow of g«w. liq.w. 

the cooling liquid in external cooling? 

10« How do T and T.4 change in relation to the coefficient of heat g«w* liq.w. 
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conductivity of the material of the wall of the engine chamber? 

U. How do pro cauro and temperature in the combustion chamber influence 

the flow of heat in the wall of the engine chamber? 

12. Describe the moot important systems of external cooling. 

13. What forms of cooling tracts do you know? 

14. Hhat types of cooling systems for the liquid-fuel rocket engine do 

you know? 

IJ. What is meant by internal cooling? 

16. What methods of internal cooling do you know? 

17, What are the disadvantages connected with the use of porous rails 

for an internal cooling system? 

1Ô. Point out the most important disadvantages of internal cooling. 

19. What is the type of cooling system for liquid-fuel rocket engines 

that is known as Nmixed cooling?" 

20. Cite examples of the use of mixed cooling. 
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PART TWO 

THE DESIGHIMG OP LIOUID-FUEL HOCKET ENGINES 

According to Its itructural elements, the liquid-fuel rocket engine Is 

subdivided into the engine chamber and the feed system together with tanks. 

Some of the engines also have a senarate thrust frame« 

The engine chamber is the basic assembly of the liquid-fuel rocket engine, 

and in it is effected the ccmbustion of the fuel and the conversion of the heat 

energy, the latter resulting from the conversion of gases into kinetic enerar, 

for direct production of the reaction force. 

The feed system consists of the aggregate of the devices and mechanisms 

required to store and feed fuel into the engine chamber. This system comprises 

also the equipment needed for the starting, cut-off, and proper functioning of 

the engine while it is in operation. 

The thrust frame is required for transmitting the power of thrust to the 

body of the rocket, and to keep the engine in proper position with regard to 

the body of the rocket. 

Calculation of combustion and discharge in the engine makes it possible 

to determine only the basic dimensions of the nozzle, the specific thrust, and 

the consumption of fuel. All other dimensions, as well as the structural forms 

of the engine chamber and the feed system, nre ascertained in the process of 

designing a liquid-fuel rocket engine. 

The following basic requirements are the most important that cne must seek 

to meet in the process of designing. 

1. provision for efficient performance of the thermic process within the 

engine chamber. 

2. A high degree of efficiency in the matter of the weight of the liquid- 

fuel rocket engine. 

3. Reliable functioning of the liquid-fuel rocket engine. 

4. Technological adequacy of the structural details, so as to makt 

possible mass or largs-seals production of the engine. 
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CHAPTSH VIII 

DES ION ING TKF. nXIir, CHAMBER 

According to it* «tructural eleoenta, the engine chanher le eubdlvlded 

into the head, the combustion chamber, and the nozzle. 

The head of the engine chamber is that part of the chamber of the liiuld- 

fuel rocket engine which contain* the structure, required for introduction of 

the fuel components into the combustion chamber, their atomization, and sae¬ 

tines also their ignition for starting the engine. 

IIthin the combustion chamber occur the vaporization, mixture, and com- 

^ bustion of the fuel components. 

Th. no«!, of th. engine chamber It the name applied to that part of the 

chamber of a liquid-fuel rocket engine where the heat energy of tne pteee la 

converted into kinetic energy. 

The distinction between the combustion chamber and the nozzle is a con 

ventlona1 one. We may assume that the combustion chamber end. at that cross 

section where the speed of the products of combustion attains a high numerical 

valus. Ve may consider that such a cross section is one whose area is equal 

to three times the area of the critical cross section. 

Section 45. 1*. Prnr»s, of Combistlon in the Combustion Chamber of .the 

Llould-yuel Rocket Engine. 

The proc... of combustion In the ccmbu.tlon ctwmber of the liquid-fuel 

rocket engine differ, coneld.rebly from that which occur. In the chamber, and 

f 
w furnaces of other types of heat engines. 
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Th® noil iBport&nt chAracteri»tic« that dlatingulih the coobuatlon chamber 

of a liquid-fuel rocket engine freo that of other heat engine» are the following: 

The first characteristic of the process of combustion in the liquid-fuel 

rocket engine chamber is the high calorific intensity of the toIuoc of the 

combustion chamber. TCie calorific intensity of the volume oí a comoustion 

chamber or furnace is measured by the quantity of heat given off per ur t space 

per unit time. The calorific intensity is usually designated by the letter U, 

and is expressed in terns of kilo-cal/n^/hr. In the liquid-fuel rocicet engine 

it is preferable to express it in terns of kilo-cal/l/sec. 

It is obvious that , , 
Ü kilo-cal/l/sec kilo-cal/nP/hr 

3*4 (Till.!) 

In Table 2? are shown the calorific intensities and pressures for the fur¬ 

naces and combustion chambers of various types of heat engines. From the table 

it is apparent that the calorific intensity in the ccmbusticn chanber of a 

liquid-fuel rocket engine is hundreds of tines greater than in other heat engines. 

Such a great release of heat per unit of volume occasions particularly high 

requirenents for planning the process of combustion and formation wf mixtures 

in the liquid-fuel rocket engine. 
Table 27- 

Käme of Heat Engine 
Calorific I ntensity Pressure 

kg/cm* kilo-cal/mVhr 
U 

kilo-cal/l/sec 

Furnace of a stationary boiler 
installation 

Forced draft tube boiler 

Combustion chamber of an air 
feed Jet engine 

Combustion chamber of a liquid- 
fuel rocket engine 

(0.3-0.6) 106 

(1-3.5) 106 

(80-120) 106 

(1.3“7) 108 

0.0835-0.167 

0.278-0.045 

22.2-33.3 

5OO-47OO 

1 

1-4.5 

3-4 

15-50 

The second characteristic cf the combustion chanber functioning of the 

liquid-fuel rocket engine consists in the fact that in this chamber combustion 
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takes placs at high prsssures. 

Proa Table 27 it is apparent that in the conbustion chamber of a modern 

liquid-fuel rocket engine the pressure attains very high values: something of 

the order of 15-50 kg/cn^ and more, such as are not to be found in air feed Jet 

engines. The high temperatures and pressures in the engine chamber raise 

special requirements as regards the heat resistance of the construction arterial, 

and the cooling of this material, since under the conditions indicated very 

strong heat flows will impinge upon the walls of the chamber. 

The third characteristic of operation of the liquid-fuel rocket engine 

combustion chamber is the short time of stay T of the fuel in the chamber. 

By the term "time of stay of the fuel in the engine chamber" is nennt the average 

duration of time during which the fuel and the products if its combuctlon reaviin 

in the chamber. In the liquid-fuel rocket engine the tine of stay of the fuel 

in the combustion chamber is extremely short as compared with other heat engines. 

It is only natural, therefore, that to ensure the most complete combustion during 

such a short period of tine rne must assure a very good mixing of the fuel com¬ 

ponents. 

Diagram to Show the Progress of the Conbustion Process. 

According to the process of combustion, the conbustion chamber of the 

liquid-fuel rocket engine can be longitudinally subdivided into three distinct 

sones (Figure 121). 

The first zone (0-1) is the zone of atomization of the fuel components. 

It is located in the immediate vicinity of the injectors. The length of this 

zone la determined by the structural characteristics of the head of the com¬ 

bustion chamber and by the type of injector used (see Section h9). For simple 

stream injectors this zone is of greater length than it is for centrifugal 

/swirl/ injectors. 

The second zone (1-2) is the heating zone, and alzo the vaporization and 

mixing zone for the fuel mixture. Within it there occurs the heating, vapori- 
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xatlan, and nlxture of the fuel cocponents, and the combustion procesa is to 

•one extent started. 

Figure 121. Diagram showing the pro¬ 
gress of the combustion process in the 

•ngine chamber. 

is the relative quantity of atom¬ 

ised or vaporized or nixed or partly 
reacted fuel. 

Figure 122. Eddy currents of gas at 
the head of the chamber 

1 — Fuel cone; 2 — Reverse currents. 

1 — atomization; 2 — vaporization; 
3 — nixing; h — cheuical reactions; 
5 — pressure; 6 — temperature; 7 — 

speed 

The heat required for heating and vaporizing the fuel in the first and 

second zone is brought to the droplets of fuel by three different means; as 

a result of the powerful radiation from the core of flow, directly in the form 

of heat that is released in the reaction and as a result of the reverse eddy 

currents of gas that occur near the head (Figure 122). These reverse currents 

of gas bring with them the greater part of the heat. 
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Tha third tone (2-3, tee Figure 121) it the zone of coabustlon. It 1« in 

the zone that the proceet of combustión takes place. At the end of this zone 

a th'roodynanlc balance is established in the gas mixture of the products of 

combustion.. Section (3*4) belongs to the nozzle of the engine. 

In the first part of this zone (up to the cross section m-o) the rate of 

the chemical reactions is still slow, and for this reason the burning up of the 

fuel is determined by the speed of these reactions. This part of the zone is 

called the arr>a of kinetic combustión. 

The rise of temperature leads to a quick increase in the rate of the 

chemical reactions; and above a certain temperature all the fuel that is al¬ 

ready in mixed condition will burn up almost instantly. At this point the 

speed of combustion depends on the speed at which the components are being 

mixed, a speed that is dependent upon the speed of turbulent diffusion. For 

this reason this part of the zone is known as the area of diffusion combustion. 

In the liquid-fuel rocket engine the process of combustion takes place primarily 

in the diffusion area, so that the time required for complete combustion of the 

fuel is dependent in the main upon the rate of mixing the components. 

The efficiency of a combustion chamber is measured by the chamber co¬ 

efficient which evaluates the physical incompleteness of the burning 

process. The most important of the factors that exert an influence upon the 

completeness of combustion are the following: 

First of all, the quality of the atomization and mixing of the fuel. This 

depends on the type of location of the injectors at the head of the chamber, and 

also upon the shape of the head and of the combustion chamber. The more in¬ 

adequate the atomization and mixing of the fuel, the greater will be the amount 

of time required for completion of the chemical reaction, i.e., for complete 

burning. 

Secondly, the amount of time that can be allowed for the process of the 

chemical reactions of combustion. This will depend on the speed of the gas 
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within the eoahustion chamber, on the roluae of the conbustion chamber avail¬ 

able for the procese of coobistlon, and the pressure and température. 

A certain Influence upon the ccipleteness of the coabustion Is exerted also 

bgr the physical and chemical properties of the fuel. 

Section 46. Determining the Volume of the Coubustlon Chamber for a Lliuld- 

fuel Hocket Engine. 

At the present time we ctill have no method for crmputlng the volume of 

a coabustion chamber, one that accounts for the physical and chemical phenomena 

actually occurring in It. For this reason the volume of the coabustion chamber 

is determined by reference to the following criteria: 

1) the time of stay of the fuel In the conbustion chamber; 

2) the chamber volume-to~throat area ratio; 

3) the calorific Intensity of the volume of the coabustion chamber; 

4) the thrust of the engine in terns of liters. 

We shall in the following consider computation of the coabustion chamber 

from the point of view of each of the above-mentioned criteria. 

Determining Combustion Chamber Volume by the Tine of Stay of the ?uel in the 

Chamber. 

In Section 45 it was shiwn that the principal factor influencing the 

coapleteness of the combustion of the fuel in a given mixing process is the time 

that the fuel remains in the combustion chamber. For this reason computation 

of the volume of the combustion chamber is conducted the most properly by using 

this value. 

The actual time during which the fuel and its products of combustion 

remain in the chamber can be computed from the following equation: 

. lch 
Or 

sec*. 
XV (Fill.2) 

where 0 is the consuoptlon of fuel in kg/sec; 

le the certain average specific volume of the producte In the 
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conbustloa chanter, in teros of irVkg* 

Obviously, 0 it the voluoe of gas formed in the combustion chamber 

per unit of time T . 
tec 

The average specific volume v^ is greater than the specific volume of 

the liquid fuel, and less than the specific volume of the products of com¬ 

bustion. 

Since at the present time it is not possible to make an accurate deter- 
_ / 

mination of the average specific volume v^, the actual time of stay c is 

replaced, in computing the volume of a combustion chamber, by the conventional 

value of T as computed from formula (VIII.2), but substituting in that forr.ul* 

for the average specific vol.me vay the value for the specific volume of the 

products of combustion v , which is determined from the thermal calculation of 
2 

the engine. 

Since the value of v9 is greater than v , the T" computed in this cian- 
¿ av 

ner will be lees than the actual time of the presence of the fuel and products 

of combuetion in the chamber. However, the values for T and the actual time 

of presence bear a definite relation to each other. And it is for this reason 

that we can use the value for T in computing the volume for the combustion 

chamber. 

We find the expression for the tine of stay T by replacing the value for 

by V2» Applying the equation of state to the gas formed in the combustion 

chamber, we get 

Msec" GRiTt' 

whence 
f/t'i » —m3sec. 

(VIII.3) 

(VUI.h) 

where (in leg m/kg °C) and ?2 in °abe represent the gas constant and tempera¬ 

ture of the product« of combuetion in the chamber; they are determined from 
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the thermal calculation; 
2 

le the pressure in the combustion chamber, in terms of kg/m • 

If we substitute the value for Gv2 from equation (VIII.*0 in equation 

(till.2), we get 

whence 

V T* 

(TIII.5) 

(VIII.6) 

fep 
It is a known fact that the complex of parameter* for any given fuel 

is ft constant magnitude. Consequently, for a given liquid-fuel rocket engine 

P? 
with invariable fcr the value for —• is also practically a constant. 

If we take into consideration equation (VIII.5) and disregard the variation 

of the product of 1^2 due to the pressure, we find that for a given fuel and 

for an engine of a given type of construction the time of stay is not dependent 

upon the mte of consumption of fuel, since for a constant critical cross section 

the pressure in the chamber is proportional to the consumption per second, 

while the ratio — remains constant. In that event T* is dependent only 
P2 

upon the type of fuel used. For difierent fuels the required ( has different 

numerical values and must be determined experimentally. 

For purposes of computation one may assume a value of f *0.003-0.005 sec. 

Determining the Volume of the Combustion Chamber by the Chamber Volume-to-Throat 

Area Ratio. 

Chamber volume-to-throat area ratio is the nar.e applied to the quantity. 

» reduced7 

(VIII.7) 

m, 
7cr 

/red. 

where f is the area of the critical throat section of the combustion chamber 
cr 

2 
in ■ . 
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Pron formula (TU1.7) we get 

or, la terms of liters. 
Ikjwfgj.- W n3 

VoK»!^ • for ^redí» 

(TIII.0) 

(Till.9) 

The value for 7 for a liquid-fuel rocket engine will vary according to 
red 

the type of fuel used, ranging anywhere from 1,100 to ^,000 mm. 

In Table 20 are shown the values for the chamber volume-to-throat ares 

ratio of certain engines. 

Table 28 

Chamber Toluoe-to-throat Area Ratio Values of Certain 

Liquid-Fuel Rocket Engines 

Name of Engine 

A-4 

•Schmetterling 

•Wasserfall* 

•Schmidding" 

Fuel 

Liquid oxygen-t-alcohol (non-hypergolic) 

Nitric acid 1 nka-250 (hypergollc) 

Melange M-10 (90$ HNO- +10'j6 H SO ) 
optolene 8U1 

Sane as above 

Gaseous oxygen methyl alcohol (non- 
hypergolic) 

X , in mm 
red 

2.Q90 

1,860 

2,640 

935 

2,320 

The value for f is obtained from the thernodynanic calculation, 
cr 

It is not difficult to show that the chamber volume-to-throat area ratio/ 

and the time of stay Z* are mutually proportional parameters. 

In fact it is knowr that (see Section 37) 

(Tin.io) 

whence 
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(fin.il) 
m m 9,/tf^icbq 
'• fer 

Vt substitut« this Y&lue for p2 in «quation (VII1.5) and g«t 

Vieh /Mitch 
Äff» /ex* (VIII.12) 

or, sine« 

fer 

ve hay« 

(vin.13) 

For any ^iy«n fuel we nay in practice assume that 

const. 
(VIII.14) 

Thus w« see that T a»d ? j ar® proportional magnitudes. 
red 

Computation of the volume for the combustión chamber of a liquid-fuel 

rocket engine is sometimes effected also according to the calorific intensity 

and according to the thrust, in liters, of the liquid-fuel rocket engine. 

Determining the Volume of the Combustion Chamber by the Calorific _I_ntensi|y. 

According to the definition given in Section 45, the calorific intensity 

is given by the expression 

sec, 
Kch 

(fill.15) 

where G 

a 
u 

1 comb 

Tch 

is the fuel consumption per second, in kg/sec; 

is the calorific value of the fuel in kilo-cal/kg/ 

is the coefficient of combustion completeness; 

is the volume of the liquid-fuel rocket engine's combustion chamber 
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la liters. 

for prtllaiaary computation* it may be assumed that ^coab *1. 

Ibo Talus for the calorific intensity U for actually-completed liquid- 

fuel rocket engines is of the order of 500-^.700 kilo-cal/l/sec (see T*ble 33). 

Assigning a ralue for U and taking ^c(. as equal to 1, we can determine the 

Tolume of the chamber from the formula 

(VIII.16) 

Determining the Volume of the Combustion Chaaber According to the Thrust In 

Liters. 

The thrust in liters Pj is tne thrust of the liquid-fuel rocket engine 

for one liter of volume of the combustion chamber 
t 

kE/í» 
ch 

(VIII.17) 

where P is the total thrust of the engine in kg. 

Hence 

(VIII.18) 

The value of P^ in the case of the llquid-fud rocket engine varies with¬ 

in a range of 

Pj * 60-300 kg/f. 

The values for the calorific intensity and the thrust in liters are re¬ 

lated to each other. We express the specific thrust of the engine in terms 

of the calorific value of the fuel according to formulae (IV.20), (1.12), and 

(VIII.16). 

Therefore, 

* 
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V .tú gÂ ,ex? 

wh 

/A- - 0/¾ _• / 2 _ ^ O 
^Vomb^xp—^nconb^exp^ç ■ 

Conaequently the liter thrust is proportional to the value for vr 
and for a given engine the relation between then is invariable. 

If now we analyze the four criteria nentioned in the foregoing for deter- 

nining the volume of the conbustion chamber, we are in a position to draw the 

following conclusions. None of these criteria takes account of the influence 

of the shape of the conbustion chanber upon V^, although such influence, of 

course, actually does exist. Moreover, in confuting the volune of the com¬ 

bustion chanber according to these criteria we fail to take into account the 

nature of the progress of the combustion process, as determined by * nunber 

of structural and physicochemical factors. Therein lies the shortcoming of 

all of the above-cited criteria. 

When the volune of the conbustion chanber is computed on the basis of the 

calorific intensity, the value found fer will be greater the greater is the 

fuel consumption per second, and consequently the greater is the pressure in 

the combustion chanber (see formula (Vill.16), It an earlier context we showed 

that where the dimensions of the critical throat secticn are ccnstAnt, the 

time of stay in the combustion chamber will, if the fuel consumption is in¬ 

creased — and thus also the pressure — retain a constant value. Consequently 

it will in that event be unnecessary to increase the volune of the chanber. 

The calorific intensity U is thus a criterion that fails to take into 

account the influence of the pressure on the required volume of the conbustion 

chamber. The calorific intensity U and the liter thrust fail to express a 

basic factor that determines the combustion completeness of the mixture, namely, 

the anount of time available for the progress of the process of combustion. 

Consequently these criteria cannot be used for determining the volume 
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without Indicating the «lu« for the pr«s«ur. in th. chonhor. 

AetuniU. if « oznoine the data for exl.tine engines ehe« in Table 33. 

„ notice that there 1. a great dl.parity between the values for U and thoe. 

for . 
It will be better to deternln. the voice of th. conbuetlon dumber by 

the chamber volume-to-throet area ratio 7ni °r »dcordlng to the tine of stay 

T 1 .. according to fcroula. (TIIKé) and (VIII.8). It whould be pointed cut 

that even at the pre.ent time the voice of the ec.bu.tlon clumber of air-feed 

engine. ,. connonly determined by the ratio of th, calorific intensity of th, 

* i a accordinr to a nagnitude propor- 
chanter to the preasure in tne latter, i. •» 

tional to 

___ tR Deternlne the vole, for a eomou.tion chanter of an engine 

that use. th. following fuel: 96* nitric acid - kerosene, assclng that th. 

presaur. 1. the co.bustlon clumber i. P2 =*3 kg/c.2; the fuel conception 

G *10 kg/tec; and the excess oxidizer ratio cX*0.75. 

Solution: 

V. deternlne the voice of th. co.bustlon chanter by the tine of stay of 

the fuel in the contristion chanber. 

According to the data of the thecal calculation. If d* = 0.75 and p¿ = 

23 kg/«2, the temperature of co.bustlon T., In ths ohanber will be e.ual to 

T * 2,853° 
2 

The gas constant for the products of combustion will be 

a2 * 35.2 kg-n/kg °C 

Ve assume 't' to be e^ual to 0.0031 sec. ^ 

We then find the voice of the co.bustlon dumber according to (Vll.'.d). 

i.e. 
0 0033 -10-35 2 -2853 , u.ww iu -».-f —»0,0142 m3. 

rCh 23-iO* 
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Figure 123. different ahupes cf the combustion chamber, 

a — ball-shaped; b — cylindrical; c -- ccne-chaped; d -- seni-thermal nessle. 

Section ^7. Shapes of the Combustion Chamber. 

The known basic shapes of the combustion chamber for liquid-fuel rocket 

engines are as follows (Figure 123): 

1. Ball-shaped. 

2. Cylindrical. 

3. Cone-shaped. 

We shall now consider the advantages and disadvantages of each of these 

types of the chamber. 

The Ball-Shaped Combustion Chamber. 

Ball-shaped and nearly ball-shaped, i.e.t pear-shaped, combustion cham¬ 

bers offer the following advantages: 

1) A large surface a.-es of the combustion chamber for a given velum*, 

a factor which keeps down the weight cf the chamber and facilitates arrange¬ 

ments for ccolir.g, 

2) From the point of view of strength, this type of combustion chamber 
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requires only a very limited thickness of wall, for, as ve know from the course 

on etrength of materials, for a ball-shaped chamber the thickness of the vail, 

as determined by the permissible st*esses ^per vithin then, is equal to 

while for a cylindrical chamber it is 

A disadvantage of the ball-shaped combustion chamber can be seen in the 

fact that its production involves technological complications. Apart frcm 

that, a ball-shaped comtristicn chamber leaves little space for placing injec¬ 

tors, so that it is necessary to place cups at the head of the chamber, a fact 

which complicates even more the technology of production. 

The above-mentioned advantages and disadvantages of the tall-shaped com¬ 

bustion chamber account for its common use for liquid-fuel rocket engines cf 

very powerful thrust, where the volume of the chamber is sufficiently large 

and the use of cups is not unsuitable, and where the relatively small weight 

of the chamber restilting from the use of tho ball shape is quite a consider¬ 

able gain, although cases are kncvn also where the ball-shaped chamber was 

used for engines of small thrust (the "Walter" engine, as shown in Figure 125). 

As examples of liquid-fuel rocket engines with ball-shaped and pear-shaped 

combustion chambers we can also cite those of the A-Jt- rocket engine (Figure 124), 

and the "Wasserfall" (Figure 126). 

The chamber of thy engine of the A-4 rocket has large dimensions. The 

chamber is pear-shaped with a spherical head. It is technologically difficult 

to place the injectors on a spherical head; for that reason the fuel feed into 

the chamber is effected through the 18 cups (4), which are placed on the head 

in two concentric rows: six in the first row, and 12 cups in the second row 
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(•ee dlagraiBoatic Tiev of the head). 

The engine chamber hae mixed (internal and external) cooling. The ex¬ 

ternal cooling it effected by the coobuetible, alcohol, which is fed by way of 

six nozzles (6) into a ring-shaped belt (7)» from where the alcohol flows uni¬ 

formly into a cooling Jacket formed by the outer lining (10) and the inner 

lining (9) of the chamber. The open space in the cooling Jacket is not large 

(8 mm in all), and the alcohol flows rapidly into the head of the engine, thus 

cooling the walls of the chamber intensively, ^e combustible, after passing 

through the cooling Jacket, reaches the main combustible valve (2), which in 

it« cloned position prevents the flow of the combustible from the head's lower 

cavity (3) into the head's upper cavity (1). From cavity (1) the alcohol can 

flow into the cups (4). 

The internal cooling of the engine is effected by feeding the combustible 

onto the flame-side surface of the inner lining, through four basic cooling 

baits (8, 11, 12, and 14). Each of the three upper cooling belts constitutes 

a ring of steel, the combustible being conducted tc its outer cavity. Through 

a larga number of fine radial borings the combustible reaches the internal 

cooling system. For the passage of the alcohol flowing along the Jacket tc the 

head, longitudinal bored openings are provided in the internal cooling belts, 

these openings being located between the small radial openings. 

Similarly, the combustible for the internal cooling is fed into the chamber 

through a supplementary cooling belt (13). The latter consists of openings 

made directly in the internal lining (9). The openings are placed in 12 groups 

of three openings. The conbustible that passes through them protects the 

chamber walle from the powerful sprays of heated fuol that comes out of the 12 

cup» of the outside row. 

The principal belts for the Internal cooling receive fuel through four 

parallel tubes from the upper cavity of head (1) only at the time when the 

main valve (2) for the combustible it open. 
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I 

1 -- upper cavity; 2 -- main valve for combustible; 3 — lower cavity for com¬ 
bustible; U — cups; 5 — supports for transmission of thrust to the frame; 
6 -- noszle for conveyance of combustible; 7 — ring-shaped belt; 8 — lower 
belt for internal cooling; 9 -- internal lining of chamber; 10 — outer lining 
of chamber; 11-12 — internal cooling belts; 13— supplementary belt for in¬ 

ternal cooling: 1^ — upper belt for internal cooling. 

(A) — oxidizer (o:<ygen); (B) — location of antechambers on head; 
(C) — fuel (75* - alcohol). 

7-:s-9?m/v 488 



n
ei

õ
 

Z I •H 
Pi • * ^ a h 
i S •• 

1' .3 £ w 
O M 

— o 
u c a 

B • « « u 3 Ü P <M 
u a 

a H 
Vi tt c 
O U r-l 

^ 3 
5 ^1,3 
a <* i ■H V i 
^ P a o »H *d 

S*P 
* b S •POP 
M Vi <4 
0 

a c 
i o c 
i »4 »4 

•*» Tí 
r\ o • c a 
ilSt 

!°£ 
jS I « 

1 1 o a <«-• 
a fc ►» 

O w I ï- 
efS 
• • Si 
^ O 4B 
X> U 

4* «4 
Max 
§ sr 
^ a V4 
a M o 

c 
ce e V o V <*4 
a ♦» 

o I s 

d 
o «4 
*» 
V 
a 

a-> a 
a o a o w o 
V V 
u •• o 

'i! ^ c . 
O O ' 

1 
• a 
a c ► o 

ÏS 
0 . O 
•h p a 
r4 «4 0 

-2 g 

I«* C r-i I 
a X i 
*» «4 
0 P O' 
•h a 
. I '•: 
i a a 

o N 
<vj O *4 

■o • • I «H 
h I M 

° 
B Vi • 
« - o a 
X P p 
ÜJS 85 
3SÏA 

M a I a «4 i 
0MB ■H tí -O <V 

»-4 »< a ” 
JM a o V ••> 

r-4 a O k 
X ft-M ^ 
p I p a 
a I e J 
X w> o u 
8 •• V Vi 
o p O 

'I'l 

t 
Vi 
V4 
o 
T p e 
o 
p 

0 P^ O •H *H 
H w P 
a u 

•• a 
aka 
X *» 

p 
o a 
a 
a Tí 

a a o 
a o 
o a 
k a 
u 

Vi 
I O 

a 
O 
k 
o 

P T3 
a «4 
58 
B 
° ! o i 
I <-» to 
I M w 

•# • 
ps ..-a a 
w a a M 

►SÍ .. >-4 X P 
a ► fl 
-4 OP 
C Vi a 

»4 Vi a k 
o a »4 

a i o, V 
f-4 P «4 
X p a vi 
~i u o p kg 
a a c a 3 O 44 O 
X k P p 
B Vi O P 
o a o 
a a a a 

*h a a 
I X o I *4 o a 

p a 
^ a tí o 
< 3 d k 
w X c U 

489 



Legend: 

A) yuel (•Tonka") 
£) Oxidizer 

(nitric acid) 

Figure 126. Engine chr.nber of the "Wasserfall" rocket. 

1 — head; 2 — outer lining; 3 — Inner lining; b -- conbustibie line; 5 — 
conbuetible space; 6 — spacing strips; ? — connecting pipe for input of nitric 

acid. 

The openings of the supplementary cooling belt (13) have stoppers made 

of a readily-fusible material. After the engine is tartcd and the chamber 

has become heated, these stoppers beccmc fused and the supplementary belt of 

internal cooling begins to function. 

The lower external cooling belt (8) is sufficiently effective to make it 

possible to get along without the external cooling, and the nozzle section 

below it does not have external cooling. The chamber is welded together from 

a large number of stamped individual elements. 

The power of thrust gene” by the chamber is passed on to the frame 

of the engine by means of four cylindrical supports (5) that are welded to 

the external body of the chamber. 

the "Walter" engine chamber (see Figure 125) is of welded construction. 

It has a flat-shaped head (11) with twelve duplex fuel nozzles. 

The cooling of the chamber is effected by means of the conbuetible that 

reaches the ceding tract from the direction of the nozzle along line (1). In 

order to improve the cooling of the nozzle end, the cooling tract is provided 

with spiral ducts cn the internal lining (2) and on the split insert (4), 
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fron the cooling trace the conbustible pasees through tubes (6) to the 

cut-off talTt, and from there through a connecting pipe (9) into the head of 

the chanber (11), proceeding from there into the duplex fuel nettles (10) (for 

a description of the duplex fuel nozzles see below). 

The oxidizer pasces through T-aection (8) into injectors (10), and from 

these injectors it is fed into the combustion chanber. 

The lower part of the diagram shows the position of the injectors on the 

head. The injector sections of the three Jtages of engine operation are set 

off by dotted lines. 

In order to provide compensation for the heat expansion of inner lining 

(2) in the nozzle end of the chamber, a nobile joint between the inner and cuter 

lining is provided with a packing gland (5). The plates (12) serve the purpose 

of strengthening the chanber. 

The "Wasserfall" engine chamber (see Figure 126) has external, cooling, 

the latter being effected by feeding an oxidizer ("melange" M-10) through 

connecting pipe (7) into the chamber's cooling Jacket. 

The oxidizer passes through a cooling tract that is made in the foro of 

a slot-opening between the chamber's outer (2) and inner (3) lining. In order 

to ensure a constant size for the open space, lengthwise spacing strips (6) are 

welded through the entire length of the chamber to the inner lining (3), to 

ensure the maintenance of a minimum open space. 

From the cooling Jacket the oxidizer passes into the flat-shaped head (1), 

and through slanted borings it reaches the combustion chamber. 

The combustible (Tonka-8bl) is conducted through tube (U) into cavity (5), 

and from there through inclined borings it also reaches the combustion chamber. 

Inclined borings for the combustible and the oxidizer are so arranged that the 

axes intersect at a certain distance from the head. 

Thus the "Wasserfall" engine has a flat-shaped head provided with impinging 

hols injectors. 
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Cylindrical Comtmetlon Chamara. 

Except for the nozzle inlet, the cylindrical ccmbuetlon chanter hat through 

It« entire length the ehape of a cylinder of constant diaoeter D (eee Figure 123 b). 

The principal advantage of the cylindrical type of conbustion chamber is the sim¬ 

plicity of its construction, "ngines that have a detachable nozzle end and head 

are usually constructed with a cylindrical combustion chamber. 

Cylindrical combustion chambers are widely used for engines of small thrust. 

In connection with the more extensive use of flat-shaped heads, cylindrical com¬ 

bustion chambers have taken the place of ball-shaped chambers also in medium- 

thrust engines. Notwithstanding the disadvantages to be m ntioned later, cylin¬ 

drical conbustion chambers are beginning to be used even in large-thrust engines. 

Cylindrical combustion chambers are also used in muí ti-chamber engine 

Installations, made In the form of clusters of engines, because of the facility 

of arrangement. 

A shortcoming of the cylindrical combustion chambers cen be seen in the 

fact that their strength Is less than that of the ball-shaped chambers, and 

that they have a relatively large surface requiring cooling, a fact which makes 

it more difficult to provide an adequate cooling system. 

As examples of liquid-fuel rocket engines with cylindrical combustion 

chambers we nay mention the chambers ofthe CnK-65 engine (Figure 12?) designed 

by V. P. Glushko, the German K-3395 (Figure 128), and the German "Schmetter¬ 

ling (Figure 129). 

The chamber of the OHM-65 engine consiste of a turned steel inner lining 

(1), made in one piece with the nozzle end. To improve cooling it has a spiral 

ribbing in its nozzle and cylindrical portions, and an external hull (2). 

The cooling of the engine chamber is effected by the use of nitric acid fed in 

through connecting pipe (U). The oxidizer passes into the combustion chamber 

from the cooling Jacket through three helical injectors (5). 

« 
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Figure 12?. The chamber of the ORM-65 engine (1936). 

1 — inner lining of chamber; 2 — body of chamber; 3 — insert; ^ — connecting 
pipe for feeding oxidirer; 5 *- oxidizer injector; 6 — head of chamber; 7 — 
fuel injector; 8 - filament; 9 — igniting mixture; 10 — ignition pin. 

(1) — cross section along bb; (2) — oxidizer; (3) — combustible. 

Tfce head (6) of the engine has a spherical shape and is uncooled. Within 

it are located the three helical injectors (7) for feeding the combustible — 

kerosene. The head also contains an Incendiary device. When current is fed, 

resistance (8) burns through, and from the spark obtained in this manner igniter 

composition (9) is ignited. The latter ignite:* the incendiary mixture (10), which 

in turn Ignites the fuel components. 

The chamber of engine R-3395 (Figure 128) consiets of an external machined 

body (3) and an inner lining (8), the latter being made as seamless-turned piece 

from an aluminum alloy. The head of the engine (2) is flat-shaped, with stream 

injectors. The inner lining and the body are Joined together h>' bolts. The 

calking between the chamber and the body is effected by means of ring-shaped 

packing (1) and (7). The engine makes use of mixed (internal and external) 

cooling. 

The internal cooling of the engine is effected by using an oxidizer, nitric 

acid, which is fed into opening a and thus reaches the engine's cooling Jacket. 
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Figure 128. The chamber of the R-3?95 engine. 

1 — packing ring; 2 — head of engine; 3 — external hull; ^ — connecting pipe 
for output of oxidUer from cooling Jacket; 5 — packing ring; 6 — split slide 
block; 7 — packing ring; 3 — Inner lining of chamber; 9 — bolts for packing. 

a — Inlet for oxidizer into Jacket; b — exit for oxidizer from cooling Jacket; 
c M measurement of pressure in chamber; ^ opening to feed fuel for internal 
cooling; 3 — oxidizer cavity; f — fuel cavity. 

(A) -- fuel (tonka); (B) — oxidizer (nitric acid). 

Since the engine's thrust is only slight, and since consequently the 

consumption of oxidizer is snail, a very snail open space must be provided in 

the cooling Jacket so as to obtain the required speed of flow. This is done 

ly installing a split packing (6), which is fastened with bolts (9). The 

open space between the packing and the body of the chamber is made more rigid 

by packing ring (5). As it passes through the cooling Jacket, the nitric acid 

is directed through connecting pipe (h) an-! through exit b inte the main valve, 

whereupon it is fed into the cavity of the head. 

The fuel reaches cavity f likewise from the main valve. 

For the purposes of internal cooling, part of the fuel from cavity f is 

fed through lateral opening d into the empty «pace between the head and the 
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inner lining of tho chnnber, flowing in % fila of even thickness into the 

narrow slot between these two structural elements. 

The chanber of the "Schnetterling* engine (see Figure 129) is also con¬ 

structed in the fora of a sectional structure. 

The head (3) of the chaober is flat-shaped, with stream injectors whose 

ducts are bored into the body of the head. The conbustlon chanber is of cyl¬ 

indrical shape. The inner lining (5) is welded to head (3). 

The chamber has external cooling, effected with the aid of an oxidizer 

that is fed in through connecting pipe (20). The cooling tract is given the 

structure of a slot-shaped open space. A split packing (6) is placed in the 

nozzle end of the chamber to create a narrow slot. 

In order to keep the dimensions of the open space constant at 0.3 mm, a 

calibrated wire (21) is Inserted between the packing and the inner lining of 

the chamber.' To prevent a flow of cxidizer between the external lining and 

the packing, a packing ring (19) is inserted. 

From the cooling tract the oxidizer flows into the head and is from there 

directed through a bored opening into the starting Jet (15) and into the oxi- 

dlisr cavity (11), whence, through bored opening (1^), it reaches the combus¬ 

tion chamber. 

The combustible is fed to the head of the chamber through pipe (1) and pastas 

into the combustible cavity (17). From there the combustible reaches the igni¬ 

tion Jst (15) and, through bored openings, the stream injectors (18). 

The head of the chamber also contains a device for regulating the con¬ 

sumption of fuel conponents in proportion to the Mach number. This device 

functions in the following manner. Vhen the I'ach number change«, rotary motion 

is passed on from a regulator to gear wheel« (9) and (10). When these wheel« 

turn, their rotary motion if passed on to a regulating disc with lugs (12) 

and through sector 8 to regulating disc (13)* When this happens, the lugs 

4 
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of dite« (12) find (13) close or open part of the openings through which the 

fuel components are fed to injectors (14) and (18), with the result that the 

amount of components fed Into these Injectors Is either decreased or Increased, 

To prevent sector (8) from coming off gear wheel (9)» on disc (12) a recess 

la provided for the insertion of a loeiepin (2). The passage for fuel compon¬ 

ente to ignition Jets (15) and (16) is always kept open, regardless of the 

position of the regulating discs. In order to compensate for the heat expansion 

of the Inner lining (5), a movable Joint with packing gland (22) Is provided. 

One of the parameters characterising the combustion chamber is the con- 

•umption Intensity r. The consumption Intensity.value Is especially convenient 

for characterising cylindrical combustion chambers. 

The term consumption Intensity Is applied to the consumption per second 

of fuel or products of combustion passing through a given unit of area of the 

section of the chamber. The average consumption Intensity for a given cross 

section of the combustion chamber is determined by the formula 

g/sec cm2, 
'ch (¥111.19) 

«diere F »I» area th® cross section of the combustion chamber, 
ch 

Vs express the consumption G in terms of complex £ (see Section 17) 

o-!&p±t 
eo that ^ 

r 

where Pg i* the pressure in the combustion chamber in kg/cm . 

Since the value for p is essentially constant for a given fuel, the value 

for the consumption intensity is directly proportional to the pressure in the 

chamber, l.e. 
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T ml 

where K le a constant coefficient depending only on the type of fuel and the 

ratio ch 
‘cr 

For aodern fuel* the ralue for complex It 155-180 kg/eec- kg. If we 

F V 
assume 6, then the value for the coefficient K will be approximately 

equal to one, and one may consider that for a chamber of this type the con¬ 

sumption intensity of g/sec/ca^ is numerically equal to the pressure in the 

combustion chamber, expressed in kg/cm^. 

Chambers of combustion with nearly constant lengthwise pressure »re some¬ 

times referred to as Isobarlc chambers. Under this term we must include those 

chambers in which the ratio between the area of the cross section of the com¬ 

bustion chamber F . and the cross section area of the critical throat section cn 

f is greater than three, 
cr 

This ratio usually is referred to as the "dimensionless" area of the 

combustion chamber. If the value for ^ 3» there will occur during the 
*cr 

combustion in the chamber a considerable Increase of speed in its lengthwise 

direction. îhe pressure along the length of the combustion chamber will drop, 

according to the law of the conservation of energy, so that a chamber of this 

sort cannot be included among the iscbaric chambers. Ciiambers in which the 

value of the ratio is less than 3 are spoken of as "speed" chambers. Chambers 

in which this ratio equals 1 bear the name "semithermal” nozzle (see Figure 123 d). 

Cone-Shaped Combustion Chambers. 

In a cone-shaped combustion chamber (see Figure 123 c) the entire chamber 

essentially constitutes a nozzle inlet. This type offers the convenience of 

■axlmum simplicity of construction. 

The disadvantage of a cone-shaped combustion chamber consists in the fact 

that, as coopered with a ball-shaped or cylindrical conbustlon chamber, the 
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chaaber has a low specific thrust R#p. For this reas m this type of chnnber 

haw recently gone out of use. 

The low specific thrust of a cone-shnped chamber is due to the following 

reasons: 

1) In a cone-shaped chamber there 1» acceleration of the products of com¬ 

bustion lengthwise through the chamber, and consequently also a drop of pressure 

along the length of the chamber. Ihus the conversion of heat energy into the 

work of expansion remains less complete. 

2) In a cone-shaped chamber the zone of atomization and mixture of the 

corónente and the zone of fuel vaporization take up a larger space out of the 

total volume of the combustion chamber than is the case with ball-shaped and 

cylindrical combustion chambers. Consequently the zone of combustion occupies 

less space, and the procuss of combustion cannot be fully completed, so that 

the cone-shaped chamber usually has a lower chamber coefficient Cone- 

shaped chambers are used where simplicity of construction is a prime requisite. 

Having examined the different baaic forms of combustion chambers, we can 

now reach the conclusion that at the present time ball-shaped and cone-shaped 

combustion chambers are used for heavy-thrust engines. For engines of small 

or medium thrust cylindrical chambers are widely used. 

Section 48. Designing the Nozzle of an Engine Chamber. 

Basic Requirements for Construction of the Nozzle. 

In the nozzle of the combustion clamber there takes place the expansion 

and acceleration of the products of combustion. The type of construction of 

the nozzle will determine the nozzle coefficient ^ and, coisequently, the not 

exhaust velocity from the nozzle w^ and the specific thrust of the engine. 

From the thermal calculation of the engine we determine only the size of 

the critical throat section f and nf the exit section f of the nozzle. In 
cr j 

designing the combustion chamber the mouth of the entrance fen^ i* also de¬ 

termined (tee Figure 130). 
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But other important dioension« of the noizle — dinenelone that deteroine 

the efcape and constructional dinenelone (euch as the length of the nótele and 

the angles of Its Inlet and exit sections) — cannot he established by »eane 

of thernodynanlc calculation. 

Figure 130. The nottle of a llouid-fuel rocket engine's conbustion chanber. 

These noztle dimensions are so chosen in the process of desiring that 

the following requirements made of the noztle will be net to the fullest possible 

extent: 

1) It must hare the highest possible nozzle coefficient <Pnol. 

2) For given dimonsions of t and f the surface of the nozzle *a11s 

m.t hare th. inall.it dlnenslona po.slbl.. Ju.t ft. In designing the combus¬ 

tión chamber, fulminent of the requisite facilitates arrangements for cooling 

the nozzle and keeps down its weight. 

3) The construction and technology of the nozzle must be kept as simple 

as possible. 

As is 80 often the case in technology, the above-mentioned requisites are 

sratually exclusive; the complete satisfaction of one of them often entails 

isipalrlng other properties of the nozzle. For this reason it will be neces¬ 

sary to arrive at a compromise solution while planning the nozzle ..wording to 

the use for which the engine is intended. 

iHmmnm in thft Kozzlc. and Means of Reducing Them. 

fts losses in the nozzle are of four distinct types: 

1) Looses due to friction of the gases against the nozzle ^11. To 
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reduce euch lotees, the noztle turfftce crntt be nade at tnooth at possible. 

It will aleo be obvious that the smaller tho nozzle surface (i.e., its length) 

for given dimensions of f _ and f-, the smaller will be the losses due to 
cr j 

friction. 

2) Losses at the inlet, depending on the shape of the inlet section of 

the nozzle. These losses can be reduced if the inlet is made smooth. Con^ared 

with the other types of nozzle loss, these losses are small. 

3) Losses due to dispersion of velocity at the nozzle exit. 

The velocity vector changes its direction along the cross section of the 

nozzle. At the edge of the nozzle the velocity w^ is directed along the wall, 

i.e., it diverges from the direction of the axis of the engine. 

As we know from derivation of the engine's thrust equation, the reaction 

force arises only as a result of a change in the momentum of the gas stream 

along the axis of the engine, i.e., cnly due to those components of velocity 

which are parallel to the engine's axis w^' fFigure 131). 

The dispersion component of the velocity w^gp* being of radial direction, 

does not give any added thrust of the engine. Therefore the energy expended 

upon establishing the velocity wd is wasted energy. And this is what con¬ 

stitutes the loss due to dispersion of velocity. 

4) tomo cooocmu 

Legend: 

A) Dispersion 
velocity vector. 

Figure 131. Nozzle losses resulting from velocity dispersion. 

The magnitude of dispersion losses is determined by the magnitude of the 

angle of the nozzle cone at the exit 20(1 In order to keep down the losses 

due to dispersion, it is necessary to reduce the angle of the opening of the 

nozzle at the exit 2ol, in this manner decreasing the velocity ccmponent wdlBp* 

Allowance for the dispersion can be made by introducing a correction factor 
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into the exhftuet ▼elccity ft* average exhauet velocity will then 

take the fora 

«» • *, 

The correction le constituted by the ratio of the mcBentua of the gas flow 

along the engine's axle in a nozzle that is widened at an angle 20^ to the 

Bomentuc of the gases in an Ideal nozzle, l.e.^one where the gases would have 

only axial speed. The value for the coefficient of correction is shown by the 

following equation* 

*diap=7 O+cosJedt). 

Table 29 shows .he relation of the coefficient c? _ to the angle 2e*. 
disp 

Thble 29 

Value of the Coefficient in Relation to Angle 20< 

ftp • 4 s 12 16 20 24 28 32 36 40 

o.vCTjo.gowlo.^io.Qtti 0,9924 
1 

0,9890.0,9851 0.98r)6|o,9755¡0.9698 

, l 

The Table shows that for a nozzle with opening 20< *28° the velocity of 

discharge wy , and consequently the specific thrust p^ will constitute 98.55C 

of the velocity as determined according to formula (III.10). 

However, in the case of a nozzle that has the shape of a simple ccne the 

length of the cone will be increased if the angle 2o< is reduced, thus increas¬ 

ing the area of the surface. In order to avoid increasing the surface area 

of the nozzle the so-called profiled nozzles are used, where the angle of the 

opening, decreasing evenly along the length of the nozzle (Figure 132), is small 

in value at the exit. A nozzle obtained in this manner is considerably shorter 

than a simple cone-shaped nozzle (with the sane f and f ). The surface of cr j 

such a nozzle and, consequently its weight are considerably less than these of 

ID. Satton - 
Baketnyye dvlgatell. Izdatel'stvo inostrannoy literary /Rocket Engines. 

Foreign Literature Publishing Office/, 1952. 
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a tlif>le cone-thpred notzle. 

Th« profiled nozzles offer greater complications of production than do the 

cone-shaped nozzles, 

4) Looses originating from the separation of flow from the v&i.ls. It is 

possible for a rortex to be formed in the widening part of the nozt'e, due to 

the separation of flow from the walls. Such a separation can be ascribable to 

two different causes. 

The first of these causes is an excessively large angle of opening in the 

nozzle, such that the flow would not have time to expand in a radial direction. 

As a result of the separation of flow from the walls, zones of low pressure 

are formed around them, filling up of which forms vortices in the direction 

opposite to that of the flow of the gas, and consequently to the losses of 

energy expanded in creating the velocity of the eddy and reverse currents of 

the gases. For that reason it is inexpedient to have wide angles of opening 

for the trans-critical section of the nozzle. 

Figure 132. Ontoure of the nozzle with equal fcr and f^. 

1 — nozzle with profiled, arc-shaped circumference; 2 -- comnon cone-shaped 
nozzle; 3 — conventional type of gasodynanically profiled nozzle. 

The second cause occasioning a separatii of the stream in the nozzle is 

displacement of shock waves into the nozzle under conditions of overexpanslon. 

In the event of extreme overexpansion, the shock waves shift into the nozzle and 

bring about a separation of flow from the walls. As in the preceding case, this 

brings about an intensive formation of vorticity. 
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An abrupt change of the contour« of the wall« of the nottle can al«o cause 

the fornatlon of «hock wave« within the nozzle and therefore the p-ofile of the 

nozzle nuit be made snooth. In order that «hock wave« may not be formed, it 

is essential to make use of nozzles that are shaped in accordance with the dy¬ 

namics of gases, where the generatrix of the nozzle is th»j line of flow of the 

gases within the nozzle. 

One smst remember in this connection that — in contrast with the usual 

types of gasodynanically designed nozzles, where the angles of opening past 

the critical section are equal to 12-20 ; the liquid-fuel rocket engines nay, 

in the zone nearest the critical sec tien, have angles of opening as large as 

45-5O0. This is possible because in the nozzle of liquid-fuel rocket engines 

there occurs a liberation of heat due to the recombination reactions, thus 

helping the radial spreading of the current. Figure 132 shows the conteurs 

of nozzles of different shapes having equal values for f and f ; 1 — 
cr j 

nozzle, profiled with arc-shaped circumference; 2 — cone-shaped nozzle; 3 ** 

the conventional type of gasodynanically profiled nozzle. 

lozzles with arc-shaped circumference also give satisfactory results. 

The exit of the nozzle (that of the cone-shaped as well as that of the 

profiled nozzle) rust have a sharp exhaust edge, since a rounded edge would 

cause overexpansion and a breaking away of the current. 

Calculation of the Geometric Dimensions of Various lÿpes of Nozzles. 

In the liquid-fuel rocket engines the cone-shaped nozzles are used for the 

small-thrust engines, but sometimes also for these of intermediate thrust. 

Their advantage consis.s in the simplicity of manufacture. 

For the cone-shaped nozzles ore nay recommend the following values for 

the fundamental geometric dimensions (see Figure 130). 

Angle of entry to nozzle end: 

2fl-60+90*. 
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Figur« 133. Diagran of profilod nozzle. 

Exit angle of the nozzle: 

2a -20-r25°. 

Legend: 

A) Cone-shaped sections 
R ,. profiled 

C) 20C 44 
exit 

Badins of curvature of the critical section of the nozzle: 

The radius of curvature at the point of transition fron the cylindrical 

part of the combustion chanber to the nozzle part is chosen with a view to 

give the nozzle a smooth contour. 

Profiled nozzles are used for intermediate and heavy thrust engines, and 

also for engines that have extensive overexpansion. If a cone-chaped nozzle 

le used with engines of these types the losses due to dispersion will be con¬ 

siderable, and the length of the nozzle is sharply increased. For that reason 

the gain as to weight, in the case of the larger engines, is considerable if 

profiled nozzles are used. Rigid gasodynamic profiling of the nozzle, where the 

nozzle generatrix coincides with the stream line, requires rather painstaking 

and tedious calculation, and also very accurate execution of the designed pro¬ 

file. It is very much easier to produce a nozzle with a profile formed by 

etraight lines and arcs. 

Figure 133 shows a diagram of a profiled nozzle. 

The cone-shaped section 1-2 consists of straight lines. Section 2-3 has 

a spherical surface of radius Rproflle(i and may teralnate in a cone-shaped 

surface. 
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la recent linee, the liquid-fuel rocket enginet with profiled nottlee 

hare been wery exteneirely u»ed, 

ft. .nein, proposed V Z.ne.r (Saene.r) (Fleur. «U) oui ..rr. a. an «mopl. 

of thie type. 

Section 49. Injectors for AtonlzlnE the Puel. 

In liquid-fuel rocket engines the following types of injectors are used 

for ntoniling the fuel in the chamber (Figure 135): inpinging streae injectors 

(a and b) and centrifugal injectors (swirl Injectors) (c. d, and e). 

Fron the point of view of manufacture the injectors can be nade in the 

form of sicçle, fine borings in the head of the engine's chanber itself, or 

else in form of separate, independent assemblies for feeding the cosçonent which 

are fastened to tne head of the chanber. 

The injector may be a single-ccmponent or a duplex (integral) injector. 

The diagram of a duplex injector Is shewn in Figure 135 *• There the 

■Ixture of the components begins in the liquid phase while still in the pocket 

II, and this helps to prodv.ee a better mixture. 

Figure I36 shows the injector of a rValter" liquid-fuel rocket engine. It 

is integral and is used to feed both oxidizer and combustible. 

The combustible passes from the ring channel (8) in the injector assembly 

(9) through openings (7) and (6) into a narrow ring slit formed by insert (5) 

and the body of atomizer (U). In this manner the combustible flows from the 

injector in the form of a thin cylindrical film. 

The oxidizer, upon entering the injector through the upper connecting 

pipe (1), passes along the injector's axis and flows through the helical ducts 

of swirier (2). Coming out of the latter, the oxidizer Jets pass into a cone- 

shaped slit formed by the valve of the nozzle (3) and the seat of atomizer 

(4). The oxidizer flows out cf the injector in the form of a thin cone-shaped 

film, which intersects with the cylindrical film of fuel. This inçinging 

* favors better mixing and the atomising of the fnel. The spin imparted to 
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th« oxidixer contribute* the formation of a *ynnetrical cone-*hap*d filn* The 

▼aire (3) of the oxidixer «wirier ie connected by nean* of rod (10) with a 

■pring (11), which cause* the ralve to cloee when the feeding cf oxidixer i* 

•topped. During variable flow of oxidixer, this device bring* about •mailer 

change in pre**ure drop in the injector orifice. 

Figure 136. "Walter* type combined injector (two-stage injector). 

1 — connecting pipe for oxidixer feed; 2 — helical «wirier; 3 — valve; 4 -- 
body of the atomixer; 5 — insert; 6 and 7 — opening* of passage of combustible; 

8 _ ring channel; 9 — a*rerably; 10 — rod; 11 — spring. 
* % 

a -- combustible; 5 — oxidixer. 
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Th* calculation of .Inglo-conpon.nt injoctor. will ha dUcu..o4 lotor. 

Th* tvo-couçonent injector* can b* regarded a* an ateenbljr coneletlng cf two 

•in^le-cooponent Injectort. 

U order to obtain better ailing in the engine1, chaaber the injector muet 

atonie* the component into the emnlloet droplet, poeelble. and muet ensure that 

th«y will fill thr chamber a* evenly as poeelble. 

Stream Injectors. 

The etream injector* of the ueual type, are the ea.ie.t to manufacture. 

A* .how in Figure 135 a. they con.l.t of bored opening, in the head of the 

chamb*r or in fuel-feeding cup.. The .tream injector, have, however, certain 

disadvantage, that atice it difficult to oiganize the mixing proce., properly. 

Thet« disadvantages are the following. 

In the stream injectors the breaking up of the fuel into separate droplets 

Is brought about by friction of this stream with gases located in the chamber, 

and partly by variation of pressure within the stream itself. Since in in¬ 

jectors of this type the fuel flows in the form of a stream, the atomizer cone 

angle 2a is small for these injectors (10-15°). The zones where the fuel stream 

breaks up into separate droplets are remote from the head. Consequently one 

has to deal with a zone of atomization of considerable length. 

In order to improve the atomization, the stream injectors are often made 

with impinging streams (Figure 135 b). In this case the streams of components, 

striking against each other, break up more quickly, and consequently one obtains 

in this manner a better atomization and a shorter fuel flame. The cone of the 

atomization flame of such an atomizer is larger than for ordinary injectors of 

the type and measures up to 50”75°. 

As an example of an injector assembly with a stream injector one might 

cite the head of engine R-3395 (Figure 123) and that of the "Wasserffill" engine 

(Figure 126). In the "Wasserfall" engine fuel stream intersects several oxidizer 

streams. This improves also the uniformity of mixing of the fuel components. 
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As » variety ox* streaa injectors, one can also consider rin^slot injectors, 

which are used in the ■Walter" engine (see Figure 136). 

Calculation of Stream Injectors. 

In aaking computations for the stream injectors one proceeds ea the basis 

of the following considerations. As Is well known, the theoretical exhaust 

velocity of an incompressible liquid through an orifice is expressed by formula 

2f ~VsecJ 
(fill.20) 

where Ap « (p^ - p?) 1» the drop of pressure in kg/m“; 
2 

g is the acceleration of gravity in m/sec ; and 

^ is the specific weight of the liquid in kg/c . 

The flow of liquid through an injector orifice whose opening has the area 

f Is determined by the equation of flow 

(VIII.21) 

2 
where f is the cross section area of the orifice *n n ; 

u Is the discharge coefficient which takes into account the contraction 

of the Jet and the lacrease of the actual speed of flow as compared 

with the theoretical speed. 

Substituting in (VIII.21) the value for v as given in (VIII.20), we get 

OinJ-p/KSvi. (vu.22) 

The flow of liquid through all orifices for a given component is 

where F Is the total area of the holes of all injection orifices; 

(VII.2)) 
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The flow of cooçonent G through all injection orificee it known from the 

thermal calculation of the liquid-fuel rocket engine. The component epecific 

gravity ^ ie likewise known. The discharge coefficient Í3 determined according 

to the dimensions of the borings in the stream injector (Figure 137)» 

If 1 equals 0,5 - 1 there occurs a decrease of flow due to constriction 

of the stream (see Figure 137 a). The discharge coefficient in that instance 

Is 

V-0.60-i-0.65. 

fj) MtúcmôumefliHte 
uemestMut 

W Pac*tm*a* ctena 

* » 

rrrrrn 

3 h 
''/'/////////ss/ssA 

a) 

Figure 137. Discharge of the component from a stream injector. 

1 - theoretical diagram; 2 — actual discharge. 

If ^ equals 2-3 there occurs again a constriction of the stream; but 

since in this instance the pressure in the narrow cross section 1-1 (see Figure 

137 b) is less, due to rarefaction, than in the first instance, the speed through 

the narrow cross section will be higher. Thus the flow of the liquid increases 

notwithstanding the constriction of the stream. For that reason, if i equals 
d 

2-3 the value for the discharge coefficient is higher than if ^ equals 0.5 - 1, d 

and amounts to ^=0.75 - 0.85. 

Assuming that the drop of pressure on the injection orifices is 
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4p«3+8 kç/cs? « (3+8) IO4 kg/m^i 
* 

a« shown ln (TIII.23)• the awerage necessary total area of the Injection orí 

flees Is deterained as follows: 

ff-- P 

(fin.24) 

The number of Injection orifices to be used on the injecter head oust be 

determined in the designing of the head (see Section 50)» Once we know the 

number of injection orifices z, we can determine the area of the cross section 

of each orifice f 

(Till.25) 

The diameter of the orifices for the stream injector, depending on the 

overall dimensions of the liquid-fuel rocket engine, is taken as equal to 

d«0,8+2,5 m. 

It Is not advisable tc make an injectlcn orifice with diameter less than 

0.8 mm, so as to avoid clogging. Moreover, bored openings of such small di¬ 

mensions would present some technological difficulties. In order to facilitate 

the boring of holes of snail diameter, an effort is made to keep them at nini- 

sram length, boring a large diameter through the main thickness of the material. 

Any considerable increase of the diameter of the injection orifices (more than 

2.5 on) deteriorates the atomization of the component fed, since the stream 

cf component becomes too powerful and would net readily break up into droplets. 

If the diameter obtained in computing of an injection orifice is not 

suited to tho type of engine in question, it will become necessary to adopt a 

different pressure drop for the injection orifice Ap or else change the number 

of orifices z. 
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If it become» nece»»ary to make u*e of «eteral belt» of injection orifices 

with opening» of different diameter« it will be necessary, »trictly »peaking, 

to take into account the fact that the discharge coefficient Taries accord¬ 

ing to the diameter of the hole d. To »implify calculation, however, one may 

'»e for all injection orifice» the awerage value for the discharge coefficient ja» 

The above-mentioned design »eherne is also maintained for the ringslot 

injectors, for which it is necessary to take only the appropriate value of the 

discharge coefficient. 

Centrifugal Injectors (Swirl Injector»!. 

Centrifugal injector is th* term applied to those injectors where the 

liquid is fed through an artificially created swirl. As it passes out of the 

nozzle of the centrifugal injector, the liquid is subjected to the action of 

centrifugal forces and ccmes to form a thin film, which very quickly breaks 

up into droplets. 

The centrifugal injectors provide a very wide atomizer cone (up to 120°) 

and a short fuel spurt. This makes it possible to decrease the length of the 

atomising zone of the fuel components. 

Thus the centrifugal injectors provide better atomization thar the im¬ 

pinging stream injectors; but there is more difficulty involved in manufactur¬ 

ing the former and putting then in the head of the engine. 

According to the manner in which the swirl is imparted to the liquid, the 

centrifugal injectors are of the following types; tangential injectors (see 

Figure 135 <0 *nd swirl injectors ("helical injectors") (see Figure 135 c). 

In the tangential type of centrifugal injectors the liquid enters into 

the open space of the injector through an opening the axis of which is per¬ 

pendicular to the axis of the injector, but does not intersect with the latter. 

As a result, the liquid is given a twist with respect to the axis of the in¬ 

jector. 

la the swirl type of centrifugal injector the twist is created by means 

F-T3-9741/T 512 



of a «pocial »wirier that ha« a helical grooving on it« outer »urface. Moving 

along thi« helical groove, the liquid 1« put into «wirl with respect to the 

Injector axl«. 

Flow of the Liquid Through the Centrifugal Injector. 

In the tangential type of centrifugal injector (Figure 138) the liquid 

reaches the open «pace in the Injector through an Inlet opening that ha« a 

radius r and the velocity v . Thl« opening ia placed in auch nanner that 
ent ent 

it« axis 1« tangent to a circumference of radius r#at with a center which is 

located on the axis of the throat of the swirl Jet. Owing to this type of 

inlet the liquid passes through the cavity to the injector nozzle, swirling. 

Let us now consider the stream of liquid which, in moving through the injector, 

would enter the nozzle of the swirl Jet as a distance r from the latter's axis. 

1 — cross section along AA; 2 — cross section along 3B; 3 — cross section 
of the liquid stream f,^ in the nozzle of the swirl Jet (swlrler). (Magnified 

** and cross-hatched.) 

If we disregard the action of the forces of friction, the momentum of any 

liquid particle with respect to the axis of the injector is hound to retain a 

constant value throughout the entire passage from the entrance of the swirl 

Jet to the exit from the swirl Jet's nozzle. 

h / 

Wm-r. 
(TUI.26) 

where w is the circumferential speed of movement of the particle of liquid 
u 

in the nozzle at a distance r from the axis of the nozzle. i 

* 

t ; 
{ r-Ts-rfcih 513 



Since we nay aeauce that as an average for any stream (allowing merely 

for a ninor error due to changes in the value of R) the momentum of the liquid 

received by it at the inlet opening i* uniform and equal to w ^ • Ren^» the ve¬ 

locity wu varies according to radius r on which the stream impinges in the 

nozzle. 

(VIII.27) 

If we disregard the negligible theoretical difference of level between 

the inlet opening and the nozzle opening, the pressure in the stream of liquid 

can be determined by moans of the Bernoulli equation 

*ent is* , *»nt_ ' , »Î , 
i +!r~7+¿r+2, "con511 (VIII.23) 

where p#nt is the pressure of the liquid at the inlet opening; 

w9Q£ is the velocity of the liquid as it enters the injector; 

wu is the tangential component of the velocity of the liquid as it leaves 

the injector; and 

wft is the axial cozçonent ¢. the velocity of the liquid as it leaves the 

injector. 

Giving the value for the entire pressure drop on the swirl Jet by the sym¬ 

bol Ap Änd expressing it in terns of head H# we get: 

iî-w-îsît+ïini 
i t U 

Ve then get from equation (VIH.28): 

const. 
(VIII.29) 

7-w-®+â)- (VIII.30) 

From equation (VIII.27) it will be obvious that when 

^ r-*0 

wm—*oo. 

It follows from equation (Till.30) that the pressure of the liquid-on the 
• . 
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azi« of the Jot «mot hare an infinitely great negative value. Thio, however, 

it not possible for a liquid, since a liquid is quite incapable of talcing nega¬ 

tive stresses; that is, it is not capable of expansion. 

What actually happens in the injector is as follows: as the liquid gets 

closer to the injector's axis the velocity w^ will be increasing and the pressure 

p cropping, but only until pressure p bocones equal to the pressure of the 

surrounding medium into which the discharge takes place (during the spraying 

into the chamber that would be the pressure of the chamber). 

Any further decrease in the pressure in the central part of flow would be 

inqjossible, since only the base of this part penetrates through the nozzle into 

the surrounding medium, and consequently the central part of the injector will 

not be filled up with liquid. In that space there will exist a gaseous swirling 

with a pressure equal to that of the surrounding medium (pressure in the cham¬ 

ber). The flow of liquid along the nozzle of the injector will not take place 

throughout its entire cross section but only through the annular cross section, 

the inner radius of which is equal to the radius of the gaseous swirl r^, while 

the outer radiue is equal to the radius of the nozzle r^ (see Figure 139). 

In a centrifugal injector the full drop of pressure Ap is expended in 

creating a velocity w , of the liquid at the inlet opening, and an axial com- 

ponent of the velocity w in the swirl Jet's nozzle. 

The greater the velocity w as compared with the velocity w , the greater 
All tt 

will be the ratio of the tangential velocity of liquid and the greater the part 

of the pressure drop spent in creating the input velocity. 

The greater the intensity of the twist of the liquid, i.e., the greater the 

relation of tangential velocity to the axial velocity, the smaller will be the 

annular cross section of the nozzle f,. that is used by the passing liquid. 
llq 

The before-mentioned circumstance is a consequence of the fact that at the 

intensity of the constriction increase* there will be an increase of the radius 
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of the caseous swirl r^. 

In the theory of swirlers, the distribution of the pressure drop between 

the inlet cross section and the nozzle, and also the magnitude of the annular 

eorss section of the nozzle, are accounted for only by the discharge coeffi¬ 

cient p that is introduced into the formula for discharge of the liquid flowing 

through a swirler, while the entire pressure drop is conventionally referred 

to the nozzle opening. This formula takes the following fora: 

, 0«—/«pKiteVr- 
(TIII.31) 

from the foregoing it follows that the coefficient p varies according to 

the intensity of the swirl of the liquid, since in this case there occurs a 

reduction of the circular rea of the flow, and also a crop of pressure in the 

swirier's nozzle. 

As was pointed out by 0. N. Abramovich,1 the coefficient ^ is a function 

of the dimensionless magnitude A known as the geometric charac_teri_8_tic _qf_._thg. 

centrifuflal injector. 

The formula for the geometric characteristic of the Jet takes the follow 

ing fora 

'«it . . 

(▼III.32) 

The angle of the atomizer cone of the centrifugal injector 2a, also varies 

according to the geometric characteristic A; and for ordinary centrifugal in¬ 

jectors its value is as follows: 

2i-= 60+1200. 

The discharge coefficient and the value of the angle 2<x, the values 

for which are indicated in Figure 139 and IhO, have reference wo an ideally 

perfect liquid. For any ideal liquid possessed of visoosity the discharge 

I. Abramovich, Cazovaya dinamika vozdushno-reaktivnykh dvignte_ley /Õas 
Dynamics of Air Feed Jet Engines/, Izd. BNT, 19^7. 
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coefficient ie variable for two reasons: on one hand, the discharger of liquid 

it diminished due to losses of pressure through friction, i.e. U becomes 

■amller; and on the other hand, the friction decreases the nomentun of the 

liquid as it enters the nossle. The loss of part of this mcmenutm brings about 

an increase in^/, due to the fact that there is a loss of intensity of twist. 

The influence of the lose of swirl intensity is more pronounced than the in¬ 

fluence of Increased losses due to friction. Consequent^ the discharge coef¬ 

ficient for any real liquid flowing through a centrifugal injector will be 

higher than its value for an ideally perfect liquid. 

Figure 139. The relation between the 
discharge coefficient^ and the geo¬ 
metric characteristic of the injector 

A (formula). 

?ot* 

Figure 149. The relation between the 
angle of the atomiser ccno 2o( and the 
geometric characteristic of the injector 

A. 

The flow of liquid through a centrifugal injector with a swirler does not 

in any manner differ from the picture given above of this movement through an 

injector with tangential input. All of the conclusions reached in the fore¬ 

going are applicable also to this other type of injector. 

Calculation of Centrifugal Injectors. 

The calculation of centrifugal injectors (those with swirl and also the 

tangential type) ie to be made in the following manner. Knowing the approxi¬ 

mate dimensions of the injectors one can, when designing the head (see Section 

50), determine the number of injection orifices t that it will be possible to 

•deommodete in a given injector head. 
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Having deternlnnd the niucber of orifices, and knowing the flow of coopo- 

nent 6 passing through all orifices, we now detcmine the flow of the conso¬ 

nant through one orifice 

* (Till.33) 

The flow of the consonent passing through one injector can be deteroined 

by the expression (VIII.31) 

°inj -p/.V^/rç . 

where equals f(A). 

Starting out fron the docired value for the angle of the atomizer ctne, 

we assist a value for A and deternine y according to the graph of Figure 130. 

Ordinarily the value assigned for A is 1.5 - Knowing we can deter- 
/ 

mine f from equation (VIII.31). 
c 

After determining f and d it will be necessary to nalce a drawing of the c c 

entire injector selecting its dimensions in such a manner that the injector 

obtained will have the given geometric characteristic A. 

The geometric characteristic A for different types of injectors is de¬ 

termined from the following fomulae: 

Tor a tangential centrifugal injector with 0ne Inlet hole 

(VIII.34) 

Tor a tangential centrlfu^l injector with several inlet holes 

(VIII.35) 

where 1 is the number of tangential holes. 

Tor a centrifugal injector with a swlrler 

(TIII.36) 
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Here the value for B . 1« equal to the average radius of the helical passage 

(figure 141); 

f is the area of the cross section of helical passage of the swirler 

2 
in na , equal to 

(Tin.37) 

where 1 is the number of turns of the swirler threading; and 

f is the area of the cross section of passage of one convolution of 

1 2 
the swirler in mn . 

figure 141. Centrifugal injector with a swirler. 

The values for R 4 and r oust be given in nm when substituting in forcrula 
ent c 

(TIII.36). 

ism swirler must be chosen of sucu length that the liquid will nake about 

1/4 to 1/3 turn in the injector. If the length of the swirler is greater there 

will be unnecessary losses of pressure without inprovenent of the quality of 

atomisation. 

If, when designing an injector, one finds that it is hard to adhere to 

the selected value for A and the dimensions of the injector, the computation 

will have to be repeated, using new values for the dimensions and for the 

geometric characteristic A. 

Section 50. The Mixing Process in the Liquid-fuel Rocket Engine an^-i^i 

Designing of Heads /Injection AssembllesT«. 

The Mixing Process and its Requirements. 

The mixing process is the process of preparing the combustible and the 
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Oiiíaer for co.tu.Uon. In the nixing proce.e the fuel eonponente are broken 

up into tnall particle, that nlngle with each other and are partly raporlted. 

The efficiency with which thr fuel la prepared for the conbuetlon pro«., de- 

teminee to a large extent the efficiency of the conbuetlon pro«.. It.elf. which 

1. deternlned by the chanter coefficient <pch. and hence the .peclflc throat 

of the origine a* well. 

In order to ensure ccnplete combustion within the engine chamber, the 

nixing process must satisfy the following basic requirements: 

1. It nuet ensure uniform concentration of fuel throughout the cress 

•action of the combustion chamber. In other words, it is essential that through¬ 

out the entire cross section of the combustion chamber the coefficient of ex¬ 

cess oxidixer a (or the mixture ratio %) should be uniform and should if 

possible, be equal to the coefficient of excess oxidizer applicable to the entire 

engine ae a whole. It is obvious that the less satisfactorily this require¬ 

ment le met. the less efficient will be the combustion process and the greater 

the lóese» due to physical combustion inefficiency, i.e., the smaller will be 

the chamber coefficient. 

?.. The mixing process must ensure throughout the entire cross section 

of the combustion chamber a uniform field of consumption intensity, i.e., a 

uniform field of fuel flow speeds. 

Where this intensity (i.e., speed) 1» greater than was anticipated in de¬ 

termining upon the volume of the combustion chamber, the process of conbuetlon 

will not be fully completed and combustion will be incomplete. 

In placee where the intensity of flow is lower than that called for by 

the designer, incomplete utilization of the space of the chamber will be the 

result. 

3. It le essential that the procese of mixing should ensure considerable 

fineness of atomization of the components and adequate intermingling of the 
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coronen ta with aach other. The uniformity of tha conbu.tlon and the rata of 

eotçletlon of the eomhuatlot proceee p-aatly depend on the flneneaa of atcrnl- 

satlon and the Intensity of the nixinc. 

Fulfillment of all theee reqolreaenti can he achieved by proper eonatruc- 

tlon of the Injector a.a.mbllee, !... choice of the proper type of Injector. 

ehap. of the head., .„d dl.trlbutlrn of the Injector nótale, on the face of an 

injector. 

of Heads XInjector Aasenblles) fo_r_t.he Liouid-Fuel Hocket Knrinps. 

The following are the different tj^es of heads that are used for the liquid- 

fuel rocket engines: ¿late, »tent-shaped", and spherical heads wUh .„p. 

The plate type of head is used for li^ht and internediate thrust engines. 

It is best suited for cylindrical and cone-shaped combustion chambers, but is to 

some extent used also for other types of combustion chamber. 

The plate type of head offers the following advantages: 

— it is of very simple construction and offers no problems in manufacture; 

— its use on engines with cylindrical combustion chamber makes it possible 

to attain uniformity of the field of speeds and concentrations of fuel over 

the cross section of the chamber. 

A disadvantage of the simplest plate heads io their low strength and rigidity; 

for that reason they have been widely used only for liquid-fuel rocket engines 

of small or intermediate thrust. 

The plate heads for heavy thrust engines, where the chambers have large 

cross sections, have to be of special construction, so as to ensure their 

strength and rigidity. 

The second disadvantage of the plate heads is that when they are used in 

the engine difficulties often arise in connection with the position of the 

starting assembly. For that reason the plate heads are best suited for use in 

connection with chemical ignition of the fuel. 

As examples of liquid-fuel rocket engines with plate heads might be cited 

I 
t 
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th« engines ehown in Figures 128-129. 

The tent-shaped heads resemble a tent In shape (figure 11*2). They are used 

on ilgh* and intermediate thrust engines. 

The advantages of the tent-shaped heads are as follows: 1 — they have a 

larger surface than the plate heads have, and this rakes it possible to place 

a larger number of injectors and thereby improve the atomisation; 2 -- they 

permit relatively easy organisation of combustion by means of ¢. sparkplug or 

an explosive charge; 3 — they have satisfactory strength properties. 

Figure U*2. Diagrammatic view of the tent-shaped head. 

1 — fuel; 2 — oxidiser. 

The disadvantages of the tent-shaped heads consist in the difficulty of 

manufacturing then, and in the uneven distribution of the velocity of flow of 

the fuel along the cross section of the chamber. There is formed, along the 

axis of the combustion chamber, a "braid" of atomised fuel moving with great 

speed. 

As may be seen from the diagram and description of the A-l* cup given below, 

evenness of concentration of the fuel components along the cross section of the 

head can be attained by providing in the head a large number of injectors of 

varying range. In that case the strrams of combustible and oxidiser can pene¬ 

trate into various different depths of the combustion chamber, and provide for 

even distribution of the components. It is quite a difficult problem in practice, 

however, to organise efficient mixing in thle manner. 

Spherical heads with cups are used In engines with spherical or pear-shaped 
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conbu«tlon chanbtrt, i.e. only In heavy-thru*t entine*. 

The advantai^ of the spherical head consists to a large degree In the 

strength and the rigidity of Its construction. 

The disadvantage consists in the conplicated nature of the nanufacturlng 

process. 

All the known types of spherical heads were constructed with cups, so as 

to make It possible to place the required number of injection orifices on the 

head and to achieve satisfactory ignition of the fuel nlxture at starting. 

Putting a large number of cups on heavy-thrust engines helps to facilitate 

completion of the engine's design, since in this manner it becomes posable to 

do preliminary experimental finishing merely with one cup. This is much easier 

than completion of the entire combustion chamber as a whole. 

Like the engine's head, the cups must have the effect of ensuring even 

mixture of the fuel components and even fuel distribution across the cross 

section of the chamber. 

An exasçle of the spherical head is the head with cup of the engine of 

rocket A-4 (see Figure 124). 

Figure 143 shows the cup of rocket engine A-4. The oxidizer, ll<|uld 

oxygen, is fed along line 1 into a central stream injector 2. The combustible, 

alcohol, passes through injectors 3, 4, 5, and 6 located on the sloping side 

wall of the cup 7. 

When the components are brought in in this manner, it is very difficult to 

effect even distribution of the fuel over the cross section of the cup. In 

order to improve the mixing process under there conditions, six belts of open¬ 

ings are placed on tne oxidizer Jet. ard are arranged at different angles with 

respect to the axis of the cup. Under this arrangement more uniform penetration 

of the streams of oxidizer into the cup space is achieved. 
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Fleur« 143. Engine cup of Á-4 rocket. 

1 — oxidizer feed line; 2 — central Injector for oxidizer; 3 — upper belt 
of centrifugal ewirl Jet*; 4 — lateral etream injection orifices; 5 and 6 — 
combined etrean and centrifugal orifices; ? — internal lining of the ante¬ 

chamber. 

The fuel orifices are arranged in five belts. The upper row, 3t consists 

of centrifugal tangential holes of short projection range. They ensure olxture 

formation along the wall of the cup. The next two rows of orifices. 4, are 

stream injectors. They ensure penetration of the combustible to the central 

part of the cup. The two lower rows, 5 and 6, consist of combined stream 

holes and swirl Jets that are so designed they will ensure the best possible 

distribution of the combustible and its mixture with the oxidizer. 

Arrangement of Injectors and Other Devices on the Engine Head. 

The modern theory of combustion and mixture-formation does not yet suyjce 
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it posalblt for u« to conpute th®*« proco«*«* for th* liquid-fuel rocket encino 

chamber*. In plannlnc the engine head, therefore, one take* a* a basis the 

possibility of satisfying the basic requirements of mixture formation by taking 

advantage of the results of research and enperinentation in the operation of 

engines. 

In planning the head it is important above all to choose the type best 

suited to the design of the chamber in question and its parameters, and to take 

account at the same time of the types of injectors to be used. 

In determining upon the arrangement of the injectors there are three bade 

considerations to be taken into account: 

1. The arrangement of the injectors must satisfy the requirements made 

of the mixing process. 

For this purpose the head must be given the largest possible cumber of 

injectors, and they must be as evenly distributed as possible. 

If a mono-fuel is to be used, or If integral injectors are to be placed 

on the head, then the uniform distribution of the Jets will guarantee the 

uniform distribution of the fuel and oxidixer over the cross section of the 

combustion chamber. An effort must be made, in this connection, only to place 

the largest possible number of injectors on the head in order to ensure satis¬ 

factory atomization of the fuel. 

In engines operated with bipropellant fuels it will be necessary in ad¬ 

dition, if a good mixing process is to be ensured, to have a regular alter¬ 

nation of fuel and oxidizer Jets. One can easily conceive of several methods 

of distributing the fuel and oxidizer Jets on the head of the engine. 

Checkerboard arrangement of the orifices. Under this arxangenent the fuel 

and oxidizer Jets are placed in the order of the squares of a checkerboard, 

alternating with one another (Figure 144 a). The disadvantage of this method 

consists in the fact that the number of fuel Jets would come out very nearly 

equal to the number of oxidizer Jets. Sines the mass flow rats of the oxidizer 
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ia ordinarily 2-4 tinea aa great aa that of the f’iel, the oxidizer Jeta hare a 

■ueh greater flow under thia arrangement; thia nay hare an unfaromhle effect 

on the nixing proceaa, aince the powerf»»! atrean of oxidlaer nixea poorly with 

i relatively feeble atrean of combustible, and deflecta the latter to one aide. 

Honey-conb positioning of the orifices. Under thia arrangenent one gets 

a larger number of oxidizer Jeta than of cenbustible Jeta (aee Figure lh4 b). 

Aa ehown in the figure, under the honey-ccnb arrangenent each combustible Jet 

is surrounded by a group of oxidizer Jets, and the flow of the oxidizer Jets 

la nearly equal in quantity to the flaw of the combustible Jets, This favors a 

good atonisation of the fuel. 

a) UOMMamnot k) ComoBo» c) KoMqeumpuwecKO» 

X - (pOpClJHKU tOpKHtlO 

O - qwpcipmi OKucMime/i* , 

Figure 144. Approximate diagram of distributing the orifices. 

X — combustible Jeta; o — oxidizer Jets 

a — checkerboard; b -- honey-comb; c -- concentric. 

The distribution of orifices in concentric bel ta. Under thia method there 

la an alternation of belts of combustible and oxidizer orifices (aee Figure 144 c). 

The convenience of thia method consista in the fact that the procedure of feed¬ 

ing the fuel to the orifices is simplified (see below). 

2. The arrangement of the orifices must make it possible to protect_the 

chamber walls from burning; through when touched by a stream of oxldjjgr» 

The orlficea sraet be placed on the head in such manner that it would be 

impossible for a stress of fuel with exceas oxidizer to hit the wall of the 
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eoBbuation chftnber. If the excees oxidiitr «hould «trike the »11, the Utter 

Blght e&illy burn through a« result of oxidation cf the netal. 

In ord«r to protect the uall« fron being burned through by excees oxidizer, 

the Jete nust be placed in euch manner that the resultant direction of the 

etrean of fuel, after encountering all of the other etreane, will be parallel 

to the axle of the chanber. Thie renark hae reference especially to impinging 

etrean injector«. It ie desirable that the stream» of oxidizer «hould not 

strike alpinst the walle of the cembuetion chamber. 

*y proper arrangenent of the fuel and oxidizer orifice« of a biprcpellant 

fuel engine one nay also nake arrangenent« for the internal cooling of the engine, 

providing for an excess of fuel around the surface of the chamber walls. In 

this instance it will be necessary to infringe upon the principle »elected for 

alternation of the Jete, and to place along the periphery of the head a number 

of extra fuel Jet« designed to create a fuel curtain around the wall«. 

In order to keep down the expenditure of fuel in creating such a curtain 

the peripheral orifice» discharge less a« compared with the principal orifice«. 

As an example of a head with this type of obstruction nay be cited the head 

of engine R-3395 (««a Figure 107). In thi« instance there are 30 peripheral 

injection orifices of 0.6 mn diameter which deliver 30^0* of the total fuel 

flow, 
e 

3• The distribution of injectors must be such as to provide convenient 

und independent flow of the respective co!nponent»,..,to_jhe__lnjector«. 

Thie problem has to be solved in a number of different ways (see Figure 

lh5), according to the type of chamber and the various type« of injectors em¬ 

ployed for the head. On liquid-fuel rocket engines with cup heads and on engin«« 

with tent-shaped main heads a powerful stream injector (Figure 145 a) with a 

large number of openings is provided to feed oxidizer. A number of fuel in¬ 

jectors are placed around it; and these are made in the form of stream and 
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centrifugal Jeta. Th« cup of the A-h rocket engine, for Instance, le nade in 

this fora. Vith this arrangenent of Jeta It la easy to nake provision for 

bringing in separately the fuel and the oxidixer, wi.hout thereby complicating 

the etructure of the head. 

In the Geraan engines of 19*0-1945 use vas nade of nassive heads vith a 

large nunber of strean injectors (Figure 145 b and see also Figure 126), l.e. 

narrow borings in the head, provided to feed condónente to the ch&nber. With 

this type of head structure one can attain even distribution and alternation 

of the atonlzatlon borings; and that is precisely their merit. 

At the saae tine it is difficult to provide proper feeding of components 

to the respective Jets, since it is not an easy natter to have a large number 

of feed qpenings vith uniform hydraulic resistance. The evenness of fuel dis¬ 

persion is made to suffer thereby, since there will be differences as to the 

actual drop of pressure in the injector, and thus as to the amount of conponent 

discharged. Apart from that, heads of the type in question are difficult to 

manufacture, and because of their massive size they are peor removers of heat. 

Vhen the concentric arrangement of injection orifices is adopted, the 

supply of component is taken into a collector which leads to all of the ori¬ 

fices of the sane belt (see Figure 145 c). In this manner a fairly even 

pressure drop is maintained on all orifices of one and the same concentric belt. 

The honey-comb or checkerboard arrangement of injection orifices can be 

applied by using a head with two cavities located one above the other (see 

Figure 145 d). This type of head permite a fairly even distribution of pressure 

on all orifice* for one and the sane conponent. In view of certain structural 

considerations it is customary to feed to the lover cavity the conponent that 

is used to cool the entire engine. Since these are heads of the plate type, 

they are used for medium and light-thrust engines, since their qualities re¬ 

garding durability and especially rigidity are snail. 
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Ib eat«« where It hecocet necessary to place ignition devices on the head, 

or exhausts( or any other devices, it will he necessary, of course, to use as 

little space for these devices as possible; because, in the first place, they 

take up rooa that is needed for additional injectors, and, secondly, they inter* 

fere with the even distribution of fuel over the cross section of the chaaber, 

isipalrlng the utilization of the volune of the combustion chamber, 

I 

€1 

Figure IU5. Methods of feeding fuel components in the different types of 
injector assembly. 

^ .. tent-shaped injector with central oxidizer conduit; b — injector with 
narrow borings for admitting components; c — injector with concentric orifice 
belts for fuel and oxidizer feed; d — dcuble-bottom injector with honey-comb 

or checkerboard arrangement of injection orifices. 

Moreover, the components coming from the injection orifices form a cooling 

tone in front of the injector. This zone protects the injector asoembly from 

highly seated streans. If the surface of the head has large areas not protected 

by the component, a burnout of the head might easily occur at that point, since 

the external cooling of the head is not very effective, due to t>e low speed 

F-TS-9741/t 529 



o 
4 

I 
V 

1* 

of the cooling liquid. 

Procedure for Deelgnln/; the Injector Aeeecbly. 

We hare discussed the types of Injector heads and orifices, provided a method 

of calculating the injectors, and pointed out how the injectors should to arrang¬ 

ed on the head. Dn the basis of this information we design the «njector assembly 

In accordance with the following procedure: 

1) we choose the shape of the injector design according to the engine's 

thrust and the parameters of its combustion chamber; 

2) In keeping with the method of starting the engine (multiple or single 

action, method of Ignition) we decide what devices will have to be accommodated 

on the head of the engine, and we also choose the type of injectors to be used; 

3) we decide upon a system for distributing the Injection orifices on 

the head, and we determine the general geometric layout of the head; 

4) we determine In advance the number of Injection orifices and the flow 

of coiponents through each; 

Figure 146. Spray injector during water tests. 

5) we perform the computations for the injection orifices; and 

6) we make a check on the dimensions of the injection orifices (this 

applies especially to the centrifugal injectors), and the possibility of the 
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distribution of the needed number of injection orifices over the Injector face. 

Vs should now eqphasiie once nore tÎAt there is as yet no accurate cal¬ 

culation of an injector asteably and of the nixing elements; and for that 

reason it is particularly important that In designing the Injector one should 

aake fullest use of experience gained la the operation of already existing »n- 

glnes; and experimental finishing using water should be employed, to t^st the 

properties of atomization, with eubeequent teete on the engine. Figure 2^5 

shows experimental operation of the head by use of water, to determine the 

efficiency of atomization. 

Section 51. General Probleme In Deelgnlnir Combustion Chamber». 

In the actrial work of designing the chamber of an engine it becuiues neces¬ 

sary to solre a great variety of problems connected with the choice of material 

for the chamber, the structural form and dimensions of its various parts, the 

conjugation of these parts, and so forth. 

In the great majority of cases the preliminary calculation of elements 

of the chamber turns out to be impossible or insufficiently substantiated. 

Thus when designing a chamber, one should select the material, as well as the 

structure of the chamber and its components, on the basis of general consider¬ 

ations, and then make test calculations of its individual components. An ex¬ 

ample of test calculation is the calculation of cooling discussed in Chapter VII. 

Vt shall now take up a number of the basic problems that arise in the 

designing of the engine chamber. 

The Materials Used in Manufacture of the Combustion Chamber. 

Differences at to the working conditions and use for a given liquid-fuel 

rocket engine impose a great variety of conflicting requirements upon the 

building material, especially that of Its inner walls. Most Important among 

these requirements are the following: 

1. The building materials used for the liquid-fuel rocket engine chambers 
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Mat provida for: 

a) ¿ood weldability and pliability: 

b) good cachlnablllty, alnce the head and the chanber Itaelf present con- 

plez fcraa: 
* 

c) bleb resistance to corrosion. This requlrenent applies particularly 

to engines for repeated action which would require a large number of startings. 

2. The aaterlal used for construction of the Inner walls of the liquid- 

fuel rocket engine chanber oust provide for: 

a) thermal conducting. The better the material's thermal conductivity, 

the lower will be the temperature of the gas wall of the engine chamber (see 

Section 40), and the higher the strength cf the wall. 

b) a high degree of heat resistance,^ since the chanber functions at 

high testeratures, Irrespective of any measures that might be taken to lower 

the temperatures. 

c) a high degree of resistance to wear and tear (erosion) at high gas 

speeds and In the midst of an oxidising environment — l.e. the material must 

be heat-resistant ("heat-stabla" /sharestoykl¿7). 

3. The materials chosen for the construction of a liquid-fuel rocket 

engine must so far as possible be of light weight, l.e. possess the lowest 

specific gravity possible under the circumstances. Under a given stress, 

determined by the pressure p2 acting upen the structure, the weight of th«i 

latter will vary according to the thickness of the material and the latter's 

specific gravity. 

The thickness of the material is, In its turn, dependent upon the maximum 

safe stress d* . Consequently the properties of the material as to weight 
safe 

will vary according to the ratio — safe 

*Heat resistance (zharoprochnost*) Is the ability of a material to retain Its 
mechanical properties av high temperatures. 

Beat stability (sharestoykost') Is the ability of a metal to resist for a long 
tine the action of high temperatures. 
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it th. present tlae there doee set exist s .Iscle ssterlal that «asid net 

I the U" »H of the requlresssts set forth show. 

Th. haele saterlel. seed for the liquid-fuel rocket es*!», cas be classi¬ 

fied Into the foil ovine eroupt, according to their heat eonduetlTlty. 

High Conductivity HaterUle. inong th... are copper and alunlnun. and 

likewise alloy, of other .stale. A. «spared with etssl. these ««„rial, have 

low e»f. .trees (t.n.lon), and also a low d.grs. cf heat „sletr.nce. 

Alualmin alloy*, lend theaselYe« readily to aachining. 

There have been engine chamber, cade, ,.g. that of Engins H-339J (.,. 

Tlgur. 128) with an Internal lining of alunlnun. Copp,r ha. a higher dsgrse 

of heat conductivity, but. Ilk. aluminum. It can be u.sd only 1. those eon 

bastion chamber eonstructlcn. where th. Inner wall,, .. « rs.ult of rolnforce- 

«ent, are partly exempt free mechanical load«. 

Medium Conductivity Material,. Among the., belong. In the flm place. 

I ““ *t*'1* 0f lm “■■‘o» «o»*«“ ‘hot have a heat conductivity coefficient 

A = hO-50 kllo-cal/m hour °C. These .teel. are ea.lly stamped and welded. 

A. cospared with copper and aluminum alloy., they have a high degree of heat 

resistance; and that compénsate, for their low degree of heat conductivity. 

Steels of low carbon content that have a „tl.faetory value for °J»f« are 

relatively Inexpensive and widely need In technology. These are the material. 

ehl.fl, u.ed for liquid-fuel rocket engine co.bu.tlon chamber«, notwlth.tending 

the disadvantages connected with then: their ready oxidation and low re.l.tanc. 

to orosion. Th. combu.tlon chamber, of th. A-4. ■Wasserfall* and •Hhelntochter* 

particularly, are made from these steels. 

Among the .edlum heat-ecnductlvity material, with high chemical re.l.Unc. 

“d he «aliened nickel; but the latter 1. very co.tly. end 

, “ n0t U"’d f9r ehnmber. that function with the usual type, of fuel. 

„ LOW Heat Conductivity Material.. To th... belong the heat re.i.taat 

•Hoy. of the type. m8H9; in8H9T; and other,. They function w.11 at high 
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temperature* and are corroeion reelstant. As a rule, however, they do not 

lead thenselves readily to stamping and welding. Moreover, they are expensive 

critical naterlals. In the chambers of the liquid-fuel rocket engines they are 

used only for the construetlon of engines intended for repeated use that are 

fueled with aggressive components. As an example of this type of liquid-fuel 

rocket engine might be cited the chamber of the "Valter" engine (see Figure 

125). 

¢/ way of conclusion it nay be said that the materials best suited for 

liquid-fuel rocket engines that are intended for repeated use and are fueled 

with aggressive and non-aggressive components are the steels of low carbon 

content. As an example for this might be mentioned the A-4 rocket engine (see 

Figure 12h), which is made of steel of low carbon content. 

Table 31 shows the properties of some of the construction materials. 

Operating Conditions of Materials in the Vails of Engine Chambers. 

Operating conditions are greatly different for the materials of different 

parts cf the engine chamber. 

The material of the outer chamber wall, and also that of the bottoms of 

the head, functions practically at low (normal) temperatures, and consequently 

no special demands need to be made for this material. 

The load upon these parts is determined by the pressure active in the 

cooling Jackets. Aside from mechanical resistance these parts and also their 

points of Junction have to possess a certain amount of rigidity in view of the 

fact that a certain amount of heat vibration nay arise in the chamber of a 

liquid-fuel rocket engine when the pressure is changed at brief intervals. This 

vibration effect may cause destruction of the engine assemblies if they do not 

possess sufficient rigidity. 

The outer engine walls and the heads are usually designed as thin-wnlled 

containers loaded with internal pressures. 

Considerably more complex and variable are the conditions of functioning 

’ 

i Í34 
ï 
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for the Inner lining of the chamber. In the course of the engine's work the 

n&terlals of the inner lining are exposed to a load froa drops of pressure in 

the cooling Jacket, due to differences in pressure between the cooling sleeve 

and the chamber (Figure Ih?), These loads differ from different periods in the 

work of the notor. When starting, while there is no pressure in the engine 

chamber, the pressure on all cross sections is nearly constant and varies only 

due to changes in pressure along the cooling jacket as a result of its hydraulic 

resistance. The maximum pressure drop will be rç>on that section where the cool¬ 

ing conponent enters th i cooling jacket. 

Figure 1^7. Pressure distribution in an engine chamber with external cooling. 

When the engine is in operation the pressure drop Ap. which causes load¬ 

ing of the inner Jacket of the chamber, varies from one point to another along 

ite length. 

It changes due to the fact that the internal pressure in the chamber and 

the pressure in the cooling Jacket vary over the length of the engine chamber. 

With the usual method of feeding the cooling component from the direction of the 

nozzle end, the maximum pressure drop will occur at the exit section of the 

nozsle. 

Apart from that, operating conditions for the inner lining of the chamber 

are complicated alec by its high temperature. 
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H la a wall known fact that the durability of a naterial la in a larga 

aeaaure dependent xçon ita tecçarature; and for that reason the durability of 

the walla of the engine cixuaber will vary both over the different crosa-eectlone 

of the engine and during different période of engine operation. 

The rigidity la greatly inportant for proper functioning of the inner 

lining because the lining is always under external pressure while the engine 

la functioning. At high tenperatures the inner lining can easily lose its 

rigidity, and that night quickly result in its burning out. 

figure 1^8. Loss of stability in the engine chamber. 

1 — inner lining after a loss of stability; 2 — outer lining; 3 — inner 
lining before loss of stability. 

Figure 148 shows diagramnatlcally the marner in which the lining of an 

engine chamber may lose its stability. 

In order to protect the inner lining of the engine chamber from loss of 

stability under the action of pressure in the cooling tract, use is made of 

ao-called reinforced linings, where in some way or other the inner lining is 

fastened to the outer lining. 

Starting out from the above-described operating conditions for the chamber 
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V» ny now citt the two noet characteristic operating conditions for which a 

test calculation should be nade: 

1. The Starting of the Engine. During this condition the greatest pressure 

drop opon the inner lining can be noted. A check is to be made of the cross 

■ection where the greatest pressure drop occurs (cross section 3, figure lU?), 

and also of the cross section that has the largest diareter. In doing so, the 

strength properties of the netal are chosen for nornal temperatures. Calcula¬ 

tion is nade for the durability and for the stability of the lining. 

2. Engine Operation. During these conditions the pressure drops in all 

sections, except the exit, are somewhat reduced; but there occurs also a great 

rise of terperatures, and the strength of the walla declines sharply. In this 

case it is neceesary to take into account the dependence of the admissible 

resistance and the nodulus of resiliency (tension) of the material E on the 

tenperature. Por purposes of calculation one may assume that the mechanical 

properties of the material are determined by the mean temperature of the wall, 

l.e. 

ÏBLiiUflJr. 
2 

Sections to be checked on are the no**le exit, the critical threat section, 

and the cylindrical part of the engine chamber. The calculation is made for 

durability of the lining, and for the loss of stability, 

Remarks on the Construction of Engine Chambers. 

It is customary to put the final arrangement of head and combustion cham¬ 

ber on one and the sane sketch. In doing so, a solution is found concerning 

the following questions: the method of connecting the head with the combustión 

chamber; the method of bringing the components into the chamber; and also the 

method of taking the cooling c-mponent from the cooling jacket into the head 

of the liquid-fuel rocket engine. At the same time a decision is made also 
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concerning the nethod and place of fastening the whole engine to the fraoe, 

the centering of the engine, and ec forth. 

The Joints between the head and combustión chamber of the liquid-fuel rocket 

engine, as well as the head and combustion chamber structure as a whole, mav 

be welded or split. Preference should be given to welded constructions, since 

they are simpler, easier to produce, and less expensive. To use split Joints 

for the construction is advisable only for engines of long operation life in¬ 

tended for frequently repeated use. 

Different methods for Joining the head and the chamber of combustion 

are shown in Figures 124-129. 

In small liquid-fuel rocket engines the consonants are conducted into the 

head through a single tube. Several tubes are used for large quantities of 

condonents, and these tubes are evenly distributed on the head. Acide from 

reducing the diameter of the tubes, this method results in better distribu¬ 

tion of the drop of pressure in the injectors. 

The component used to cool the engine chamber has to be brought in through 

three or four conduits. This ensures a more even flow of the cooling liquid. 

Beside., it is customary in laying out the engine, always to leave only very 

little free space; and to bring the component to the nozzle part of the chamber 

through only one tube is almost impossible. 

The component is fed from the cooling tract into the head of the liquid- 

fuel rocket engine either directly (e.g. in the A-4) or else through several 

conduit* (in split structures). 

The engine is fastened to the frame always in the head region. In fasten¬ 

ing the engine one must provide fer the possibility of slight displacement of 

the engine or its turning through a certain angle. This is essential in order 

to get the engine properly centered with respect to the installation as a whole. 

In designing the outer envelope one must allow for a great amount of 
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expansion of the inner lining as a resalt of high teaperatares. Thus the 

chamber of engine Á-4 is lengthened by 4.75 on while in operation. 

In order to prevent damage to the engine chamber due to thermal expansion 

cosipensators must be provided on the outer envelope of the chamber. In Figure 

124 one can discern very clearly the compensation rings placed in the outer 

envelope of the engine chamber of rocket A-4. 

Example for Designing the Engine Chacber. 

Since a great many different problems have to be solved in planning the 

chamber.it is well to map out a model procedure for planning the engine chamber 

as follows: 

1. Determine the volume required for the combustion chamber, 

2. Starting out from an analysis of the working conditions for the engine 

as planned make a choice of the shape to be given the chamber. 

3. On the basis of the principal dimensions of the nozzle as determined 

in the thermal calculation, profile the nozzle of the shape selected (ccne- 

shaped or otherwise profiled), 

4. Make a choice of the shape of the head and the type of injector to 

be used. 

5. Prepare a design of the engine head. 

6. Prepare a general geometrical layout of the engine chamber. 

7. Choose the method of cooling, the shape and dimensions of the cooling 

trart, and make a test calculation of the cooling. 

8. Make the hydraulic calculation for the cooling Jacket. 

9. Make a test calculation of the chamber for strength and stability. 

10. Prepare the final arrangement of the engine chamber. 

Section 52. Starting and Stopping the Liouid-Fuel Rocket Engine. 

Basic Requirements for Starting and Stopping the Liquid-Fuel Rocket Engine. 

The starting and stopping of the engine are particularly complicated 
« 
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phases of its operation. The principal requirenent for starting and stopping 

the online is a saooth transition of the engine to its basic operating con¬ 

ditions and then to flawless cessation of its functioning. In order to achieve 

these purposes the following conditions mist be satisfied: 

1. When the engine is being started, the combustion chamber must be free 

of any accuaulation of one or the other of the fuel components. Especially 

dangerous is a piling up, in the combustion chamber, of both fuel components, 

since the mixtures of combustibles and oxidizers used in the liquid-fuel rocket 

engine partake of a powerfully explosive character. 

If a large quantity of components Is piled up in the combustion chamber by 

the first moment of ignition, the increase of pressure during the launching 

operation will be extremely sudden (Figure IU9). The pressure will rise above 

the rated pressure (the so-called "starting bang"), and this might result in 

destruction of the chamber. 

In order that a large amount of the components cannot accumulate in the com¬ 

bustion chamber, the start ignition system oust ensure ignition of the latter no 

later than 0.3 second rfter they enter the chamber. 

To prevent any large accumulation of component* in the chamber of engines 

having large thrust the starting flow of fuel is kept much lower than the operating 

flow, i.e. a so-called preliminary functioning stage is introduced (e.g. in rocket 

A-4 the preliminary sta^e). 

The starting of an engine where the first ignition is effected with a small 

fuel flow, and the principal flow of fuel is not given until the chamber is in 

operation is called a self-piloting start. 

Engine starting in which the full working flew of fuel is supplied all at 

onre is known as "cannon" starting ¿pushechnaya zapuska/. 

2. In starting an engine it is necessary to follow very closely the order 

in which the different components enter into play. It ie desirable that the 

corónente should reach the combustion chamber all at the same time, »it eince 
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la actual practica thia la all but Inposslble, one of the coaqpcnenta usually 

la allowed to arriva In the ccnhustlon chanber fractions of a second ahead of 

the other« 

Figure IU9. Change of pressure in starting a liquid-fuel rocket engine, 

p .. pressure in the chamber; t — time elapsed elnre the beginning of the start. 

3. The ignition device oust furnish energy sufficient to ignite the fuel, 

since initial evaporation and intermingling of fuels in the cold chamber of 

combustion proceed much nofe unsatisfactorily than in the process of burning. 

Ouite obviously, the greater the flow of components coming in, the more diffi¬ 

cult It will be to provide for the ignition, depending on the type of fuel 

used, therefore, as well as on the type of engine and the operating condi¬ 

tions of the liquid-fuel rocket engine, different Ignition systems will have 

to be used. 

Classification of the Liquid-Fuel Rocket Engines According to Their Conditions 

of Operation. 

According to their respective conditions of operation the liquid-fuel rocket 

engine can be classified in the following groups: 

1. Inglnes used once. These engines are started and operate only on one 

single occasion. The engines of the various rockets and rocket bombs consist, 

in the main, of engines for one-time operation. 

2. Engines of repeated operation, but started only once. An engine of 

this type may be used on any type of vehicle, and used many times; but during 

the period of flight of thia vehicle it it not restarted. An example of this 
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typ« of «nein« are the assisted take-off units of heary bonbors. 

3. Repeated Operation Engines. An engine of this type nay be started 

and stepped a large nunber of tines in the course of the flight of the craft. 

All of the liquid-fuel rocket engines used for aircraft, functioning as 

sustainer engines or boosters for maneuvering of the plane, are engines of re¬ 

peated operation but started only once (e.g. the "Walter" installed on plane 

Ke-163). 

Ignition Methods. 

According to the operating conditions, the type of fuel components used, 

and the type of engine, different types of Ignition systems are used, 

1. Pyrotechnic Ignition. This type of ignition functions V Qe&ns of a 

special powder charge, which burns for several seconds and furnishes a hlgh- 

temperature flame (t ^2,000° C). The charge may be installed either in the 

head *— as for instance in motors type OFM 65 (see Figure 12?) and "Schmidding" 

(see Chapter X), or else is introduced from the nozzle end on a special support. 

(j) tuinocmpejwe A 

is) PacnoM#emje wponamponoõ 

Figure I50. Diagram showing the ignition of rocket engine A-h. 

1 — oxygen; 2 - powder charges; 3 — view along arrow A; 4 — arrangement of 
charges; 5 -- vane; 6 -- alcohol; 7 — support. 
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On rocket Á-4 Ignition va» ensured V introducing into the chamber, 

through the nozzle, of a vane with three chargee located around the circum¬ 

ference (Figure ISO). When the'charges were ignited the vane began to turn 

and the entire chamber was filled with gaset of a high temperature; after that 

a »mail flow of fuel va» fed into the chamber and the fuel then ignited; the 

supply of fuel «a» then increased. 

The charges usually are i&iited vith the aid of an electrical incandescent 

filament. The pyrotechnic type of ignition can be used in engines of any 

thrust and used once and those used repeatedly but started only once. 

2. Chemical Ignition. Vith this method of ignition use is made of a 

hypergollc fuel (see Chunter VI). This type of ignition is very easy to effect 

in engines operated vith hyperK0Hc components. Ustially these engines are 

those of repeated operation and repeated starting. 

Chemical ignition is used also in engines that function with fuels that 

are not hypergollc. For this purpose there is mounted in the feed system of 

the liquid-fuel rocket engine a special starter system, through vhich, at the 

time of the start, the hypergollc conçonents first reach the combustion chamber; 

and the basic components are not fed in until a poverful igniting torch has 

been formed in the chamber. 

This type of engine is less dangerous in operation than the liquid-fuel 

rocket engine that functions vith hypergollc components exclusively. The 

operation of this type of engine is less expensive, since the hypergollc com¬ 

ponents are usually very costly. 

The chemical type of ignition can be used in engines of any thrust, either 

of the single or multiple start type. 

As an example of the engine vith chemical ignition, the combustion cham¬ 

ber of the "Walter" engine (see Figure 125) may be cited. 

3. Ignition by Means of an Electric Spark Plug. This type of ignition 
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!• used for engine« of »nail thruat and for^mall experimental engine« that are 

intended for atand testa. The ahortconing of thia type of Ignition consista 

in the fact that, in the firat place, the spark plug possesses only a low de¬ 

gree of heating power and, in the aecond place, that a «ource of electric 

energy la required for thia type of ignition, which cannot always be accommo¬ 

dated on the vehicle. 

Ignition by meana of an electric «park plug is suitable for use in the 

•elf-piloting atart of a liquid-fuel rocket engine for igniting the starting 

torch. 

The_Stopping of the Engine. 

Depending upon the operating conditions and the structure of the liquid- 

fuel rocket engine, the engine is stopped either by means of closing cutoff 

valves on the feed conduits for the component, or else by complete exhaustion 

of the supply of components in the fuel tank. 

In some Instances a multistage stop of the engine is rsaortad to, i.«., 

the engine Is at first reduced to a smaller thrust, and not until then is the 

engine shut off completely (see, for instance, the account given of rocket 

engine A-4). 

In stopping the engine. Just as in starting it, one must not permit a 

piling up of fuel components in the combustion chamber. 

A piling up of fuel after the engine has been stopped could occur for a 

number of reasons. If the engine is stepped by closing of fuel feed cutoff 

valves (see Chapter IX), an accumulation of components in the chamber nay occur 

as a result of a slow "leak" of fuel components into the chamber, quantities 

of the components present in various cavHies of the feed line and cutoff valves, 

as well as imperfect closure of the cutoff valves. 

In order to cut down on the piling up of fuel components it is necessary 

to put the cutoff valves as close as possible to the injectors. The construc¬ 

tion of the cutoff valves must be such as to ensure coselete cutting off of the 
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flow of tta» Kavonrat. ^ 

In «yatou operated without cutoff Taires, i.t. that are operated with 

conplete ezhauation of the fuel eupply in the tank, it ie desirable that the 

first of the conponents to be exhausted should be the conponent used for cooling 

the chaaber of the engine. 

It is a great danger in these systéns that there night occur a "eupple- 

nentary" flow of one or another of the components after the feed is cut off; 

and this situation could easily arise as result of inadequate construction of 

the intake devices in the tank. If such supplementary flow of fuel reaches 

the combustion chamber, the other component nay pile up after combustion has 

discontinued, ftit since the chamber is still at a high temperature, a »bang" 

occurs which frequently results in an explosion. 

In order to effect a reliable stopping of the engine one can resort also 

to scavenging of the combustion chamber and the conduits after the flow of 

components has been stopped. Vhen an engine is being tested on the stand, this 

scavenging usually is effected by a blow of air from the supplementary air feed 

lines available on the stand, Vhen a rocket engine is to be stopped, in order 

to avoid adding extra weight, the scavenging may be effected by using one of 

the components or, if pressure system of feeding is used, by using the gas 

employed to drive the fuel components from the tank. 

Vibrational Combustion of the Liquid-Fuel Rocket Inline. 

As liquid-fuel rocket engines have come to be produced and operated in 

increasing numbers, there has been encountered in the course of their operation and 

•xperijiental’tests the Phenomenon of so-called vibrational or pulsating com¬ 

bustion in the chambers. 

This phenomenon consists in the fact that under certain operating con¬ 

ditions of the engine the pressure in the combustion chamber begins to change, 

periodically, without the action of any external causes (Figure 151). Under 

these circumstance* the amplitude of vibration« of the pressure in the chamber 
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r«*chea quita conaidarabla proportion*. In keeping with the change« of preature 

in tha chaaber, thara occur likeviaa considerable changea in the power of thruat 

delivered by the angina. Such variations of the power of thrust do net only 

exert an unfavorable Influence upon the engine's operating condi tiens, but 

naturally also ara passed on to the structure of the engine, thus conplicating 

the work of its parts and assemblies under stress. Moreover, these variation« 

in the power of thrust produce vibrations in the structure of the rocket and — 

what is particularly dangerous — disrupt the normal functioning of the control 

davicea. Thua the occurrence of vibrational combustion is a liquid-fuel rocket 

engine has damaging consequences; and since there is extreme difficulty in 

eliminating a condition of vibrational combustion, at least the Intensity of 

the vibrations oust be reduced to the absolute minimum. 

In the more detailed study of the phenomena of vibrational combustion it 

was established that the total curve for the periodic changes of pressure in 

the chamber breaks up into a number of separate curves that indicate different 

frequencies and amplitudes. In this nanner there results a distinction between 

low-frequency and high-frequency vibrations (vibrations of pressure). 

Lat ua now consider firat of all the mechanism that produces the low- 

frequency vibrations, the frequency of these vibrations amounts to 30-200 

c.p.«., i.a. 80-200 vibrations per second; but the absolute magnitude of these 

vlbmtions (especially in comparison with the amplitude of the high-frequency 

vibration«) la very high. 

Tha reaaon for the occurrence of low-frequency vibrations — as was es¬ 

tablished both experimentally and on theoretical grounds — is that a liquid 

fuel is converted into gaseoua product« of combustion not instantly, but over 

a certain period of time -- the so-called period of conversion V 
converaion* 

The lapae of.time required for conversion is nearly the sime as the time of 

presence in the chamber, since, in the main, the process of combustion of the 

fuel occurs during that period of time. 
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for further analysis vs shall assume that the lav of conversion of 

Picure I5I. Change of preceure in the chanter during vibrational coub’ stion. 

1 — lov-frequency vibrations of pressure in the chamber; 2 — high-frequency 
vibrations of pressure. 

liquid fuels, i.e. the lav of the increase of specific volume v of the pro¬ 

ducts of combustion (fron the specific volume of the liquid iuel, ▼liquld. 

to that of the products of combustion v2) exhibits the characteristics of a 

broken curve, as shewn in Figure 152. Consequently we conditionally assume that 

the combustion proceeds in an instant, but only after a certain lapse of tine 

r conversion , counting from the instant of the arrival of the fuel in the 

combustion chamber. As a second condition we shall assume that the pressure 

of the fuel as it enters injector p. . . , i.e. the pressure in the feed 
injector 

system, Is maintained strictly constant. 

Let us suppose that at an Instant of time ? it happens, due to the action 

of any accidental cause (and there is always an ample supply of these), that 

the pressure in the combustion chamber drops to a magnitude lower than the 

original pressure p2 or^» In consequence of this the drop of pressure on the 

injectors increases to a magnitude Ap, . „Sad, , , . 
inj I ^ "*inj orig 

In conformity with equation (VIII.22) the lengthening of this period re¬ 

sults also in an increase of the quantity of fuel components reaching the 

combustion chamber, and consequently also in forcing through the orifices all 

fuel up to an amount > G^ # The Increase of fuel consumption in keeping 
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with equation (III.60) Is bound to result In an Increase of pressure In the 

chaaber. However, this does not happen all at once, but only after the period 

2^con •!*!>•••• liquid fuel arriving In larger quantity begins to be 

converted into the larger volume quantity of gaseous combustion products. Con¬ 

sequently the pressure In the chamber Increases only during the time fcon: 

at the moment T plus t* . At that moment p2 n becomes greater than p2 orlg, 

and the preesure drop on the injectors ^Pinj jj becomes less than the normal 

pressure. There Is a corresponding decrease also in the fuel flow, ^ 

0 • But, Just as in the preceding cycle, the decline of the amount of 
orlg 

gaseous products of combustion takes place only through the succeeding interval 

of time Y . i»8* nonent T -*> 2 V . From then on the values indica- 
con con 

live of the functioning of the chamber will continue to andergo change and 

consequently the pressure vibrations which have arisen in the chamber will also 

be preserved. 

-¾. 

Figure I52. 

Legend: 

orlg’ *’ ûpi».' U 
3»APlnJ II*• 4* plnJ; 
9* »2 orlg** 6* p2 I** 7‘ p2 II; 

8,0orlg; 7*^oon* 

t 

Illustrating the explanation of the mechanism of vibrational com¬ 
bustion formation. 

The echeme of occurrence of pressure vibration* in the chamber ie highly 

approximate. In actual fact the vibrations occurring will be smoother, due 

to the effect of the volume of the combuetion chamber and other factor*. 
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Fluctuations of the pressure of the liquid in the feed systen my intensify 

the pressure variations. It «ay therefore happen that under certain circunstances 

the accidental vibrations that arise »ay be danped off -tirely or their ampli¬ 

tude nay remain more or less neclic1^®» Such conditions naka for a steady 

functioning of the chamber. Under different conditions the vibrations are not 

damped, but reinforced; and then the chamber will function unsteadily. 

An important factor determining the steadiness of functioning of the engine, 

apart from the volume of the chamber, is the magnitude of the rated pressure 

drop on the injectors ¿>PlnJ‘ ßreater this drop' the lefic th* effect that 

variations of chamber pressure will exercise on the flow of the fuel through 

the injection orifices, and the steadier will be the functioning of the engine. 

For that reason it would not do to reduce excessively the rated pressure drop 

on the injectors. This has reference particularly to engines where a decrease 

of thrust is accomplished by a decre se of fuel flow. At the sane time the 

pressure on the injector orifices decreases abruptly, and the engine operation 

easily becomes unstable. 

An excessive decrease of the volume of the chamber also favors the occur¬ 

rence of vibrational combustion in the engine. Apart from that, the proper¬ 

ties of the fuel also exert an influence upon the steadiness of functioning 

of the engine. Especially such fuels as nitric acid plus tcnka-250 bring abcut 

a more steady functioning of the engine than a fuel consisting of nitric acid 

plus kerosene. 

High frequency vibrations of the pressure in the chamber are brought about 

•Iso if there is a period of ccnversion. However, such occurrence is not due 

to the flow of the entire mass cf products of combustion through the nozzle, 

but only the flow of individual streams of gas through the chamber. The fre¬ 

quency of these vibrations is very high, of the order of the vibrations cf 

sound. Irrespective of the small amplitude of the high frequency vibrations, 

• the latter, ae has been shown*by experiments, constitute a danger since they 
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■ny result in a local overheating or hurnout of the combustion chiunber walls. 

QUESTIONS FOR REVIEW 

1. What are the special characteristics of the combustion process In the 

combustion chamber of a liquid-fuel rocket engine? 

2. Explain the progress of the process of mixture formation and combustion 

in the liquid-fuel rocket engine. What are the different zones that can be 

distinguished In the combustion chamber? What processes are typical of each of 

these zones? 

3. Into what two regions can the combustion zone be divided? 

fc. What is it that ve call the time of stay of the fuel in the combustion 

chamber: How is the length of this period determined? 

5. What Is the chamber volume-to-throat area ratio? In what way is it 

related to the length of the tine of stay? 

6. What is the calorific intensity of the chamber of combustion? In what 

terms is this magnitude expressed? What is its importance for conventional 

furnaces and the combustion chambers of the liquid-fuel rocket engine? 

7. What thrust value, in liters, is typical of liquid-fuel rocket? 

8. What basic value characterizing engine operation is not allowed for 
« 

in calculating the combustion chamber volume on the basis of the calorific 

intensity value and the thrust in liters? 

9. What are the different shapes that may be given to the combustion 

chamber? Enumerate the respective advantages and disadvantages. 

10. What is called the consumption intensity of the combustion chamber? 

11. What different shapes con be given to the nozzle? What are the principal 

dimensions characteristic of the liquid-fuel rocket engine nozzles of the various 

possible shapes? 

12. What are the types of losses tha occur in the nozzle of the liquid- 

fuel rocket engines? How can these losses be kept down? 
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13. Vhat 1« the purpose of the injectors? Vhat are the types of injectors 

used in the liquid-fuel rocket engine? 

14. Vhlch injectors are known as integral injectors? 

15. How are streaa injectors calculated? 

16. Vhat are the characteristics of oovenent of the liquid in a centrifu/pl 

injector? 

17. Vhat principal nngnitude characterizes the centrifugal injector, and 

how is this value used in calculations? 

18. Explain the procedure for calculating centrifugal injectors. 

19. Vhat requirerents are made of the nixing process in liquid-fuel rocket 

engines? 

20. Vhat shapes of engine chanter heads do you know? 

21. Explain the procedure of designing the head of a chanter. 

22. How does the presence of large heat flow? influence the functicning 

of the walls of the chamber? 

23. Vhat are the different materials that are used for the liquid-fuel 

rocket engine chanters? Enumerate their advantages and disadvantages. 

24,. Describe the approximate procedure in designing an engine chanter. 

25. How is the start of a liquid-fuel rocket engine effected? 

26. By what methods is ignition effected in liquid-fuel rocket engines? 

27. Vhy is it dangerous to have a "supplementary" quantity of fuel .cach¬ 

ing the combustion chanter after the engine is stopped? 

28. How do low-frequency vibrations arise in the liquid-fuel rocket engine 

chamber? 

29. Vhy does a decrease of the flow of fhel increase the danger of vibrations? 
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CHAPTER IX 

feed SYSTEMS FOR LiQrin-FTSL R0c?::7r 

Section 53» Tyres of Feed Syetets. 

The Basic Elemente of Feed Systesa. 

Liquid-fuel rocket engine« are bein^ widely ij*er1 at f.'ir rr<*‘?ent tl»"*», 

Dependinc on the purpose they are to serve, they hive a greater or lessor 

power of thrust and longer or shorter life. The great variety of engine de¬ 

signs "lakes it necessary to have recourse to a great variety cf different 

feed syotece, using in each case the one that is best suited to the conditions 

under which the engine is to be used. 

Each one of these feed systems includes three basic parts: 

1. Fuel tanka. 

2. An assembly to create pressure for feeding the fuel conjonents. 

3« A hydropneuratic system. 

The hydropneunatic systec consists of fittin.<;s,;*a'system of tube con¬ 

duits and, in most of the engine installations actually in use, also a ayatemof 

electric control of the operation of the various individual assemblies. 

The most irportant part of tne feed system — and a part which in a largo 

measure determines the nature of the remaining elements -- is the system that 

creates the required feed pressure. 

According to the type of system used to create the feed pressure, one 

distinguishes between the following feed systems: 

1. Pump system. 
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2» Oas cylinder systea. 

3* Systea with solid propellant gas generators. 

4. Systea «ith liquid propellant gas generators. 

The last three of these feed systems have one trait in common: the fuel 

tanks in these systems are under pressure greater than the pressure in the 

chambert and consequently the fuel is forced froa the tank by gas pressure, 

so to speak, so that these systems are called "pressure1* systems. 

Let us no* have a look at each of these types of systems. 

Feed System »1th Pump. 

A skeleton diagram of the pump type of feed system is shown in Figure 

153» From Tanks 1 the components pass into pump 2 and from there are fed by 

the puap into the combustion chamber 4, 

The puap feed system may in turn be further classified according to the 

type of puaps used and according to the method of actuating the puap. For 

the liquid-fuel rocket engine use is made chiefly of t«o types of pump: 

centrifugal pumps and gear pumps. 

Host «idely in use for the liquid-fuel rocket engine are the centrifugal 

puaps which insure the feeding of large quantities of coaponents with the re¬ 

quisite pressure — pumps of small weight and dimensions. Centrifugal puaps 

always are used where there is occasion for puap feeding of liquid oxygen 

and other liquified gases. The puaps of rocket engine A-4 (see Section 62) 

aay be cited an an example of centrifugal pumps. 

The gear puaps are used where only small quantities of the coaponent are 

to be fed into the engine (not aore than 3-5 kg/sec). They are well suited 

for use in those instances where the components are being fed under very 

high pressure. 

For the purpose of driving the puap, use is aade of turbines or of aecha- 

nical drive by any type of aotor. The aechanieal type of drive is used ex¬ 

clusively for puap-feeding of coapoeents in auppleaentary coabat thrust 
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boosttrs on plan««» «ine« ln thos« instance« there exists the possibility of 

deriving power from the shaft of the nain engine of the plane. 

' / 
s ' 

Figure 153» Diagram of feeding by punp. 

1 — fuel tank«; 2 — pumps; 3 — turbine; ^ — engine charber; 5 — steam 
generator. 

Aa an example cf pump feeding with mechanical drive may be cited the 1-3393 

booster which is installed in the BMW-OOJ turbojet engine. 

In an autonomous liquid-fuel rocket engine with pump-feeding the driving 

power of the punp is derived from a turbine. Usually the turbine and pumps 

for both components are mounted on the sane shaft» and the entire assembly as 

a whole is known as a turbo-pump system (abbreviated TKA), and the systen of 

feeding through a turbo-pump system is known as turbo-pump feeding. 

In order to actuate the turbo-pump system,’ it is necessary to 

make use of a working substance -- steam or gas -- heated to a high temrerature 

and kept under pressure. For the purpose of obtaining such stea. or gas, a 

steam/gas generator of one type of construction or another is installed 

(see Figure 62). 

The most widely used type of steam/gas generators are those where as a 

result of the chemical reaction of hydrogen peroxide a stean/gas mixture of 

the required temperature is forced and then passes on into the turbine. 

Use can be made, for the turbo-pump system drive, also of other types of 

•team/gas generators^ where the ateac/gas is obtained by the following methods: 

1) producta of combustion brought directly out of the combustion chamber; 
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2) producta of combustion formed as result of a slow burning 

powder charge; and 

3) products of combustion forced through burning of the fuel that is 

used to operate the main engine. 

The most important distinguishing characteristic of the pump system of 

feeding, and the one that constitutes its principal advantage over tne others 

is that under this system there is no need to keep the fuel tanks under 

pressure. 

Therefore in this type of pump system there is no need to have tanks of 

very strong construction, thus «taking it possible to keep down their weight. 

Thus in rocket engine Á-4 the weight of the tank designed to hold 3920 1. of 

02 has a total weight of only 126 kg. 

The disadvantage of pump feeding consists in the fact that it requires 

the relative complexity of the turbo-pump assembly. 

The pump systems cf feeding are well adapted for use in engines of heavy 

thrust designed for e long period of functioning, i.e. engines that have fuel 

tanks of large dimensions. The weight economy effected on such engines will 

be found quite noticeable. 

As an example of liquid-fuel rocket engines with turbo-pur.p feeding, the 

A-4 engine, "Walter" (for detailed description of these liquid-fuel rocket 

engines see Chapter X), can be cited. 

Qas Pressure and Other Pressurised Feed Systems. 

With regard to its mode of action, the ges pressure type of feeding is 

the simplest. See Figure 1^4. 

The gas under high pressure (250-300 at) enclosed in cylinder 1 passes 

into gas pressure reducer 2, where the pressure of the gas is brought down to 

the required point; and from there it passes on into fuel tanks 3. Under the 

gas pressure, the fuel is expelled from the tanks and is passed on through a 

system of conduits to engine chamber 5« breaking through diaphragma 4 on the 
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tub« conduit. 

Tho nnin disadvantage of the cylinder type of feeding consists in the 

fact that under this system the tanks are under the feeding pressure of the 

coaponente, so that the weight of the tanks, which have to be very durable, is 

quite heavy. Apart from that, the cylinder containing the compressed gas, 

having been charged at a very high pressure, also has a considerable weight 

of its own. A considerable amount of weight is attributable also to the gas 

that is used to expel the fuel components. In the ^Vasserfall" engine, for 

instance, the weight of the compressed gas used is equal to nearly 100 kg. 

If the volume kept available for fuel components is great, the combined 

weight of tanks, gas cylinder, and gas supply reaches up, for the cylinder 

type of feeding, to such large figures that it becomes impossible to rake 

use of this system. For that reason the method of cylinder feeding is used 

only in liquid-fuel rocket engines of small total impulsée.^ 

In order to keep down the supply of gas required for the cylinder system 

of feeding one can have recourse to the method of heating the gas before it 

antora the fuel tanks. At constant pressure the volume occupied by e gas is 

directly proportional to its absolute temperature. Therefore, if the absolute 

tanperature of the gas is raised to twice that of the chamber (288° abs), i.e. 

if the gas is brought to a temperature of 303° C (576° abs), the weight of the 

gas supply required will be cut in half. At the saue time there is also a 

corresponding decrease in the weight of the gas cylinder. 

In order to keep down the weight of the entire system, along with that of 

tho compressed gas cylinder, use is made sometimes of the so-called solid pro¬ 

pellant gas generator. The chamber of the gas generator which is rela- • 

tively small contains a charge of slow-burning powder. From the combustion of 

the powder a large quantity of heated gas is formed, which enters the tanks 

for the displacement of the components. • _ . . 

^Ths ttrm"total impulsedesignates the .product of tho thrust F developed 
by an angina timas the period of tho inttor'n operation. 
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As SB sxaspls of sa engine with solid propellant gas generator say be cited 

the liquid-fuel rocket engine of the^FffcPbf" rocket (see Chapter X), 

Figure 154. Diagram to shoe the cylinder feed system. 

1 — high pressure gas cylinder (gas generator); 2 — pressure reducer; 
3 — fuel tanks; 4 — diaphragms; 3 — combustion chamber. 

Instead of using the solid propellant gas generator to get a heated 

gas, one can make use, instead, of a generator in which sose six ture or 

other of liquid cosponents is burned. The products of combustion of these 

eosponents are used, just like the powder gases, to drive out the fuel com¬ 

ponents. In this case we get a feed system with a liquid propellant gas 

generator. 

Section 54. Designing the Fuel Tanks. 

Types of Fuel Tanka, and the Demands Made Upon Them. 

In designing the engine and the entire vehicle with a liquid-fuel rocket 

engine it is very important to design the fuel tanks properly, since they 

constitute a basic part of the rocket; and in many instances the entire 

missile consists of a series of "flying tanks." 

According to the method of feeding the components one distinguishes two 

principal types of fuel tanks: 

1. High pressure tanks, i.e. tanks that are kept under high pressure 

when the liquid-fuel rocket engine is functioning. These can be used with any 
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typ« of pressurised feed system* 

2* Lo» pressure tmnks, i*e* tanks that are not kejt under high pressure 

when the liquid-fuel rocket engine is functioning* They are used with pump 

systems for feeding the components. 

Since in wie» of their dimensions the tanks constitute a eery large por¬ 

tion of the entire rocket, they frequently are used as power elemente in the 

structure of the rocket, receiving stresses that are active upon the rocket. 

Such tanks are called load-carrying tanks. 

In designing the tanks an effort must be cade to meet the following 

requirements: 

1. The tanks, whatever their type of construction, must be of light weigh 

As the weight of the tanks is kept down, the weight of the rocket as n whole is 

also kept down and its characteristics improved (e.g. range of flight for a 

given set of dimensions). 

It is particularly ieportant to pay attention to this requirenent in plan¬ 

ning a liquid-fuel rocket engine with high pressure tanks, since the weight of 

the latter always constitutes a large part of the weight of the rocket struc¬ 

ture as a whole* 

Light weight of the tai.k structure is achieved by the use of light but 

highly resistant materials, capable of functioning on a small margin 

of safety and also by choice of the most suitably adapted shape of the tanks. 

2* Tanks must possess resistance to corrosion. This requirement is im¬ 

portant eapecially in the case of liquid-fuel rocket engines that are op- 

erated _with aggressive components » «nd in cases where it becomes necessary to 

kt«p the components stored in the tanks for a long period of time. 

3# The tanka must be simple and easy to construct, and must be well 

adapted to the operational conditions. 

4* The tanks, especially the load-carrying typ«, must possess a smooth 

contour, in keeping with the contour of the rocket ma a whole* As th«y ar« 
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installed on the rocket, they suet be placed on one end the ease axis. 

Qeonetric Shape and Relative roaltion of the Tanks. 

Figure 155 ehowe tanke of the various types of construction used in 

liquid-fuel rocket engines. 

The most widely used design (Figure 155 a) is that of the separate po¬ 

sitions of the tanks for fuel and oxidizer. These tanks ere the simplest end 

easiest to produce. But since for reasons of resistance the botton-.s of the 

tanks have an elliptical shape, there remains a vacant space between thea 

(¿Aown by cross-hatching). In order to have srsller rockets, this area is 

usually occupied by other devices and assemblies. 

In order to keep down the overall dimensions of the tame in the engine, 

and also the weight of the tanks, the design say be such that both tanks 

will have the same structural elements (see Figure 155 b). Such tanks are said 

to be of unified structure. 

The principal shortcoming of this type of construction, as also of the 

tanks in concentric position, see Figure 155 c, is the danger of having dif¬ 

ferent components get together as result of the slightest damage to the her- 

matic sealing of the partitions between the two tanks. 

The concentric position of the tanks can be justified only by the neces¬ 

sity of satisfying certain flying requirements, since these tanks are more 

difficult to produce than those of types a and b. 

Advantages in the way of lessened weight are not obtained by the use of 

these two types. Sometimes on the contrary — the weight of the structure 

is greater. Ae a result of the above-mentioned disadvantages the tanks 

of unified structure or concentric position have not been widely adopted for 

actual use. 

Figure 156 shows spiral-shaped tanks for the liquid-fuel rocket engine. 
* 

Fuel tank 1 is made in the shape of a spiral tube. Above it is located another 

spiral tube 2, of larger diameter, which serves as the tank for the oxidizer. 
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Figure 155» ^iagraxs of tank designs. 

a -- separate position of the tanke; b — tanks of unified structure; c — 
concentric position of the tanke; 1 » gas generator; 2 — pressuré re¬ 

ducer; 3 — tanks; 4 — combustion chamber. 

This engine is operated with cylinder-type feeding. The compressed air 

is contained in cylinders 3» In order to maintain an uninterrupted flow of 

fuel components in tanks (tubes) 1 and 2, flexible pistons 5 and 7 are placed 

in them. These are on one side acted upon by the displaced air fed through 

tubes 6 and 4. Moving through the spiral tubes these pistons force the fuel 

into the combustion chamber. 

Using this type of construction the weight of the tanks can be kept lower, 

since the required thickness of the outer casing becor.es less in proportion to 

the diameter. F0r that reason, irrespective of the greater length of a tank 

of this form considerably lighter weight can be maintained. 

For engines with pressure feeding the relative position of the 

tanks is immaterial. For enginea with pump feeding it is desirable, according 

to the node of functioning of the pumpa (see Section 6l), to have the oxidizer 
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tank placed forward. However, In designing a rocket the position of the tanka 

usually is chosen with a view to attaining static stability of the rocket 

in flight. 

In the course of planning a tank there arises always the question of the 

shape to be given to the tank, relative to' stability and light weight. The 

best type of tank is the spherical tank. In this case, however, the tanka 

would have to have very large cross-sectional dinensions, and that would 

fufcke it necessary to enlarge the entire aidship section of the vehicle. 

For that reason the tanks usually are given a cylindrical shape, or something 

close to it, with spherical botton.6. 

The largest adœissible diameter for the tank is determined according to 

the structure of the rocket taken as a whole. But with a view to obtaining the 

best aerodynacic characteristics there has been a notable effort in recent 

years to increase the length of the tank in relation to its diameter. Thus, 

while in liquid-fuel rocket engines of models 1944-47 the ratio ^ of the tanks 

was kept something like 5*7 (A-4, "Wasserfall," and others), the corresponding 

ratio in later models was something like 10-12 (the rockets "Aerobee," "Nike," 

"Corporal," and others). 

The Interior Structure of the Tanks. 

In constructing the tack one must take into account above all the follow¬ 

ing details, which are of primary importance for the functioning of the tank: 

the filling devices, and the bleeder and the safety valves. In liquid-fuel 

rocket engines of the pressure feeding type for repeated action one must at 

times take account of the possibility of a drop in the pressure from the tank. 

In some tanks (e.g. that of rocket A-4) special ports are provided to permit 

Inspection and repair of the tanks. 

Much difficulty is occasioned, in planning the tanks, by providing for an 

uninterrupted flow of fuel components from the tack into the engine's chamber. 

This is due to the fa£t that while in flight the liquid-fuel rocket engine nay 
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undergo accélérâtlen« ln any direction, so that there night easily occur 

ft temporary baring of the intake rdeeice of the tanks (especially when the 

liquid-fuel rocket engine is about to cease functioning). An explosion of the 

chaabtr night occur as result of an interruption of the feed flow of conponents 

In Figure 157 are shown soce of the aost conaon types of devices employed 

to obtain uninterrupted feed of components fron the tanks into the engine cham¬ 

ber. 

An interruption in the feed flow n.ight be brought on by the formation of 

an eddy on the surface of the component, at the point where it enters the in¬ 

take device. 

The cause of the formation of such eddy is the increased speed of move¬ 

ment of the component as it enters into the intake device, as compared with 

its speed of flow along the periphery. Apart from that, in view of the uneven¬ 

ness of spseds of motion of the conponents along the axis of the tank 'as re¬ 

sult of clogging of the tank's inner space by various fittings) 

there may occur a circling movement of the component around the inlet axis; 

and this would contribute to the formation of an intensive eddy. 

In the pressurized feeding type of feed system the formation of eddies 

on the surface of the component and formation of froth may occur as a result 

of the stream of outflowing gas. 

In the effort to prevent eddy formation and froth forration on the compo¬ 

nent a variety of diaphragms and whirl-dampers have been employed. 

In the "Schmidding" engine (see Chapter X) the gas was fed into a spe- . 

dally designed bag of elastic rubber, so that there was no contact between gas 

and component. 

In the rocket engine "Schmetterling” the components were displaced by 

means of a piston that was itself put in motion by the pressure of the inflow¬ 

ing gas. 

4 During the pressurized feeding with solid propellant gas genarator or 

F-TS-9741A 563 



•olid propellant jjas generator, it la necessary to liait the teaperature oXx the 

gaeee entering the tank, within the range of adaiasible temperatures (usually 

800-900° C), so that when the teaperature of the tank walls is increased, their 

strength would not be iapaired. 

t 
1 

Figure 157« Diagrams of feed structures for feed coaponents froc the tanks. 

1 — to the chamber; 2 — partition; 3 — bellows type thermostat; 
4 — compressed gas; 3 •• piston; 6 — elastic bag; 7 •- opening for 

gas outlet; 8 — rewolTing Intake. 

In the liquid propellant gas generator type of system, the reduction of gas 

temperatures is effected by ballasting the fuel with one of its components. 

The hot gases entering the tank can be cooled off by spraying them with water 

or bringing in a tube conduit where the gas is fed through a sleeve that 
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contains one of the components* 

Calculating Tankage Volume. 

The total volume of a tank V ie composed of the., following constituent 

volumes s , * 

• 14*.. (IX.l) 

where - the rated volume of the tank; 

▼ - the volume of the guaranteed supjly of components; 
guar 

▼ L - the volume of the air cushion, 
air cush 

In determining the geometrical dimensions of a tank of volume V one must 

take into account the clogging of the tank from within by the tube conduits, and 

the intake and connecting pipes. The veluma of the tank is computed for norm*! 

conditions (t equal 15-20° C). 

1. The Bated Volume of the Quantity of Component Required, Vrated. 

Since the amount of flow per second _and the operating time t of the 
comp 

liquid«fuel rocket engines are known quantities, we have 

Y .mmVñSfí wr9t • 
* T (IX.2) 

where f is the specific gravity of the component in kg/m^; 

t is the engine's operating time from the instont of the rocket's 

blast-off fro’' the starting platform until the moment v hen the en¬ 

gine comes to a stop. 

2* The Volume of the Guaranteed Supply of Components, The guaranteed 

supply includes that quantity of component which is expended upon the work of 

the angine at the starting or launching site, from the moment of the beginning 

of operation until the moment of the rocket's take-off, plus, the quantity of 

component required for satisfactory functioning of the liquid-fuel rocket 

engine during itn final period of operation. 

The operating time of the liquid-fuel rocket engine on the launching plat¬ 

form depends chiefly upon the system used in starting the engine. When tna 
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chargé start ia uatdf this time ia short, amounting to about 0*2 sec ; if the 

starting ia self-piloting, this time is lengthened to 2-3 sec; and for that 

reason a large supply ia reauired in a self-piloting start. 

Vhen the functioning of the liquid-fuel rocket engine comes to a close, 

no intake device (except a system with bag or piston) can completely displace 

the component from the tank. Depending on the structure of the intake opening 

a certain portion of the component will be left behind in the tank, unused. 

The smaller the amount of fuel left in the tank, the smaller will be the 

quantity that is required. The guaranteed supply reduces, while the 

rocket is maneuvering, the chances of a baring of the fuel intake structure 

and a consequent cutting off of component supply in the engine. Apart from 

that, the guaranteed supply is needed to compensate for possible departures 

from the computed fuel consumption per second. 

In allowing, according to the engine's starting method, for the factors 

mentioned in the foregoing, and the efficiency of the intake device, and 

the maneuverability of the rocket, the value of VgUar nay be taken as equal 

to 2-5* of Trittd. 

3* The Volume of the Air Cushion, V . ., The air cushion is re- 
air cusn 

quired in order that when or if the temperature of the component should 

rise while the fuelled rocket is being stored there should not occur an ex¬ 

cessive increase of pressure in the tanks. Under the pressurized feeding 

system the air cushion also acts as a damping agent that smoothes off the 

abruptness of the process of starting the engine. 

In determining the volume of the air cushion, one must start out from the 

consideration that at the highest operating temperature Taax assigned by the 

specifications the pressure in the tnaks must not exceed the fixed allowable 

pressure PUnk 
max* 

The value for the pressure PUnk mmx «»ill ▼»ry according to the structure 

of the rocket tank and the special eharaeteriatics of the hydraulic feeding 
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•/•ten. For • prftefturized feeding eyeten the value for Bax ®ust not be 

higher than the presaure that would rupture tne diaphragra, ainee if the dia¬ 

phragma are ruptured a spontaneous starting of the rocket might occur. 

Ordinarily, for thia type of feeding system, this value of tank pressure 

p. . _ is assumed to equal 5 - 6 at. Once the value for p. . 
tame sax v&tuc Fax 

is known, the volume of the air cushion V . .. is determined on the basis 
* sir cushion 

of the following considerations. 

When the tank ia being filled the equation for the condition of the gases 

in the air cushion takes the following fora: 

P.V^-GRT' 

(IJU3) 

where p^ and Toare the pressure and temperature of the surrounding medium 

when the filling takes place. 

As the temperature rises to T _ the pressure in the gaseous cushion of 

the tank increases, and at the same time the volume of the gaseous cushion 

goes down to s value CU8hion due the temperature increase in volume 

of the component in the tank. 

(IX.4) 

where ß is the coefficient of the component's volume expansion. 

The equation for the condition of the gases in the cushion will then take 

on the form 

Pt-tor-MJ-QRT.u. 

Substituting in this expression the values G and ù. V 
air cushion 

(IX.5) 

from 

aquations (IX.3) and (IX.4) we get 

so thit after reduction and conversion ws get 
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(IX.6) 

y., —r») 
* tam • 

hJm*t I- 

{. 
r. 

Exacpl« 19. Determin« the voluce of the air cushion in tanka contain¬ 

ing kerosene as the combustible and nitric acid as the oxidizer, if the rated 

volumes of the tanks are 

I'fvtW-o.ii a*} 
^ratHNo. "0.45 m3« 

Th* tanks are filled at the temperature of the surrounding medium ?Q a 

15° C and a pressure pQ a 1 at. The pressurized feed system is used; accord¬ 

ing to the erecifications of operation of the ennine installation, the feed¬ 

ing is carried out in a temperature range of * 50° C. 
• <* • « 

Solution: 

Since the feedinj is pressurized, the raxinun admissible precsure in the 

tanks Ptanic œax i» taken as 6 at. The coefficient of volume expansion for 

kerosene and nitric acid are equal to (see Table 30) 

K^-w-ur*; 

Table 30 

Values for the Coefficient of Volume Expansion ß For Various Liquids at Soon 
Temperature 

No. Liquid /3* 104 No. Liquid /3' 104 

1 

2 

3 

h 

5 

6 

Nitric Acid 

Aniline 

Benzine 

Kerosene 

Methyl Alcohol 

Hydrogen Peroxide 

12.4 

2.58 

12.4 

9-10 

12.2 

10.7 

7 

8 

9 

10 

Sulfuric Acid 

Turpentine 

100¾ Ethyl Alcohol 

50¾ Ethyl Alcohol 

5 

9.* . 

10.4 

7.4 

The highest temperature in the given case is 323° «b». With the aid 
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of «quation (IX.6) we deteroin« th« voluce of the air cuohions: 

for th« k«roa«ne tank 

iy¿- <r*" ~ To) m 0.19-10-10^*(323—2881 
I __ 

P&kiaT» 1- M0« 323 

O-10*-288 

■0,00818 ja*; 

for th« nitric acid tank 

„ 0,48-12,4 IQ"4(323 - 288) 

I 
1-10« 323 

6 10* 288 

-0,02400«. 

Example 20. 

Compute tho rolumc of tha combustible and oxidizer tanks of a liquid-fuel 

rocket engine operated with the fuel: kerosene ( * 820 kg/o^) and 

nitric acid ( yHNOj * 1560 kg/o5) assuming that the thrust of the engine is 

P « 3.000 kg, the opecific thrust P#p * 210 kg-sec/kg, the running time of the 

liquid-fuel recket engine t * 60 sec, and the actual ratio of oxidizer ex¬ 

penditure to fuel consumption V a 4.5. 

Solution: 

W« determine the required fuel consumption 

„ P 3000 . 
2ÍÕ"1'3 Wsec. 

i f i 

We find the fuel consumption Gfu#1 and that of oxidizer Goj¿id. According 

to equation (▼•l*»') 

-, 

0ri+7-i+M_i-* V*1 0.-0-0^.14,3-2.8-11,7 kg/sec. 

We find the design volumes of the tanks. The design voluae of the 

tank for fuel (combustible) Is 

„ Ott 2,6-00 ‘ 
1 Kls4.e ■■ —0.19 a«. 

Tho design voluna for the oxidizer tank is 
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V OJ 11.7.00 ^ 

.... ,- 
Wf determine the guaranteed supply volur.e for the tanke. For the fuel tank 

we set the guaranteed eupjly volure at of the design volume of the lank. 

We calce a analler allowance for the oxidizer tank ianaller than than 

for the fuel tank, since the design volume for the oxidizer tank ic greater. 

We take it as equal to 2¾ of vpat#<j« Th# volumes for the air cushion of 

this example are found computed in Example 19. 

■ Knowing th. «lue. for ''rlUi.Vfu(ir»n<l Viir eushlon. « i.t.rmin. th. full 

volume of the tanks. The full volume for the fuel tank (kerosene) is aa 

follows: 

V-0.19+0.05 - OPl9-(-O.OO8l0-O.2O768«O.2O8n*. 

Tha full volume for the oxidizer tank (nitric acid) is as follows: 
» 

F-0.45+0,02 • 0,454-0.024-0.4«3 m*. 
* c < 

.• * . V 

Calculation of the Strength of the Tanka. 

Calculation of the strength of the tanka is made after the manner of 

calculations for thin-walled containers. 

If the pump system of feeding is used, the rated pressure in the tanka, 

^rated* Can taken, by way of first approximation, as equal to 2-3.^ krj/cm^. 

In cases where, in a rocket with pump feeding, the tanks are load-carry¬ 

ing tanks, tha strenjth calculation of the tanks is based on the strength con¬ 

ditions of tha tanks and the rocket as a whole. If there is gas cylinder 

feeding the rated feeding pressure of the tank ia not determined un¬ 

til all the details of the hydraulic system have been completely worked out. 

It will be obvious that the required feed pressure is equal to the 

pressure in the combustion chamber plus all losses of pressure along the 

routs followed by the component from the tank to the combustion chamber, i.s. 
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Pf Pt f Ai»«4r+ *P<*ie + Vy + 
(U.7) 

«her* 

^*iaj 

^^cool 

^^ttb* 

Apr*lT*s 

la the pressure in the cocbustlon chamber; 

is losses of pressure in the Injection orifice; 

is losses in the cooling jacket; 

is losses in the pipelines; 

is losses in the Taires; 

is losses at the throttle plate. 
^throttle 

All of the losses along the way followed by the component from the tanke 

to the combustion caamber usually are computed by the hydraulic formulae (see 

below, Section 64). 

The hydraulic system of the engine is usually designed in such manner 

that the pressure in the tanks would be uniform. This greatly simplifies the 

entire feed system. Difference of hydraulic resista-.ce in the fuel tract and 

the oxidizer tract are eliminated by installation of special throttle plates 

(!•*• change of Ap 
throttle 

)• These plates are used to ensure the required 

flow of componente in their proper proportion. 

Figure 158. Elliptical and Spherical Shape of the Bottoms. 

1 — spherical bottom; 2 — axis of rotation; 3 — elliptical bottom. 

Knowing the walue for Prate¿ f°r of cylindrical shape, one can find 

the required thickness of the wall of the tank & by using the formula 

1' 
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(IX.8) 2* 

«h«re d is the internal diameter of the tank, in cm; 

is the admissible tensile stress of the material chosen for the 

tanka, in kg/cm ; 

k ia the safety factor. 

For liquid-fuel rocket engine tanks with pressurized feeding the value 

for k ia taken as equal 1.5*2. 

For pressurized feeding tanks with solid propellant gas generator or 

liquid propellant gas generator the walls of a tank are heated to tempera¬ 

tures of 300-350° C. One must therefore take into consideration here the 

decreased strength of the material at the higher temperatures. Computation 

for the bottoms of the tank has to be made according to the shape. 

The most widely used shape is the elliptical or something near it. The 

surface of an elliptical bottom is formed by revolution of a semi-ellipse 

around ita minor axis (see Figure 158). 

The thickness of the bottom ia in this case computed from the formula: 

(IX.9) 

where r ia the radius of the sphere of the bottom. 

Materials Dsed for the Tanks. 

In selecting the material for the tanks, one must start out from the 

above-mentioned demands that are made upon the tanks. 

Minimum weight of the structure can be attained by using materials with 

high-quality mechanical properties or low specific gravity. 

Many of the special steels offer very high mechanical properties. With 

appropriate heat treatment these steels are capable of with-standing a stress 

of up to 120 kg/mm2. 

However, there are difficulties arising in the use of these steels, 
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because where there io weldine required one has difficulty in obtaining suf¬ 

ficient strength of the welded seaus, i.e. a strength equal to that of the 

steel itself. Aside froo that, after the welding it i» necessary to ^ 

subnit the whole tank to beat treatment, which is a rather complicated 

process in view of the tank's large dinensions. Moreover, these steels are 

very expensive. 

In designing single-operation liquid-fuel rocket engines one must, as far 

as possible, make use cT non-critical materials, so as to reduce considerably 

the cost of the entire structure. 

Most of the fuels used do not require high corrosion resistance for the 

tanki and hence, use is r.-.ade, for tiese tanks, of high-strength, but not neces¬ 

sarily corrosion-resisting materials, such as steel type 30KhGSA. 

In chosing material for the oxidizer tank one has to bear the following 

considerations in mind: tanks for aggressive cxidizers (HNO^, and the 

like) must possess a high degree of corrosion resistance. Moreover, materials 

used for an tank must not contain any elements that are catalysts for 

the dissociation of hydrogen peroxide (especially copper). 

So far as the gas cylinder feed systers are concerned, the tanks for 

aggressive oxidizer are made of rust-proof steels of type lKhl8N9T (ZYA1T). 

Steel lKhl8N9T is satisfactory for welding, that is, a scale is not formed 

when it is welded. But this steel requires precise execution of the welding 

and heat treatment processes; and of. erwise the required mechanical proper¬ 

ties of the welded seams are not obtainable. 

A disadvantage of materials type lKhl8lI9T consists in the fact that they 

are relatively expensive, due to their large nickel content. 

With a pump feeding system the t%nJ:s for HNO^ can be made of aluminum 

alloys types AK or AMg. 

Sometimes tanks for aggressive components also are rade of high-strength 

materials that are, however, not corrosion-resisting. In that case the interior 
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of tho tank la covered over with sore sort of protective file: lacquer, wax, 

or an oxide film. An example of this kind of tank are the hydrogen peroxide 

tanka of rocket A-4. 

'Thé aaterial coaooain* the tanka for liquid oxygen has to possess high 

strength at low tenperatures. The oxygen tanke usually are T.ade of aluni- 

num alloys of the type AMg or of non-rusting steels of the austenite class, 

which do not lose their resilience at low tenperatures. 

Table 31 shows characteristics of rétala used in the manufacture of tanke. 

Section 55. Computing the Dirensions of the Gas Cylinder and the Sas 

Supply Required in Cylinder Feeding. 

In caking computations for g-s cylinder f^ed^ng ore hi« fn deterrina the 

volume of the cylinder and t e supply of compressed gas that is used to expel 

the component from the tanks. 

In the usual systems of cylinder feeding for tne displacement of fuel 

usa is mads either of air or of nitrogen. Tn some rockets helium has been 

used (a.g. the feeding system of the "Aerobee" rocket, and the steam/gas gene¬ 

rator of the "Neptune” rocket). The advantage of helium over air or nitrogen 

is that the molecular weight is lower and, consequently, other things being 

equal, also the specific gravity. Thus the weight of helium required for 

displacing 1 m^, other t.lings being equal, will be one-seventh the weight of 

the nitrogen.^ . 

And besides, unlike air or nitrogen, the tenperature of the helium rises 

when it is being throttled in the reducer; and this contributes to an addition¬ 

al saving of weight for displacing the gas. 

Change of Temperature of the Displacing Gas Durinr the Feed Process. 

Let us analyze the processes that occur in the progress of ft¿ding with 

the aid of a compressed gas cylinder, (see Figure 15^). 

Qaa under high pressure flows from the cylinder and is throttled in 

redueer 2 until it has the proper feeding pressure, at which pressure it enters 
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the tanks. As the çûs flows from cylinder 1« the gas remaining there will 

expandf and its temperature »/ill drop to a lower level. Aa a result of this 

drop of temperature, the gas will receive heat fror, the warm walls of the 

cylinder. But since this influx of heat is negligible in quantity, the tenpe- 

rature of the gas in the cylinder will after all be lowered, i.e. there will 

occur in cylinder 1 a polytropic expansion with a polytropy index n that will 

be lower than would be the case during adiabatic exiansion, i.e. 

1< n < k 

Using the equation for the polytropic process, we are able to compute the 

final temperature of the gas in the cylinder by using the equation 
m * 

a-l 

ft (V*) 

p .. -:L \ 
(IX.10) 

s f i n * 
Designating the value of - by coefficient c^, we get 

g st 
• %. -• • • 

* (IX.11) 

The value for coefficient c. will depend on the pressure drop - 
1 *g at 

and the index of polytropy n, determined by the Intensity of transmission of 

haat fron the wall to the gas. One may accept the value for n as equal to 

1.15-1.33. Table 32 shows values for coefficient c^ that were computed 

assuming that n « 1.33* 

In the course of the outflow of gas from the cylinder the gas température 

will gradually decline from T^ to T^ ^in. 

When the gae is being throttled in a raducing valva the temperature 

of real gasas doas not rerain constant. For air and nitrogen, in particular 

the temperature goes down; but for helium it rises slightly. Aside from that, 

as it rasches the tank, the gas will be heated by the walls of the tank. 

It is vary difficult to allow for all these temperature changes theo¬ 

retically. By way of simplification, we shall leave out of account the 

changes of gas temperature due to throttling and those due to heating by 
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the walls of the tanke. W« then find that each portion of gas reaching tank 3 

has a temperature that ia equal to the temperature of the gae in cylinder 

1 at a given moment. Consequently the first portion of gas, when the engine 

ia being started, will reach the tank at a temperature at while the very 

last portion, at the moment the engine ceases to function, will have a tempera¬ 

ture T • All these portions of gas will become intermingled inside the 
g fin 

tank so that the average temperature of the gas will be rid^ay between Tg 

and T g fin* 
i.e. 

It may be provisionally noted that the temperature of the gas in the 

tanks at the end of the feeding process will be 

(EC.12) 

The value for coefficient c2 ia lower than unity, bu^.highar.than the 

value for c^; thair values at n = 1.33 are shown in Table 32. 

If we take into account the change of gas temperature incident to the 

process of throttling, the c2 value for nitrogen and air will be lower than 

shown in the Table (32), but for helium it will be higher. For helium the 

value c2 would have to be taken 10¾ higher than shown in Table 32. 

Values for Coefficient c^ and c2 as dependent on the Ratio 

Is_!í_ 
** fin 

10 7 4 

•i 

#2 

0.55 

0.75 

0.60 

0.80 

0.70 

0.87 

Table 32 
p 

” when n = 1.33 
Jug- JLd- 

2 

0.62 

0.90 

Computing the Volume of the Cylinder and the Gas Supply. 

In computing the volume of the cylinder and gas supply one makes use of 

the following initial data: the total volume of fuel and oxidiser tank, ▼tank; 
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the pressure used in feeding the components P^anjc» and also the properties of 

* A 
the outfloeing gas, i.e. the gas constant R In kgmAf C, and the initial 

temperature of the gas 
S •* 

The initial pressure of the gas in the cylinder is determined by the con¬ 

ditions under which the cylinder was filled. The final pressure in the cylin¬ 

der is bound to be slightly higher than the feeding pressure — to the 

extent of the drop of pressure in the reducer ^ Pr0(j “• *» required to ensure 

normal functioning of the reducer. 

Usually the ralue for Àp . is taken as (0.25-0.50) p 
rea exit 

Let us now consider the condition of the outflowing gas before the be¬ 

ginning and at the close of the feeding process. Before the beginning of the 

feeding process the gas is enclosed in a cylinder, and according to the equa- 

• ■ - 

tion of state we may write: 

/¾ ft • 

(IX.13) 

where 0 la tha quantity of gas in the cylinder, in kg; and gas 

R is the gas constant in kgmAg °C. 

At the end of feeding, the gas is partly in the cylinder, partly in the 

tanks. 

The condition of the gas at this time is expressed by the equation 

( IX.14) 

where flj|, Tg fin, Qg finarethe pressure, temperature, and weight of the 

gas that is still remaining in the cylinder at the close of the feeding process. 

The final pressure in the cylinder is as follows: 

p¡hrPt+*Pr* * . 
t 

* 
The condition of the gas in the tanks at the close of the feeding process 

is expressed by the equation 

p^t^OtRTtKf 
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»h«p# O^^isthe quantity of gas entering the tanke at the cloee of the 

feeding procese, in kg« 

From formula (IX.13) we get 

From formula (IX.15) »« get 

(IX.16) 

ff.«, 

The «eight of the gas in the cylinder and in the tanks at the close of 

the engine's operating period is the sr.tne as its initial weight: 

and hence we have 
: ft Hvt 

3,.«.- V- °« “ if*- • 
« K*y*t KTt.f¡* 

(a.i7) 

Substituting the »slues Pg fln and 0 fln in equation (IX.14) we cct 

• • • - 

<#t+ - -ff RTt ^ 
r \ *Ttít l (IX. 18) 

Introducing the above-mentioned relations between the initial and final 

temperatures (IXnll) and (IX.12), and substituting these expressions in (IX.1?0 

we get 

(IX.19) 

By'conversion and reduction we cow get 

... V"i 
MV ± 
±*Jl. 

’lY*-<Ft+Vr«d (IX. 20) 
. . k 

The volume of the cylinder is directly proportional to the feeding pressure 

jiud the volume of the tanks. It varies inversely as the initial pressure, and 

in independent of the gas constant of the gas used. Knowing from (IX.16) the 
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volume V of the cylinder, we now find the weicht of the enpply of «mo 

required 

(11.21) 

The weight of m cus varies according to its properties. It varies in¬ 

versely as the gas constant. 

Example 21. Determine the volume of a compressed air cylinder and 

the weinht of air in the cylinder for a liquid-fuel rocket engine with cylinder 

feeding, assuming that the complete volume of the tanJ: with combustible « 

0.209 o^, and the volume of the oxidizer tank = 0,^72 n^. ?hs feeding 

pressure of the components from the tank is to be taken as ‘lual Plank 1 30 

kg/cn2. The initial terferature of the gas T » 20° C. The pressure in the 

cylinder is to be taken as equal 250 kg/cm^. 

Solution; 

We first determine the total volume of the combustible and oxidizer 

tanks: ■ i 
V,- K+K.-O,209+0,4^2-0,681 m». 

w 

We assume that the reducer provides for normal feeding, with a difference 

/ 2 
of pressure in the cylinder and the tank * 7 kg/cm . 

We find the pressure in the cylinder at the close of tne operation p^ 

* A/W"30+7-37 kg/cra^. 

The ratio between initial and final pressure in the cylinder equals 

According to Table 32 we find that the coefficients c^ and for this 

g tin 

c« ■ 0.61f c 2 ■ 0.8l. 
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According to «quation (DC.20) we find the volume of the cylinder 

“ 0,61 250.10*-(30 10»+7-1(H) ^0,156 

The weight of the gas enclosed in the cylinder Is determined from the 

equation of state 

so that 

VtV"V*IVrt 
ß*itV**s 250.1(H 0,156 

“ 39,3-293 
45,4 kg* 

Calculation of the Strength of the Cylinders. 

In order to keep down the »/eight of the compressed gas cylinder it is 

best to give the cylinder a spherical shape. In that event the thickness 

of the walls of the cylinder can be computed by the formula 

Ik A col 
4« 

2 
where p is the rated pressure in the cylinder, in kg/cm ; 

d is the internal diameter of the cylinder, in cm; 

O is the admissible ultimate strength in kr/cm^; 

k is the safety factor.- 

(LC.22) 

The internal diameter d ic found fror, the known volume of the cylinder 

Since 

therefore 

Instead of (IX.22) we now get 

(IX.23) 

(IX.24) 

(IX.25) 
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If th« siz« of a spherical cylinder is such that it cannot be acconao- 

dated in the nidchip region of the rocket, it will be necessary to çiwe this 

container the cylindrical shape with spherical bottons* In this case the wall 

thickness of the cylindrical part of the cylinder is determined by the fornula 

(IX. 26) 

The thickness of the bcttorr.c is determined according to (IX.22). The 

weight of this type of container will be considerably heavier then that of a 

sphere-shaped container. 

The compressed gas cylinders are frequently made of high-strength 

steels type 25KhGSA and 30KhOSA, even though, as is known, these metals 

have a tendency to form cracks after welding. 

Selection of the Initial Pressure in the Gas Cylinder. 

The initial pressure in the cylinder F is chosen by starting out 
(j£ 6 w J 

from the following considerations: Obviously, the greater the value for F 
g st 

the smaller will be the amount of space occupied by this container; and this 

is quite important especially if it becomes necessary to accommodate a spheric¬ 

al container in a rocket of small dimensions. 

It is possible to show that the weight of a spherical container is not 

▼ary ouch dependent upon the initial pressure of the gas contained in it. In 

0 

fact, the weight of a spherical container . with an average diameter d, 

with a ajpecific gravity of the material will be 

• «N» 

Since 

(IX.27) 

therefort 

(IX.28) 
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(11,29) 
n _ «Ä/ta. ft Vt j —. 

Substituting th# valu# for d fron (IX.2U) w# get 

Q « %>o#V _ 1,50* rytlrYyi. 
4« • 

Substituting V from (IX#20) we get 
& 

(IX.30) 

or • 

iJptVt1': p^st 

Qt— 1,50 — 
kPtv* 

V-'^\ 

Is. 
9 

(IX.31) 

From equation (IX.31) it appears that for a given Treasure and volume of 

the fual tanks Ptanlc »nd vtank th* weiSht of the gas c°ntainer varies only 

according to the difference indicated here in parenthesis 

and the ratio 

If P 
g st 

#i 

*2 * 

is increased, 

For instance « if 

these values cnange only to a negligible extent. 

^f^t+AP,*-33+7=40, 

a change of froB 280 to 320 will cause the value for ^anjt increase 

by less than 1%. 

Thus an increase of the initial pressure in the gas container P . does 
g sc 

not materially affect the weight of the container and favors a certain de¬ 

crease of its dimensions. 

But an upper limit for the initial pressure in the container is set by 

the capabilities of the filling equipment. If the container is filled with 
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the aid of coopreooora, the highest pressure is taken at 250-300 atu, since 

any increase of pressure beyond that point would involve complications of 

the compressor. 

If the container ie filled with the aid of evaporation of a liquid gas, 

the foregoing consideration does not apply, and the initial pressure can be 

chosen much higher. It is then limited by the possibilities of manufacturing 

thick-walled containers and fittin-s for very high pressures. 

Section 5Ó. Calculation of Ctrtrid»:e and liquid Fressure Accumulators 

/Solid and Liquid Propellant Gas Generators/. 

The basic advantages of the cartridge pressure accumulator is its simpli¬ 

city of COrstHJnr.ion and operation. Tn addition to this, by reason of its 

weight characteristic, tne cartridge pressure accumulator is more efficient 

than the air pressure accumulator and falls very little behind the liquid 

pressure accumulator. 

For small rockets, where simplicity of construction is one of the chief 

requirements, the cartridge pressure accumulator system is the most rational 

system of feeding. 

Characteristics of the Powders Employed in the Cartridge Pressure Accumulator. 

In designing the cartridge pressure accumulator, the cost difficult thing 

is to insure constancy in the time of the consumption of the powder gases at 

the prescribed pressure. 

As we know, powder does not burn as a mass but in parallel layers, only 

from the surfacs. So then, in order to obtain a uniform combustion, in time, 

of the powder charge, and, consequently, alsota constant generatioh of 

powder gases, necessary for the uniform forcing of the fuel from the tanks, 

it is nscessary to have a strictly constant eurface of combustion. For this 

purpose, we employ the so-called restricted grain. A part of the surface of 

the restricted powder grain is covered with a substance preventing the com¬ 

bustion of the powder. The combustion of the_restrioted gpsln can take’place 
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only on the uncovered surface. 

Figure 159* Arsored powder charjcc. 

a — charge with a constant surface of combustion; b -- charge with a variable 
surface of combustion. 

1 — inhibiting surface; 2— surface of combustión; J> — inhibiVing surface: 

suyate of coabuation. 

If it is necessary to isaintain a uniform time rate of combustion of the 

powder grain, the ends (face)(cne or both) are left open (uaroatricted). In 

such a grain the surface of combustion remains constant and equal to the area 

of the face (Figure 159 a). Consequently, the quantity by weight of Gp burn¬ 

ing in a unit of time remains constant. 

In Figure 159 h we also show a restricted grain with a non-uniforn sur- 
# 

face of combustion, increasing os a result of an increase in the diameter of 

the burning surface. 

'** 'the burning rate ofVtfce-powdér is detémined. first of all by 

pressure at which combustion takes place. The higher the pressure, the more 

intensive the addition of heat to the powder grain and the greater the burn- 

ing_ rata of the powder. 

For the majority of powders employed, the dependence of the burning rata 

tñ on tha pressure can ba determined as follows: 

•—«if* ca/MC, ' 
(IX.32) 
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whtrt p !• tht pr«8surt in kg/c«2» 

is tht hurning ratt of the powder In ca/sec at a pressure of 1 

kg/ca2, depending on the coaposition of the powder and the tea- 

perature of the initial coabustion; 

is the exponent of burning rate at pressure p, depending upon the 

coaposition of the powder. 

The arerage value of the exponent of burning rate n and of the burning 

rates of certain rocket powders are given in Table 331» 

Table 33 

Exponents of Burning Rate of Certain Powders 

Type of Powder 
Exponent 

of 
Burning 

Rate 
n 

Burning Rate 
Uj^ in cm/aec 

Burning 
Teaperature 

in 
Degrees 
Absolute - 18° C 

0 
21 C 60° C 

t 4 
JP 
JPN 
A-2 
German 
Japanese 

' A-3 
A-Í 
Slow burning 

. nitroglycerin 
• - 

0,71 
0.09 
0.05 
0.71 
0.42 
0.83 
0.09 
0,70 

0.0663 
0,0762 
0,0628 
0,0233 
0,1113 
0,1993 
0,0715 
0,0323 

0.0632 
0.0679 
0,0606 
0,0270 
0.1324 
0,2135 
0.0913 
0.0775 

0,1011 
0,1069 
0,0699 
0,0315 
0,1485 
0,2283 
0,1(00 
0,0436 

3170 
3170 
2470 

3270 
2330 

The burning rate of a powder also depends on its teaperature. The 

higher the teaperature of the powder, the easier the coabustion reaction 

on the surface of the change and the greater the burning rate. As a result 

of the relatively high burning rate and the saall heat conduction of the 

powder, there is no heating up of the powder charge in the process of 

1 R. H. Uiapress, Vnutrennyaya ballistika porokhovykh raket ¿Internal Bal¬ 
listics of Powder RobketsT, Ixdatel’stvo Inostrannoy Literatury ¿Publishing 
House of Foreign Litersture/. 1952. 
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coBbuation, ao that the temperature of the powder cr.arce in the procesa of 

ecflbuetion reTjiins practically conatant and equal to its teaperature at the 

btginning of combustion. Henea, the burning rate of a powder dependa on the 

initial température of the powder. 

The quantity of powder burnt in a unit of time is determined by the 

formula " ; 
O^-JJnppkg/Bec, 

(IX.33) 

where F ia the burning surface of the powder in n ; 
P 
y ia the specific gravity of the powder in l:g/m^; * 1.4-1.7 g/cnr î 

u is the burning rate of the powder in m/sec. 

The Supercritical end the Subcritical Cartridge Prersure Accumulator. 

In Figure l60 a, we show the diagram of the so-called '’supercritical” 

cartridge pressure accumulator. In the solid body 1 there is the charge 2 

(or the set of charges) of slow burning powder. When the engine starts, these 

charges are ignited by means of the igniter 3» consisting of black propellant 

powder or a thermite mixture. The ignition of the igniter is done by means 

of an electrical current. As a result of the burning of the powder there is 

formation of gases having a high temperature and pressure, which, passing 

through the throat of the nozzle 4 and, along the duct 5, go into the com¬ 

bustible and oxidizer tanks. 

a •- supercritical; b — subcritical. 

1 « body; 2 — powder; 3 — igniter; 4 — norzle throttle; 5 — duct for the4 
discharge of the powder gases; 6 — pressure release valve; 7 — starting car¬ 

tridge pressure accumulator. 
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The basic principle of the operation of such a cartridge pressure accumu¬ 

lator consists in the fact that the ratio of the feed pressure Ptajl¡c to the prea- 

Ppou^j. *n the chamber of the cartridge pressure accumulator is less or 

equal to the critical pressure,, that is, 

With such a drop in pressure, in the throttle section of the nozzle there is 

set up a critical velocity of the flow of powder gases. 

Proceeding fror, this, the pressure PpOW(jor the chamber of the cartridge 

pressure accumulator and the dimensions f. of the throttle section of the 
CUT 

no 717,1 #| Af*#* aH on fh* V> n w of c a nf ?!,?> r* pf i. O S of ^ 

tion 17) so that the consumption of the end products of powder cor.bustion 

°powder.dr wil1 ensure the feeding of the prescribed flow of the fuel 

components. 

Let us consider the work of the supercritical cartridge pressure accumu¬ 

lator for the case when the lateral surface of the powder charge is inhibited 
• - . • * - * a 

and the burning takes place from the end (cigarette burning). ?/ith a change 

In the pressure in the chamber of tho cartridge pressure accumulator, there 

in a change in the burning rate of the powder, and consequently, also in the 

quantity of powder gases forming per unit of time G . . There is also a 
powder 

change in the flow of the powder gases through the throat of the nozzle 

^powder dr* 

In this e se, the change in thb quantity ®p0W(jtr °f powder gases forming 

la expressed by the relation I 

<v-v; 
where Op0wg#r^ i* the quantity of powder gases forming at PAK>Ä(j6r * 1» 

y . 0.45-0.75. 

The change in the flow of powder gases 0pOwdtr ^ through tha throat 
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of tho nozzlt in the first approximation is directly proportional to the 

pressure in the chamber of the cartridge pressure accumulator -- r , , 
powder 

The character of the dependence of the change of 0 . and 0 
powder powder dr 

on the pressure PpOW¿#r i® given in Figure l6l. 

on the 

Fron these graphs we see that the characteristic of the change G 
° powder dr 

* ^ ^powder^ is more abruPt than th® characteristic of the change of G00|rder« 

Besides, in case of an accidental increase in the pressure p himher 
rponder 

than the rated and up to p* . >p J „ Jt the flow of 
r powder ^ ^powder rated* 

powder gases G,powdtp dp becomes greater than the quantity 0*p /p « powder? 

of forming powder gases as a result of which the pressure in the chamber of 

the cartridge pressure accumulator is again lowered. This ensures stability 

of operation of the supercritical cartridge pressure accumulator and consti¬ 

tutes its advantage. 

p 
However, in view of the necessity of a great drop in pressure -Í?-wdeS 

ptank 
the pressure in the supercritical cartridge pressure accumulator reaches 200- 

250 atmospheres, resulting in an accumulator of great weight. 

In addition to this, with such pressures, there takes place an intensive heat 

transfer from the powder gases to the walls of the cartridge pressure accumu¬ 

lator, making it difficult to provide for cooling. 

Hence, at the present time, the supercritical cartridge pressure accumu¬ 

lator is not used as a basic system and finds application only in launching 
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•yatems. 

In contrast to the supercritical cartridge pressure accumulator, the eub- 

critical cartridge pressure accumulator (see Figure l60 b) does not have a 

throttle nozzle. In this case the difference in treasure in the cartridge 

pressure accumulator and in the tanks (fy - ^tank ^ *8 8P,a** 8n<* d*terr.ined 

by the losses in the sycten of feed pipes. Hence, even the pressure p in 
P 

the chamber of the subcritical cartridge pressure accumulator is email, thus 

improving its weight characteristics. In practice we ray assume that the 

pressure in the chamber of the subcritical cartridge pressure accumulator is 

equal to the feed pressure P^ftn]C« 

In order to prevent the increase in pressure above that specified for the 

subcritical cartridge pressure accumulator, it is necessary tc install a 

pressure discharge valve (6). This is necessary because in the subcritical 

cartridge pressure accumulator there is no throttle opening which assures 

the stability of operation of the supercritical cartridge pressure accumulator. 

An effort is made, in the case of an angina system with pressure feeding, 

to reduce as far as possible the time required for the feed system to start 

functioning at the normal level, l.e., the time it takes the pressure in the 

tankr to reach the rated feed pressure rtanlc* 

The interval of time in the course of which the liquid-fuel rocket engine 

•tarts normal operation depends upon the free volume of the fuel tanks and the 

(as supply lines. 

In sccordance with the operating conditions of the engine s/atem 

this time should not exceed 2-2.5 s®c (depending upon the construction of the 

isystss). 

The basic cartridge pressure accumulator functions on slow-burnln( powders 

.and.cannot ensure such rapid establishment of operating conditions. Kence,inths 

•yatema of feeding with the cartridge pressure accumulator, in addition to the 

basic one, there is installed as additional, starting cartridge pressure 
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accumulator functioning on quick-burning powder. This starting cart¬ 

ridge pressure accuaulator serves for the rapid filling with powder 

gases of the free volume of the fuel tanks and the gas supily lines and aleo 

for the ignition of the basic charge of the cartridge pressure accumulator. 

The starting cartridge pressure accumulator is ignited by a special 

ignition charge by means of an electric epark. 

Calculation of the Cartridge Fressure Accumulator. 

In the functioning of the cartridge preseure accumulator t’-e- following 

phenomena occur in the pipes-tanks system. 

1, Intensive cooling of the hot powder gases in the pipes and in the 

tanks themselves. 

2. Evaporation of the liquid components a:d the partial solution in 

them of the powder gases. 

3# Since for the end products of powder combustion 1, then, in 

the oxidizer tank during the reaction with the vapora of the oxidizer there 

occurs an after-burning of CO and leading to an increase in the tempera¬ 

ture of the gases in the oxidizer tank in comparison with their temperature 

in the combustible tank. 

All these phenomena exert their influence on the displacement capacity 

of the powder gases, and, consequently, on the feeding of the components. 

However, it is impossible to make exact allovance for their effect. Hence, 

in the calculation of the cartridge pressure accumulator, we proceed from the 

assumption that during the whole time the cartridge pressure accumulator 

operates, the gas volume of the system is filled only with powder gases. 

However, the processes of cooling, solution and after-burning of the 

powder gases, pointed out above, are taken into account by the introduction 

of experimental coefficients. 

In the calculation of the dimensions of the charge of the cartridge 

pressure accumulator, we start from the following requirements: 
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1) The volume of powder gaeee entering the tanks per second should be 

equal to the neceaaar^ volumetric coneuuption of fiel (cor.buetible and oxidizer) 

per second; 

2) The time of conbuetion of the charge should be equal to the tire of 

operation of the engine. 

From the calculation of the engine, we know the volume of the tanks emptied 

per eecond: 

e:+ Oo a3/sec. 
T* 1* 
* -- (IX.34) 

On the other hand, the volume of the end products of powder combustion 

formed in one second is equal to 

I f" “V366* 
(IX.35) 

where <lw¿#r is the quantity of powder burning in a unit of time in kg/sec ; 

¿Tpcomb is the gravity of the products of combustion in kg/m^ 

at the feeding pressure rtainu« 

Vith the displacement feed systew of the components by means of a car¬ 

tridge pressure accumulator 

•■V • • • • , 

am V ** V 
ttc Vlt< f • 

Ctmk 
(IX.36) 

In accordance vith the equation for the state of the gases 

(IX.37) 

where P is the gas constant of the products of combustion of powder in 

kg «A* °C; 

T is the temperature of the products of powder combustion in degrees 

absolute, reached if the powder burns at a constant pressure; 

*tank is the feed pressure in kg/a*. 

The produet RT is customarily referred to aa the reduced force of the now 
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dtr. It is desirjnatu 1 by fo. For ths powders listed in Table 33« the Value 

fo • ~80,000 - 100,000 kg m/kg. 

By subntituting (IX.33) «nd (IX.37) in equation (IX.3^), we obtain 

V -, F, Hy, 
*** 't ». ' (IX.38) 

from which we find the necessary burning surface of the powder 

f-Aüis. 
r ■V*1' (lx.39) 

The teaperature of conbustion cf powder, depending upon the kind, is 

within the limits of 2,300-3.300° absolute. 

In the tank, the powder gases have a lower terperature, amounting to 

about 7OO-9OO0 C. The reason for this is the intense cooling of the powder 

gases during passage through the feed lines, and also as a result of the 

giving off of heat through the walls of the tanks and to the displaced liquid. 

In addition to this, the lowering of the temperature of the gas in the tanks 

can take place as a result of the spilling of a component into the gas valune 

and its evaporation. Since the temperature of the powder gases in the tanks 

is lower than the temperature of the combustion of powder, for obtaining the 

necessary consumption of fuel per second and the prescribed feeding pressure, 

it is necessary to burn in one second a larger quantity of powder than was 

determined in the theoretical calculation by formula (IX.39)» that is, the 

quantity of powder burning in one second should be increased by the number of 

times that we decrease the absolute temperature of the gases. 

In addition to this, the chamber of the cartridge pressure accumulator 

should generate a certain additional quantity of gas necessary for ensuring 

stable operation of the pressure release valve and for restoring the 

working pressure p in the tanks in case it is reduced for some reason 
v&lUC 

or other. 

All these factors are taken into account by the introduction of the 
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coefficient ^ • The value of the coefficient y/ io equal to 3-3«5» For the 

tank of oxidizer the value , ae a reeult of after-burning, will be less 

than for the combustible tank; for small engine syoteas, the value of ÿ 
should be taken greater, because in this case the relative surfaces of heat 

transfer of the tanks and of the gas lines is larger. 

The final formula for the determination of the necessary burning surface 

of the powder charge, taking into account the cooling of the powder gases, 

assumes the form 

«Tf 4 
(U.40) 

For this purpose, in order to in*»»** under all conditions the prescribed 

pressures of powder gases in the tank, the burning rate u of the powder in 

formula (IX.40) is taken at the lowest temperature of beginning of powder 

burning which is possible in operation. 

If the temperature at the beginning of combustion is larger than the 

design temperature, the rate u will also be greater, as a result of which 

the flow and pressure of the gases will be larger than the design values. 

The excess pressure in the chamber of the cartridge pressure accumu¬ 

lator will be drawn off, by the pressure release valve. 

The length of the powder charge L is estimated by starting from the 

necessary time of operation of the liquid fuel rocket engine 

La>ut cm* 

(IX.41) 

In the calculation of the length of the powder charge, the rate u of 

combustion of the powder should be taken by starting with the aasimua pos¬ 

sible temperature of the beginning of combustion and, consequently, with the 

maximum burning rate of the powder. If we take the value u for the average 

or minimum temperature, the length of the charge L will be insufficient 
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for Insuring ths necessary time of operation of the engine at the high tempera¬ 

ture of the surrounding medium and the feeding of the components in the neces¬ 

sary amount will be stopped earlier than is permissible. 

Example 22. Determine the ..diseñaions of the powder charges of a car¬ 

tridge pressure accumulator for any liquid fuel rocket engine with cylinder 

feeding, operating on nitric acid ( y' * I56O kg/m^) and kerosene < r, * 0 g 

820 kg/m^); the mixture ratio V * 4,5, 

Thrust P * 2000 kg. The specific thrust P equals 211 kg-oec/kg. The 
S p © c 

p 
tine of operation = 30 sec. The pressure of feeding p * 40-kg/cm , 

v&QrC 

Solution: 

'Um determin#* the consuaptien of the csmpcncr.tc, 

Tlie total consumption of components is equal to 

„ P 2000 ntn, j 

g/sec* 

Ve find tha combustible and oxidizar consumption by formula (V,14‘): 

• ' •«**.* * 

In accordance with formula (IX.34), we determine the volume 

of t .e tanks emptied per second 

L73 7J9 
820 + 1560 

0.0071 ofygae. 

Let ua take German powder; the specific weight (density of the charging) of 

the powder is Yp * ^*5 g/cm^ * I500 kg/m^, the strength of the powder is 

f^ * 80,000 kg-o/kg, the burning rate u of tha powder at the pressure 

of 1 atmosphere and the lowest temperature of operation of the engine, 

which we assume to be equal to -40° C, amounts to u ^^o ^ » 0,0203 cm/sec 

(obtained by linear extrapolation of the data of Table 33); n * 0,71, 

Then with p^ . a 40 at 
tank 
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XV'VAU'TO 

“0.28 e*yínH>.28 HT* i^SêC* 
» 

Without taking into account the possible after-burning of the powder 

gases in the oxidizer tank and assuaing for both tanks that ^ s 3,3, by 

■eanr of formula (IX.40) we find the necessary burning surface of the powder 

<0» 10* >0.0071.3,3 

0,28. IO”*-1500-8* >000 
-0,02780*. 

We fora the charge of the cartridge pressure accumulator with seven 

grans having armored lateral surfaces and burning froa one end. 

The necessary burning surface of the end of each charge f is equal 

to 
0,0278 

7 
0,00397 Or*. 

The diameter of grain is equal to 

‘p-y -7/p"p/“7 0,00397 -0,071 a—7,1 CO. 

We deteraine the length of the powder charge L. 

We assume that the maxinua temperature at which we propose to operate 

the rocket engine is equal to +-50° C. At such a teaperature and given pres¬ 

sure the burning rate selected by us for the powder is equal to 0.413 ca/sec. 

Hence, the length of charge is 

£.fl4l,t_0,4tS 30-12.45 Cfiu 

t 

Starting Cartridge Pressure Accumulator. 

A starting cartridge pressure accumulator is necessary first of all for 

the rapid filling of the eapty spaces of the tanks with powder gases. 

Its gas output should ensure rapid rise of the working pressure in 
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the tanks over ths entire temperature range at which the liquid-fuel rocket 

engine operates. 

The calculation of the weight of the starting charge is cade by beginning 

from the walue of the maxinum empty spaces of the tanks and the lines at the 

minimum temperature of operation of the liquid-fuel rocket engine. In the 

operation of the starter cartridge pressure accumulator, the quantity of 

powder gases forming during the time of its operation should be such as to 

insure an increase in pressure in the volume V¡r90 UP the prescribed feed 

pressure PtÄJÜC* that is, 

nr 

It is obvious that the weight of the powder charge before combustión, 

G . is equal to the weight of the powder gases formed. 
p charge * 

In the functioning of the starting cartridge pressure accumulator, just 

ns in the functioning of the basic one, there takes place a cooling of the 

powder gases entering the tank, due to the heat transfer through the walls 

of the system and to the liquid displaced. 

The reduction in the temperature of the gases is taken into account by 

introducing the coefficient > 1. The starting cartridge pressure accumu¬ 

lator functions at the initial moment of operation of the liquid-fuel rocket 

engine, and there takes place a heating of the tank system, causing a still 

reduction in the temperature of tne powder gases. Hence, for the 

starting cartridge pressure accumulator, the value of y is greater than 
• • 

for the basic accumulator and equals 5-6, 
Taking into account the above, the formula for the determination of the 

wsight of the powder charge has the fora 
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Fop insuring th« rapid transition of th,» systro to rattd operating 

conditions i we use for tne powder charge of the starter cartridge pressure 

accumulator a fast burning rocket powder. 

Xa order to increase the burning rate of powder, the chamber of 

the starter cartridge pressure accumulator is nade with a throttle nozzle and 

operates at pressures much higher than the feed pressure. 

The thickness of the powder charge is deterrined fron the condition 

where u is the burning rate of the powder at average pressure in the chamber 

of the cartridge pressure accunuiator and at the lowest temperature 

of operation; 

tr is the prescribed tice for the transition of the system to operating 

conditions. • 

In view of the short tine of operation of the starting cartridge pressure 

accumulator, no provision is nade for cooling it. 

Calculation of the Liquid Pressure Accunuiator. 

The liquid pressure accumulator is an assembly which, by the burning of 

liquid fuels, produces gas for displacing the fuel from the tanks of the 

liquid-fuel rocket engine. 

A feed syetera based on a liquid pressure accumulator is installed, for 

example, on the French one-stage meteorological rocket, the "Veronica." 

On the basis of weight characteristics, feeding with the liquid pressure 

accumulator is superior to other forms of pressure feeding. However, a weak¬ 

ness of the system of feeding with a liquid pressure accumulator is its com¬ 

plexity in comparison with the air pressure accumulator or cartridge pressure 

F-TS-9741A 598 



accumulator systems. 

Usually« the liquid pressure accumulator operates on self-igniting 

componente* For the reduction of the temperature of the combustion products, 

the liquid pressure accumulator operates on an offset excess oxidiaer 

ratio CC. Besides, in order that there nay not be any after-burning of 

gases in the oxidizer and fuel tanks, the reactor of the liquid pressure accu¬ 

mulator feeding the gases for displacing oxidizer operates with a large exccsc 

of oxidizer ( 0( = 3-6)» the reactor feeding the gases for the displacerent of 

fuel operates with a large excess of fuel ( o<, s 0.3^0,4), 

The calculation of the liquid pressure accumulator is raie in the follow¬ 

ing manner* • 

1* Knowing the components which will operate the liquid pressure accumu¬ 

lator and the feed pressure, the temperature of the gas generated by the liquid 

pressure accumulator is assigned. 

2. W« determine the excess oxidizer ratio with which we obtain 

the prescribed temperature of the gases in the reactor of the liquid pressure 

accumulator. Besides, as was pointed out, for a reactor generating the gas 

that forces out the oxidizer, v/e take of ^ 1, and for the reactor feeding the 

gas into the fuel tank, we take Of ^ 1. 

Usually, for the given fuel there are graphs for the change in tempera¬ 

ture of combustion and of the value of RT depending upon 0( • If there are 

no such graphs, we prescribe a value for ÇX, tentatively, and calculate 

T and RT by the method given in Section 33 or 34. 

3* Knowing RT and the pressure, we determine for each of the reactors 

tbs specific weight of the products of combustion obtained, using equation 

UX.37) ' ' ^ 

4* Obviously, just as in the calculation of the cartridge pressure 

accumulator, equation (IX.36) is valid for each of the tanks 

F-TS-97íHA 599 



«her« V iß the vol une of the tank erptied |>«r second in nVsee; 
sec 

0 is the coneunption per second of the components in the civen reactor 

of the liquid pressure accumulator in k^/sec. 

On the basis of formulas (IX.37) and (IX.36) we determine the necessary 

total combustion of the components in the liquid pressure accumulator 

Wsae. 
•r RT (IX.42) 

5. Just as in the case of feeding with the cartridge jressure accumulator, 

there takes place in the tank a cooling of the gases formed. Consequently, 

the consumption 1er second of the components must be increased by as many 

times as thert takes place a decrease in the temperature of the gases forming. 

This increase in the consumption is taken into account by the coefficient 

Ip > 1. 
The final design formulas have the form: 

For the reactor of the liquid pressure accumulator of the oxidimer tank 

I O-V' 
w 

For the reactor of the liquid pressure accumulator of t^e combustible 

tank 
Q=*V, sec • <#rw * (IX.43) 

Section 57. Gas Fressure Peducer Ç»educing Valve). 

Construction and Operation of the Reducer. 

In the liquid-fuel rocket engine with cylinder feeding, the pressure 

reducers serve for lowering the pressure of the gases coming from the higher 

pressure cylinders into the tank with the components and constitute a basic 

element of this system of feeding. 
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In addition to this, in the liquid-fuel rocket engines, the pressure 

reducers are used in the feed systers for controlling the engine, for feeding 

automatic devices, for feeding the components to the steaa generator and to 

the liquid pressure accumulator. 

Figure 162. Diagram of the reducers of direct and reverse action, 

• reducer of direct action} b -- reducer of reverse action. 

1 — locking spring; 2 — valve; 3 — pusher; 4 — diaphragm; 5 — disc*, 6 — 

■ainspring. Qas exit; gjQas inlet. 

The pressure of the gas in the regulator is reduced as a result of the 

throttling of the gas when it flows from a cavity of high pressure into a 

cavity of low pressure through a passage section of small area. This 

section is formed by the valve and its seat. The essence of the process of 

throttling (braking) is this: in the narrow section formed by the valve and 

its seat, the gas develops a high speed due to a reduction in pressure, and 

the energy of the pressure is converted into kinetic gas energy. When it 

passes into the cavity of low pressure, the gas is braked; then its kinetic 

energy is lost in friction due to the numerous whirls accompanying the braking 

of the gas. Hence, with such a braking of the gas its pressure is not restored. 

For the ideal gas, the temperature of braking over all the flow remains 

unchanged; consequently, the temperature of the gas in the cavity of low 
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pressure, after braking of the gas, should be equal to the temperature of the 

gas before the beginning of the throttling. 

But, since a real gas (especially at low temperatures) is not subject 

to the lav of the ideal gas, there takes place a change i:i temperature with 

the throttling. For the majority of gases, including air and nitrogen, there 

takes place a reduction in the temperature of the gas; for hydrogen and helium 

there takes place an increase. 

The amount of the reduction in pressure with throttling i<r determined by 

the dimensions of the throttle opening between the valve and the seat. 

The characteristics of the reducer are determined to a considerable degree 

by the direction of the opening of the valve of the reducer. On this basis 

distinguish reducers (regulators'/ of direct and reverse action. 

In the reducer of direct action (Figure 162 a), the valve is opened in 

the direction of the effort exerted as a result of the action of the high 

pressure gas (along the flow of the gas). 

In the reducer of reverse action (Figure 162 b), the valve is opened 
I 

against the effort exerted by the action of the high pressure gas (against 

the flow of the gas). 

Reverse Action Reducers. 

When the reducer is not working, spring 5 (Figure I63 a and b, 164 a 

and b) is in a free state. Gas under high pressure enters the high pressure 

cavity 1 and presses the valve 2 against its seat 3t preventing the passage of 

gas through the valve. The valve is also sealed by the action of spring 7, 

which also presses the valve into its seat. In this case the reducer ¡lays the 

part of a cut-off valve. 

With compression by the regulator screw 4 of the mainspring of the re¬ 

ducer 5» there is exerted an effort which, through rod 6, is transmitted to 

valve 2. The compression of the spring lasts until the moment that the force 

of its pressure becomes greater than the total force of spring 7, the pressure 
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of thf high pressure (jas pressing the va3ve 2 against its seat 3« and the 

pressure of the gas in the low pressure cavity on the surface F (bellows or 
D 

diaphraga). 

In addltioni valve 2 is opened; the gas passes through the throttle 

section 8, its pressure drops and the gas goes Into the 1c« pressure cavity 9» 

froc whence, through the exit opening, it flcwc into the feed systen. The 

tighter spring 5 becomes, the greater the opening of the valve of the reducer, 

and the less the gas is throttled; that is, the greater will be the gas pres¬ 

sure behind the reducer. 

In the reducer of the rocket A-4 (Figure 164 c), the low pressure cavity 9 

CÔÜËSHtfll Hvr K /% V* a 10 A T* A £ «■» -4 V» ¥ /**«*•% + «* #«««*«• 17 «.U -i mU 4 — 
• • — —' • - 0 — y W V* «•» — 0 ••AW** W «• V W V« • J W • W a W ' » W t VA a VC ^ M 4 i A V. i* A O 

separated fron the cavity of high pressure by diaphragm 14. Hence, there is 

established an equilibrium of the forces of pressure of the exhaust gas acting 

on valve 2. The forces of pressure of the gas entering, acting on valve 2, 

are also equilibrated by the pressure on diaphragm 14; that is, valve 2 of the 

given reducer is released. 

The reducer not only reduces the ¡ressure of the gas down to the necessary 

valuel but it is also a regulator, keeping a constant ¡-ressure ir. the tanks, 

in spite of the fact that the pressure at the entrance of the reducer (that 

is, the pressure in the cylinder) rteadily drops. 

If, for example, the pressure in the low pressure cavity 9 rises above 

the pressure prescribed and determined by the tightening of spring 5, the 

total force exerted on the surface becomes so great that it overcomes the 

atrength of the spring 5. Rod 6, together with valve 2, is shifted upwards 

and valve 2 reduces the passage section under the valve. In this case the 

flow of the gas into cavity 9 is reduced until the pressure in it again be¬ 

comes <• to the pressure prescribed and fixed by the tightening of spring 5. 

If the pressure in cavity 9 becomes lower than the prescribed pressure, 

there is a reduction in the pressure on surface Fb, acting against spring 5. 
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Th« «prins, tog«th«r with rod 6, moY«s downward. Together with it, valve 2 

la aleo shifted. As a result of this the passage section, opened by the valve 

is enlarged, the degree of throttling of the gas is decreased and the pressure 

of the gao in carity 9 io again raised to that set by the tightening of spring 

<0 *} 

Figure 163. The various diagrams of reverse action reducers. 

1 — cavity of high pressure; 2 — valve; 3 — seat of valve; 4 — regulating 
screw; 5 — primary spring; 6 — rod; 7 — spring; 8 — throttle section; 
9 — cavity of low pressure; 10 -- bellows; 11 -- diaphragm; 12-- opening 
(passage); 13 — low pressure cavity over the valve; 14 — cavity of the gas 

of the pneumatic drive. 

The Characteristic of the Reverse Action Reducer. 

As we pointed out in the preceding section, the gas pressure reducer, if 

it is constructed properly, regulates the pressure of the gas at the exit. 

But, like the majority of regulators, it operates with some degree of irregu¬ 

larity. In other words, with a change in the pressure at the entrance into 

the reducer there is also a change in the pressure from its exit. 
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Thi dependence of the pressure P#xjt »t the exit on the procure P#ntrance 

at the entrance to the reducer 1c called the characteristic of the reducer, 

Ve distinguish two types of characteristics of the reducer. 

The dependence of the pressure at the exit of the reducer on the pressure 

at the entrance, in the absence of a consumption of gas, is called its static 

characteriatlc. 

This same dependence, with consumption of gas through the reducer, in 

called the dynamic characteristic. 

In order to determine the characteristic of the reducer, that is, to 

find the dependence of F on P <#.• we draw UP the equation of equi- entrance oxxt 

librium of mowing parts of the reducer sith ths valwe open (see Figures I63 

and 164), The forces actinj downward will be regarded as positive; those 

acting upward will be regarded as negative. 

When the reducer functions downward, the only force acting is that of 

spring 5 which is equal to 

I 

where ^ *s the force of pressure in kg of spring 5 when the valve of the 

reducer is closed; 

K2 is the rigidity of spring 5 in kg/cm; 

is the lift of the valve in cm. 

The following forces act upward: 

1) The force arising from the difference of pressure« on valwe 2 

where *■« the area of the feed opening passage section. 

For the rocket A-4 reducer (see Figure 164 c), this force is equal to zero 

because walwe 2 is in equilibrium. 

2) The force of pressure on walwe 2 of spring 7 
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_ • 

where is the force of j-ressure in kg of spring 7 "hen the valve is cloned 

'the force of precompression/. 

is the rigidity of nfring 7 in kg/cn:. 

3) The force of gae pressure in the low pressure cavity on the diaphragm 

or bellows 

-Pet ^ 

where F is the area of ourfaco of the diaphragm or bellows on which the low 
m 

pressure gaa acta; 

•a is a coefficient taking into account the natural rigidity of the 
a 

diaphragm and deiending upon the value of strain of the diaphragrf for 

further details concerning the value of an see below). 

With equilibrium of the reducer, the sum of all these forces is equal to 

tero. The equation of equilibrium of the recoiling parts of the reducer will 

have the form 

\ (Qr-Kth.) - {p^f-Pst )fv-(Qi+KM -P« F¿n~0. 
(IX.44) 

The value of the lift of the valve is connected with the flow » 

of gas taking place through the throttle section of the reducer. 

Tha area o? the throttle section of the reducer is determined 

by the lateral surface of the cylinder with a diameter equal to the diameter of 

■the valve d . , and the height equal to its rise h . It amounts to 
. valve * 

The consumption of gas G through the reducer will be determined by the 

following equations. 
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With th# suberitieal drop in pressure, that is, with 

• >^,»0,528 (for air) 
' Y 

jfïér^ 
T 

kT _ *±i (*r-(-fc) ■ CIX,45) 

where is the coefficient of the consuoition of t^e valve equal to 0,65-0.7. 

In accordance *ith the equation of state 

V 
*r-t 

Substituting in (IX.45) the ex^rescion of the erecific volare we obtain 

f —— ^ ^ 

^ (¾ "(t) * 
With the designation 

.-/ •.Âïdfcf-fcf 
we obtain 

C-Ad^pJ» 

whence. 

^vPe»c 

With a supercritical drop in pressure 

(IX.46) 

(IX.4?) 

(IX.48) 

(IX.49) 

and 

-^**-■<^«0,528 ( *ot air ) 

(n.5o) 

^In thermodynamics, the critical ratio of the pressure is usually designated 

bj the character * \ 
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or analogous to the preceding 

0—|»su/ á s 1/ 2p —^— i-1—^ — — 
;* . v N + lU + i/ 

(IX.51) 

If again we designate 

P* 

a ♦ _ 

/■‘iïîfôrf 

E— 
i 

(IX.52) 

then 

(IX.S3) 

whence 

A.- 
, (IX.54) 

Hence, at any rate of flow of the gas through the valve (isubcritical or auoer 

critical), the shifting hx of the valve can be determined by the formula 

ka_o_. 

(IX.55) # a». 

However, the value A for the oubcritical and the supercritical flow of the 

gas should be estimated roughly by the different formulas (IX.^7) nr.d (IX.52). 

Having substituted the value hx from (IX.55) in (IX.44), re obtain the 

equation for the characteristic 
« 

. . ‘ 
0 

\ 
. / 

-PuFéfli-Q- 
. (n.56) 

Removing the parentheses and collecting the terms of the equation, 

we obtain 

\ . Qb~Q, 
(IX.57) 

F-TS-9741A 608 



whtnc« 

'é*à-fVV’ " rVW' (IX.58) 

Hence, we hare obtained an equation of the characteristic of the reducer; 

th.t ie, th. d.fcndenc« of r#xU on P,ntranc,. 

Th. product FdltFhrasB «íi.phr.çn lc th» rcdncod area of dl«- 

phragtr and ic desicnated aa 

Then the equation (IX.1^) is written in the form 

(IX.59) 

Ádv*** ' (IX. 60) 

We no.v giee an analysis of the equation of the characteristic of the 

reducer. 

In the consumption of gas through the reducer G -* 0, we obtain the equa¬ 

tion of the static characteristic of the reducer of the form 

or 

^«K " (Qt Ql Unify), 

f*»’m F|-«t -/„ (<?*- Ql - Wv ) 

(IX.6l) 

/* 
- <?!-<?, 

rrt4~fy Frt4 ~/ y . 

(IX.62) 

This characteristic ic given in Figure I65, 

the static characteristic equation shows that with a decrease in' 

pressure P0ntranc# »t the entrance the pressure at the exit P#xit rises some¬ 

what. Such a dependence is characteristic for reverse action reducers. 

The steepness of the characteristic depends on the value of the ratio 
/v 

.' Fyu—fy * Besides, the smaller this value, the sore slanting the «• 

static characteristic of the reducer. We can reduce the ratio 
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tither by incronsins rdiaJ(hr4g0. or reaucinj *valv,i 

\ j 
» « 

Lesend: 

A) Static characteristic 
fl) Dynardc characteristic 

Figure 165. Characteristics cf the reducer. 

It is not expedient to reduce F , for » reducer designed for the pros- vaive 

cribed consumption. Hence, .for reduction of the slope of the characteristic 

it is necessary to increase the area of the merbrane **diaphragm* 

From equations (IX.61) and (IX.62) we can also see that for obtaining the 

prescribed ralue of Pexit» with an increase in the value (^paphragm •diaphragm 

f , ), we must also increase the value - Q,)• 
waive * 2 1 

As we can see fror, the expression (IX.60), the third rorher of the equa¬ 

tion also has an influence upon the dynamic characteristic. The influence of 

this member on the change of *-s the reverse of the influence cf the 

second member of the t ,.¿at ion forming a part of the equation of the static 

characteristic. 

With the prescribed consumption of gas through the reducer and the 

pressure P#xj¿* it is necessary to select the rigidity of the spring and the 

diameter of the valve in such a way that the decrease in the value of the 

second member of the equation (IX.60), due to the drop in tne pressure P#nfcran ö» 

will be compensated by the increase in the third member of this equation. With 

very small differences in pressures (pentraPC0 “ pexit^' de£ree °* influ¬ 

ence of the third member of the dynamic characteristic ic determined to a 

considerable extent by the va^ie of the coefficient A, the value of which, in 
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accordance with formula (TX,1*?) tends toward« zero with exit 
1. 

entrance 
Normally (without a steep drop in the characteristic)! the reducer canape 

ate only up to a fixed difference in jreasure 

(IX.63) 

Thic minimum difference in prersure Ap , , as we can se* from (IX.60), mm i 

depends upon the values (f^ ♦ K^) and 0. 

The 6Baller(K2 ♦ K^), that is, the core resilient the siring and the less 

the consumption through the reducer G, the less asaential the influence of the 

third member and the sraller the difference A PB^n at which the reducer can 

Operate, 

Usually the value An . s (0.25-0.50)r .... 
min exit 

In practice, with P P.. and with P . ^ smaller than the 
entrance exit entrance 

prescribed Pexiti the opening of valve 2 will be the largest. Valve 2 then 

loses its regulating value and becomes a simple hydraulic resistance, as a 

result of which the pressure on the exit will drop just as the pressure at 

the entrance, differing from it only by the value of the losses from the 

hydraulic resistance; the curve Ptx^^ * ^^ertrance^ runs ae 6^own on segment 

0-1, Figure I65. 

Just as for the rocket A-4 reducer (Figure 164 a) 

the equatior of the dynamic characteristic (IX.60), after all the conver¬ 

sions for this reducer, will have the form 
, ... -, i 

-. —i » 

with the consumption of gas G ^ 0, the pressure at the exit 
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‘«"'ll, 

that is, for the reducer of the given layout with G -+ 0, the pressure on tho 

exit, theoretically, does not depend upon tho pressure at the entrance to the 

reducer p . • 
'entrance 

The Direct Action Reducer. 

Gas under high pressure goes into cavity 1 (Figures 166 and 167)* The 

throttling of the gas takes place in the throttle opening 8 between valve 2 

and the seat of valve 3« The gas of reduced pressure passes into the cavity 

of low pressure 9 and from there to the "consumer*" In the reducer represented 

in Figure 367* operating in accordance with the diagram of Figure 166 a, we 

have illustrated the relief of the forces acting on valve 2 from spring.5 

and the high pressure in cavity 1 by the setting of the two pistons 7. The 

gas enters cavities 1 and 9, over the pistons and along the ducts 10 and 12, 

and by the pressure of this gas the pistons 7 are relieved of their load. 

b) 

Figure 166* Diagrams of direct action reducers. 

1 — cavity of high pressure; 2 — valve; 3 — seat of the valve; 4 — regulat¬ 
ing screw; 5 — ininepring; 6 — stem; 7 — piston (plunger); 8 — throttle 
opening; 9 — cavity of low pressure; 10 — passage of low pressure; 11 — 
passage of high pressure; 12 — entrance of the gas; 13 — axit of the gas. 
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ln cnoe of the reducer operating in accordance with the dia^rdn of Figur* 

166 bv there is relief of the force acting on valve 2 from spring 5» the 

pressure of the gas in cavity 1 because of the pressure on the plunger 7« 

which, with the stem 6f is rigidly connected with valve 2. 

The difference between the reducer represented in diagram 166 a and 

reducer 166 b consists in the fact that in the first reducer the cavities of 

high and low pressure 1 and 9 consist of 2 parto, connected by the ducts 10 

and 11« In the second reducer this connection is not present. 

The operation of the direct action reducer takes place in the following 

Banner• 

la case of a rise in pressure in cavity 9 above that prescribed and fixed 

by the corresponding tightening of spring 5# the force exerted on valve 2, 
acting upward, increases. Valve 2 rises and the value of the throttle opening 

decreases, causing a reduction in the pressure, at the exit, to the prescribed 

value. 

In case of a reduction of pressure in cavity 9» valve 2 drops down, the 

throttle opening 8 increases in size and the pressure again rises to that 

prescribed. 

Characteristic of the Direct Action Reducer. 

The equation of equilibrium of the recoiling parts of the reducer is 

drawn up in a manner analogous to equation (IX.44) and for reducers operating 

in accordance with the diagram of Figure lo6 will have the fora 

/w/y+Q-K-fi-Pv i/p -/y )-¿Vff =0, 

where f. 

(IX.64) 

la the area of the surface of the piston (plunger). After some 
piston 

simple transformations, talcing into account equation (IX.55)« the equation of 

the characteristic of the reducer will have the form 

(IX.65) 
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lend : 

A} ¿s 
j) Gas entrance 
C) Drain 

1 

Figure 167« The direct action reducer. 

The designations are the same as in Figure I66. 

A comparison of the equation obtained with equation (IX.60) shows that 

they differ only in the constants. The influence of the second and third 

■embers of the equation obtained is analogous to their influence in equation 

(IX.60). Consequently, the characteristics of the reducer (static and dynamic) 

■ill have a form similar to the characteristic shown in Figure 165. 

Method of Calculating the Reducer. 

In liquid-fuel rocket engines with cylinder feeding, the reducer is the 

chief part ensuring, by regulation, the constant feeding of the components 

into the combustion chamber ox the liquid-fuel rocket engine and, consequently, 

also the stability of the operating conditions. Hence, the chief requirement 

to be met by a reducer for a liquid-fuel rocket engine is that the pressure 

of the gas at the exit from the reducer should be constant and not depend on 
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the pressure of the gas in the cylinoer, that is, at the entrance of the 

raductr. 

If the présure at the exit froa the reducer is chanced, the feed pressure 

of the components, and, consequently, also the operatinc conditions of the 

liquid-fuel rocket engine «ill be variable. 

In certain oleo-pneumatic syster.s, we require that the reducer provide 

for hermotical closing of tne throttle section 3. 

In the designing of reducers it is necessary to determine or select the 

following values. 

1. Dimensions of the throttle section and the dimensions of tne valve 

of the reducer. 

2. Th« necessary strength of springs Q1 and and their rigidity 

aad K^. 

3* The geometrical dimensions of the diaphragm or bellows and the reduced 

aurfaca (F . . * F,. . • G*.. . _ _). If the reducer operates in ac- reduced diaphragm diaphragm r 

eordance with the diagram of Figure 166, it is necessary to determine the 

dimensions of the piston or plunger. We calculate the reducer in the follow¬ 

ing manner: 

1« is determine the dimension of the throttle section and prescribe 

the dimensions of the reducer valve. 

2« With operation of the reducer in accordance with the diagram of 

Figure I63« we determine the force Q of the pressure of spring 7 on valve 

3* Having prescribed the dimensions of the diaphragm, bellowa plunger 

or piston, we determine the effort force of the mainspring at the moment of the 

opening of the valve of the reducer. 

4. Knowing the necessary forces of the springs, we determine its 

dimenaiona and rigidity. 

5. On the basis of the equation of the dynamic characteristic, we check 

to see if th¿ reducer meets the required conditions of operation. 
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For thiß purpose we preecribe a nunber of values of pressure at the 

entrance to the reducer» for exar.ple» with an interval of 20 atmospheres» and» 

in accordance with the equation of the dynamic characteristic, we determine 

the pressure at the exit from the reducer. If the value does not come 

within the prescribed limits, it is necessary to prescribe new dimensions for 

the elements of the reducer (the valve, diaphragm, bellows spring, etc). 

Then the task consists in selecting dimensions of the aforementioned elements 

such that the second and the third members of the equation of the character¬ 

istic of the reducer (IX.6O), (IX.65) will mutually compensate each other to 

the maximum degree. 

Determination of the Dimers ion of the Throttle Sector. 

The rated operating conditions for determining the dimensions of the 

throttle section will be those under which the maximum size of the throttle 

section opened by the valve is necessary. 

Such conditions exist when the reducer stops functioning. In this inter¬ 

val, the pressure of the gas entering into the reducer will be minimum 

for the entire time in which reducer functions, and, consequently, the specific 

volume of gaa coming up to the reducer will be maximum. At the same time, the 

velocity of flow of the gas through the chrottle section at this stage will 

be minimum, because the drop in pressures which produces the velocity of Che gas 

in the throttle section of the reducer will be minimum. 

• V • 

The pressure at the exit from the reducer P#xit »ill *>« approximately 

equal (somewhat larger due to hydraulic losses) to the feed pressure 

With ^PB¿B * (O.25-O.5O) Pexit atmospheres, the ratio of the exit pressure 

sf the gas from under the valve P#x^t entrance pressure will be 

greater than the critical, that is, 

, 01=0.67+0.8^( for «ir i *-0.528). 
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Coua«qu«ntlyt tht velocity of the gaa in the throttle aection will be 

laaa than the velocity of aound. 

We ahall determine the area of the throttle section in accordance with 

the equatioa 
# f 

Subatituting the value hx from equation (IX.49), we obtain the desired equation 

for the determinction of f 
throttle’ 

«0 

The value A is determined by equation (IX.4?) and i« equal to 

T 

(IX.66) 

“I“]/ 2g^- 
I 

A-! *1 \ Durain / V fatmin I 

\ 

where ^ la the coefficient of consumption equal to 0.65-0.7. 

If the reducer reduces the gas in order to displace the fuel from the 

tanks and the freed volume of the tanks V^, and the pressure and tempera- 

ture in the tanks o n n ^ m 
tsnic tank ar® ^own, then, obvloualyt 

O-V' 
"'RTt 

whence, substituting (IX.6?) in (IX.66), we obtain 

(IX.6?) 

/ m 
^ *TtAP*fmin ’ - (11.68) 

Knowing fthrottl#, the diameter for the valve dvalT# is given. In the 

dvalve* we usually ^a^ce aa * basis tests of existing reducer 

designs. For reducers of reverse action it is not expedient to prescribe 

large values for dTjav# whereas for the reducers of direct action it is, on 

the contrary, sometimes expedient to prescribe values of the diameter of the 

valve close to the diameter of the piston or plunger. 
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Determination of the Tirhtcnlng of the Siringe j^and^ end tho Area 

The tightening of spring ia determined on the basis of the desir 

tightness of the reducer's valye. For this purpose we must press the valve 

to its seat with a force which will make the specific pressure of tne valve 

on the surface of the seat greater or equal to the specific pressure which 

will assure a tightness tightness* va*ue BF*c;-**c pressure for 

tightness is determined by the material of the valve and the sealing band 

end also by the difference in pressures above and below the valve under which 

it is necessary to provide tightness. 

In Figure 168, we show the necessary specific pressures of tightness for 

the different materials, the valve, and the sealing band.1 

Legend: 
l--specific pressure of 
tightness* 2—difference 
in pressure on both sides 
of packings: 3—hard 
fiber: ^--fiber: 
5--wdonite. 

Í)Pa3Huua daõjienuij no oíe cmpo^òi ynrom»e«iJ* 

Figure 168. Tne minimum specific pressures for tightness for certain materials. 

Having selected for the prescribed materials the necessary specific 
2 

pressure for tightness <ltishtnea8 in W®“ • *e can «stimate the force^of » 

the spring Q^. 

The pressure of tightness 

" • W -w ** 

Qf, “U¡ (n.69) 

where F is the ares of the surface of contact of the valve seat with the 

valve in ca^# 

^Bntsiklopedicheskij Spravochnik "Kashinostroeniya" ¿^Encyclopedic Handbook 
"Machina Construction^/, Volume II, Masngis, 19^o'* 
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Th* fore* of the spring is found from the equation 

# • 

*J * « 

; Qt, 
•hence« taking into account (IX.63) and (IX.69) 

ybPmX*' 
(n.70) 

Vs prescribe a value for the area of the surface of the diaphragm (bellows 

piston or plunger). For tne diaphragm, and the dimensions of 

the protective discs« ^re¿uce<j determined by tne expression 

Ffà **/4 • de. 

The value for a diaphragm with protective discs or without them 

(see Figure I63 b, c) is determined by the formula 

(IX.71) 

For bellows we can assum« adiaphragir ■ 

The tightening force Q2 the primary spring of the reducer is determined 

from the equation of equilibrium of forces (IX.44) at the moment of the opening 

of the reducer, that is, at the time of the lifting of the valve h^ * 0. 

Since the dynamic characteristic of the reducer is always lower tn&n the 

static, sometimes after the calculation of the dynamic characteristic it is 

necessary to make a correction for the necessary tightening force of 

the mainspring and increase it by 5 - 10 kg. Hence, for spring calculations, 

the value of the design stress on the spring is taken somewhat larger than the 
t 

tightening of the spring obtained from formulas (IX.60) and (1/.63) with h^ « 0. 

After determining the values and Q^, starting from the constructional 

data, we find the diameter of the wire of the springs 7 and 3« the diameter of 

the coils, the pitch of the springs, the number of coils, and the rigidity of 

the springe. 
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Knowing »11 the dimensione of the reducer, we check to see if the re¬ 

ducer Beets the prescribed conditions of operation, for which purpose, in 

accordance with the equation of tne dynamic characteristic, that is, taking 

into account tlie consumption of gas through the reducer, we determine the 

pressure at the exit from the reducer P#xit *or various values of pressure at 

the entrance p (with an interval of 20-30 atmospheres). 

The discrepancy in the value of should not exceed tne prescribed 

limits. 

Section 58. Example of the Calculation of the Reducer. 

Let us calculate the reducer for the reduction of the air from the cylin¬ 

der witn an initial pressure of 200 atmospheres to p_^. = 30 atmospheres. 
GXx V 

The consumption of air through the reducer G = 80 grams/sec = O.O8 kg/sec. 

When the pressure at the entrance is reduced to 40 atmospheres, the 

change in the pressure at the exit should not exceed 0.5 atmospheres. The 

reducer operates in accordance with the scheme of direct action (see Figure 

166 b). At the beginning of the reduction, the temperature of the gas in 

the cylinders is equal to 18° C. 

To determine the throttle section areas we find the temperature of the 

gas in the cylinder at the end of the reduction = T^ and the value A. 

In accordance with equation (IX.10), assuming n = 1.25, we obtain 

According to formula (IX.4?), assuming pi a 0.68, we find the value of A when the 

raducar stops functioning. / 
I 

A-0,68 3,14 

-0,0518. 
✓ 

Knowing A, wa dataraine fthrottl# 
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1# take * I® aus. 

•« chose the diameter of the plunger to equal the diameter of 

th* «i»*. ‘•“í i». f,.l„ * ^plunger* Aecordlni to the equation (IX.65) ve 

determine the neceasary force for the rainapring with G « 0: 
,é 

«-feA -30^^-76.4 kg. 

Vs design the spring for a force of P * 90 kg. 

the' spring is made of silicon steel 6oca. For it 

G *8000 kg/ran2. 
» 

We prescribe the following for the Index of the spring 

For c 

spring 

« 5* the coefficient k a 1.3. The diameter of the coil of tne o 
\ 

We take d = 4.5; D = c x d = 22.5 am. 

We ret the rigidity of the spring K and determine the necessary number of 

coils i: 

l—jg—«MM.» T 
•»0* 1-5-22.5* 'r 

Ve take the working number of coils is/. 

We determine the precise value of the rigidity of the spring. 

*- 0* ^8000J.5*_ 

•ow "l a.s* ?’ 5.14 kg/nn. 

Is determining the dimensions of the spring we employ the usual formulas used 
in the calculating of machine parts. 
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1# construct tht dynamic characteristic of the dependence of on 

Since in our reducer f the dynamic characteristic equa¬ 

tion for it will have the form 

% 

XJO 

m 
n* 
2V 
no 

9 20 iO BO 100 120 *0 >60 180 200 

Figure 169. Estimated pcrforrrance cf the reducer 

in Figure I69. As we can see, the pressure at the exit is not outside the 

Halt set by the conditions. 

Section 59« Pumps for Feeding the Components. 

In the mechanical pumping systems for propellant feed in liquid-fuel 

rocket engines, the pumps are used for ensuring the necessary feed pressure. 

In a pump of any type, the mechanical work expended in operating it is convert¬ 

ed into the mechanical energy of transfered liquid. In principle, there are 

two types of pumps: the volumetric and tne vane-type pumps. 

Volumetric pumps feed the liquid oy displacing it with a piston or with 

some other solid body. As an example of such pumps, there are the gear pumps 

and the rotary pumps, in addition to the ordinary piston and plunger type pumps. 

In the vane-type pumps, the energy necessary for raising the pressure of 

the liquid is transmitted to the latter by vanes of a rotating wheel. The 

centrifugal and axial pumps belong in the class of vane-type pumps. 

The most widely used in liquid-fuel rocket engines ere the centrifugal 

blade pumps. The advantage of these consists in their small dimenaions and 
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vtight« In addition to this, they can operate with a large number of révolu- 

tlone and are convenient for connecting directly with the ahaft of a turbine. 

The Diagram of the Centrifugal Pump and th»? Basic Values Characterizing; It. 

The Sneed Coefficient. 

The liquid la fed through the inlet norzle 1 (Figure 170), the shape of which 

depends on the arrangement of the lineo and the pur? in the system, to a rotat- 
» 

ing wheel 2. In the wheel of the pump the liquid flows along the duct formed 

by the walls of the wheel and tne vanes 3» The force acting from the vanes of 

the wheel on the liquid forces it to move so that the supply of energy for a 

unit reight of liquid is increased. Then there takes place an increase both 

in the potential energy of the pressure (of the static pressure), an well as 

of the kinetic energy of the liquid (its absolute velocity). After leaving 

the wheel the liquid goes into diffuser 4, where its absolute velocity is re¬ 

duced and the pressure is increased. The simplest diffuser consists of smooth 

disca constituting its walls, and is called a va ne lees diffuser. The vane 

diffuaer has stationary vanas 5 (indicated in Figure 170 by dotted lines), 

which make possible a more rapid checking of the velocity of the flow. After 

passing the diffuser, the liquid goes into the spiral duct (spiral conveyor)' 

6, the purpose of which is to gather the liquid leaving the wheel and also to 

reduce its velocity. The liquid is fed along the pressure tube into the 

tatwork. 

In order to reduce the overflow of the liquid from the cavity of high 

Fr***ur* (diffuser, spiral conveyor) to the side of low pressure (suction 

nozzle), we make in the pump a sealing element 7, and in order that the liquid 

fron the punp nay not tacape along the abaft and met into the bearing. 

8, there la a packing (stuffing box) 9. 

For the calculation of the pump and the appraisal of its basic qualities, 

the nost Important values are the following: 

!• The volumetric consumption of liquid through the punp Q in nV«*e* 
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4 

Figure 170. The diagram of the centrifugal puop. 

1 -- inlet nozzle; 2 — pump wheel; 3 — vanea; 4 — diffuser; 5 — vanes of 
the diffuser; 6 — collector for the spiral conveyor; 7 — the front labyrin- 
thic packing; 8 — bearing of the snaft; 9 -- packing of the bearing (stuffing 

box). 

It is determined from the consumption of the component (0 or G ) found in the 
0 

thermal calculation in accordance with the relación 

Q—■— irP/aec, 
(11,72) 

where y is the specific weight of the component in kg/m^. 

2» Consumption of liquid through the pump wheel. The actual consumption 

througu the pump wheel, on the basis of which it should be calculated, will ne 

greater than the consumption through the pump for the followin'* reasons. 

In spite of the fact that the pump wheel is protected from overflowing 

and leakage by packing, still some flowing over takes place. The overflow is 

particularly large in pumps developing high pressures with small consumptions; 

that is, in pumps of liquid-fuel rocket aircraft engines. 

In order that the pump may actually deliver the required consumption Q in 

the presence of a leak or overflow through the wheel, a greater amount of 

liquid should pass through. The increase in the cot otlon is equal to the 
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*u* of th« overflow and leakage per second. 

The value of the overflow and the leakage is characterized by the volu- 

aetrie efficiency of the jmap \ ^ and the conauaption of liquid through the 

fnap wheel Q consiats of 

(IX.73) 

3* The pressure head of the liquid. The value of the pressure head 

which is created by the pump of the liquid-fuel rocket engine is determined 

by the necessary feeding pressure Pf#ed» which includes the pressure'in the 

chamber, and also the hydraulic losses in the feeding and the cooling systems. 

From thin pressure it is necessary to subtract the pressure under which the 

liquid enters the pump Consequently, the drop in pressure created by 

the puap ^ fc® estimated roughly by the formula 

APp-Pf “¿Wlcg/cm2. 
( IX. 7*0 

The pressure created by the pump is usually expressed in meters of the 

column of liquid delivered and is designated by H. Its value amounts to 

m- 
T 

(IX.75) 

where A Ppuijjp is expressed in kg/m2 ard yin kg/m5. 

SinCe *Ppump “ usually expressed in kg/cm2 and y in kg/1, then in 

this case 

//« 10* 
7-10» 7 

(IX.76) 

The number of revolutions of the pump a per miaute. 

In designing a pump it is necessary to employ experimental data 

which characterize the different kinds of losses occurring in it. However, 

auch data can be employed correctly only if the design pimp and the pump 

model, the data of which are employed in the calculation, are similar. In 
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addition to geometrical sUilarity, complets similarity of puopa must s^et a 

auaber of conditions or so-called similarity criteria. One of such criteria 

of similarity is the coefficient of speed n#. Its value is calculated by the 

formula 

». 
r (IX.77) 

in which the value 3.65 is a conventional, historically established co¬ 

efficient. As we shall show later on, the *alue of the coefficient of speed 

characterizes well the form of the pump wheel. Then, t'/O, similar pumps oust 

have the same number n_, though the meeting of this requirement alone is • 

leanfflclent for the pumps to be similar. 

The creation of pressure head by the centrifugal pump takes place as a 

result of the forced movement of the liquid along the pump wheel and the cor¬ 

responding velocities imparted to it. 

The liquid flow through the pump is customarily characterised by the dlaerams 

of velocities at the wheel's inlet and exit. 

The Diagram of Velocities at the Inlet to the Wheel and the Arrangement of the 

Vanes. 

The transferred liquid passes from the inlet nozzle to the wheel with an 

absolute velocity Cq, equal to 

This velocity is directed along the rxis of the pump because in the ordinary 

eases it is not permitted to have a rotation (twist) of the liquid at the 

entrance. 

As a result of the suitable shape of the wheel duct, the liquid turns 

smoothly in the radial direction and approaches the vanes. Then, if we do not 

take into account the influence of friction, at the inlet part of the wheel 

(up to the edge of the vanes), the liquid does mot have any rotation and the 
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vectors of ita velocity lie in the cer.4dional sections of the wheel, 

The vanea at the inlet part can be cade in different «ays. The einpleat 

of all ia to sake the vanea with edges parallel to the axis of the pucp and 

have the vanea start where the turn of the liquid has in the cain already ter¬ 

minated (see Figure 171 a). The diaceter of the diapositior of the inlet edges 

of the vanes, which froa now on we shall designate as is usually made equal 

to the diameter of the inlet to tne wheel D. , though it may be even larger 

than this diameter. Such a shape for tne vanes, however, has a weakness due 

to the fact that the inlet part of the wheel of the pump is not used for im- 

energy to the liquid. For this reason, sometimes the vanes are made 

longest and arc placed in the inlet part of Lh« wheel, ãesides, tne longer vane 

■ill have an edge lying in the plane perpendicular to the axis of the pump (see 

Fxgure 171 b). In such wneels the diameter of the inlet to the vane will be 

variable and the range of its value will be all the greater, the longer the vane. 

In this case we take for the design diameter of the entrance to the vane the 

diameter of the middle of the vane. 

The meridional velocity at which the liquid moves to the vane is desig¬ 

nated by clo. In the general case the value of this velocity amounts to 

where is the passage section of the wheel at the edges of the vane. 

The value of the passage section F^ is determined in principle by the 

area of the surface of a frustum of a cone, the generatrix of which is the edge 

of th« vane. If the edges of the vanes are parallel to the axis, the entrance 

of the liquid takes piece through the cylindrical surface From this 

area, however, it is necessary to subtract the area occupied by the edges of 

the vanes themselves. 

The decrease (constriction) in the passage section for the liquid, due to 

vane, is taken into account by the coefficient of constriction at the 
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•ntrance ^ < 1. Then, 

Figure 171. The inlet part of the pump and tne kinds of packing. 

a edge of the vane is parallel to tne axis of the pump, D. * 0* ^ -- the 
«dg« of the vane lies in the plane perpendicular to the axis oi*the pump (tne 

longest vane ; c — Tant edge ia inclined at an angle OC • 

dj_e, f and g — the different types of front packing. 

With small slope angles of the vanes' ©C edges we can also use the relation 

(IX.79), taking and as the dimensions given in Figure 171 c. With large 

angles 0(. i it is necessary to use the relation taking into account the slope 

of the edges. 

When the liquid strikes the wheel, the liquid gets a certain velocity in 

relation to the wheel, which is called the relative velocity w. The relative 

velocity at any point of the wheel is cade up of the meridional velocity of 

the liquid C and the peripheral velocity of a given point of the wheel taken 

with the opposite sign, minus u. ’ The peripheral velocity should be taken with 

the sign "ainus" because if the wheel is stationary, it is necessary to impart 

to the liquid flowing to the wheel an angular velocity 0)* equal to the 

angular velocity of the wheel rotation. Consequently, each point of the liquid 

in relative movement receives a peripheral velocity minus u. For example, at 

the entrance to the vanes the liquid acquires, relative to the vheel a 
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Ttloeiix 

For the deteroination of the lav of the arrangecent of the entrance t>dges 

of the ranea, it is necessary to know liie relative velocity of the liquid at the 

entrance to the vanes The diagram of velocities in this section of the puaP 

is shown in Figure 172. 

.The value of the relative velocity at the entrance may be estimated rough¬ 

ly by the equation 

(IX.80) 

Its direction is determined by the value of the angle which is 

subtracted from the negative direction of the peripheral velocity in the di¬ 

rection of the rotation of the wheel. In this case 

(IX.81) 

Legend: 

A) Direction of 

rotation 

Figure 172, Diagram of velocities at the entrance to the wheel. 

In the designing of a pump, strive to reduce the relative velocities 

of the liquid at the entrance to the wheel, including the relative velocity at 

the entrance to the vanes w^. * 
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Ve can eaelly show that for a pump calculated for a prescribed consuap- 

tlon Q and a number of revolutions n, wa always find a diameter of entrance 

D, at which the relative velocities at the entrance will be a minimum. Let 
1»° 

us bow consider the change in relative velocity at the entrance to the wheel 

•. of the stream of liquid flowing at the greatest distance from the axis; 
l(o 

that is. on the diaxeter D, . Of all the streams of liquid flowing to the l,o 
wheel, it will possess the maximum relative velocity, because for it the value 

-u, will be the maximum. With a decrease in D. the velocity at the en- 
l,o 

trance to the wheel c, (with the required 3) will increase, and the velocity 
l,o 

a, at the required n will be decreased. If we increase the diameter 
60 

D , the velocity c. will be decreased, but u, will increase. Consequently, 
l,o l,o 

Wt find tne diameter at the entrance ^ optimum — K + be 

0 

¿ha jiiniaum (Figure 17.3)* 

The tneoretical calculation shows that if we neglect the dimensions of 

the collar (bushing), the diameter ensuring the minimum value of the 

« 
ralative velocities at the entrance to the pump amounts to 

(IX.82) 

In practice, when we calculate pumps, it is necessary to take into account the 

influence of the bushing. For this purpose, we introduce a concept of equiva¬ 

lent diameter of the entrance Dj #quivAlent * *hich ^ defined as the diameter 

of a continuous opening, not encumbered by the bushing, having an area equal 

to tba actual area of the passage section at the entrance. In other words 

or 

(IX.8}) 
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Tht value D, i i k • enauring the oiniauo relative velocities, is found 
a equivalent 

by a relation analogous to (IX*82), in which the numerical coefficient is 

increased up to 4.5~5i that is. 

0,^(4.5-5-5,0) 10* mm* 
(IX.84) 

Ve can easily see that in case of vanes havirg edges parallel to the axis, 

for which £, s D. , the conditions considered above insure the minimum ve- 
1 1,0 

locitiea It is also clear tnat to bring the edges of the vanes into the 

radial part of the wheel, that is, cake D, > D, , will not be advantageous, 

because in doing this we increase the value of tne relative velocity at the 

entrance to the vaneó* 

Finiré 173* The change in velocity depending on tne diameter of tne entrance 

to the wheel* 

I 

v> 

On the contrary, vanes placed at the entrance are more suitable, because 

the maxiaua relative velocity, equal to the relative velocity at the entrance 

to the vanes, having edges parallel to the axis, appears only for diameter D. . 
1,0 

At all the other points of the vane edge the relative velocities will be 

•aaller. 

In order for the flow of the liquid to strike the wheel without a shock, 

that is, with ainiaun losses, it is necessary to have conformity of relative 

velocity of flow and shape of the duct, formed by the vanes of the wheel* As 

experience in the operation of pumps has shown, the wheel operates best and 

has leaa losses if the angle of setting of the vanes ß ^ vane is somewhat 
r 
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greater than the angle (see Figure 172). Hence, at tne entrance to the vheel, 

the blade should be bent against the direction of rotation at an angle of - 

A, so that the angle of incidence of the entrance edgec of the vane 
1 vane 

A A sill be positive, 
r vane 

and the value 

*3^ ßi*-2i>0, 
\ 

If the edge of th • blade ie not set along the generatrix of the cylinder 

formed but sloped, the (iiaaeter uf eulraúce is taken equal to the diameter 

of the disposition ><f trie mid-point of the edge. In special cases, particular¬ 

ly eben the edge of tne vane is perpendicular to the axis of the pump, the cal¬ 

culation ie made f?r several points; in this case angles and 

▼ary along the length of the edge. Since the velocity c^ remains constant, and 

at the transition to the points of the edge located on a larger radius is in¬ 

creased, the angle |3for points of the edge, farther away from the axis, 

will be less, and for points closer to the axis they «ill be larger. 

The coefficient of constriction at the entrance entering the formula 

(IX.79)« is determined b¿ the ratio of the actual passage section for the flow 

of the liquid to the theoretical section without taking into account the vanes. 

The width of each duct, without allowing for the thickness of the blades, will 

be equal to the pitch of the vanes along the circumference t. In other words, 

it will be equal to 

f- «0. 

(11.85) 

where z is the number of vanes in the wheel. 

Due to the fact that the vanes have a certain thickness, the width of 

each duct is decreased on the segment S^see Figure 172). Substituting the 
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••gaentofthe arc by a straight line, we can asbune that 

(IX.86) 

where ia the thickness of the blade of the wheel at the entrance. 

The relative decrease in width of the wheel, that is, the ccefficient of 

constriction amounts to 

4 
1 t «0|fleP,y’ 

(IX.87) 

The value of the coefficient of constriction at the entrance depends to 

a great extent on its geometrical dimensions. For large pumps of long range 

rockets ^ »mount« to 0,85-0,90; for email pumps of liquid-fuel rcckcfc air¬ 

craft engines decreases to 0.7. 

The diagram of the velocities at the entrance is often represented in the 

form of a triangle of velocities Oab (see Figure 172). Hence, it is often 

called the triangle of velocities at tne entrance to the wheel. 

Having considered the conditions of operation of the entrance part of the 

wheel, it ia etill necessary to know the effect of overflow of the liquid on op¬ 

eration of tho wheal. The harmful influence of excess flow shows itself not 

only in the fact that the wheel must pump over sore liquid but also by reason 

of the fact that the excess flow disturbs fcl.e reblar movement of the liquid 

to the entrance. In reality, the flow of the liquid coming from the clearance 

of the front packing (see Figure 171 d) in the radial direction, centrifuges the 

flow of the liquid m^ing towards the wheel. This leads to the formation of 

whirls, to irregular feeding of liquid to the wheel, to increase in the rela¬ 

tive velocities at the entrance, and as a result of all these factors the ef¬ 

ficiency of the pump is reduced. Hence, in order that the excess flow may be 

a minimum, we make the labyrinth sealing of a more complicated form (see 

Figure 171 a and f). In small pumps, where the clearances, with the same 

precision in manufacture, have a relatively large value, it ia very difficult 
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to ¿«crease the excess flow. In these cases« an effort is Bade to have »he 

fio» of the liquid coninc through the front packing to blend as SBOothly a® 

possible with the flow coning from the entrance noszle (see Figure 171 g). 

*' I4ijirTP-of Velocities at the Exit fron the Wheel» 

Let us consider the diagram of the velocities at the exit fron, tie wheel. 

At the exit fror, the wheel the flow of tne liquid has a definite velocity 

of movement relative to the »heel, along the duct formed by the vanes. We 

can estimate this velocity by using the equation for the delivery of liquid 

along the duct of the wheel. The axis of the duct, and, consequently also the 

axis of the flow, if it coincides with the duct, has, relative to tne wheel, a 

direction determined by tne angle of the vanes at the exit from the rheel 

The angle |3 ^ is read from the negative direction of the peripheral 

Telocity in the direction of the rotation of the wheel. 

Th* area of the cross section of this duct (Figure 174) is equal to the 

product of the width of the wheel b^ by the second dinension of the section of 

the duct, perpendicular to the axis of the flow and equalling t sin 

For the entire wheel the exit section amounts to 
f 

■ *6|f ein 3«, 

but sines t - ITd. it will be equal to 
* - 

wDtbt ®in 3*. 
% 

Hence, the value of the relative velocity, taking into account the ob¬ 

struction of the flow by the blades at the exit will be equal to 

*,- 
«¿^slohvj 

(IX.88) 

where ** th9 coefficient of obstruction of the flow by the blades at 

the exit« 

Just as in the case of the entrance to the wheel 

«fl, «tefe* w 
(IX«89) 
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■her* d £ is the thickness of the blade at the exit from the *neel. 

The value of the coefficient of obstruction at tne exit amounts to ^¿ B 

0.93-0.97. 

The direction of the velocity coincides approximately with the direc¬ 

tion of the axis of the duct, that is, with the vane's slope angle at the 

exit /5 2. 

In addition to the relative velocity w^, the flow at tne exit from the 

■heel also has a transferable velocity equal to the peripheral velocity of tne 

■heel at. the exit The flow conserves this velocity by inertia, even after 

exit from the wheel. The absolute velocity of the flow at the exit will 

be equal to the geometrical sum of these two velocities. 

Legend: 

A) Direction of 
rotation 

Figure 1?4. Tha diagram of velocities at the exit from the wheel. 

In the calculation of pumps, the essential role is played by the projec¬ 

tion of the absolute velocity in the direction of the peripheral velocity, 

tho so-called peripheral component of the absolute velocity C2m' an<* 

direction of the radius of the wheel, the meridional component of the absolute 

velocity at the exit C2li. 

The meridional velocity, taking into account the obstruction of the flow 

by the vanes at the exit, will amount to (see diagram of velocities in Figure 

m) * • 

" W« l*0 Pi “ — • 
(n.90) 

The wheels of the pumps are usually designed so that the velocity will 

be approximately equal to or aomeshat less than tha velocity C. • 
im 
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Tht peripheral component of the absolute Telocity can be calculated 

by starting from the fact that the projection of the resultant velocity in 

any direction is equal to the sub of the projections of the components in 

this same direction. Tne projection of the transferable velocity of flow 

in the direction of the tangent is equal to its proper value, and the projec 

tion of the relative velocity amounts to (see Figure 17M 

whence, in keeping with the diagram of velocities in Figure 17^ we obtain 

the relation 

(IX.91) 

The Theoretical Fressure Head Created by the Pump. 

The theoretical pressure head created by the centrifugal pump can be cal¬ 

culated by Euler's equation 

f ’ . (IX.92) 

where H is the pressure head in meters of the column of liquid created 
theor 

by the wheel; Clu, the peripheral component of the absolute velocity of the 

flow at the entrance. 

Since the presence of a twist in the flow at the entrance in the direc¬ 

tion of the peripheral velocity (that is, the velocity Clu), will, under all 

other conditions, reduce the pressure head created by the pump, in the designing 

of the ordinary wheels, we strive to insure the radial delivery of the liquid 

to the wheel ao that Clu will be equal to zero. Then the formula (IX.92) »ill 

be converted into the basic design equation of the pump 

(ÏX.93) 

This head is nade up of ths increased static pressura in the liquid and 
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th» increaee in tt« dynar.ic head as a result of an increase in its absolute 

velocity. Since , and the value is proportional to U^« 

the theoretical head created by the pump «ill depend upon the square of the 

peripheral velocity, that ie 

g t \ to r 
t 

»here k < 1 is the coefficient deternininc the construction of the pump. 

Formula (IX.9*0 shows that, with the dimensions of the wheel prescribed, 

the pressure head is proportional to the square of the number of revolutions 

and, with the rwvolulions prescribed, the pressure nead is proportional to 

the square of the wneol'e diameter. 

In making use of Euler's formula in tne form (IX.92) or in the form (IX.93) 

it is necessary to substitute in it the real values of the velocity C, which 
2u 

the streams of liquid have when they come from the wheel. In accordance with 

tha diagram of velocity at the exit from the wheel, we assume that the flow 

moving along the wheel follows exactly the profile of the vanes. As a matter 

of fact, in formula (IX.91) the value is determined by angle ß¿t repre¬ 

senting the vane's setting angle which we also ascribe to the flow. However,we 

can have this condition only theoretically, when we place on the wheel an in¬ 

finite number of infinitely thin blades. In this case all the streams of 

liquid would have imparted to them precisely those velocities which are de¬ 

termined by the position of the vane on the wheel and by the peripheral ve¬ 

locity of the wneel at the given place. With a finite number of vanes,only such 

streams can acquire this motion which are in direct contact with the forward 

(with respect to the travel of the wheel) vane surface. Farther sway from the 

vane the streams have sn angle of exit from the wheel less than angle by 

the angle of incomplete twist of the stream (Figure 175). For this reason 

(mee Figure l?1»)» with one and the same value for »2, tae velocities C2u for 
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thes* streams become less« and the pressure head« calculated by formula (IX«92)« 

in the remote streams also decreases. 
>••••- • 

In the pump assembly a leveling of the pressure head ot the»separate' 

streams takes place and the overall theoretical head which is created by the 

wheel with a finite number of vanes less than the head which 

would have been created by a wheel with an infinitely large number of vanes 

H CO . The connection between these heads is determined by the relation 
theor 

1 + P (IX.95) 

where the value p takes into account the reduction in the head due to tne 

finite number of vanes; and the largei the reduction in head, tne greater 

the value of p. 

Figur« 175« Angle of incomplete twist. 

1 — angle of incomplete twist; 2 -- direction of rotation. 

Ws can calculate the value p by the approximate formula 

.-2+-. 

' "(£)■ (IX.9«) 

The value p and, consequently, also the reduction in the head will in¬ 

crease with a decrease in the number of vanes z and with a shortening of the 

duct between the vanes (the greater the ratio jp)» The value (J/ takes into 

account the quality of the manufacturing of the wheel and the value of the 

angla of the vane; it la calculated for the wheel of the centrifugal pump by 

tha relation 
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$“0,6+0,6 sin Jj. 
(IX.97) 

1« should devote special attention to the fact that the reduction in the 

head created b. the wheel due to the finite nuaber of vanes,does not cause an 

increase in the necessary work or power expended in rotating the wheel. This 

is true because if the wheel does not twist the flow completely, the energy 

corresponding to the incomplete twist will not be taken up by tne flow from 

the wheel. Hence, the decrease of the pressure head, as a result of the finite 

number of vanes, requires only a cnange in tne wheel dimensions or an increase 

in the number of revolutions tan increase in u^), but does not lead to a loss 

in performance and should not bo taken into account in the efficiency coeffi¬ 

cients of the wheel. 

As we can see from formula (IX.95)» the theoretical head of the wheel 

depends upon the form of diagram of velocities at tne exit from the pump. The 

form of the diagram of velocities is determined to a considerable extent by the 

value of angle 

Let us consider the diagrams of velocities of two wheels: with angles of 

vanes ß ¿ (Fiçure 176 a; the vanes of such a wheel will be bent back¬ 

ward with respect to the flow) and ß ¿ ^ 90° (Figure 176 b; the blades are 

bent forward with respect to the flow) with the aam¿ magnitudes of velocities u2, 

*2 and C2n* 

As we can see from Figure 176, the value for the second wheel will be 

greater than for the first, and, consequently, the head, in accordance with 

forwula (1X.92), will be greater in the case of *he wheel with vanes bent 

against the direction of rotation. Wheels with such vanes are called 

active wheels. 

However, all the centrifugal pumps of liquid-fuel rocket engines have 

wheel« with vanes bant backward. This is explained by the fact that as a 
4 

result of the very high value for the absolute velocity of flow at the exit 
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a) flonam«u Mtm/mv 
noAody »ajad 

ßj < 90° 

Figure I76. The laycut of velocities for »heels with vanes bent forward and 
backward. 

a « vanes bent backward; b — vanes bent forward. 

1) Direction of rotation 

fron the wheel (see Figure 176) for active wheels a large part of the pressure 

consists of a dynamic head. The transformation of the dynamic head tc static 

pressure takes place in the spiral conveyer and in the exit nozzle of the 

puap with large losses. Hence, taere is practically no gain in the pressure 

at the expense of bending the vanes forward, and for centrifugal pumps angle 

ß 2 within the limits l8*35°» 

The Hydraulic Losses and the Hydraulic Efficiency. 

In the real wheel there are the hydraulic lo3ses \Tb#y con" 

siat of two kinds of losses: losses due to liquid friction against the surface 

of the walls of the pipes of che pump friCti0B l°88e8 due to the break¬ 

away and impact of the flow at the entrance to the wheel, and at the entrance 

to the diffuser, and to the spiral conveyer and to the pressure pipe iapact 

y 
(IX.98) 

Whereas the theoretical head Hth9or of the puap is determined only by the 
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peripheral velocity end does not depend upon the delivery, the lasses 

^ h hydraulic cn tt# d*livery liquid through the punp. 

The hydraulic losses Ah jric^¿on» due to friction in the pipes of the 

puap, as eell as all the other hydraulic losses in any pipe, are proportional 

to the square of the velocity of the liquid relative to the walls (that is, 

to the square of the relative velocity w). 

The relative velocity w is proportional to the delivery Q per second 

through the punp, and, hence, with a constant rpm of the pump n, the value 

fL . . , ,, »ill increase proportionally to the square of the delivery 
ax h friction r r. 

¿V* Q*- (IX.99) 

The losses due to the impact and breakaway of the flow impact occur 

as result of a lack of harmony between tne direction of the flow and the 

direction of the pipes (between the vanes of the wheel, the vanes of the dif¬ 

fuser, etc). The minimum losses will occur when there is coincidence of the 

direction of flow and the direction of the pipes, for example, with agreement 

in the direction of the relative velocity w at the entrance with angle 

ftl hydraulic* th,lt i8’ ,ith 8,1 ansle °f incid“,,!' ^ ßhydraulic ^881 t0 

zero. We designate the consumption of liquid at which all the losses 

^ h iapaet **** *he Q'_ (Figure 177); in both cases: with 

Q >Q* and with Q < Q»f the losses impact be increasinCt since with 

deviation of consumption from Q* the discrepancy of the direction of the pipes 

and tha direction of the flow will be greater. 

Tha actual head created by the pump will be 

//t-—A Afr*—A A ir», 
(DC.100) 

Tha changa in it as a result of delivery (with n = const), and also tha 

changes in the values Ah friction *** inpact *r# d#terBÍMd bF th« 

in Figure 177* The dependence of the head R on the delivery Q is called the 
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characttristlc of the fuap* 

Figure 177. Characteristics of the puap. 

1 — losses fron friction; 2 — characteristic of the pw®p; 3 — losses from 
impact and breakaway of the flow* 

The value cf the hydraulic losses in calculation of pumps is taken into 

account by the value of the hydraulic efficiency 11. . ... which is the 
— . — -- 'hydraulic 

ratio of the actual head created by the pump H to its theoretical value 

(IX.101) 

if can show that the value of the hydraulic efficiency depends first of 

all on the coefficieut of speed of the pump n^ and decreases as it decreases 

As a matter of fact, the equation for the coefficient of speed (IX.77) 

has the fora 

The value n^ determines to a considerable extent the form of the wheel 

of the pump. For a given number of revolutions n, we have a large value for 

Bg with large consumptions Q and with small heads H. 

A large consumption Q, in accordance with formulas (IX.72) and (IX.73), 

requires large dimensions of the entrance, that is, and g 

small head (with n » const) leads, in keeping with formula (11.94) to small 

dimensions for the diameter of the exit from the wheel Consequently, a 
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pimp «Ith a large value n has a wheel with a scall ratio — that is, 

with short pipes* la the short pipes of the wheel, the losses due to friction 

«ill be less, and, consequently, the value of the hydraulic efficiency of such 

a pump will be greater* 

The puaps of liquid-fuel rocket engines as a rule have relatively scall 

deliveries Q and large heads E, that is, scall values for n^* Hence, their 

disaster of the entrance will be snail, and the diameter of the exit 

will be large; the pipes of the wheel will be very long, and tie looses 

A j| frictioa *** high* The hydraulic efficiency of such a pump will 

naturally be low. 

For increasing the number n8 and improving the hydraulic efficiency, we 

try to give to the pumpo of liquid-fuel rocket engines an increased number 

of revolutions* However, in certain cases, even this measure does not give 

•atiafactozy values for n^; for example in aircraft liquid-fuel rocket engines 

of low thrust, and in puaps feeding hydrogen peroxide to steam gas generators* 

In general machine construction, we strive not to make pumps with < 50-70, 

but in liquid-fuel rocket engines pumps with n8 = 15-20 are found./ How- 

•vor,the low efficiency of the pump and the increased consumption of power to 

rotate it are, jieyertheless, conccnsated by the small dimensions and weight 

of the centrifugal pumps. 

The hydraulic losses also depend on the quality of the machiiribg of 

the surfaces of the wheel. They result from loss of a part of the head of the 

liquid due to friction and separation of the flow. In other words, the hy¬ 

draulic losses are accompanied by the conversion of the energy of the head 

into thermal energy, expended for increasing the temperature of the liquid. 

Hydraulic losses, thus require additional expenditure of energy for starting 

the pump and oust be taken into account in the determination of the power ex¬ 

pended in operating it. 

In order to determine the hydraulic efficiency of the pump we enploy the 
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connection between the losses and tue value of the coefficient of speed n^* 

This connection is not given in the fora of an analytical or tabular depen¬ 

dence* We determine the value 7(, by starting from the fact that two geocetric- 

ally similar pumps having the same n will have the sane hydraulic efficiencies. 

Hence i in the determination of the nydraulic efficiency on the basis of the 

▼alue n , we employ the method of simulation of purps. 
A 

In the absence of data based on simulation of puc^c, we car. recommend 

for the estimate of the hydraulic efficiency the formula based on experiments 

0,42 

V“1 (If172)»’ (IX.102) 

where Th is the equivalent diameter of the entrance into the pump in 
i eq 

mm, determined by the relation (IX.34). 

The formula for the calculation of ^lny¿raup¿c Kiven above is useful, 

however, only for the relatively large pumps having * I3O-I50 mm. In 

addition to this, the ^hydraulic c#,*tain pu®?5 Œade f°r rocket engines as 

« rule turn out to be smaller than the values of hydraulic 0^t&^neci by 

formula (IX.102) and do not exceed the values of 0.72*0.30. ^ 

In addition to the hydraulic losses in the operation of a pump, there 

are also mechanical losses due to friction in the bearings, stuffing box and 

other packing and also the losses due to friction occurring during the turning 

of the wheel of the pump in the liquid (the so-called disc friction). All 

these losses in the centrifugal pump are relatively small and are taken into ac¬ 

count by the .mechanical efficiency , the value of which amounts to 3 0.92- 

0.96. Larger values of re^*r bo pu®P» of larger dimensions. 

Operation, Power, and Efficiency of Pumps. 

Tho power N,. .. transmitted by the liquid pump and expressed in horse- 
Ixquid 

power can be determined by the formula 

„ ¢//,1000 S—hp 
(n.103) 
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Th# power expended in driving the pump will be greater than the power 

furnished by the liquid. 

Since with a fc>umt>. delivery P there will pass through the pump an actual 

delivery volume ^ol and cue expenditure of energy, taking into account the 

hydraulic losses in the pump,should correspond to tne theoretical head 

Hth#or * ^hydraulic d4veloped* the P°wer "puap expended in driving the 

puap will amount to 

/V - V^TlQOO 
P 75¾ hp 

Taking the ratio 

and 

^ liquid 
H 

pump 

9 

and taking into account the fact that 

«e obtain 

t 

(IX.104) 

( IX.105) 

where \ is the total efficiency of the pump. 

The total efficiency of the pumps of liquid-fuel rocket engines changes 

within wide limits: for pumps of small aviation engines, it is very low and 

amounts to ^ * 30-40*; for large pumps of long-range rockets it rises and for 

the pumps of the rocket À-4 it is about 70^. 

The calculation of the power necessary for tne driving of a pump is cade 

by the formula 

N - WHOOP 
f 75»| 

I (IX. 106) 

The total pump efficiency can be determined by comparing the power N, 
eli 

•nd Npu«p "hich can «»«ily be determined by pump tests. 3y making use of 
iquid 

the relation and with the small scope of tie values 

.. c.a .Lay. determine or if ., kno. on, of these 
mech’ 

coefficients. 

Section 60. Cavitation and the Selection of the RFM of the Pump. 

In considering the characteristics of the operation of the centrifugal 
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pump, «e have not touched upon the question of tne rpm (n), tue correct se¬ 

lection of which is a ratner complicated task. 

The increase in the rpra has a favorable effect upon the construction and 

coefficients of th« pump and upon all the turbopump unit as a whole. This is due 

to the following: 

1. An increase in rpm (while retaining the necessary head of the pump) 

makes it possible to decrease the diameter of the wheel at the exit and, 

consequently, makes it possible to decrease the dimensions and weight of the 

pump, 

2. An increase in rpm of pumps of liquid-fuel rocket engines having a 

relatively small delivery and high heads H, leads to hign values of n , to 

8 D 
an improvement in the shape of the wheel due to a reduction of tne ratio -g-, 

and, consequently, to a decrease in the hydraulic losses, to an increase in 

^hydraulic * d#crease Power expended in driving the pump. 

3« An increase in the rpm of tne pump leads to an improvement in the 

conditions of operation of the turbine (which iaproveaent is reflected in 

its efficiency) or to a decrease in its dimensions (for further details, 

see below). 

However, the appearance of cavitation in the pump prevents an increase 

in the number of revolutions. 

The Essence of the Phencaenon of Cavitation. 

Cavitation, or "cold boiling” of a liquid, means the appearance in the 

flow of the liquid of breaks or empty spaces filled with liquid vapors. 

In order to explain the possibility of the appearance of cavitation, we 

consider the equation of Bernoulli for an incompressible liquid 

1 ** 1 (IX.107) 

If ths total head which the liquid his is equal to Pq « then, in the 

absence of losses, ths static pressure in the flow amounts to 
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(IX.108) 

Htne« t »hen there is-retched in the flow of the liquid t velocity greater 

then2^“, the static pressure should be less than zero. But* since 

the liquid in the flow is not subject to expansion,which could absorb the ne¬ 

gative static pressure, there appear in it separations or empty spaces which 

are immediately filled by vapors of the effervescing liquid. Hence, in the 

empty soaces there develops a pressure equal to the pressure of the raturated 

vapora at the temperature of the liquid p*. 

As we can see, the phenomenon of cavitation is analogous to the appear¬ 

ance of a gas whirl in the centrifugal injector, which also fills the cavities 

forming aa a result of the decrease in the static pressure in the flow of the 

liquid. 

1 'Ci/mo-tuf 
naÓuinanuu 

Figure 17Ö« Cavitation curve of a pump,' 

I -- the first stage of cavitation; II -- the second stage of cavitation. 

A — absence of cavitation. 

The appearance of cavitation, especially close to the walls, also makes 

possible an increase in the relative velocity of the flow at which it is pos¬ 

sible to have the formation of cavities due to the separation of the flew from 

the «alls. 

Cavitation disturbs the normal operation of the pump for two reasons. 

When the liquid, having in Hs esse some steam pockets, comes into the 

area of high pressures, the steam is condensed, the filling of the volume of 

the steam pockets with liquid takes place with high velocity, producing the 
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phenomenon called hydraulic shock at the moment of the filling of all the 

volume« 

In thie case, the velocity of the liquid can amount to 1,500-1,800 m/sec. 

The semi-spherical shape of the cavities located on tne surface of the vanes 

causea a directed hydraulic shock to the focus of the hemisphere. The local 

hydraulic shocks, embracing small areas on the wall, cause a chipping off 

(erosion) of the metal, a loss of strength and damage to the pump. A second 

result of the appearance of cavitation is a drop in the head ai.d volume of 

pump delivery. These phenomena take place because upon tne appearance of ca¬ 

vitation a part of tne volume of the pump is filled with vapors of the liquid. 

The change in the head, upon the appearance of cavitation, is cha*acteriaed 

by the so-called cavitation curves (Figure 17Ô)« The cavitation curve is the 

dependence of the change in head H, developed by the pump, upon the value of 

th. difference P,ntranc(, - P,. "here P,ntrance i» the total pressure of the 

liquid at tne entrance to the pump. The ' difference Pentrance 1 " pa 18 

the head which can be employed for increasing ¿he velocity of the flow of the 

liquid without the appearance of cavitation and is called the cavitation re- 

serve. With a decrease in the cavitation reserve, the intensity of the cavi- 

tátion in tne püttp iä* increased. * In additior:, the cavitation curve has two 

characteristic points. The point I corresponds to that value of the cavitation 

reserve when there begins to appear in the pump separate fcc\ of cavitation 

in those places where the velocity of the liquid is at the maximum. In the 

presence of volumes filled with liquid vapor, there takes place in the area 

of increased pressure a condensation of vapors while they are in the pump 

itself and cavitation on the whole has little influsnee upon the head developed 

by the pump« Such an operating condition of the pump is called the first cavi- 

tation characteristic. With further decrease in the cavitaticn reserve, the 

intensity of cavitation increases and there comes a moment when the formation 

of vapor becomes so great that there is not sufficient time for its condensation 
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Id tht punp. At this moment the head and the liquid delivery r»f the pump drop 

sharply and there sets in the so-called second cavitation characteristic or 

disruption of feeding.• . 

Since cavitation erosion develops gradually, over a certain period, then, 

as a result of the short duration of the operation of a liquid-fuel rocket 

engine, it is not a limitation (except for the pumps of the airplane liquid- 

fuel rocket engines) for the employment in the rocket engine of a pump operat¬ 

ing under cavitational conditions. 

It is entirely clear, however, that ve cannot have the operation of pumps 

of liquid-fuel rocket engines under cavitation conditions, especially under 

conditions approximating the second characteristic of cavitation, when there 

say be a rtiaruption in delivery. The disruption of delivery must lead to a 

disturbance in the proper course of tne process of combustion in the chamber 

and could cause an explosion of the engine. Hence, the pump of the liquid- 

fuel rocket engine should be designed so as to make any intensive cavitation 

impossible• 

For the development of cavitation the most dangerous sections are those 

on which the total pressure of the liquid is small, and on which the absolute 

and relative velocities of flow are large. This section in the centrifugal 

pump is the section of the entrance of the liquid to the vanes of the wheel, 

where the total pressure of the flow is minimum (the pump has not yet trans- 

mitted energy to the liquid) and the velocities (especially the relative) 

are great. It is precisely for this reason that the cavitation curve is 

plotted against the cavitation reserve \t th¿ entrance to the wheel. 

The increase in the number of revolutions of the pump leads to an in¬ 

crease in the absolute velocity of the entrance of the liquid. The velocity 

in the absence of a twist at the entrance is equal to the meridional 

velocity C^a* The latter, with an increase in the numoer of revolutions, in- 

* increases am a result of decrease in the diameter of the entrance into the 
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puap (D^, aee Formula * IX.79). 

Th* r*latiT* Y*locity increases both as a result of an increase in 

^la* mn<* •8Peciftlly 88 8 result of an increase in the peripheral velocity.u 

Hence, an increase in the nuober of revolutions leads to an increase in 

the possibility of the appearance of cavitation. In order to prevent cavita 

tion, it is necessary to limit tne nuober of revolutions of the puap. 

The appears:.ce of cavitation can also be prevented by increasing the 

total pressure of the liquid at the entrance to the punp. 

Calculation of a Puap for Cavitation. 

When we calculate a puap for cavitation, s.e start, as we said above, 

from tne requirement that tne maximum rarefaction Ap , taking place when 
max u r 

the stream of liquid flows around the vanes of the wheel, be less than the 

cavitation reserve. Consequently, the design requirement would be 

or 

P%t P* ^ ^Pmtv 

(IX.109) 

The value A PBaxi as shov/n by experience, is made up of the velocity head 

t*1 
, corresponding to the absolute velocity of the novement of the 

flow, and a certain part X of the velocity head tW 
2f • 

corresponding 

to the relative velocity of the flow at the entrance to the wheel, that is, 

(IX.110) 

the valu* X. depends on the shape of the entrance part of the wheel leading 

the flow to the vanes (and also on the disturbance of tne flow due to over¬ 

flow), the angle of incidence A ß the restriction of the entrance by 

the vanes. It cannot be deterained theoretically and for the puapa made it 

is equal to 
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1-0,2-0,4. 

Th« calculation of e pump for cavitation can be made after the calculation of 

th« puap with the selected numoer of revolutions n( when the values and 

uave already been determined. Bearing in mind that the cavitation reserve 

should exceed somewhat the maximum rarefaction on tne blade, we cay state 

formula (IX.109) in the form 

or 

V 

(IX.Ill) 

where is the coefficient of the reserve, equal to 1.2-1.4. 

However, we must consider formula (IX.Ill) rather as a formula for veri- 

fying the calculation, because the value of the total ¡ressure at the entrance 

p#ntranc« cannot be s®lected arbitrarily (see below, page 654). 

In addition to this, the calculation for cavitation, carried out in ac¬ 

cordance with formula (IX.lll), does not serve the basic purpose, namely, the 

selection of the maximum permissible rpm of the pump. Herce, it will be more 

convenient to express the basic relationship of the calculation for cavitation 

(IX.109) by the basic parameters of the pump, namely, the rpm and the volume 

delivery of the pump. 

First of all, let us bear in mind that 

Th«n, 

(IX.112) 

Va expresa u^ by the basic parameters of th) pump 
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Taking and expressing in meters, we find in accordance 

with formula (IX.83) 

after which 

and 

(IX.113) 

*e now express = C^a by the basic parameters of the pump. Neglecting 

the diameter of the sleeve 

and 
* *.T°ä ‘ 0 

(IX.114) 

(IX.115) 

2 2 Substituting tne expressions ootained for u^ and in the formula 

(IX.112), we obtain 

and 

<-<Qn,T[(£)-+(^,)’]. (IX.116) 

-•¿-VlW. 
(IX.117) 

where • The value £ depends on the construction 

of the pvwp. Substituting the expression obtained for A p (Formula IX.117) 
max 
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in tn« equation (IX.109) 

or 

^^¿VWr. 

Wa designate .» exprecsing them in metera of the column 

of liquid. Then 

VlQïïÿ- 
(IX.118) 

Usually, this equation ic colved for the product ñ"Vo ^ for wu<Cij 

is necessary to raise it to the 3A po’ver. 

In addition to this, the value of the difference in heads is traditionally 

expressed in the form 

til 
10 * 

Carrying out the aforementioned conversions of formula (IX.Ilo), we 

obtain 

s « 
T, 
(^)4- 

The value 

« 
kT 

(IX.119) 

pf'») is called the critical coefficient of cavitation 

Ccrltical* 18 d€terBin®d by experiment, because its value depends on the 

value of the experimental coefficient \ , and also the values and 

which differ with different pumps. 

The higher the value of the coefficient of cavitation, the larger the 

permissible number of revolutions of tne pump, all other conditions remain¬ 

ing the same. 

The experimental values of tne coefficient of cavitation C , lie 
critical 

within the limite * 800-1,100 and depend on the construction of the 
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•ntranc« into th# punp* Fop pimps of th# usual construction! this coefficient 

h*, th. «lu. 0critieal - 900. 

Th# «quation (IX.119) i« «Iso UB«d for the calculation of th# maximum 

permissible rpm of the pumj'. 

For this purpose we express it in the fora 

(IX.120) 

It ia easy to see that the maximum permissible rpm for pumps of liquid- 

fuel rocket engines will be less for the pump of the oxidizer, because its 

volume delivery is always greater than the volume delivery of the fuel, 

and the value of the critical coefficient of cavitation changes within narrow 

limits. In addition to this, for low boiling oxidizers reaches a relatively 

high value. Hence, in one-shaft turbo-punp units (TNU), the rpm of the turbo- 

pump unit is determined on the basis of the cavitation calculation for the 

pump of the oxidizer. 

The formula (IX.120) can also be used for the determination of the neces- 

.«rjr n«d H. MC„sary. or th. pr.seur. P,nt n,c,8£#ry •» .ntr.nc. to th. 

pump to ensure the non-cavitational operation of the pump at the prescribed 

lumber, of revolution« n. 

mnd 
« 

/Lt + (--^) T 
cr . 

where ia expressed in kg/1. 

The Liquid Pressure at the Centrifugal Pump Entrare# and the Determination of 

the Necessary Pressure in the Tank. 

Th# pr#aaur# p#nt of th# liquid at th# «ntranc# to th# pump or th# h#ad 

at th# «ntranc# ie Ba<î# up Pra*8ur# °* th* column of liquid 

. t 
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^coluBD an<* absolut* pressur* PfcMiilf in the tank over the free surface of 

the liquid. Taking into account the pressure losses A P^osstft in the pipes 

and accessories located between the tank and the pump we obtain 

P+iTPt+P&r^Pi' 

For a fixed rocket where Ho is tho initial altitude 

of the column of liquid in meters. 

For the rocket engines, a characteristic feature is the placing of the 

tanks and pumps (Figure 179 a) witn respect to each other so that the tanks 

with the fuel components will be above the engine. For airplane liquid-fuel 

rocket engines the tanks may «Iro be placed below the pump«. In thin case, 

the value P . will be negative, 
col 

For the different components the height of the column of liquid will 

also be different. During the flight of the rocket with an operating engine, 

the pressure of the liquid column will be variable. On the one hand, due to 

the using up of the components from the tanks, there will be a decrease in 

the height of column H, and, on the other hand, a rocket with an operating 

engine will always move with an axial acceleration j.' Besides this, the axis 

of the rocket can be inclined toward the horizon at an angle (Figure 

179 b). 

Then the total force acting on the baae of the column of liquid having a 

height H will be equal to 

/kP^P/' + Z/isinf, 
¿S’ 

Subatituting Ç , we obtain 

where the value k is equal to the ratio J/g and is desigr ted as the axial 

overloading of the rocket. 
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4 

Figure 179« Determination of the 
pressure of a liquid column at the 

entrance to the TPÜ (turbo-prop 
unit ) dur'i.n8 t^e period of flight 

of the rocket. 

Figure l80. Change in the pressure 
of the column of liquid during the 
time of flight of the rocket and 
termination of the necessary pressure 

in the tank. 

During the time of the recket's flight, the values Handk change approxi¬ 

mately as shown in Figure ISO. If in addition, we take into account the 

change on the basis of time of the angle of slope Cf> cf the rocket's axis, 
the law of change of Pc0^ will have the form shown in the graph of Figure l3o. The 

■inimurn pressure of the column of liquid will be present after the starting 

of the engine; it will bs less than the pressure at the moment of the start¬ 

ing of the rocket. For the determination of p , . , it is necessary to 

have some information concerning the law of movement of the rocket along its 

trajectory. If in the calculation of the pump for cavitation we determine the 

value necessary* Pressurc necessary in the tank Ptaalc «hould be such 

that with the minimum pressure of tne column of liquid we shall have the neces¬ 

sary pressure 

(11.122) 

The pressure in the tanks of liquid-fuel rocket engines with pump feeding ' ; 

is created by the pressv.rization of their gases (see Chapter X). By an in¬ 

crease of pressure in the tank we can obtain a higher rpm of the pump. However, 
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Figure 179« Determination of the 
pressure of a liquid column at the 

entrance to ths TTU (turbo-prop 
unit) during tfce period of flight 
of the rocket. 

Figure l80. Change in the pressure 
of the column of liquid during the 

tice of flight of the rocket and de¬ 
termination of the necessary pressure 

in the tank. 

During the time of the rocket's flight, the values H and k cha.ige approxi- 

mately as shown in Figure I80. If in addition, we take into account the 

change on the basic of tine of the angle of slope Cf> of the rocket's axis, 

the law of change of Pc0^ will have the form shown in the graph of Figure l30. The 

ainimuD pressure of the column of liquid will be present after the starting 

of the engine; it will be less than the pressure at the moment of the start¬ 

ing of the rocket. For the determination of Pco^ ni , it is necessary to 

have some information concerning the law of movement of the rocket along its 

trajectory. If in the calculation of the pump for cavitation we determine the 

value ptnt oecessary* the pressure necessary in the tank PtAnk should be such 

that with the minimum pressure of the column of liquid we shall have the neces- 

•ary pressure p#j^ 

o«c ~/U + ^Pf 
(IX.122) 

The pressure in the tanks of liquid-fuel rocket engines with pump feeding * 

la created by the pressurization of their gases (see Chapter X). By an in¬ 

crease of pressure in the tank we can obtain a higher rpm of the pump. However, 

f 
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Figure 179« Deteraination of the 
pressure of a liquid column at the 

entrance to the TFU (turbo-prop 
unit) during tfce period of flight 

of the rocket. 

Figure l80. Change in the pressure 
of the column of liquid during the 

time of flight of the rocket and de¬ 
termination of the necessary pressure 

in the tank. 

During the time of the rocket's flight, the values Handk change approxi¬ 

mately as shown in Figure I80. If in addition, we take into account the 

change on the basis of tice of the angle of slope of the rocket's axis, 

the law of change of pco^ will have the form shown in the graph of Figure ISO. The 

minimum pressure of the column of liquid will be present after the starting 

of the engine; it will be less than the pressure at the moment of the start¬ 

ing of the rocket. For the determination of PCQ^ ^-3 necessary to 

have some information concerning the law of movement of the rocket along its 

trajectory. If in the calculation of the pump for cavitation we determine the 

value ptnt nece88ftry» the pressure necessary in the tank Pt8nk should be such 

that with the minimum pressure of tne column of liquid we shall have the neces¬ 

sary pressure 

»ge Ä*/ + ^Pf 
(II.122) 

The pressure in the tanks of liquid-fuel rocket engines with pump feeding ' 

is crested by the pressurization of their gases (see Chapter X). By an in- 

e 
crease of pressure in the tank we can obtain a higher rp* of the pump. However, 
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with an increas« in pressure, there is an increase in the weight of gas ex¬ 

pended for this purposu and the weignt of all the system of pressurization, 

analogous to the cylinder system of feeding. Hence, in striving to increase 

the rpa of the puup we should not go too far in increasing the pressure in 

the tanks. At any rate, tne pressurization should not be so great tnat it 

aakes necessary an increase in the thickness of the tank walls and thereby an 

increase in the total weight of the roiket engine. 

Making use of the fact that the height of the liquid column is different 

for tr.e different components (see Figure 179)» we can arrange the tanks so 

that the component requiring a greater pressure at the entrance to the pump 

(this is usually the oxidizer) will be placed in the front tank. The deter¬ 

mination of the losses in pressure in tne main lines, from the tank to the 

pump, is done on the basis of the usual formulas of hydraulic resistance (see 

Section 64). 

Figure l8l. Dependence of the ratio for compound liquids (mixtures 
^liquid 

of liquids) with constant temperature. 

In the calculation of tne pump for cavitation, it is necessary to know 

the pressure of the saturated vapors of tne liquid pumped, because the higher 

this pressure, the easier it is for cavitation to appear. The pressure of 

the saturated vapors depends on the ' ind of liquid and on its temperature. 

With an increase in tne temperature, the pressure of the saturated vapors in¬ 

creases sharply, and this must be taken into account in tne calculations for 

cavitation. 

The dependence of the pressure of the saturated vapora on the temperature 
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for the individual chenical substances can be found not only experimentally 

but also theoretically and has been ascertained in a precise manner. In 

these same cases, «hen tne components of the fuel are mixtures of different 

substances (and this is «hat «e most often have in rocket engines), the value 

of the pressure of the saturated vapors is not as precisely determined. As a 

matter of fact, if with a constant temperature T, *e decrease tne pressure p 

exerted upon tne mixture of various liquids, tnere will be formed over the 

liquids a certain quantity of vapor. In this case tne cnaracter of the cnange 

in the ratio of t.ie volume occupied by tne steam to tne volume occupied by the 
V 

liquid -»ill change as indicated in the graph Figure l8l. As the pres- 
Tliquid 

sure of the saturated vapors F we usually take tne pressure at which the volume 

of the vapors is fo^r tires the volume of tiie liquid. This ratio between 

the volumes of vapor and liquid in the pump leads to the development of inten¬ 

sive cavitation and disruption of delivery. 

A study of the phenomenon of cavitation in pt.mps shows that the intensity of 

cavitation is permissible if the volume of vapor constitutes not mere than 
v 

10¾ of the volume of the liquid — tnat is, the ratio —does not exceed 
Tliquid 

1.1. If in the determination of the pressure of the saturated vapors we adopt 

this requirementjthen ( the value p^, which it is necessary to employ in tne cal¬ 

culation of pumps for cavitation, is much greater chan tne values which are 

waually given in reference tables and some of which are given in tne graph of 

Figure I82• 

For improving the operation of the pump and increasing tue number of re¬ 

volutions without an unnecessary increase in tne pressure in the tanks, we 

employ various constructional measures, bince the maximum rpm permissible 

with cavitation is inversely proportional toV^ for an increase in the per¬ 

missible rpm we can employ wheels wich parallel engagement. With two wneels 

the maximum permissible rpm increases 1.4 times in comparison with the rpm of 

a pump having one wheel. 
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rigurt 182, dependence of the vapor preasure p8 of certain conponents 

of fu^la on the temperature. 

1 .. ethyl alcohol; 2 — nitric acid; 3 — gasoline; 4 — aniline; 5 — peroxide 
of hydrogen, 87¾ concentration; 6 — prees\ire of vapors in atmosphère; 7 -- 

temperature in °C. 

For reducing the danger of cavitation we also employ the following 

■ensures: 

1« Placing the vanes of the wheel in the entrance part. This construc¬ 

tion of the wheel nakes it possible to reduce the relative velocity at the 

inlet. 

• - 
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2« The connecting of a acre» or rane-type (axial) puap at the entrance 

to the centrifugal pa»p. This measure increases the liquid pressure at the 

entrance to the pu&pi and also creates a teist of the flow, reducing 

the relative velocity# The pumps of the turbo-pump unit of the Walter engine 

are organized in such a manner (see Figure 19*0 • 

Example 23# Make a check calculation of the liquid oxygen 

pump of rocket i-4 tor cavitation, under the following conditions. The number 

of revolutions of the pump n * 3|800; the pressurization of the oxygen tank is 

» 2.5 atmospheres; the initial height of the level of the oxygen over 

the entrance to the pump is H « 3.5 m. The specific weight of the liquid 

oxygen Y * 1.14 x 10^ kg/m^. 

Solution; 

Making use of formula (IX.120) for the calculation of the maximum number 

of rpm: 

H, 
10 f rpm. 

We take for the pump Ccritical * 900 (for the pump there is no special 

anti-cavitation apparatus or arrangement). 

In rocket A-4, the weight consumption of liquid oxy ;en amounts to G * 

69.3 kg/sec ; consequently, the volumetric consumption will be equal to 

.# * i*"* * 
0 09 3 *x 

0----00,060 nr/eec. 

We assume that the minimum effective head of the column of oxygen 

amounts to 0.8 of the initial head, that is, 

//•u-03 • 3,5“2.8 m. 

We determine the head due to the pressurization of the tank 

'10< .21,¾ m. 
. w T 1.14-10» * 
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Th« total head at the entrance H 
•at 

amounts to 

tf**-2.8+21,9 - 24.7 tt. 

The pressure of tne saturated vapors of liquid oxygen at the boiling 

point amounts to 

*«-l at|n. 

consequently. 

We substitute the data obtained in (IX.120) and we find 

» 

As the calculation shows, the maximum permissible rpm obtained is greater 

than that of the pump; consequently, in accordance with the requirements for 

cavitation it is permissible. 

Section 61. Calculation of Pumps Employed in Liquid-Fuel Rocket Engines. 

Method of Calculating the Centrifugal Pump. 

The engineering calculation of the centrifugal rump should give the basic 

dimensions if we have the prescribed head of the pump H in meters and the dis¬ 

charge Q in mVsac. 

In addition, the number of revolutions (rpm) may be prescribed. Then, 

from the calculation for cavitation we must find the pressure at the entrance 

ensuring non-cavitational operation of the pump. If, however, the rpra is to 

be determined, we must find it from the calculation for cavitation, first 

having estimated the pump operating conditions for the rocket as well as 

having selected a rational value of the pressure in the tanks. 

It is necessary to determine the following dimensions of the pump: 

the shape of tt* wheel in the meridional 
. Vc4 
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section, the profile of the vanes, the dieensions of the puap shell, as 

also the power and efficiency of the pump. 

The calculation of the pump is cade in the following manner.^ 

1« *e find the coefficient of speed N* according to formula (IX.77). 
0 

2. We prescribe the value of the volumetric efficiency. 

A. A. Lomakin recommends tne following formula for the detercination 

I 
T" 
T 1 + 0.41«, 

(IX.123) 

However, this formula is not suitable for pumps of small dimensions 

(aircraft liquid-fuel rocket engines), which, in view of the high relative 

value of the clearances have a much larger overflow. Thus, for pumps of 

aircraft liquid-fuel rocket engines, the value of the volumetric efficiency 

amounts to 'll ■ 0.4-0.6. Hence, in the selection of the volumetric efficiency 
'0 

it is necessary either to use the data of a pump similar in design and dimen¬ 

sions or make special calculation of the leakage through the packing. 

3# Wt find the reduced diameter ^ in accordance with formula (IX.34) 

and find the designed hydraulic efficiency of the pump . ,. by formula 
nyaraulic 

(IX.102). 

4. Wt take the value of the mechanical efficiency 

3* We determine the total efficiency of the pump, using formula (IX.105). 

6. Ws estimate roughly the power used in driving the pump, using formula 

(IX.106). 

7* Wt determine the torque on the shaft of the pump and the diameter 

of the shaft 

Ak-»7l$20~ kg cm, (IX.124) 

where N is expressed in horsepower end n in rpm. 

* A. A. Lomakin, Tsentrobethnye i propellernye nasosy ^Centrifugal and Pro¬ 
peller Puap«7, Oonti, 1950. 

^mech# 
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Ob th« basis of ths tsIu« of the torque snd the permissible stress ö'eriticftl 

ve find the dismeter of the shaft of the pump 

‘.‘-v'S cm, (IX.125) 

The permissible stress for torque depends on the quality of 

the material of the shaft and for steel shafts it may be taken within the limite 

» critical * ’;'°*450 

8, From the usual structural considerations we select the diameter of 

the packing collar• We may assume that 

4^-(1.25+1,30)^ 
(IX.126) 

9. The effective volumetric delivery of liquid through the wheel is 
e 

determined by formula (IX.73) 

mVsec. 
% 

10. We determine the dimensions of the entrance to the pump Dq, entrance 

to che wheel and the width of the wheel b^. 

In the determination of these dimensions, we should bear in mind that in 

the entrance part of the wheel the velocity r.f movement of the liquid should 

remain constant or be increased socewnat at the entrance to the blades, and 

the duct turning the flow to the vanes should be smooth, hence, the dimensions 

Dq| D^| and b^ are closely connected with each other and tnere is a definite 

relationship between them. Their exact values are found when the layout of the 

pump wheel is drawn up. 

The value of the diameter of the entrance to the wheel is determined by 

formula (IX.83) 

w 

The velocity of movement of the liquid at the entrance amounts to 

663 
/ 
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«here the «alues Dq» and ®co^ar »re represented in ueters. 

After this, on the basis of the shape cf wheel adopted, we deteroine the 

▼alue D^, which is either equal to (for vanes with j^raight edges), or 

aonevhat less than D. (for vanes with sloped edges). 

After selecting the value of P^, we determine the width of the entrance to 

the wheel by the formula 

Q. 
•DilfiCt (IX.127) 

Since the coefficient ^ cannot be determined by formula (IX.8?), be¬ 

cause angle ß ^ is not yet known, the calculation is made approximately under 

the assumption that * co. 

11. We calculate the angles made by the vanes at the entrance to the 

wheel taking the value of the velocity c^ equal approximately to c0. 

We determine the peripheral velocity u-. by the formula 
M. + 

We find the angle cf slope of the vector cf the relative velocity, with¬ 

out taking into account the obstruction by the vanes at the entrance .' 

(IX.128) 

For designation of the angle of slope of the vane, we determine the value 

of the supplementary angle of incidence » 0.50-0.35 • This angle 

Ciß 9 should also allow for the increase in velocity c, in comparison with c ♦ 1 o 

due to the obstruction of the entrance by the vanes and the necessary increase 

of'fa ttLn0 over the actual angle of entrance fly 

After the determination of A |3 1 we find ^ 

Jiv-Pi+Ap. (IX.129) 
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Aft« this, » check the fclfillBent of the requireoents for the desl6n- 

lag of the entrance. Tor this purpose, on the basis of angle sane *“4 

the thickness of the rsn. S x (it is equ^ to J-5 «»). « find the coefficient It 

of obstruction /ïnd .. should select the nunber of vanos beforehand, start- 

las with the construction of similar pûmes; the correctness of the selection 

should be checked later by the formula (IX.132J7* 

According to formula 

«e find the actual velocity c1 with a width of vane b1 determined earlier. 

This velocity should be somewhat greater (by 10 to 15¾) than tne velocity e0i 

then from the relations given in (IX.8D, we find the real angle In this 

esse it is necessary to bear in mind that 0^ = ^ (radial entrance) 

•» 
i 

I 

and ws find tha real difference A (3 • 

I 

If it comes within the value 4-6°, usual for pumps that have been manu¬ 

factured, the calculation of the basic dimensions of the entrance is complete. 

If this condition is not fulfilled, we prescribe a new angle ^ ^ne and 

repeat the checking of the angle A (Ò • 

12« 1« calculate the basic dimensions at the exit from the wheel. 

Thiu calculation is made in two stages. At first, we rake a rough calcula¬ 

tion of the dimensions of the exit, and after this we ascertain the dimensiona 

in e «ore precise manner. For a rough determination of the diameter D2, we 

use the relation ^ 

» 
(IX.130) 
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«her# ie the approximate value of the peripheral velocity at the exit from 

the wheql necessary for obtaining the prescribed head. 

For practically all cases of pump calculations the value k may be taken 

as equal to 0,3. 

On the basis of the value found for u^' and the prescribed rpa n, ve find 

the approximate value of the diameter of the exit, which ve designate by D^* 

(ix,131) 

In addition, we fix the value of the angle of tue exit of the flow from 

•.the wheel, that is, the angle of the vane 

The angle of the vane at tne exit for the common pumps changes within 

small limits and amounts to ^ % 18-35°. The value of the angle ¿ 

aaaller for pumps of greater specific speed ng and vice versa. 

The previously found diameter an(1 the assumed value of ^ are also 

used for checking the number of vanes 1 selected previously. For this purpose 

ve use the formula 

2(0,-0,) 2 
(IX.132) 

This formula is found on the basis of the requirement that we must 

insure the overlapping by each successive vane of one-half the length of the 

preceding one. This requirement is not clearly evident. Hence, the number of 

vanes is sometimes selected on the basis of the value n of the pump. 
0 

For the determination of the width of a vane at the exit b^ we employ 

the rule determined by practice that the meridional velocity of the movement 

of the liquid over wheel should remain approximately constant. Hence, 

the meridional velocity at the exit should be approximately equal to the 

velocity which is already known. 

For the calculation of the meridional velocity we make use of formula 
4 

(IX.9O) 
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5v¿r- 
« 

Tht valué is determined beforehand by formula (IX.89)* 

The value ahould be such that the wheel may ^^tually be eon- 

atrueted. . . For cast wheels« the value b^ should be greater than 4-5 mm. 

If the width of the wheel obtained for the exit in the calculation is 

leas than this permissible limiting value, it is necessary to decrease tne 

designed velocity • In this case it is permissible to reduce to the 

«i»* Cj. . 0.5 ClB. 

Having obtained all the preliminary dimensions of the exit we can now 

render their values more precise. 

For this purpose we find the theoretical head of the pump with a finite 

number of blades, in accordance with the coefficient M hydraulic determined 

above ¿formula (IX.101^7 

then, we determine the head Htht0rC>o» »hich a wheel with an infinite number 

of vanes should have. For this purpose, on the basis of formula (IX.96), we 

determine tre value p and then, by foruula (IX.95), we find 

//»•■« A/f (1+p). 
ê 

Ve also use equation (1X.93) and transform it in the following manner 

(see Figure 174): 

whence. 

'■Ä-'VtöJ**''- 
(IX.133> 

(IX.134) 
, " . * 

After finding u¿ by this more aecurate formula, we can determine the 
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precise diameter D¿. 

If the difference between the values and D^' is small, we may regard 

the calculation as completed, without trying to determine the value more 

accurately. If the difference between the values and D^* is large, it is nec¬ 

essary to calculate a new value for C¿m and And» again making use of formu¬ 

las (IX.134) and (IX.131)« determine trie exit diameter of tne wheel 

13« We carry out profiling of the wheel in ne neridional secticn. 

Proceeding on the basis of the dimensions ; tho pump: D^, b^, dpac^ing 

collar* obtained in the calculation, we lay out tue meridional section 

of the wheel (analogous to the meridional section of the pump of the model), 

and after this we check the law ior the change of meridional velocities which 

we shall have in the designed wheel. For this purpose we inscribe in the me¬ 

ridional section of the wheel a number of circles touching its front and rear 

walls (Figure 183). By joining the points of contact with a straight line, we 

determine the value of b, which is taken as equal to the width of the wheel on 

radius R. In this way we obtain the graph of the change of b depending upon 

R. Then, making use of the formula analogous to UX.79)« 

we compute the meridional velocity on the radius R and construct a graph 

of the change of this value on the radius. The velocity should then de¬ 

crease smoothly (if possible, linearly) from the value C. on the radius 

D1 D2 
R^ » to the value on the radius R^ » . If it lb necessary, we make a 

correction in the meridional section and again check the change of on the 

basis of the radius. 

The profile of the curves limiting the wheel should be smooth; the line 

of centers of the circles inscribed in the profile is the median line of the 

meridional section of the wheel. 

1½. Ve carry out the profiling of the vanes of the wheel. The construction 
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of the profile of the ranee of the «heel is done on the b&aie of the values 

^1* 01* ®2* an<* obtftine<i in the calculation. 

There are «any different methods for designing the vanes. First of all, 

let us note that the vanes, arranged in the radial part of the «heel, are raad<t 

in the majority of cases cylindrical «ith the generatrices parallel to the 

axis of the For the going of such vanc¿ *0 ùraw 1..«ir pro¬ 

jection on a plane perpendicular to the axis of the pump (that is, in 

plan), which will be represented by a curved line. 

Figure 183. Plotting and checking of tne meridional section of the wheel 
of a pump. 

The vanes placed forward in the entrance part of the diffuser have a more 

complicated profile, because for better correspondence with the linos of the 

flow of the streams of liquid they are bent not only in plan but also 

xn the direction of the width, that is, in the direction from the rear wall 

of the wheel to the front wall. Hence, their cylindrical sections will not be 

•traight lines but curved ones. For example, if the entrance edges of the vanes 

lie in the plane perpendicular to the axis of the pump, a smooth vane with a 

variable angle can be provided, for tue radius, only by a vane of 
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doublt curvature. Let us note that vanes of double curvature are preferable 

in those cases when there is danger of tne developoent of cavitation. 

The basic problem in the profiling of vanes of any type consists in ob¬ 

taining between the vanes a smooth cnannel in which the vector of the velocity 

w changes smoothly in value and direction from w^ to w^. Besides, the channel 

formed by tne vanes should not have sharp changes in the passage sections or 

turns. For example, cylindrical vanes of tne simplest shape may be formed by 

arcs of a circle of constant radius; however, in this case the channel between 

the blades is not satisfactory. 

A more suitable profile of tne cylindrical vanes can be obtained by con¬ 

structing Ue vanes in such a way that the change in the angle, radially, 

of the wheel (from ß^ ;o ß^) takes place smoothly ^Figure 1&4). Immediately 

bafore the departure from the wheel tne angle should remain constant over 

a certain sector and, of course, equal to ß ^ 
Having prescribed the lew of cnange of the angle /5 , we divide the 1 r 

difference Into a certain number of equal distances AR and determine 

the angles ^ri on the corresponding circles Ri# On tne drawing of the 

wheal in plan we select on the circle of radius R^ an initial point A for plot 

ting; from it we draw a radial line, forming with the tangent to the circle 

the angle ßl and continue it until'it intersects (point B) the 

auxiliary circle having a radius ^ ^ R. i’rom the point B, we draw another 

radial lint at an angle ßr until it intersects (point C) with the auxiliaryT 

circle ♦ 2 A R,etc. 

Vs must take the value of the current angle as a variable in accord¬ 

ance with the graph adopted for its change. The broken line obtained, A DC... 

la replaced by a smooth curve which will be the profile of the cylindrical 

vane in plan. We obtain the rest of the vanes by dividing the auxiliary cir¬ 

cles into the same sized parts, the number of which is equal to the number of 

venes. 
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Th« profiling of th« vane« of doable curvature« i« don« bj neans of 

■peeial geometrical methods.^ 

15* aelect the type of diffuser (vane or vaneleea). 

16# W« determine the dimensions and carry out the profiling of the shell 

(collectors) of the pump* 

The shell of the pump is designed on the basis of the following assump¬ 

tions: 

1) The delivery of liquid Q , passing through the section of the 

shell* increases proportionally to the increase of the central angle read 

from the so-called "tongue" of the shell (radius OA, Figure I85)» that is, 

(IX.135) 

The formula (IX,155) assumes a uniform approach of the liquid into the 

shell* Over the whole circumference, the shell should collec* the total 

delivery of liquid Q. 

2) In order for the shell to ensure the free flow of liquid, it is 

necessary that the angular momentum of the liquid R^C^u, received by it at 

the exit from the wheel, remain constant. 

If for simplification we assume that the velocity of the liquid along 

the transversal section of the shell does not change and amounts to C and 

that the dimensions of the section of the shell in comparison with the 

radius on which we find the center of gravity of its section r . , 
0 J center of gravity 

are small, then we may express the angular momentum of the liquid in this 

section as equal to C. f* . . ... Then 
t center of gravity 

CtTemR&n- 
« (IX.I36) 

A* A, Lomakin, Tsentrobeahnye i propellernye nasosy /Centrifugal and Propeller 
Pumps?, Gonti, 1950,* 
▼, N. Prolcof'ev, Tsentrobexhnye nasosy /Centrifugal Pumps?, Publishing House of 
the MVTU imeni Bausman, 19^9. 
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On th« basis of «pressions (IX.135) »nd (IX.136), we can use the follow¬ 

ing rough estimate method for profiling the shell. 

Wa fix the form of the section of the shell. For example, in Figure 185, 

the section of the shell is taken in the form cf a circle of radius f* • We 

can also take some other form of section suitable for the contruction. 

After constructing a numberof sections similar in geometrical shape, we 

can find for each section its area F ip, the radius of the circle the 

radius of the center of gravity of the section ^C9nt9T of gravity <f * th® 

radius Rif of the remotest p lint of the section from the axis of rotation of 

the wheel. 

Figure 184. The profiling of the cylindrical vanes of the wheel of the pump 
in plan. 

With observance of the law for the conservation of momentum, the tangen¬ 

tial component of the absolute velocity at the center of gravity of the sec¬ 

tion will be equal to 

r*r 
(IX.137) 

and the delivery through the section in accordance with the equation of delivery 
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aaounts to 

‘ Pt 
(IX.138) 

b«r«ua« th« tangential component of velocity C. 4 ia normal to the section 
t tf 

of the spiral shell. 

The angle of irrangement of this section is determined from the expression 

(IX.135)(as the origin for tue reading of the angles, we take the radius OA 

drawn through the point of origin of the spiral shell, corresponding to the 

end of the "tongue'* of tne spiral shell) 

in which Q is the total delivery through the pump. 

In Figure 1Ò6, for each constructed section, and, consequently, for the cor 

responding angle (f , we have plotted the values obtained for R ^ , . The 

sectionc constructed should be sufficient for the drawing of tne appropriate 

Figure I85.. Profiling the spiral collector (spiral shell) of the ~ f 
pump. 

1 -- section aloag aa. 

After this, setting a number of values for angles we construct on the 

basis of the corresponding values of R ^ ¿ the projection of the spiral ' 
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•ht11 la plan (ate Figur« 185)« and on the basis of the corresponding values 

oi f(fi •“<« ^center of gravity «fi* th* n,e“8*ry 5ectlotle of th* <,Pir*i 

•ball. 

For reducing the velocity of movement of the liquid in the spiral shell 

and for a better transformation of the velocity head in the pressure at the 

exit from the wheel, we often install a vane or a vaneless diffuser. In the 

vaneless diffuser, due to the increase in R, there is a decrease in the velocity 

of the movement of the liquid. In the vane diffuser, in addition to this, there 

la an artificial decrease in the peripheral velocity of the liquid, due to the 

action of the vanes on the flow. 

fMA* 

20 

IS 

10 

Figure 186. Illustrating profiling of spiral shell. 

17. W« carry out the profiling of the exit sleeve (nozzle) of the 

spiral shell. In designing the exit nozzle of the spiral shell, we take into 

account the fact that it should insure a smooth transition of the profile 

of the spiral shell into the section corresponding to the section of the 

branch ducts, and also a decrease in the velocity of movement of the liquid to 

a velocity permissible in the branch duct The latter is permissible 

for the ducts of liquid-fuel rocket engines in limits of 5-10 Vsec. After 

setting this velocity, we determine the dimensions of the exit section of the 

exit nozfll* F ^ 
- exit \ 

(IX.139) 
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*• s«l«ct it8 oh»p« on the baeis of structural considerationa, that iat. 

tha aalection will depend on the shape of the spiral ahell and the shape and 

arrangement of the ducta leading off the liquid. Oftentimea, the out- 

'let nozzle of the spiral shell"iß executed in the form of a divergent cone. 

In this caje the angle of opening of the cone should not be greater than 8-11 

degrees. 

For clarification of the method given for the designing, let us consider 

an example of the calculation of a centrifugal pump. 

Example of the Calculation of a Centrifugal Pump. 

Calculate a centrifugal pump for a liquid-fuel rocket engine for feed¬ 

ing ethyl alcohol (95.51¾ by weight; 3 0.7ßl g/cm) in the amount of 50 k’/sec 

at a feed pressure wf 20 atvi. Assume the rpo to equal 4,200. The pump should 

o 
insure non-cavitational operation up to a temperature of the component of «-50 C. 

1. Ve calculate basic data for ths pump. 

The volume delivery in accordance with formula (IX.72) is 

SO 

lOOCh 1000 0,781 
*0,064 

Since the number of revolutions of tne pump is set, we must determine the 

nscessary pressure at the entrance I'necessary at ent* to insure tae op®ratio» 

of the pump without cavitation in accordance with the formula (IX.121) 

» 

Vs take the value of the critical coefficient of cavitation Ccr¿t¿cai *850 

(without proposing to take any special meaeures for combating cavitation). On 

tha basis of the tentative data in Figure 182, we take the pressure of the 

saturated alcohol vapors at t « ♦ 50°C as p8 * 0.4 at. Then 

* 

0 * • 

aim 

Vs take the pressure in round numbers at the entrance 
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1,5 or -0,5 aru. 

Th» h»ad of th< pu?sp ln tccordanc« with formula fn*?6) 

//« 10—f- 10 10120^-- 250 m. 
1 1 0,781 

• • * 

2* w* determine the speed coefficient of the pomp by (IX.77) 
*• *• - 

»,-3,05-^2 «»3,65 ^14200 - 61. 
/H* /2Sp 

I ^ 

A pump with such a speed coefficient can be executed with a satisfactory 

efficiency index. 

3. We set the value of the volumetric efficiency of the pump voluBe * 

0.85. 

4. We find the equivalent diameter D, by the formula (IX.84) » 1 eq 

4-4,5.10^^-111 mo. 

‘ 
5. We determine the hydraulic efficiency by formula (IX.102) 

V"1 
0,42 

-1 M2 
(IgO, -0,172)1 (Ig 111-0,172)* 

= 0,878. 

The formula gives with sr.all value of D. „ an over-rated value of i eq 

\ hydj.* bence, from experimental data we take tne value 7j ky¿r s 0.775« ob¬ 

tained by testing a similar pump with the same speed coefficient. 

6. We set the value of the mechanical efficiency ^ * 0«95. 

7. We determine the total efficiency of the pump 

1*V).V-0,77i.0,850 0,950 -0,625. 

8. W* determine the power of the pump 

_ -0.0M.a04W,0,78! _267 
" 75^ 75 0,ü25 r 

» 

i a a % 

9. We determine the torque on the shaft of the pump 
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10» W« dettmine the dianeter d .h.ff t,kiB« ^ eriticx * ^00 

11. Wt assume that the diameter of the collar is equal to 1.25 from tne 

diameter of the shaft 

4*/“ 1.25d5 i, »1,25-38,5 = 48,3 mr. 

We tftk# dcollar s 50 mm. 

12. We determine the actual delivery of liquid through tne wheel 

13» We determine the diameter of the entrance to the pump D 

by formula (IX.83) 
1 volume 

ma. 

Di..a 120 am. We take 

14. We find the velocity of the entrance of the liquid to the waeel by 

formula (IX.78) 

(0.12*-0.05») 

0,0753 
-»8,05 m/sec. 

15* Taking the sloped edge of the vane in accordance with the drawing 

in Figure 171»we select 

and determine 

01-0,95/)».. 

0i“O,95 • 120= 114 **=0,114 *. 
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16« W« find by foraula (IX.127) the width of the wheel at the entrance 

taking at first * 8.05 a/sec 

^^--0,026 *-26 mm. 
«•0IU4>8,05 

17. We determine the peripheral velocity of the wheel on the designed 

diameter 

uD.n « 0,114-4200 

w 
»25,05 m/eec. 

18. We determine the angle of the entrance of the liquid to the vanes 

without taking into account an obstruction of tne flow by the vanes 

££-0,321; f'.-irSO'. 
■l 25.05 

19. We determine the supplementary angle of incidence of the vane for 

finding the angle of slope of the vane 

Ap'-o.as-iT^so'-e0!^. 

20. We find the angle of the vane |3 ^ 

SurlTW+m-í«* 

■ *• t*ke /3 1 TM. * 2,*#* 
21. From structural considerations we sot the thickness of the vane at 

the entrance at s 3 mm, and also the provisional numuer of vanes n s 6. 

22. We determine the coefficient of obstruction of the flow at the en¬ 

trance to the wheel by the formula (IX.8?) 

4,.1_.V..— . 1 — 0,008 6 

«•0,114 »ln 24* 
‘0,88. 

23« *• determine the real velocity of the flow at the entrance 
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. % 

24« 7« determine the reel angle of the entrance of the liquid to the 

wheel ßx 

'**‘“»¿5“0,364; Pl”20’- 

25* We determine the real angle (3 
e * 

A8-pnr-8t=24Q-20°=4V 

Since the value A^ is found within tne limits recommended, the calcula- 

tion for the entrance is considered to be completed. 

26, W« determine in the first approximation tne necessary peripheral 

velocity of .the wheel at the exit in accordance with formula (IX.I30) 

■/«««. 

27. We determine in the first approximation the diameter of the wheel 

at the exit 

_• 60«, 60.70 
°i-—-~-°.319 10¾320 sun. 

Mit M • 4J\JU 

28« For the speed coeificient of the pump n# a 6l, we select the angle 

of discharge of tne flow, equal to 

0.-25^ 

29* We verify the correctness of the numoer of vanes selected previously, 

using formula (IX.132) 

2(0.-0,) 2 i:Wr7ïï),,n -5'3- 

. * « 

The number of vanes adopted previously, equal to 6, may be regarded as 

correctly selected. 

r-TS-974lA 679 



30. W* determine the angle of obstruction of the flow at the exit with 

a thickneaa of vane }>¿ equal to 3 ■a« according to formula (IX.89) 

9.-1 
«0, «Inh 

0,003 6 

« 0,320 Kn 251 
;-0,957. 

31* We determine the necessary width of the wheel at the exit by equation 

._ 
- • 

We take in this case ■ 9» 15 a/aec 

».< 
Oo 0,064 

9,15 « 0,32 0.957 
>0,0073 u -= 7,3 pus. 

* * 0 
We take the width of the wheel at the exit equal to 0 mm, which may also 

be maintained fron an engineering standpoint. In this case, the real velocity 

amounts to 

0. 0.064 

«¿Mi « 0,32-0,008 0,957 
“8,32 m/sec. 

• 3 

K 

32. We determine the theoretical head of the wheel 

0,775 

33* We determine the correction coefficient p by the formula (IX.9(0 

I 
O, \» ’ 

r 

where f • 0,6 ♦ 0.6 ein ß 
' -(i) 

t “ 0,6+0,6 sin 25°=0,853. 

TW“0325- 

a 
« 

3^. We find the theoretical head with an infinite number of vanea by 

using the formula (IX.95) 

t.-/Ml+p) =323- 1,325 - 428 0. 
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35* Wt find the peripheral velocity at the exit in the second approxi¬ 

mation, using formula (IX.134) 

+{twJ+9'81 -823“74'5 ”/sec• 

36. We find the diameter of tne wheel at the exit in tne second approxi¬ 

mation 

D — BOfl, 60-74,5 ooq 
D* ■» T42ÕÕ'“0,339 m~34:) 

Since the divergence in the value in comparison with the first approxi 

mation is comparatively snail, we do not make any further recalculation of the 

diameter D¿. 

37. We carry out the profiling of the wheel in the meridional section 

(see Figure I83). 

38. ^e carry out the profiling of the cylindrical vnre in ground plan 

(see Figure 184), 

39. We determine momentum of the liquid at its exit from the wheel 

»•' ' ' 

• m/s*c> 

“56,9*= 9,67 m^/sec. 

■ ... • T* * .. . ^ . 
_ __ _ . # "V •> ‘ ' • 

.* . **0, We carry out the profiling of the spiral shell (see Figure 185), 

For decreasing the velocity of the liquid, we employ a vaneless diffuser 

having a height of 30 ob» As the form of the section of the spiral shell 

me choose a circle and draw up a Table of the characteristic dimensions. 

Ob the basis of the data of the Table, we construct the graph of 

Figure 186, on the basis of which we find all the necessary dimensions of the 
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No. of 
Section 

pin a 

' 

'“vi- 
|ln. 

ti 

»/sec 

f j 2! <?< ! • 
^ in ■ , in ». 

• 1 nr/sec 

in d 

1 

2 
3 

4 

5 
6 

0,0100 

0,0125 
0,0150 

0,0175 
0,0000 

0,0225 

0,2100 

0,2125 

0,2150 

0,2175 

0,2200 

0,2225 

45,0 

45,5 

44.9 

<4.4 
43.9 ’ 

43.1 

3,14 10-« 

4,91-10-« 

7,10-10“« 

9,60-10-« 

12,60 10-« 

15.90 10“« 

0,0144 

0,0224 

0,0320 

0,0127 

0,0554 

0,0690 

82 

126 
180 

240 

312 

388 

0.220 

0,225 

0,230 

0,235 

0,240 

0,245 

/ 

spiral shell In any of Its sections* In the spiral shell designed ther< 

are very high velocities which may cause a deterioration of the hydraulic ef¬ 

ficiency due to the very high hydraulic losses. For decreasing these losses 

it is sometimes expedient to employ vane aiffusers. 

4l, W« determine the dimensions of tne cross-section of tne discharge 

nossle. 

We assume the form of the section of the nozzle to be a circle. The 

velocity at the exit and in the pipe 10 o/eec 

0^0,061 

10 
0,0064 

We take * 100 mm. 

42. We determine tne length of the conical exit nozzle. 

We prescribe the angle 2 ^ = 10°¿ y * 5°» and obtain 

l—D*. 
ä t 

0,100-..045 „„„ 

L-3-0,066 “°'320 n"320 

Calculation of Spnr-Gear Pumps. 

The trans:erred liquid goes into the entrance nozzle to the teeth of 

the two gear wheels which interoesh and rotate (Figure 187). It goes into 

the notches between the teeth and is drawn by the gears in the direction of 

dallvery. In this cavity the teeth again begin to mesh and force the 
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liquid from tht notches. Flowing of the liquid toward the intake is prevented 

by the circumstance that the teeth of the gear wheels ire meshed and the 

clearance between the body and the teeth is nade small. Hence, the liquid is 

directed through the delivery nossle into the feed system of the engine. 

The spur-gear pump is one of the varieties of pumps of the volumetric 

type« in which the delivery of tne liquid is effected by forcing it from the 

working volume of the pump. The pressure developed by a volumetric pump is 

determined by the hydraulic resistance of tie delivery system and does not 

depend directly on tne number of its revolutions. 

Figure 18?« Diagram of the spur-gear pump. 

For the det< rmination of the dimensions of the spur-gear pump we find the 

theoretical volume of liquid delivered in a unit of tine by this pump. The 

theoretical volume of liquid delivered in one revolution of the spur-gear pump 

is equal to tne volume of tne recesses between tne teeth of two gear wneels. 

By way of approximation we may say tnat tne volume of the recesses between 

the teeth is equal to the volume of the teeth tnenselves. 

In this case the theoretical delivery by tne pump with double gear wheels 

during one revolution is equal to tne volume of an empty cylinder embracing 

the teeth of one gear wheel. 

Hence, th« theoretical volumetric delivery of the pump Q.. in 1 second 
tneor 

amounts to 
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hf the height of the teeth in nun; 

b, the length of the teeth in mm. 

The initial diameter may be expressed by the number of teeth and their 

aodule a 
D » ta 

In addition to this, for the teetn of an evolute profile we can assume 

that 

h « 2a 

By making the corresponding substitutions in the initial equation (IX.140) 

we obtain 

Qj. — *-■ IO’1 mVeec. 
( IX.141) 

Ae the equation obtained shows, in order to decrease the dimensions of 

the pump and its weight it is necessary to increase the module of tne teeth m 

The increase in the module is limited by trie *r.inimunj permissible number 

of teeth determined by the requirements for the making of a correct profile 

for the teeth. This minimum number of teeth amounts to 7-11. The width of 

the teeth should not be greater than 10 m; otherwise, it will be difficult to 

ensure close fitting of the teetn along the line of engagement. 

In order to decrease the dimensions of tne pump and drive it directly 

from a high speed turbine, it will be expedient to select the maximum possible 

rpa. It ie limited by tne peripheral velocity u on the initial circumference 

of the gear wheels, because, with an increase ii it, the wear of the teeth in¬ 

creases sharply and there is an increase in the leakage of liquid between the 

teeth uf the gear wheel and the body of the pump. 

We may assume tnat the permissible velocity on the initial circumference 

of the wheel is limited to the value 80-100 m/sec 

m/sec. , , . 
« _ (IX.142) 
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4h« aetfcai* ▼•ïumttric dtllvtrjr Q. which has bean developed by the pump 

will be lees than the tneoretical, due to the leakages of the liquid. These 

leakages depend to a considerable extent upon the wear of the gear wheels and 

the pressi"*e of tne delivery of the liquid. 

b« can estimate roughly the value of the leakages by introducing the 

coefficient of delivery ^ 

(IX.143) 

The value of this coefficient is 0.7-0.8. 

By introducing into the equation (IX.141) the value J[ and solving it 

for the width of the gear wheels'b we obtain 

. ‘ Q-10* 60 3 Q10'« 
® “ ~z~—i— *-. 

Zurn’r/i (Uffi’r/i 
(IX.144) 

If the width of the teeth go beyond the permissible limit, the pump is 

divided into a number of sections of smaller width. 

Example 24. Determine the dimensions of the spur-gear pump for de¬ 

livery in a steam gas generator of hydrogen peroxide (^= 1.350 kg/1) in 

the amount of 4 kg/sec. The speed of the turbine is 16,000 rpm. 

Solution: 

^e take the following data for the pump: z = 12, m = 3, n = 16,000 rpm, 

^ « 0.7. 

The per second delivery >4 of hydrogen peroxide amounts to 

¿3/sec• 

In accordance with formula (IX.144) we determine the width of the wheel 

of the pump 

- IQ1QW 3-2,96-IQ-» 10»* 
" um'vi ™ *.12-3*-0,7-16 QUO “ *5 

Um taxe the width of the gear wheels equal to 24 mm. Such m pump can be 
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aad« in on« section. 

We check the value of the peripheral velocity 

60 

«•3-IM6000 IQ"1. 

60 
-jOffl/eec. 

The peripheral velocity is found to be within the peroissible limits. 

Section 62. Turb^i.es. Turbo-Fump Units and Steao Gas Generators of Llnuid-» 

Fuel Rocket Engines. 

In this section we s.’.all not consider in detail the operation and calcu¬ 

lation of turbines, because these questions are explained in the pertinent 

manuals. We shall consider only the special characteristics connected with the 

operation of the turbines in the turbo-pump unit of tne liquid-fuel rocket 

engine. 

The turbine used for driving the pumps of the liquia-fuel rocket engine 

operates and receives the necessary power from the force P generated on the 

circumference of the rot r wneel. 

This is a reactive force, caused by the turn and acceleration of the flow 

of the operating substance between the vanes of tne rotor wheel. 

The operating substance of the turbine (for example, steam gas) under 

high pressure goes into the stationary noirle chamber 1 (Figure 188), where, 

just as in the nozzle of the liquid-fuel rocket engine, it develops a high 

velocity due to a decrease in the pressure. Upon striking the vanes of the 

rotor wheel 2, the steam gas changes its direction, as a result of wn^.ch it 

changes the value of its momentum and a reactive force causing rotation^ of 

the rotor is developed. 

If the force on the rim of the wheel is due only to the turning of the 

flow of ateam gaa without its further acceleration in the ducts, formed by 

the vanes of the rotor wheel of the turbine, these turbines are called "velocity 

turbines.M A characteristic feature of the velocity turbine is that the static 

pressure at the entrance to the rotor wheel and at the exit from it does not 
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chaog«, as a result of which there does not take place any further acceleration 

of the gas* 

Figure 18b. Diagram, of the movement of the steam gas into the turbine. 

1 — nozzle chamber; 2 — vane of the rotor wheel; — absolute velocity 
of tne steam gas leaving tne nozzle; -- absolute velocity of the steam gas 
leaving the wheel of the turbine; w — direction of the relative velocity of 
the steam gas at the exit from the wheel; — peripheral velocity of the 

wheel; P — reactive force rotating tne wheel. 

In construction the velocity turbine'is the simplest type; it has a mini¬ 

mus weight for the unit of power, at least for a power up to 800 hp. For this 

reason velocity turbines have been employed most widely in liquid-fuel rocket 

ecrines* 

The One-Stage Velocity Turbine. 

*e shall now consider the basic characteristics of the operation of the 

one-stage velocity turbine. 

The total drop in pressure of tne steam gas, generated in the turbine, 

is used to give velocity to the gas at the exit fron stationary nozzles. Just 

as in the case of the nozzle of the liquid-fuel rocket engine, the velocity 

of discharge from the nozzle of the turbine with adiabatic expansion of the 

steam gas in accordance with the equation of the law for the conservation of 

energy is _ 

- A/, ’ 

(IX.145) 

•here A is the decrease in the heat content of the steam gas in the turbine 

(the so-called heat drop) in kilo-cal/kg. This heat drop can be expressed in 
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the fora 

(IX.146) 

Since C T. represents the heat content of steam gas at the entrance to 
P * . • 

th* turbin. I wt, .. --r , A, • then 

(IX.14?) 

As we can see iion the expression (IX.147), the velocity increases 

with an increase in the heat content of the stean gas at the entrance and the 

P2 
drop in pressure down to and beyond the turbine; that is, in the ratio 

P1 
The work of expansion of the gac in tne turbine, L , in mechanical 

units amounts to 

L -5- 
’ 2, 

A/, 
A (IX.148) 

In the equation (IX.148) we have expressed tnc work of the ideal turbine, 

However, in the turbine tnere occur a number of losses. One of the basic 

losses in the turbine is the loss with the exit velocity. It represents the 

kinetic energy of the stear gas leaving the turbine and ia equal to 

A 
2* ’ (IX.149) 

which is not utilited in the turbine. 

For the effective utilization of the energy of the stear gas in the • 

turbine, 'that is, for obtaining a high efficiency, it is necessary to decrease 

the absolute velocity of the gas at the exit from the wheel. 

The i.'¿solute velocity at the exit from the wheel depends upon the ratio 

where c. is the exit velocity of the steam gas from the nozzle, and u, the 
Cl . 1 
peripheral velocity of the wheel 

u — 
%Dn 

«0 
(IX.150) 

In addition to this, the velocity c¿ depends also on the construction of 
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tht nozzl« and vanea of the turbine »heel. 

Hooevert the greatest influence on the value of the exit velocity and 

loases xn the turbine is exerted by tne ratio -H-, 

C1 
The graph of the change in the efficiency of the turbine ., , de- 

turbine* 

pending upon the ratio for tne simplest one-stage velocity turbine, is 
qx 

given in Figure 1Ô9« 

The maxinuEi value of tne efficiency of the one-stage turbine will be at 

In the velocity turbines of liquid-fuel rocket engines ^ has a high 

value: about 1,000 m/sec. Then, too, the increase in the temperature of the 

steam gas and the increase in the pressure drop on the turbine leads to an in¬ 

crease in the velocity c.. 

Figure 189. Cnange in the efficiency of tne turbine depending upon the ratio 
u 

C1 
I — turbine with one speed stage; II — turbine with two speed stages. 

The velocity u depends upon the diameter of the wheel of the turbine and 

its rpn. For high efficiency of the two stage active turbine, it is necessary 

to have a high peripheral velocity u (of the order of 500 m/sec). The increase 

in u, by an increase in the diameter of the wheel D, is an inexpedient measure, 

because this leads to an increase in the dimensions, and, consequently, also 

in the weight of the turbine. An increase in the weight of the turbine can 

increase the initial weight of the fueled turbo-pump unit, in spite of the 
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aaalltr delivery of steam gas, and consequently, also a reduced total weight 

of the steam gas delivered. 

Precisely for this reason an increase in the rpc of the turbo-pump unit 

is the most desirable measure for increasing the efficiency of the turbine. 

H®******» •• lenow, with a one-shaft design for tne turbo-pump unit the in¬ 

crease in this rpm is limited by cavitation in the oxidizer pump. The employ¬ 

ment of a gear drive for increasxng tne rpm of tne turbine most often leads 

to an unjustified increase in the weignt of the turbo-pump unit. 

For this same reason it is not always expedient to increase the initial 

temperature of tne stearr. gas, even thougn, theoretically, this should reduce 

the delivery of it per unit of power. Tne increase in c^ without a corres¬ 

ponding increase in u leads to a reduction in the efficiency of the turbine 

and to loss in the expected economy in tne delivery of steam gas. 

The result of the effort, under the aforementioned conditions, to obtain 

minimum dimensions and weignt for the turbine is that tne ratio for the 

C1 
turbines actually made for liquid-fuel rocket engines is small; in many cases 

it has a value of about 0.1, 

^hen, too, the value of the one stage velocity turbine would have a 

1 
very low efficiency: about 0.23* Hence, in liquid-fuel rocket ergir.es we most 

often use velocity turbines with two sreed stages. 

The Active Turbine With Two Spaed otages. 

In these turbines we have tne steam gas to make a twofold turn, as a 

result of which, with small ratios ^1 , we obtain a smaller absolute velocity 

®2 exit of the steam gas. Curve II in Figure 189 shows tne dependence 

0f ^ turbine on “c*" for this cor*struction 0* the turbine. With the ratio 

* 0.1, the efficiency of such a turbine amounts to 0.45; that is, it is 

much higher than for the one stage turbine, and with the ratio * 0.23 it 
C1 

has s maximum of Tl . . . ^0.65. 
1 turbine J 

The structural execution of the velocity turbine with s two apsed stages 
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can bt accomplished in different «ays* 

In the turbine of the rocket /-4 the section of the turbine between the 

inlet and outlet valve tnrough which steam passes is executed as shown in the 

diagram of Figure 190* Steam gas under high pressure expands in tne station¬ 

ary nozzles 1* after this, it passes through tne vanes of the wneel 2 of the 

turbine and comes on to the stationury vanes of the guide apparatus 3» in 

which it changes its direction so that it strikes after this the second series 

of vanes of the wheel 4, and again exerts against them a reactive force in the 

direction of the rotation of tne wheel. 

Figure 190* The diagram of the a¿r-gas flow area in the turbine of the A-4# 

1 — nozzle of the turbine; 2 -- first series of vane-, of the wheel of the 
turbine; 3 — vanes of tne guide apparatus; 4 — second series of vanes of 

the wheel. 

The second variant of the turbine with speed stages is employed in 

the "Walter” engine (Figure 194). 

The steam, after leaving nozzle 7, passes to the vanes of the wheel of 

tha turbine, and then ia turned into the rotary chamber 8, having guide 
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▼AC66 10, And again strikes the wheel of the turbine* The turbine executed in 

accordance with this diagram is simpler, but the turn of the steam gas in 

the body is possible only when the delivery of steam gas through the turbine 

is email and the nostles are placed farther apart. The data concerning tue 

turbines of the liquid-fuel rocket engine and their description are given below. 

<*e should note that the increase in the power of the turbo-pump units, 

which can be expected as a result of the development of long range rockets,will 

increase the relative role of the reserve of the working substance in the 

initial weight of the turbo-pump unit. This obliges us to devote core atten¬ 

tion to the designing of turbines and to employ those types which,uader the oper¬ 

ating conditions in liquid-fuel rocket engines»will give the greatest efficiency. 

The Turbo-Pump Unit of the Errine of the Rocket A-4. 

The turbo-pump unit of the rocket A-4 engine is shown in Figure 191* 

It is a one-shaft unit with the turbine placed between the pumps. The steam 

gas goes into the nozzle chambers 20 (there are 4 of them in all) through the 

duct of the fresh steam gas 1). After developing a high velocity in the nozzle, 

it passes to the wheel with the speed stages described above, and enters the 

spent steam gas collector 3, which constitutes at the same time the body of 

the turbine. 

The dimensions of the turbine are selected in harmony with the dimensions 

of the pumps, so tr.at trie ratio for this tr^bine is ^ 0.09. 
C1 C1 

The vanes of botn stages of the wheel of turbine 11 are made of an alumi¬ 

num alloy and are set on the rim of the wneel by fastenings of the dovetail 

type. The stationary vanes 21 of the guide apparatus are assembled in 3 «ac¬ 

tions and fastened to the body of the turbine with screws. The disc of the 

turbine is made of aluminum alloy and fastened with rivets to the steel collar 

which is set on the shaft. The seals 9. preventing the leakage of steam gas 

aleng the shaft of the turbine, are placed on both sides of the wheel and art 

^ D. Satton, Kaketnya dvigateli pocket Enginea7« Publishing House of Foreign 

Literature, 1952. 
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executed in the form of the ordinary sleeve packing. The steaa gas leaking 

through the packing along the openings in the body of the turbine escapee 

Into the atmosphere. 

The pump 10 for feeding alcohol is placed together witn the turbine body. 

It has a speed coefficient n * 64. This determines the form of the wneel, 

which has a large — ratio. Tne sealing of the pump wheel is accomplished 

by means of D-rings, into whicn tne projections of the wneel enter witn a 

small clearance. The wheel is set in grooves and pressed by means of a nut 

to prevent axial shifting. The ball bearings 6 are protected against the 

entrance of alcohol by double seals, pressed to the shaft by ring springs. 

Between the packing there are overflow openings for the removal of the alcohol 

seeping through the first packing. 

The liquid oxygen pump is placed in a separate body 19. For ensuring the 

proper alignment of the axis of tne turbine and the pump in case of possible 

deformations of the bodies (as a result of a great difference in temperature), 

the fastening of the pump is accomplished by means of bolts on four sliding 

blocks, making possible mutual shifting of the parts in the radial direction, 

retaining at tne same tire their coaxiality. 

The liquid oxygen pump has a higher speed coefficient (n * ?4) -Ilian the * 
8 

alcohol pump and a more favorable snape of wheel. The sealing of tne wheel of 

the oxygen pump is accomplished just as in tne case of the wheel of the alcohol 

pump. The bearings of tne anaft of oxygen pump 16 are of the sliding kind; 

their lubrication is accomplished with liquid oxygen, which has sufficient vis¬ 

cosity for this purpose. The leakage of liquid oxygen towards the turbine is 

prevented by a triple row of seals 17« It consists of a metallic ring slit 

into three sectors and ground both towards the collar of the shaft and over 

the plane faces of the sector slit. The pressing of the sectors to each otner 

and to the shaft is accomplished by the spiral springs. 

The shafts of the turbine and the oxygen puap are connected by means of 
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tht «little coupling 18. The feeding ar.d the removal of the alcohol and of 

liquid oxygen is done perpendicularly to the axis of the turbo«puap unit, this 

being convenient because of the placing of the turbo-pump unit on the rocket. 

The feeding of the components to the wheel is accomplished through the entrance 

«piral «hells 1 and 22, and the removal of the components is done through 

collectors 8 and 12. 

Figure 191. The turbo-pump unit of the rocket A-4 engine. 

1 •" entrance spiral shell of the alcohol pump; 2 -- body of the turbine; 
3 — collector of the spent steam gas; 4 — vane wheel of the alcohol pump; 
5 •• connecting branch for the overflow of leaking alcohol; 6 — ball bearings 
of the alcohol pump; 7 — regulator of the rpm of the turbo-pump unit; 8 — 
branch of the collector of the alcohol pump; 9 -- sealing of tne snaft of the 
turbiue; 10 — body of the alcohol pump; 11 — vanes of the wheel of tne tur¬ 
bine; 12 — branch of the collector of liquid oxygen; 13 — pipes for feeding 
steam gas; 14 — disc of the turbine; 1? -- vane wneel of oxygen pump; 16 — 
bearings for the sliding of tne oxygen pump; 17 — seals of the snaft of the 
oxygen pump; 18 -- resilient sleeve; 19 — body of the oxygen pump; 20 — 
noztle of the turbine; 21 — vanes of the intermediate guide apparatus; 22 -- 

sntrancs spiral shell of the oxygen pump. 
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In th« grouping of the pumps and turbine into a single turbo-pump unit, 

tho placing of the entrances into the centrifugal pumps with respect to each 

ether has substantial significance because the pressure on the front and the 

sails of the eneel are not the same. Aß a matter of fact (see Figure 170), 

on the rear »all of the »heel, over all of its area (excluding the snaft), the 

liquid exerts a high pressure P^p* after leaving the wheel, but on the 

front »all it exerts a pressure only up to the diameter on »hich the front 

seals are arranged, that is, over practically the »hole area of the entrance 

there acts a low entrance picssure. hence, on tne wneel of the operating pump 

, TtD, 
there acts a total axial force equal to (p •p ) — . * and directed towards 

rp rent 4 

the entrance to tne pump. This force reaches a very hign value and loaos the 

bearings of the shaft. 

For reducing the axial forces in the turbo-pump unit, the pumps are ar¬ 

ranged so fcnat the axial forces of the different pumps will be balanced as 

auch as possible. For example, in the turbo-pump unit of the A-4 rocket, the 

pumps »«re placed with the entrances toward the inside; in the turbo-pump 

unit of the Walter engine they are placed with the entrances toward the out¬ 

side. 

Turbo-Pump Units of the Liquid-Fuel flocket Engines of Airplanes. 

In airplane liquid-fuel rocket engines, in spite of the relatively small 

thrust of the engine and tne relatively long duration of operation, the reserve 

of fuel components is large anc in them one employs pump delivery exclusively. 

Hence, airplane liquid-fuel rocket engines furnish many examples of turbo-pump 

unit design, and particularly of pump designs with drive from the main airplane 

engine. 

As an txample of airplane turbo-pump units we can cite the turbo-pump 

unit constructed by V. P. Glushko in 1941 (Figure 192). Turbine 1 of the unit 

used steam gas, generated in a steam generator. The turbo-pump unit had three 

pumps: for the oxiditer 4 (nitric acid), combustible 3 (kerosene) and water 
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(for the delivery of eater to the steam gas generator). The turbine of the 

unit vas of tne velocity and one-stage type. The pumps were of tne rotary 

type. They were driven by the reducer-distributor chamber 2 with a gear train. 

As another example, we snail consider the turbo-pump v.rit of the "Walter" 

engine.^ It is also independent and Intended for feeding combustible and oxi¬ 

dizer under pressure into the combustion chamber, and hydrogen peroxide into 

the steam generator. S.nce hyurogen ¡«roxide is at the same tire an oxidizer, 

it is not necessary to have a separate pump for feeding it. 

The turbo-pump unit is executed in tne form of a single structural unit 

(Fig-re 19i)» which is fastened to the frame of the central block of the en¬ 

gine. It consists of a combustible pump 4, an oxidizer pump 2, and a turbine 

3» between these pumps. This arrangement of the parts of the set made it 

Figure 192« The outer appearance of the airplane turbo-pump unit designed by 
V. P. Glushko (1941). 

1 — turbine; 2 — reducer-distributor box; 3 — pump for combustible; 4 — 
pump for oxidizer. 

^ The description of the turbo-pump unit of the "Walter" engine and of the pumps 
of engines R-3395 *nd R-3390 is taken from the article of A. B. Ionov and M. M. 
Churkov, Tser.trobezhnye toplivnye nasosy firm "Walter" i BKV dlya ZhRD ¿Centri¬ 
fugal Fuel Pumps of the "Walter" and BMW Firms for Liquid-Fuel Rocket Engines/* 
Obzornyiî Biulleten1 Aviaaotorostroeniia ¿Survey Bulletin of the Aviation Motor 
Construction/, 19^0, No. 12. 
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poaaible to rtlieve tne shaft of the turbine of the axial stresses generated 

in the punpa, and also to disconnect the poops and in this way prevent 

the mixing of the components in case of leakage, something which is very dan¬ 

gerous from the standpoint of fire* 

The disc of the turbine and the rotor wheels of the poops are placed on 

the sane shaft (Figure 19*0» On the end of the shaft projecting from the 

oxidizer puop there is the gear wneel 1, engaging the gear wheel of the re- 

ducer, osed for starting the turbo-pump unit from the electric motor. 

V 
\ • • 

# 

Figure 193« External view of turbo-pump unit of "Walter" aircraft engine. 

I — driving gear wheel; 2 -- oxidizer puop; 3 -- turbine; 4 -- combustible 
poop; 3 — exhaust manifold. 

The bearings of the shaft are of the ball and roller type, placed 

in groups and set in the bodies of both pumps. In addition to this, the shaft 

also turns on sliding bearings 3 end 6. 

The ball bearings are lubricated with the oil in the gear box of the re¬ 

ducer, being sprayed during the rotation of the gear wie el of the reducer. 

In order to prevent oil from falling into the cavity of the sealing sleeve, 

there is an oil seal, which is rotated together with the shaft. For the drain¬ 

age of oil drain ducts ar* drilled in the seat of the block, in the reduction 

gear box. 
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The roller bearings ere mounted in a special block which ia centered cn 

brackets of the body of the turbine. The inside cage (race) of the bearings 

its pressed on the shaft of the turbine and when expanded by heat it can shift 

together with the shaft. The oil for lubrication of the roller bearings is 

fed along the line frow the lubricator installed on the panel in the cockpit. 

In order to prevent leakage of oil along both aides of the bearing, felt 

seals are inserted in the block. 

In order to prevent leakage of the components from the pumps and steam 

gas from the turbine along the shaft, special seal asaemblies are placed on 

the latter. The components of the fuel and the steam gas leaking through 

the seals are drained off by separate tubes. In this way it is impossible 

for them to be mixed. The arrangement of the drainage openings in the turbo¬ 

pump is shown in Figure 19^» 

The oxidiaer pump (Figure 195) consists of the following basic parts: 

body of the pump 6, the suction tube 1, the impeller 7» the helix 9» guide 

apparatus 8 placed between the impeller and the helix, and the special sealing 

units A, B, and V. 

The body of the pump 6 and the suction pipe 1 are fastened together by 

pins. The tightness of the joints is assured by packing *♦, made of material 

resistant to hydrogen peroxide. 

The suction tube has a flange for fastening to the body of the reducer. 

The component, under the static head, passes through the suction tube to the 

pump. In the section of the turbine between the inlet and outlet valve 

through which the steam passes there are guide vanes b at the turn, set here 

for the purpose of preventing or reducing a twisting of the flow before 

the entrance into the helix, which is placed in the cylindrical part of the 

tube. By means of the helix there is created a backwater for the liquid 

(1.6-1.8 attí) before the entrance into the rotor wheel, which is necessary for 

the non-cavitational operation of the wheel of the main centrifugal pump. The 
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Figur« 191». Section of the turbo-pump unit of the "Walter” ie turb 
airplane engine .ane en, 

1 — gear wheel; 2 — oxidizer pump; 3 -- turbine; 4 -- combustible pump; 5 -- al'bine; < 
bearings on the side of the combustible pump; 6 -- sliding bearings on the side c; 6 — 
oxidizer pump; 7 — nozzle; 8 — swinging chamber; 9 -- wheel of the turbine withuaber; 

10 — guide wanes; 11 -- longitudinal partition. . — lo 

a — steam gas inlet; b — combustible branch to the engine; c -- combustible bra» to th 
the pressure regulator; d -- drainage line from the fuel cock; e — oxidizer inle*om the 
drainage of oxidizer; g — drainage of steam gas; h — drainage of combustible; i gas; h 

combustible inlet. itible 

« 4 
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li!-nade ia the’fern‘of a double «piral and In fantened on the Bhaft.V‘ 

of a inline.’. Y:. - 

Figure 195« The oxidizer puap (hydrogen peroxide) of the "Walter" engine. 

1 *- auction tube; 2 — diatance sleeve; 3 — distance ring; 4 -- sealing; 
5 — pi®î 6 — body of pump; 7 -- icpeller; 8 -- guide apparatus at the en¬ 
trance; 9 --helix (spiral wneel); 10 — packing ring; 11 — packing (rubber 
ring); 12 — graphite packing ring. 

A — packing unit; B — packing unit (contact type); C — tightening unit (the 
aleeve type); D — guide vanes; E — ring of labyrinth packing; F — drainage 
chaaber; G — ring of the labyrinth packing; H -- low pressure cavity (intake); 
I -- guide apparatus at the exit; J — high pressure cavity; K — collector; 

L -- drainage of the oxidizer. 

In order to obtain a smooth flow of the liquid at the entrance to the 

▼anea of the working wheel a guide apparatus 8 is placed between the 

helix and the imueller. The <ruide apparatus is fastened to the body of 

the auction tube by the pin 5» which prevents it from turning. 

On the hub of the guide apparatus there is pressed a tempered collar 

which serves to support the shaft of the turbine. In the inside part of the 

collar there are spiral grooves for lubrication and cooling (by means of the 

transferred compone .its) of the surface of the sleeve rubbing against distance 

ring 3* 

Tha unilateral rotor wheel 7, of the closed type, has 10 vanes bent back¬ 

ward. 

F-TS-9741A 699 



Btt ween the high pressure cavity J and the low pressure cavity (for suc¬ 

tion) B on the one side and the cavity J and the drainage chanber F on the 

other there are placed some labyrinthic seals of the ring type with teapered 

steel rings E and G, which prevent the rapid enlargement of tne clearances. 

In order to prevent the hydrogen peroxide fron penetrating along the 

shaft to the ball bearing there nas been provided, between the suction pipe 

and the seat of the bearing, a drainage cavity with 2 seals, one of which is 

of the contact type B, and the other of the sleeve type C. The employment of 

the contact type seal B with a graphite ring 12 on the friction surface protects 

it against wear. 

The leakage of oxidizer (from the suction tube) is drained off through 

the duct L outside the feed system. The leakage of the oxidizer (from the 

drainage chamber) along tne shaft is prevented by m¿ans of a contact seal A, 

placed behind the wheel of the centrifugal pump. 

The fuel pump is made in accordance ?/ith the came structural diagram as 

the oxidizer pump, but its working parts have dimensions thnt are different 

from those of the other pump. 

The housings, the impeliera, the screTT conveyers, suction tubes, and 

the deflectora of the fuel and oxidizer pumps are manufactured fro- an alu¬ 

minum alloy, and the shaft, sealing rings and sleeves are made of stainless 

steel. 

The pumpa are driven by a steam-ponered, two-speed velocity turbine, mada 

as a separate unit. 

The section of the turbine between the inlet and outlet valve through 

which the steam passes (see Figure 194) consists of nozzle 7« set on the lugs 

of the body, the rotary chamber 8, attached to the cover of the body of tne 

turbine, and the exhaust pipe. The body and the cover of the turbine are made 

of aluminum alloy. 

Tha nozzle of stainless steal has a diameter at tha entrança of 35 ■■ and 
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in th« critical section, 11 as* For a better filling up of the vanen of the 

rotor wheel with steam gas, the nozzle at the exit has a rectangular section. 

The flor of «team coming from the nozzle strikes the operating vanes of the 

turbine and roves on to the stationary guide vanea 10 of the rotary chamber 8. 

After the turn of the eteac by the partition 11 the flow of eteaà is again 

directed towards the operating vanes of the turbine und is drained off through 

the exhaust tube. 

The rotary chamber is a case welded of stainless sheet steel, segment 

shaped in appearance, inside which there are 6 guide vanes and one longitudinal 

ly bent baffle plate. 

The disc of the turbine is made of one forged piece with a shaft. It 

has on it 79 profiled vanes of stainless steel whicn are set on the wheel by 

a fastening of the dovetail type and are reinforced along the outside diameter 

by the rim which has 4 slits aa compensation for heat expansions. 

The sealing along the shaft on both sides of the turbine is provided by 

■eans of slitted graphite rings, clamped to the shaft by a spiral ring spring. 

Thw small clearances in tnree transverse slits of each graphite ring give a 

tight and constant adherence of trie ring to the shafts and compensates for 

their wear. In order to facilitate assembly, the_graphite rings are 

placad in separate races which are set in the seat of the casing, two races 

on each side of the turbine. 

The steam gas leaking througn the seals is drained off by ducts, drilled 

in the body of tne turbine, towarc's the exhaust tube 5 (see Figure 193). 

Tho turbo-pump unit by the flange of the oxidizer pump body, is fastened to the 

body of the reduction gear. The reduction gear, a simple gear train .vith 5 

cylindrical gear wheels, connects the shaft of the turbo-pump unit with the 

shaft of the starter and transmitter of the tachometer. 

The starting of the turbine is done by means of an electrical starter, 

coupled with the tdlerjgear of the reduction gear which transmits a torque to the 
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•haft of the turbo-pump. The pumps, set on a common shaft, generate a small 

head (about 3-*+tx at*)under which the oxidizer (hydrogen peroxide) mores into 

the steam generator, where, being decomposed in the presence of a solid cata¬ 

lyser, forms steam gas. From the steam generator, the steam gas passes through 

the nozzle into the turbine and turns the rotor of the turbo-pump. After this, 

the turbo-pump begins to operate independently, fed from tue stean generator. 

As soon as the Telocity of rotation of the shaft of the turbine exceeds the 

normal velocity of rotation of the electric starter, the latter automatically 

cuts off with the help of the claw coupling. 

With operation at the maximum rate of the turbine (n = 17,200 rpa), the 

delivery of the centrifuga1, combustible pump amounts to 2.11 kg/sec (der.ign 

data), and that of the oxidizer pump, 6.68 kg/sec, of which 6.39 kg/sec goes 

into the engine and 0.29 kg/sec into the steam gas generator. The pressure 

2 
at the exhaust for both pumps is equal to 40 kg/cm . The pressure of the 

2 
steam gas at the entrance to the turbine is 20 kg/cm , and its temperature 

is 475-496° C. 

Pumps of Engines R-3^95 and R-3390. 

The nitric acid pump for engine R-3395 is structurally executed as a 

separate unit (Figure 196). The vano wheel with 3 radial blades is made in¬ 

tegral with the shaft, of chrome nickel steel. The snaft rotates on two ball 

ksarjngs 2, placed in the bearing block 3* 

Bearing 2 toward.' tnc vane wheel is fixed so that its inside and outside 

races are fastened in a stat onary position and do not allow any axial shift¬ 

ing of the shaft; the 'utside race is Tastened by a special spring loaded 

plunger, with ring 13, set in a recess of the body, and an inside race fastened 

to the shaft. Between the face of the outside race and the body there is a 

regulation disc 14, by means of which the bearing is fixed in the position nec¬ 

essary for forming s clearance (0,5) between the rotating blades of the wane 

wheel 1 on the one side and the entrance tubs 5 »n* the flange 15 on the other. 

'excessive atmosphere 
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Th« pum? ia driven from the ohrift of the air-breathin;; reaction engine 

through a hydro-couplins reduction gear (see diagrar. of the engine R-3395 

in Figur« 224). 

For th« transmission of rotation from the reduction gear to the shaft of 

th« pump there is set on tne projecting end of the shaft, in slots,a gear wheel 

6, which engages th« central gear »heel of the reduction gear. The gear wheel 

is fastened to the shaft by a nut, which at the sane time tightly fastens all 

th« rotating parts placed or the s:aft. The nut is locked by a special wanher. 

Th« oxidizer enters the pump through tube 5» which has a diameter in ta« 

minimum section of 32 ms. Between the inlet tube a^d the fratr,« of the bear¬ 

ings 3, there is a ring collector 4 with two outlets for the component of 

high pressure and one connecting sleeve, ‘.long outlet I the component passes 

into the main line to the engine (the diameter of the cylindrical part at the 

entrance to the diffuser is S.2 an); along outlet II the materials go into 

th« «jector pump; the sleeve III serves for releasing the air from the vane 

pocket of the pump when it is filled with the latter component. 
% • 

Immediately behind the vane wheel of the pump there is a double seal which 

consists of an elastic packing ring 7, made of special plastic material, and a 

hydraulic sea], constituted by vane wheel 6, set on a snaft. 

In the fixed position and durug operation of the pump at a rate of 5,000- 

6,000 rpa, the sealing on the shaft is provided by ring 7, which presses 

against the polished end of tae vant wheel 8 under tne action of the difference 

ia pressure — the static head on tne suction on tne one side and the atmos¬ 

pheric pressure in tne drainage cavity D on the other. 

With a number of revolutions of more than 6,000 rpm, the sealing is provid- 

ad by a hydraulic seal. For this purpose the face of the vane wheel 8 towards 

th« gasket ring has 24 milled vanes which, drawing away the liquid contained 

in cavity A, create a head balancing the pressure acting on the tide of the 

vane pocket of the pump, in this way praventing th« flow of the liquid through 
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th« clearance B into the cavity of the gasket ring. 

The gasket ring 7 «ovee away fro« the face surface of the vane wheel 8 

by 0.2-0.3 na» as a result of which friction between the gasket ring and the 

face of the vane wheel 8 is prevented and the possibility of a rapid wearing 

out of the gasket ring resoved. 

The liquid leaking through the packing goes into cavity D and is led to 

the outside through the drainage pipe 9. In order to prevent the leakage of 

coaponents and nitric acid fumes from the cavity D into the cavity of the 

bearings race, there is installed a deflector seal 10 and two gasket rings 11 

of special plastic material. The space between the gasket rings leads to 

the outside 14 tnrough the openings C with a diameter of 3 nm, drilled in 

the body 3* 

The bearing, placed near the drive, is lubricated with oil, sprayed by 

the gear wheels of the reduction gear, and the bearing placed on the side of 

the vane wheel is lubricated by oil penetrating into the cavity of the bearing 

race through the drill hole b, which extends to the cavity of the reduction 

gear housing. To prevent the oil from accumulating within the cavity of the 

bearings race and overflowing into the seal cavity, there are two ducts a, 

along which it can flow into the reduction gear crankcase. To prevent the 

penetration of oil, during operation, into the drainage cavity through the 

sealing system, there is a special oil baffle 12 placed on the side of the 

bearings to deflect the oil towards the periphery of the recess from where 

it flows along duct a into the reduction gear ert'kease. 

The sealing along the faces of th» body of tie ring collector is pro¬ 

vided by means of aluainua gaskets. The body of tie bearings, the ring col¬ 

lector, entrance tube and deflector are aade of an acid-resistant aluainua 

alloy. 

The resulta of the test of this puap (with water) are given in Figure 

197 ia the fora of a graph of the dependence of the delivery pressure and 
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• fficiei.cy of the puap on the delivery of enter et different rpm. Fron the 

graph we can see that with n * 20,700 rpo the pump develops a pressure of 

P ■ 53 at with a delivery $ = 4.5 1/sec and the efficiency of the pump 
pump 

\ M 0.49. 

Figure 197. Characteristic of tne centrifugal puap for nitric acid of engine 
R-3395, found in tests with water. 

P — pressure at the exitj Q — delivery; n — number of revolutions of 

pump the shaft; efficiency of the pump. 

The centrifugal combustible pump of the engine R-3395 (Figure 19S) is 
0 

similar in construction to the nitric acid pump but its delivery is lower. 

A characteristic of this pump is the sealing (Figure 199). For low rpm 

(4,000-5,000) and for tne pump not in operation the sealing is done by a 

special ring plate 3 maae of chrome leatner, pressed between the faces of 

body 2 of the hydraulic seal and the shaft. This plate is pressed against 

the polished face of flange 7 by a special steel spring disc 4 with deep slots 

dividing it into 12 segments. The outside ends of the disc are firmly rolled^ 

in with the edge of the body 2. The face of the body 2 on the side of 

the bearings la made in the form of a semi-closed vane wheel with 24 milled 

blades A (see Figure 19&). 

During the rotation of the snaft of the puap at 4,000-5*000 rpo and aore, 

tha segments of the disc 4 are shifted in a radial direction under the influ¬ 

ença of tne centrifugal force, creating a banding moment around the rolled-in 
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•dg« of the slotted disc 4. Under the action of the bending moment, the 

leather ring plate 3 1b moved away from the polished face of flange 7 inside 

the body. The friction against the face is stopped and the possibility of 

rapid aearing out of the leather plate eliminated. 

The body of the hydraulic seal 2 (see Figure 199), by rotating, creates 

a head, balancing the pressure from the valve pocket, by means of rhich we 

have a reliable packing at a high rpm of the shaft of the pump. 

Figure 198, Section of the centrifugal pump for combustible engine R-3395» 

1 — shaft of the vane wheel; 2 — body of tne hydraulic seal; 3 -- leather 
plate; 4 — slotted resilient disc; 5 -- body of the seal; 6 — seal ring; 

7 -- flange. 

A — vanes of the hydraulic seal. 

The characteristics of the pump at different rpci are given in Figure 200 

From the characteristics we can see that with n = 21,000 rpm, the delivery of 

the pump is equal to Q s 2.7 1/sec, and the delivery pressure P ~ 72 ex at, 
pump 

efficiency of the pump \ = 0.29, 

The operating life of the pumps of engine R-3395 is 45 minutes. After 

this period they require overhauling and replacement of the sealing units. 

The centrifugal pump for hydrogen peroxide (Figure 201) is designed for 

the delivery of hydrogen peroxide in the steam generator of the engine R-3390 

The designed delivery of the pump Q « 0.73 l/s*c; the delivery pressura 
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Figure 199. The sealing unit of the combustible pump. 

The legends are the same as for Figure I98. 
A — edge of the disc; B — clearance 0.5. 

Figure 200. A(deaign) characteristic of the centrifugal combustible 
pump of the R-3390 engine. 

1 -- limit of the possible minimum delivery. 

4 
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p ■ 50 «X «t|n s 16,000 TP*. In general, the construction of this puap ia 
puap 

identical «ith the combustible pump. 

Its characteristic feature is IteT contact-type sealing consisting of 

the graphite ring 1, pressed into the race 2 and pressed against the tempered 

Figure 201. Section of the centrifugal pump for hydrogen peroxide. 

1 — graphite ring; 2 — race; 3 — collar; 4 — spring. 

The construction of this sealing unit is taken from the "Yialter*1 turbo- 

{jttmp without any change. 

Tue Steam Generator of Liouid-Fuel Rocket Engines. 

The function of oteara generators is to generate the mass carrier 

for the turbine, namely, gases, heated up to a high temperature at a definite 

pressure. 

There are 3 types of steam generators employed widely in rocket engineering. 

In the steam generator of the first type, in order to obtain a steam gas, we 

employ a high concentration (80-90¾) of hydrogen peroxide, decomposed under 

the action of a catalyzer with the liberation of heat. In such steam genera¬ 

tors the process of combustion is absent. In the steam generator of the second 

type, ia order to obtain heated gases we employ the reaction of combustion of 

an ordinary or special liquid fuel. Since in the products of combustion of 
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the<*e fu«ld the conteat of eater vapor ia small, ee may call them simply gas 

generators. Since they operate on liquid fuel, ee call them liquid-fuel gene¬ 

rators (LOG). Lastly, in the third type of gas generator, ee employ as a 

fuel a solid poeder. Such a gas generator is similar in construction to the 

cartridge pressure accumulator (see Section 56). 

The designs of steam generators pursue teo aims: first, thq deter¬ 

mination of the temperature and composition of the steam gas (these values 

are necessary for the calculation of the heat transfer transfer* 

which can be employed in the turbine); in the second place it serves for tne 

determination of tne dimensions of the parts of tne steam generator, necessary 

for the generation of the prescribed quantity of steam gas G . kg/sec. steam gas 

The steam generators which use the reaction of decomposition of hydro¬ 

gen peroxide consist of a reason; — that is, a vessel in which the decompo¬ 

sition of the hydrogen peroxide takes place under the action of the catalyser, 

tanka for the hydrogen peroxide and the catalyzer, and also systems for feed¬ 

ing the components to the reactor. 

The construction of the steam generator is determined to a considerable 

extant by the kina of catalyzer employed for obtaining the steam gas. We 

employ two types of catalyzers: liquid and solid. 

As a liquid catalyzer we employ a concentrated solution (25-35^) of po- 

taaalurn permanganate KM C. in water; as a solid catalyzer we employ grains of 

some porous substance, the pores of which contain the catalyzing substance, 

consisting largely of potassium permanganate. 

The layout of the steam generator reactor operating on a liquid catalyzer 

(rocket A-4) is represented in Figure 202. The steam gaa generator is a cylin¬ 

drical steel tank 2, in the upper bottom of which there ia placed the injector 

3 for the spraying of the hydrogen peroxide. 

Across the stream of hydrogen peroxide there is directed a stream of per¬ 

manganate solution, sprayed through the side jet injector 4. In the upper part 
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of tht reactor there taken place a nixing of the hydrogen peroxide and the 

catalyzer. 

For lengthening the path of the hydrogen peroxide, in order that it may 

be decomposed more completely and in order to prevent undecomponed hydrogen 

peroxide from falling into the lead-off tube for the etear. gar, tube 6, there 

la placed within the reactor a worn incert 1, so that the stear. gas and the 

undecomposed hydrogen peroxide of the engine move ti.rough the reactor along a 

screw trajectory. 

In order that the liquid hydrogen peroxide may not gather in the upper 

part of the insert 1, we put in it a small overflow opening 5. 

The reactor for solid catalyzer is simpler in construction. In Figure 

203 we show the diagram of the steam generator of the "/falter” engine. The 

parts of it are shown in Figure 204. 

The body of the reactor 4 (see Figure 203) i* closed above by a cover 2, 

in the center 01 which there is the „roup of injectors 1, consisting of 5 

centrifugal injectors, uniformly distributing the sprayed hydrogen peroxide 

over the transversal section of the reactor. Under the cover of the reactor 

there is a packet of solid catalyzer 3t resting on the perforated bulkhead 5. 

In the lower part of the reactor there is the collector 6, terminated by the 

tube for the lead off of the steam gas. We should note that tne cavity of the 

collector of the steam gas and the lines carrying the steam gas to the turbine 

are sometimes used tc complete the decomposition of the which was not 

decomposed in the steam generator itself. The decomposition of the hydrogen 

peroxide in the steam generator is completed by having the liquid catalyzer 

in the mixture of vapors and gases that leave. The solid catalyzer, however, 

la made in much a way that the particles of the catalyzing substance can be 

washed away by the flow of the hydrogen peroxide passing through the ca¬ 

talyzer, and be carried together with it into the collector, where, due to its 

effect, there takes place the final decomposition of the hydrogen peroxide. 

F-TS-9741A 711 



L*t ua note that the extensive removal of the catalysing substance reduces 

the period of action of the aolid catalyzer, the so-called time of effective 

action of the catalyzer, and leads to an increased «ear of the vanes of the 

turbine, because the catalyzing substance (KMnO^) is decomposed with the gere- 

ration of solid particles of manganese peroxide. 

As we can see from the layouts given in Figurea 202 and 20J, the simplest 

ia the steam generator operating with a solid catalyzer, because the feed sys¬ 

tem in it ia simplified, it not being necessary to provide an arrangement for 

the feeding of the catalyzer. 

'M 

' 

j 
» . 

Legend: 

A) ÍÜKíà?* 
B) catalyzer 

inlet. 

A) ncdfoâ 

\ 
\ 

Figure 202. The layout of the reactor 
of the ateam generator using a liquid 

catalyzer. 

1 — worm conveyer; 2 — body of the 
steam generator; 3 — injector of 
hydrogen peroxide; 4 — injector of 
catalyzer; 3 — overflow opening; 6 — 

collector of steam gas. 

The feed systems cf the ateam 

and pump. The cylinder system ia employed 

livery of hydrogen peroxide. As an example 

Figure 203. Layout of the reactor of 
the steam gas generator using a solid 

catalyzer. 

1 — injector head; 2 — cover; 3 — 
packet of catalyzer; 4 — body of the 
reactor; 5 — bulkhead; 6 — collector 
of steam gas and drainage tube. 

generator are also of two types: cylinder 

in case of a relatively small de- 

of the cylinder feeding hydrogen 
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peroxid«t we ei«y take the stean generator of the A-4 rocket engine. With 

large total deliveries of hydrogen peroxide, the weight of the cylinder feed 

system of the steara generator becomes excessively large and must be replaced 

by a pump. This is precisely the system used in the delivery of hydrogen 

peroxide in the ’’Walter" engine R-3390. 

The temperature and couposition of the steam gas generated by the decom¬ 

position cf hydrogen peroxide are determined entirely (if we neglect a certai 

amount of incomplete decomposition of the hydrogen peroxide and the heat los¬ 

ses) by the concentration of hydrogen peroxide entering the reactor. 

Figure 204. Parts of steam generator for the "Walter" engine. 

1 — body of the reactor; 2 — supporting bracket; 3 -- exhaust manifold; 
4 — cover plate; 5 — jet head; 6 — hydrogen peroxide pipe; 7 — catalysing 

packet; 8 — bulkhead. 

In the calculation of the composition of the steam gas, we must start 

from the fact that, with tiie low temperatures we have in the steam generator 

reactor, there is no dissociation of the producta of decomposition and the 

steam gas consists of water vapor and free oxygen (we disregard the content 

of the catalyzer and the products of its decomposition). 1 gram-molecule of 

4 
hydrogen peroxide (34 g) upon decomposition gives 1 gram-molecule of water 
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(18 g) »jià hi grao-Bolecule of oxygen (l6 g). Th« relative content of eater 

vapor and oxygen dependa on the concentration of the hydrogen peroxide* 

If me designate the concentration of hydrogen peroxide by the compo¬ 

sition by «eight of the steam gaa «ill be the following: 

The aaountof the «ate»* vapor in 1 kg of the product of the deconposition 

of hydrogen peroxide amounts to 

18 
^,0-(1-oft> + -a0 ^H,0 kg of steafl gaa, (IX.151) 

Oxygen content 

16 
fo.-°- *fOt'kg of stean gaa, 

(IX.152) 

The value of 6q ahoulcl also take into account the entrance of water into 

the reactor, when the liquid catalyzer ie being injected. 

Knowing the composition of hydrogen peroxide, we find the theoretical 

temperature of the steam gas from the equation of total heat content of hydro 

gen peroxide with a concentration and the products of its decomposition 

/pt, ■■ 
(IX.153) 

Figure 205. Composition and theoretical temperature of the steam gaa obtained 
by the decomposition of hydrogen peroxide of different concentrations. 

1 — volumetric composition; 2 — composition by weight; 3 — composition of 
the stean gas in ft; 4 — temperacure of the steam gas; 5 — theoretical tem- 

.perature of steam gas in t° C; 6 « concentration of ñ2^2 reactor 
(by weight). 
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Th« data for the heat content of water vapor and of oxygen 

ar« taken froc the table of appendix 3« However, they should be 

reduced to kilo-cal/kg, in keeping with the formula 

1 kilo-cal/kg 1 kilo-cal/g-aol 

(IX.134) 

The calculation of the heat content of hydrogen peroxide is made in the 

same way as the calculation of the heat content of the components of fuel 

(cee Section 27), 

Th« data for the calculation of the composition and the theoretical tem¬ 

perature of steam gas are given in Figure 205.* 

The real temperature of the steam gas will be less than the theoretical 

because of the loss of heat due to tne incomplete decomposition of the hydro¬ 

gen peroxide and because of the cooling of the steam gas in the reactor and 

lines. 

W« may assume that the real temperature T amounts to 0.92-0.95 

of the theoretical temperature. 

In determining the dimensions of the reactor operating on liquid catalyzer, 

we must start from the fact that for 1 liter volume of the reactor with a pres¬ 

sure of generated steam gas of 20-30 kg/cm^ we can decompose thoroughly in 1 

sec 1 kg of hydrogen peroxide of 00¾ concentrâtioa. The consumption of liquid 

catalyzer should amount to 7-8¾ of the consumption of the hydrogen peroxide. 

The calculation of the dimensions of the reactor using a solid catalyzer 

la basad on the determination of the weight and dimensions of the packet of 

catalyzer. For this purpose we use two values in the calculation. The first 

value is the permissible specific consumption of hydrogen peroxide in kg/sec 

that can be decomposed by 1 kg of solid catalyzer. We designate this value by 
kg/aec H202 

8 kjpcatalyzer * The secoad value the operating life of the catalyzer 

S kg HgC^Ag catalyzer, by which we understand the total quantity of hydrogen 

* A. V. Bolgarskiy and V. K. Shchukin, Rabochiye ProtsessyV ahidkostnõreaktübnykh 

dvigatelyakh ^wo-^king Processes in the liquid Fuel Jet engines/, Cborongiz, 1953« 
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peroxide in kg which ca~ be decomposed by 1 kg of catalyzer during the total 

time of its operation. 

Making use of these values, we can easily determine the weight of the 

packet of catalyzer G . . It is determined oy the formula 

c* (IX.155) 

The determined weight is checked for the total resource in the following 

way. The entire consumption of hydrogen peroxide for the time that the en¬ 

gine operates X must be smaller than the full resource of a given amount 

of catalyzer 

G(f<Gc*cS. (IX. 156) 

For the German aviation engines the value of s amounted to 
kg/aec H202 

• a °»2 icg' ~c a ta lyVer * and the value S ^ 2,000 kg/kg. 

With smaller periods of operating life for S, the value s may be greatly 

increased. This is explained by the fact that with an increase in the specific 

consumption of hydrogen peroxide d-e to the large velocity of movement of the 

hydrogen peroxide and the steam gas through the p-cket of the catalyzer there 

is an increase in the wear of the catalyzing substance. 

The volume of the packet of catalyzer V is found on the oasis of the 
C 

specific weight of 1 cubic unit of dry granular catalyzer material "Y' 
if cat 

(IX.157) 

Ws can assume sr 1.0-1,2 kg/1. 

The geometrical dimensions of the packet of catalyzer are found by pro¬ 

ceeding from the permissible intensity of consumption of the catalyzer r .• 
cat 

Just as in the case of the intensity of consumption of the combustion 

chamber, the value rçat i« the ratio of the flow, rata per second of hydrogen 

1 Voproay raketnoy tekhniki /Problems of Rockut Engineering?, 1955, No. 1, and 
1956, No. 3, Publishing House for Foreign Literature. 
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peroxide (or steea gas) gft6 to the area of the transversal section of 

the packet of the catalyzer and it is expressed in g/cm^ sec, that is, 

g/ca^aec, 
;■ , (ix.158) 

The pernissible intensity of consumption r ^ depends to a considerable 

extent on the permissible specific consumption of peroxide a. With s = 0.2 
kg/sec H202 

kg catalyzer * the va*ue r cat amounts to 3-^ g/cm^ sec. Witn an increase in 

a the permissible consumption intensity of the catalyzer rises in a manner 

that is approximately proportional. 

Knowing the value of the intensity of consumption, it is easy to deter¬ 

mine the area of the transversal section F and the diameter D of the 
C&v Cût ~ 

packet of catalyzer 

. /r 1W>G,j 2 

(IX. 159) 

After this, we determine the length of the packet of the catalyzer L 
cat 

The other dimensions of the reactor using solid catalyzer axe determined 

by starting from the structural considerations. 

Example 23. To calculate a steam generator using solid catalyzer for 

driving the turbine of an airplane liquid-fuel rocket engine and consuming hydro 

gwn peroxide at the rate of G8teaE gaa * 0.8 kg/sec, if the time ^ of its 

operation witnout recharging is equal to 2.5 hours. 

Solution: 

1« We determine the weight of the packet of the catalyzer. 
kg/sec H202 

We take s * 0.2 ^ catalyzer * Then* according to formula (IX.155) 

2. We check the weight of the packet of catalyzer for operation life. 

The operating life is • - 
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We take the period of effective action (operation life) of the catalyzer to be 

8 * 2,000 kg/kg. Then 

0*4«-0.8-3600-2.5 - 7200 kg; ; ^ X — l/.O • «WW #4W JJ 

£.,5-4. 2000 - 8000 kg 

that ia, the necessary requirements have been net, 

3, W# determine the volume of the packet of the catalyzer, taking the 

volume weight of the catalyzer « 1.2 kg/ • In accordance with the for¬ 

mula (IX.157) 

4. W* determine the dimensions of the packet of catalyzer, taking 

rcat « 3»5 g/cm2 sec. In accordance with formula (IX.159) 

We take 

04et—170 mm; mm. 

The liquid-fuel gas generator (LFGG) is constructed and operates in a man¬ 

ner similar to the combustion chamber of the liquid-fuel rocket engine. 

We can use various kinds of fuels in this generator. From the point of 

view of construction and operation of rockets and engines, it is very conve¬ 

nient to have this generator operate with the same components as the liquid- 

fue; rocket engines, that is, on the basic fuel. When this is done, it is not 

necessary to have a separate feed system for the liquid-fuel gas generator and 

there is a reduction in the number of components which are necessary to fuel 

the rocket. However, for various reasons we can employ in the liquid-fuel gas 

generator fuels different from the basic one. Besides, it will be perticularly 
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convenient to employ a mono-component fuel, for example, a triple mixture — 

hydrogen peroxide plus ethyl alcohol plus water, nitromethone (CNC^)* isopropyl- 

nitrate etc. The employment of the mono-component fuels, of course, simplifies 

the system of fuel feed to the liquid-fuel gas generator. 

Since the products of combustion of the ordinary liquid fuels for rocket 

engines have a hign temperature of combustion, which is not permissible because 

of the conditions of operation of the turbine or the tanks (if the liquid-fuel 

gas generator is employed in the system of liquid-fuel pressure accumulators), 

it is necessary to lower their temperature artificially. For this we employ 

2 methods: ballasting the fuel with one of the components of the fuel and the 

feeding of a third component into the liquid-fuel gas generator — usually 

water. 

The selection of the component (combustible or oxidizer), the excess feed¬ 

ing of which reduces the temperature of the products of combustion, depends on 

the requirements for the utilization of the liquid-fuel gas gunerator. From 

the point of view of conventional operation of the turbine, it will be advan¬ 

tageous to employ a fuel ballast with the combustible (that is, ^-1), 

because in this case the generated steam gas dues not contain oxygen, which, 

with high temperatures, can react with the material of the structural parts and 

destroy them very quickly. The ballasting with an oxidizer oust be employed in 

those cases when the products of combustion of the liquid-fuel gas generator 

are employed for the pressurization of the oxidizer tank. 

The calculation of the temperature and the composition of the products of 

combustion of tne liquid-fuel gas generator is made by starting from the 

asaumption that there is no dissociation of the products of combustion and 

that combustion is complete. In this case the composition of the products of 

combustion depend only on the composition of the fuel. 

In ballasting the fuel of the liquid-fuel gas generator with an oxidiaer, 

the products of combustion of four-element fuels will include CO^« H^O, and 
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(>2# The »tight proportions of tnese gases »ill be gcc^« *nd *02* 

that is( the quantity of thee expressed in kg and necessary for 1 kg of fuel 

or producta Of combustion, in accordance »ith (V.9) and Y.10) »ill amount to 

Cf. tHfl—Wj fn, * Np 

to.-0,-± (IX.160) 

Of course, 

fco,+fHp+fa,+fo, 1 

The temperature of the gererated products of combustion is determined, 

in the usual manner, from the equation of the total heat content of the fuel 

and the products of combustion. Besides, it is necessary to seek a composition 

of the fuel ( oC or ) which will ensure the obtaining of a gas of the pres¬ 

cribed temperature. In this case the scheme of calculation will be as follows. 

After prescribing the different ot or IV , we find the elementary composition 

of the fuel. On the basis of formula (IX.I60), we determine the composition 

of the products of combustion and also the total heat content of the luel with 

the selected values of IV or . Xaking use of tne composition of the product 

of combustion found at the prescribed temperature T we find 
products of gas 

the total heat content*of the products of combustion I 
products oí steam gas 

(IX.I6l) 

»ith the different ratios of the components of the fuel (I is taken 
products 1 

in kllo-calAg). 

In addition, we solve graphically the equation of the 1&» for the conser- 

(Figure 206), 

gas of the prescribed temperature. 

Example 26. Problem: To find the necessary ratio between the consumption 

of oxidizer and combuatibla V , ensuring a gas with a temperatura of 727° C or 
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1,000° absolute. The fuel consists of 96% HNO^ (Ho « 0.020; Oo . 0.767; 

Np » 0.213) and kerosene (Co* 0.85, ;.'0 * 0.15). The ballasting is done with 

the oxidizer. 

Figure 206. For tie calculation of the necessary ratio Ud ± of the 
components of fuel of the steam gas generatorf 

Solution: 

We prescribe the values of V equal to 15, 18. 20 and 22. On the basis 

of formula (V.17) we find the composition of the fuel and on the basis of 

formula (IX.I60) the composition of the products of combustion. From the 

table of Appendix 3, we take the values of the total heat contents of CO^, 

H20, 0¿ and at a temperature of 1,000° absolute, and we convert them to 

kilo-cal/kg. They amount to the following 

. «ko, "-'«0 Ulo-celAü, \o—ÎWO kilo-,-l/kg,/pK -IK kilo-cal/kg, 
'r0 -im kilo-cal/kg* "* 

We find the total heat content of the fuel by formula (V.25). In this 

eM# *p HMO3 * kilo-cal/kg; Ip k#r08ene = -440 kilo--alAg. The result 

of the calculAtion are given in Table 34. 

The graphical solution of the equation Ip T = Ip flteaiI gãgt performed in 

Figure 206, gives Vdesign * 

The calculation of the composition and temperature of the steam gas in 

case of ballasting of the fuel with combustible is rendered difficult by the 
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fact that with 0C * 0.3-0.4 and low températures, there appear in the products 

of Coabustion solid carbons and hydrocarbons (methane CH^, acetylene etc) 

The calculation of the conposition of such products of coabustion, under con¬ 

ditions of equilibrium of the chemical reactions, is possible, but it requires 

aore time. In the calculation of the liquid-fuel gas generator we can use in 

this case the data for tne values of the product RT, as this is sometimes done 

in the calculation of tne liquid-fuel pressure accumulator operating at email 

0( , Table 34 

» 15 18 20 22 * 15 18 20 22 

Cr 0,053 0.045 0,041 0,037 tw,o 0,252 0,243 0,234 0,225 

Hl 0,028 0,027 0,026 0,026 fN, 0.2U0 0,202 0,203 0,204 

Oi 0,719 0,726 0,730 0,732 *0, 0,354 0,390 0,413 0,435 

Hi 0,200 0,202 0,203 0,204 Total 1,000 1,000 1,000 1,00 

Total 1,000 1.000 1,000 1,000 iPsg. . 
keal/kg -936 -850 -794 -741 

fco. 0,104 0,165 0,150 0,136 hi 
keal/kg 

-774 —778 —780 -781 

In case of the addition of water, the combustion in the liquid-fuel gas 

generator takes place at close to unity, and the water, vaporised and seated, 

reduces the temperature of the steam gas that is generated. If the fuel of- 

the liquid-fuel gas generator burns at 0(^1, then for tne calculation of the 

necessary addition of water for the purpose of obtaining steam gas of the 

prescribed temperature, we use the same method which ws used for the determi¬ 

nation of V. . » in case of the ballasting of the fuel with oxidizer, 
design 

Let us designate by x the number of kilograms of wat*»r to be added to one kg 

of fuel burning in the liquid-fuel gas generator. It is easy to see that 

with (X > 1 the weight composition of the products obtained will be the fol¬ 

lowing: 
fon. 

1+jr * fw, _*L . 
1+«' 

lb.- \+M 
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Haring prescribed the necessary temperature of the steam gas •• 

tan construct the dependence of I ,. on the addition of water x. The 
p at earn gas 

total heat content of the fuel and water ^ ♦ H2O in accordance with the 

foraula analogous to (V.23) amounts to 

Hfl 

1+* * (IX.162) 

For finding the calculated amount of water which it is necessary to 

food in for one kg of fuel *d#ei-n k£ H20/kg of fuel, it is necessary to solve 

the equation 

(IX.163) 

Knowing the necessary consumption of steam gas (or gas) G and the ratio of 
sg 

the components , we can find tne separate consumption of fuel G and oxi- 

dizer G ^ , and in case of the feeding of water and its con- 
oxidizer steam gasf 

eumpt ion 0 
h2o* 

0. - M Üq 
'Vj" 1 + 1 + *’ IV> l + '+x (IX.164) 

On the basis of what we find fox the consumptions of fuel, the oxidizer, 

and water, we design the combustion chamber end the feed system of.t'ie steam 

generator. In the calculation of tne chamber of the liquid-fuel gas generator 

and the steam generator ve can also use these same ratios, as for the calcula¬ 

tion of tne combustion chamber of the liquid-fuel rocket engine; however, in 

the designing of chambers in this case we should take into account the ratios 

of the components necessary for the liquid-fuel rocket engine. In this case, 

we can recommend the planning of fuel combustion at ^1, selecting for this 

amount of fuel a combustion chamber volume in accordance with the usual ratios 

and a ballasting combustible, oxidizer or water, to be added afterwards. In 

tho case of the calculation of the volume of the combustion chamber, necessary 

for the vaporization of the ballasting component or water, its selection should 

jrtr« 
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b« mad« on the basis of experiments. As an example of a steam generator using 

nitric acid plus kerosene fuel mith additional feeding of water, we can cite 

the steam gas generator constructed by V. P. Glunhko (Figure 207). The steam 

generator consists of a combustion chamber 2, in whicn the fuel is fed through 

a system 5 of injectors for comoustible and 3 for oxidizer. The ignition of 

the fuel is accomplicned by a pyrocartridge 1. The water is injected by in¬ 

jector 4, The vaporization of the water takes place cniefly in the supplemen¬ 

tary vaporization chamber 6. For a better mixing of tne gases a turbulence 

diaphragm is installed. 

Figure 20?. External view of the steam gas generator for fuel consisting of 
nitric acid plus kerosene (1937). 

1 — pyrocartridge igniter; 2 — combustion chamber; 3 -- oxidizer injector; 
4 — water injector; 5 — combustible injector; 6 — chamber for supplementary 

vaporization. 

« 

In tha designing of the feed system for tne steam generator and the 

liquid-fuel gas generator a certain difficulty arises because of the smsll 

consumption of one of the components. For example, in accoroance with the 

results of the calculation of example 26, the ratio of HNO^ to kerosene in the 

fuel of tha liquid-fuel gas generator when we ballast with the oxidizer was 
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found to b* Va 20.6* This means that if the necessary consuaption of steam 

gas equals 0.5 kg/sec, the consumption of combustible amounts to a total of 

2) g/sec and of oxidizer 477 g/sec. Then, in order to avoid generating steam 

gas at an excessively high temperature, their ratio should be kept at a very 

precise figure. 

Method of Calculating the Turbo-Pump Unit and the Steam Gas Generator. 

The calculation of the turbo-pump unit and the steam generator is made 

in the following manner: 

1. Ve determine the number of rpm of the turbo-pump unit. This calcula¬ 

tion is made on the basis of the computation of maximum rpm of the pump, which 

is most dangerous for cavitation (see Section 60). 

2. We calculate the dimension ana power of the pumps feeding tne compo¬ 

nents (see Section 6l). 

3* determine the necessary power of the turbine N. ., equal to the 
turbine 

total power of the pimps feeding the components 

4. We calculate the heat drop taking place in tho turbine. The theore¬ 

tical temperature and the composition of the steam gas are determined in ac¬ 

cordance with the type of steam gas generator. Having fixed the pressure p^ 

at the entrance to the turbine and p¿ at the exit from it, we determine the 

tamperature drop in the turbine AlT in accordance with the formula (IX.146) 

share T^ is the temperature at the entrance of the steam gas into the turbine. 

In the absence of cooling T^ * Tpro(j 0f C0B* the process of expansion 

in the turbine is adiabatic, then 
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The value of the tneriral capacity of tne steam gas is in cbnforaity to a eôrre- 

aponding fornula for thermal capac.ty of the gas mixture, analogous to (VII.33) 

* (IX.165) 

«here the value kilo-cal/kg °C can be tai'.en from Taule 21. On the basis 

of the value of C * we can also find the adiabatic index k = C_/C . Besides, 
P P ▼ 

C * C - aR. The value of the gas constant of the fixture is found from the 
▼ P 

relation 

J) R,gl% 

1 (IX.166) 

where R^ is tne gas constant of the component of tne mixture in kgra/kg C. 

5. ^e determine the necessary delivery of steam gas . For this pur¬ 

pose it is necessary to bear in mind that the temperature urop is a source of 

work in the turbine. Taking into account the coefficient of usefil action 

(efficiency) of the turbine the work L performed by the turbine in the 

generation of 1 kg of steam gas amounts to 

kgm/kg, 
(IX.167) 

and the power of the turbine with the generation in 1 second of G will be 

equal to 

whence 

a» ¿0 __ A/trT0 
75 l&A ’ 

KAN 

(IX.168) 

(IX.169) 

6. On the basis of the flow rate of the steam gas which has been deter- 

wined, we calculate the steam gas generator of a given type. We also find the 

flow rates of the components fed into the steam gas generator. 

7« Having prescribed the time of operation of the steam gas generator, 
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«• can then determine the dimensions of the tanks for the components fed to 

the ateam gaa generator (see Section 5*0* 

8. Knowing the pressure of the steam at the entrance to the turbine, we 

determine the necessary feed pressure for the components (see Section 5^) and 

calculate the units creating the delivery pressure - cylinder and reducer in > 

the case of cylinder feeding, pump - in the case of pump feeding* 

Example 27. Problem: To calculate tne consumption of steam gas necessary 

for driving a turbine having a power of 600 hp* Source of the steam gas: 

hydrogen peroxide &7% concentration* Pressure at the entrance to the turbine 

p^ * 24 at, at the exit p^ » 1*2 at, efficiency of the turbine ^ * 0.62. 

Solution: 

1. On the basis of the graph of Figure 205 we find the theoretical tem¬ 

perature of the steam gas and its weight composition. .Ye obtain 

IH'O^O.SS; 

2. faking into account heat losses with a coefficient of loss equal to 

0.92« we take the temperature at the entrance to the turbine equal to 

r»-0,92-653-600* 0873* a ¿S. 

3. Ee determine the heat capacity of steam gas at * 600° C, making 

use of formula (IX.I65) and the data of Table 22. 

O-Ç t tCß, +tco'PçQ' - 

-6,68 0.526+0,42.0,256-0.412 kcalAg°C. 

4. We determine the gas constant of steam gas by formula (IX.166) 

Ä—ÇflÆl-fH|offH|0 + f 

-0,88 47+0.42 26,5-38,4 kgnA«°C. 
* ' --- * . j » 

5. *• determine the heat capacity Cp of ateam gas at 600° C and its 
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adiabatic index k 

kcal/kr°C| 

«• 0,33 
• • 

6. We deteraine the heat drop in the turbine 

A/t-Or, 

*-i 

(^) 
—0,412*373 

-(¾ 
—173, kcal/kg* 

7. On the basis of formula (IX.I69) »« determine the necessary delivery 

of steam gas 

]UNj_ -"^00- itg/eec. 
‘H A/tT,, 427* 173,1 0,62 

Section 63. Fittinrs of the Delivery System of Rocket Engines. 

The fittings of the feed system include the scoops of the tanks, filling 
/ 

plug and drain plugs,cut-off valves, pressure relay, rupture membranes, and 

ducts* We shall now consider some of the basic types of fittings of the 
à 

liquid-fUel rocket engine feed system. 

Fittings for the Tanks. 

The scoops of the type represented in Figure 157 a, are suspended on a 

flexible bellows made of copper or (in case of the employment of a corrosive 

chemical) of stainless steel. In case of the appearance of transversal 

accelerations during maneuvers of the rocket, the scoop shifts together with 

the liquid, inclining toward the proper side as a result of the flexing of a 

bellows. The scoop is suspended in such a way that in case of a flexing of 

the bellows by the force of inertia there cannot take place any suction of the 

scoop to the bottom of the tank. 

Another type of scoop which insures the continuous fseding of the compo¬ 

nent during the maneuvers of ths rocket, is shown in Figure 157 b. This is the 

so-called rotating scoop, set on a central tube of the tank. When forces of 
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inerti* act on the liquid, they also act on the scoop and turn it following 

the liquid«. 

Figure 208. Fueling plug and drain plug. 

1 — body; 2 « plates; J — seat of the valve; 4 — spring; a — fueling plug; 
b — drain plug; c — drain. 

Other devices which ensure continuity in the intake of the components 

are described in Section 54. 

In Figure 208 we show the fueling and the drain plugs. 

The construction of fueling plug can be seen from the figure. After 

filling the tank, the fueling plug should be locked. 

The drain plug operates in the following manner. When the component is 

under pressure, plate 2, by the pressure of the component and the spring 4, 

is pressed to the seat of the valve 3 and blocks the exit of the component. 

For the drainage of the component in the tank, w« cut off the pressure and 

screw the drain sleeve towards outlet 1 (not shown in Figure 208). In addition, 

a special pin, present in the drain outlet presses against the plate 2 and 

■oves it away fron 'the seat 3« forming a slit through which the component is 

drained froa the tank. 
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Th« Cut-Off and the Return Valves» 

The cut-off valves are for the purpose of overlapping the lines. The 

opening and closing of then can direct the delivery cf liquid and gases. The 

cut-off consists of a seat, a valve overlapping the lines, and a drive for 

this valve. 

In the selection of the dimensions for the cut-off valve, we proceed 

fron the fact that the diameter of the valve should be equal to the dianeter 

of the corresponding line in the opening. Then, too, the valve lift must not 

be greater than one-fourth of its diameter. 

The force necessary for the secure closing of the valve is determined 

from the calculating the~ sealing of the valve Csee Section 57)* 

As a material for the sealing inserts, we can employ, depending upon the 

component, plastic materials and soft metals. Sometimes, especially for seal¬ 

ing off corrosive liquids, we employ valves ground into the seats. 

The force necessary for closing or opening the valve may, in the cut-off 

vslvs of the rocket engine, be generated by an electro-magnetic or by s servo- 

piston - (pneumatic or hydraulic type), loaded by n control pressure. Because 

of the high consumption of electrical current, cut-off valves with an electro¬ 

magnetic drive are made only for tube lines of small dimensions. For tube lines 

of large diameters, we usually employ valves with servo-pistons. 

On the basis of construction, the valves may be of the normally closed 

type or the normally opened type. By this we understand the following: a 

normally closed valve is closed if on it there is no control pressure or elec¬ 

trical current (depending upon the type of the drive). The normally open 

valve, however, is open in the absence of a control pressure or electrical 

current and closes when these are turned on. 

In Figure 209 we show a cut-off valve with an electro-magnetic drive. 

This valve is oftentimes called a pneumatic valve of remota control. It con- 

_ _ - 

slats of a body into which there is screwed the inlet sleave 1, which. r.'A 
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l«ada to the valve of the corresponding component. The pressure of the compo¬ 

sant t together with the force of spring 2, raises the lower valve 3. 

The sealing collar 4 of the valve is set cn a seat and effectively 

blocks the exit of the component. Simultaneously, by means of the stem 5% the 

upper valve 6 is lifted, which connects the outlet 7 and the system of pipes 

behind it with the atmosphere through drainage opening 8. To begin feeding 

the component, we send the current through the winding of the coils of the 

electro-magnet 9. In this case armature 10 touches yoke 11 and through stem 

12 the force is transmitted to the upper valve 6, which, dropping into its 

seat, disconnects the component feed line from the drainage opening 8. Simul¬ 

taneously, by means of stem 5« the lower valve 4 is let down and gives 

the component access to the' outlet, and after this into the proper main line. 

Shutting off the current from the coil of the electro-magnet brings the valve 

back into the initial position. Usually, such an electro-magnetic valve with 

drainage is employed as a valve for feeding of gas for control of the servo- 

pistons of the other valves. 

In Figure 210 we show tne shut-off valve with the servo-piston. Into 

the body 1, there is pressed the seat 2 with a gasket 3 (a collar) on which 

the valve 4 is seated. This valve is pressed to the seat by the pressure of 

spring 5 and of the component. The valve is opened by feeding control pres¬ 

sure on servo—piston 6 through branch 7. The leakage of the control gas is 

prevented by packing 8, and the leakage draining into the space under the 

gag piston takes place through the opening in the body of the valve. After 

the opening of the valve, the component enters through inlet 9 and is removed 

by duct 10. «.The seal 11 prevents the leaking of the component into the 

cavity under the piston. 

la the feed systems of liquid-fuel rocket engines, we also have duplex or 

triplex valves in which one servo-piston opeus 2 or 3 valves on lines of diffe¬ 

rent components or on parallel lines of one component. The transmission of 
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«oveœent from the servo-piston to the valves in this case is effected with the 

aid of a rocking lever. 

Legend: 
A) Section 

along aa. 

Figure 209. Shut-off valve with an electro-magnetic drive. 

1 — entrance branch; 2 — spring; 3 — lower valve; 4 — packing collar; 5 — 
atea; 6 — upper valve; 7 — exit branch; 8 — drainage; 9 — electro-magnet; 

10 — armature; 11 — yoke of electro-magnet; 12 — stem. 

In Figure 211 we show the return valve. The plate of valve 2, by pres¬ 

sure of spring 4, is pressed to the seat of valve 3. The component goes into 

branch 5« If the force of the pressure of the component on the plate becomes 

greater than the force of pressure of spring 4. the valve opens and the com¬ 

ponent. through opening 7 in the bod> of the valve, passes to the exit branch 

6 and on to the "consumer.11 A return movement of the liquid is impossible, 

because it always leads to the closing of the valve. The movement of the 

plate of the valve la limited by the support flange. 
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Figure 210. The shut-off valve with the servo-piston. 

1-- body; 2 — seat; 3 — packing washer of the neat, 4 — valve; 5 — spring; 
6 — aervo-piaton; 7 — branch pipe; 8 — seal; 9 — branch pipe; 10 — exit 

branch; 11 — seal. 

• •• •xit of the component; b -- entrance of the component; c — control of 
Bitrogen« 

Other Fittings. 

Figure 212 shows a pressure relay. It serves to switch the electrical ' 
1 

circuits, when the pressure in the line or space used reaches a certain valve 

sad to reverse them when the pressure drops below prescribed limits. 

t 
V 
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Figure 211. Return valve. 

1 — body; 2 — plate of the valve* 3 — seat of the valve; 4 — spring; 5 — 
entrance branch; 6 — exit branch; 7 -- opening to the support flange. 

The pressure relay consists of a pressure receiver and a snap-action 

switch. The sensitive elenent receiving the pressure is membrane 1, pressed 

around the perimeter by the base of pressure receiver 2 against block 3 

reinforced by regulator spring 4. Under the action of the pressure exerted 

under the membrane (when it reaches the prescribed value), it is deflected 

and the pusher 3 set on it presses against the spring of switch 6, which is 

shifted to the upper contact. When the pressure drops, the membrane releases 

switch 6 and it again drops to the lower contact. The turning of switch 6 

closes either electrical circuit. The regulation of the device for the pre¬ 

scribed value of pressure generation is acccaplished by a change in the flexure 

of spring 4 by means of the threaded ring ?• 

The simplest shut-off devices employed on single action engines with pres¬ 

sure feeding are rupture membranes. When the prescribed pressure develops, the 

membrane breaks and allows the component to enter the chamber of the engine. 

In Figure 213, we show examples of rupture membranes and how they are 
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attached to the linee. 

In Figure 213 *t show a memorase with a weakening of the section in 

the form of a cut. When subjected to high pressures the membrane breaks along 

this eutv because here the resistance of the membrane is less. After the 

tearing of the membrane along the cut, its petal-shaped piece bends back and 

opens a passage for the liquid. 

Figure 213 b, shows a membrane with a cross cut. Under pressure the mem¬ 

brane breaks along the cut and is bent in the form of petals. 

The determination of tne membrane for the necessary rupture pressure is 

usually done by trial and error, because the breaking of the thin material of 

the membrane will depend to a considerable extent on the depth of the cut. 

A necessary element of the feed system is the pipe lines. 

The selection of the lines' cross sections for tne feed system of liquid- 
* 

fuel rocket engines is cade by starting from the permissible velocity of move¬ 

ment of the components along the lines. The velocity of movement is usually 

taken as equal to 6-10 m/sec. A velocity greater than 10 m/sec is not advan¬ 

tageous, because the hydraulic resistance in the pipes, proportional to the 

square of the velocity u, will be very high, that is, very high hydraulic los- 

sea may arise in tne lines. A velocity of movement less than 6 m/sec will 

not be advantageous, because in this case the lines would have very large 

dimensions. 

In Figure 214, we show the different types of connections of the lines. 

With small diameters rf the lines (up to 23 mm), the most widely used line 

connection is the nipple of the expanded type (Figure 214 a). 

For making this connection it is necessary to put a coupling nut and ring 

on the smooth pipe and then expand the end of the pipe. In Figure 214 b, we 

show a connection with a soldered nipple. For this purpose the nipple should 

be welded or soldered to the pipes. The packing of the surface of the nipple 

is most often made circular, but, there may also be other kinds: conical or 
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flat« In this ease th* branch connection should have the proper kind of surface. 

f 1 f 1 

Figure 212. Pressure relay. 

1 _ membrane; 2 — base of the receiver; 3 — body; 4 — regulator spring; 
3 — pusher; 6 « switch; 7 — threaded regulating ring; 8 — entrance of the 

electric cable; 9 — pressure branch; 10 — drain pipe. 

Connection by means of a bellows (Figure 214 b), employed with very 

‘large pipe cross sections (diameter of the pipe amounting to about 100 mm). 

Such a connection makes it easily possible to compensate for any lack of accu¬ 

racy in manufacture, and also any temperature expansion of the tubes or other 

parts. 

The flange connection (Figure 214 d) of two pipes, with the throttle plate 

placed between them, ia employed for adjusting tne resistance of the feed sys¬ 

tem for components to the required value. By giving the throttle a larger or 

smaller passage section, we reduce to a correspondingly lesser or greater de¬ 

gree the resistance of the system and this changes in a corresponding manner 

the delivery of the component. In the calibration of the feed system for 

liqaid-fuel rocket engines, the setting of these throttles on the feed lines 

of the components is absolutely necessary, because it Is only by means of the 

throttle that we can keep the delivery of fuel and oxidizer at the absolute 

value and in the proper ratio. 
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A) — Cross section through A-A. 

a) Hunnc/iwoc cocduHttiue 
C pajôaflbyoÕKOÚ mpyS 

à) Hunne/ibHoe cocdunenue 
c npunanHHuMu Munne/iuvu 

-— - m 
■—iPTtf »arnti i—*-* 

uuDUUUWlT 
ct CocduMCNue c notooupm cunupwa. • 

Figure 214. Methods of connecting the lines. 

a) — nipple connection with expanded pipej b) — nipple connection with sol- 
dared nipples; c) — connection by means of a bellows; d) — flange connection. 
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Section 64. Determination of the Hydraulic Losses in the Feed Systaa of 

the Liquid-Fuel Rocket Engine. 

The calculation of the necessary feed pressure Ptanlct as wi have 

said (see Section 54), is made in accordance with the expression 

Afc-Pt+ApÄ+ A Aw+ */>,*+ A pv 
. ^ (IX.170) 

The aun constitutes tl* hydraulic losses of the 

feed system. 

The pressure losses in the nozzle ^Pnozzie are known froc the nozzl® 

computations (see Section 49). 

The precise determination of the hydraulic losses in the feed system of 

the liquid-fuel rocket engine is possible only after the completion of the 

thermal calculation and the sketching of the design of the engine when we have 

found the dimensions of the cooling sector of the char.ber, adopted the diagram 

of the feed system, and know the dimensions and form of the lines and also the 

type and number of valves and otner local hydraulic resistances: elbows, bran¬ 

ches, collectors, etc. 

Determination of the Hydraulic Losses in the Cooling Tract of the Engine 

Chamber. 

In the cooling tract of the chamber there are two kinds of losses: 

1) Losses Apçool to friction, occurring as a result of the fx-ic- 

tion of the liquid against the wall of the duct. 

2) Theae losses are ^Pcoonoc* This loöS ia caused by some obstacle or 

other in the cooling tract (fastening of the connection, pins, projections, 

sharp turns, etc). 

Hence, 

A/UrAPig^APc*//* 
(IX.171) 

In view of the fact that t^e cooling sector has variable dimensions over 
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tht length of the chaaber, the calculation of the losses due to friction 

A p , - ia nade oyer sections conventionally taken as cylindrical. In 
*6001 fr 

the designation of such sections, it will be convenient to ecploy the division 

of the chaaber already adopted earlier in the calculation of the cooling of 

the engine (see Section 4l). 

For each sector, we take the averages of all the designed values (diar.eter 

area of the passage sections, velocity, etc). Knowing ^Pcoop fr ¿ each 

section, we find ^ Pcoop [¡> as SUin chambers. Hence, 

All the subsequent operations are given for the calculation of one sector 

of the system, in which all the parameters are averaged. 

The losses due to friction are estimated roughly by the formula 

(IX.172) 

where Ap , . . are the losses due to friction in the given sector, in 
cool fr l 

L the length of the sector of tne cooling tract in cm; 

the equivalent diameter of the cooling tract on the given sector 

in ca (the determination of d# for the different forms of tracts 

are given below); 

Y" the specific weight of the coolant in kg/ca; 

w, the velocity of the movement of the cooling substance in cm/sec; 

g ■ 98I* the acceleration of the fcrce of the earth's gravity in cm/sec^; 

f, the dimensionless coefficient of loss due to friction. 

As we can see, our task boils down to the determination of d^ and the 

coefficient f in the formula (IX.172)* 

The equivalent diameter is determined as the ratio of the quadrupla of the 

ares of the croas section to the periaeter of the eeetion 
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(IX.173) 

The coefficient of friction f depends upon the type of the flow and the 

shape of the duct. 

The type of the flow is determined by the Reynold's number Re, and the 

form of the duct, by the coefficient of tne form w. 

Tor the laminar flows, that is, with Re 2320 

(IX.174) 

For turbulent flows at 2320 < Re <10^ 

and with Re 10^ 

. 0,3164 

f — (0,0032 + 0,221 Re-0137 ) m. 

(IX.175) 

(IX.176) 

For circular ducts i. 

For rectangular ducts with a ratio at sides of b/a, tne value w has the 

following significance: 

» 
a o . 0.1 0.2 0.3 0.4 0.5 0.7 1.0 

• t.SO 1.32 1.25 1.10 1,03 0,97 0,91 0.90 

For the circular duct s 1.5. 

The Reynolds number is estimated roughly by the formula 

Re-*’- 
* 

(IX.177) 

where is the kinematic coefficient of viscosity in m^/sec. 

For a more convenient determination of the Re number we transform the 

expression (IX.177) 

Since 
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o-»fl. dX.178) 

that is« 

and 

0 

'1 * (IX.179) 

(IX.180) 

than« substituting the expressions (IX.173)* (IX.179)» and (IX.180) in 

formula (IX.177)* we obtain 

P» _ Af _ 4^0 T ^40 

V (IX.181) 

whara G is the delivery of tne coolant liquid in kg/sec; 

P« the perimeter in meters. 

The values of in kg-m/sec are given in Figures 116-119. 

For the different types of cooling tracts the formulas for the determina¬ 

tion of Re and d can be reduced to the following fonn. 

1. A smooth slot duct (see Figure 103 a). 

Assuming in view of the smallness of the clearance ^coo^ 

C*ol 

we obtain Re-_- 40 
‘T'tg htd^igu, 

The equivalent diameter is determined by the formula 

28. 

(IX.182) 

(IX.183) 

(IX.184) 

2. Slot duct with longitudinal ribs for rigidity (see Figure 103 b). 

In this ease the cooling tract is a system of several parallel identical 
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duets. The resistance of all the cooling tract is equal to the resistance of 

one of these ducts (any one of then), estimated on the basis of formula (IX.172). 

The values Re and d# are calculated on the basis of the following ex¬ 

pressions. 

R 4Qf m 40« 
'Pifi* 2 (« + *)*(*’ 

(ix.185) 

«here G. - is the delivery through one duct; 
z 

2(a+h) the perimeter of one of the ducts. 

Uh 

2(a+A) 
7ah 

(IX.186) 

«here * s x h is the area of the section of one of the ducts. 

3. The cooling tract in tne form of a spiral slot duct (see Figure 104). 

In the case of spiral ducts the cooling tract is also made up of a number 

of identical ducts connected in parallel, the number, of them being equal to 

the number of turns of the spiral «orm. 

The resistance of all the tract is also equal to the resistance of one of 

the ducts and is estimated by formula (IX.172). 

The values Re and d# are determined by the same expressions as in the 

case of the slot duct with longitudinal and rectangular ribs of rigidity; — 

that is, in accordance with formulas (IX.I85) and (IX.I86). 

The coefficient of friction for the spiral duct is determined by the 

formula 

P/. 
(IX.187) 

The coefficient of friction f is estimated by use of the ordinary formulas 

(IX.174), (IX.175), (IX.176), and the coefficient is determined by the ex¬ 

pression 

P-1+3.5 
■sp« 

(IX.188) 
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where is the diameter of the epirel line in the given calculated 

section (see Figure 104). 

The length of the spiral duct in the gi/wn sector L 

by the expression 

spiral 
is determined 

f — ^.. 
■ ff'r «■i«, 

where is the length of the given sector; 

(IX.189) 

r average , the average angle of slope of the spiral line on the given 
sector. 

The local losses Ap , , , are estimated seierately for each part icu- 
cool local 

lar case of local losses, on the basis of the data from hydraulic handbooks. 

Usually £*Pcoci local BUCh SttaHer than ^Pcoo^ *or certain con¬ 

structions of the cooling tract the value ^Pcooi local caa reac^ considerabl 

«lu«8 «nd «»Cd Apcool fp. Knowing ^Peool fr »«<* APc00i local* " ea0 

determine the total resistance of the chamber Apcooi by the formula (IX.171) 

The Determination of the Hydraulic Losses in the Lines and Fittings. 

In the lines the head lotses are the same as in the cooling tract; 

they are made up of the losses due to frictions against the walls of the lines 

and the local losses; — that is, 

(IX.190) 

The losse? 3f head due to friction in the lines are determined just as 

in the case of those of the cooling tract, by the formula (IX.172). 

wnere the coefficient of friction f for tne different cases of friction of the 

liquid along the pipes is determined in accordance with formulas (IX.174), 

(IX.175)* (IX.176). 

The losses of head due to local resistances A Piocai ar# determined by 
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the formula analogous to (IX.1?2) 

*VC,!7 
(IX.191) 

where w is the velocity due to local losses in cm/sec; 

Ç is the coefficient of the local resistance. 

For the different cases the coefficient ^ is estirated in the following 

■anner. 

For losses due to a shock as a result of sudden expansion 

(IX.192) 

whero F^ and F^ are the sections of the line before expansion and after 

expansion. 

With a sudden contraction the value of Ç is taken depending upon the 

ratio F^/F^ where is i.he section before contraction; — that is, the larger 

section and the section after contraction. 

* 0,01 0.1 0,2 0.4 0.6 0.1 1.0 

c 0,8 0.8 0.42 0.34 0.25 0.15 0.0 

The losses in the presence of the diaphragm are determined from the ra.io 

Fp/F where F^ is the area of the diaphragm, and F the cross-sectional area of 

the line. 

to 
T 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

C 226 48 17.5 7.8 3.75 1.8 0.8 0,29 0.06 

With smooth turns in the lines (Figure 215 a) the coefficient ^ is de- 

termined on the basis of the ratio r/df where r is the radius of the turn, 

and d, the diameter of the line. 
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With a turn of 90°, ^ takes the following values (for Re** 0.5 x 10^). 

r 
1 4 6 IS 20 30 40 50 

C 0,20 0,102 o.ooj o.osoj 0.060 0,046 0,033 

I 

With an increase in Re up to 10^, the value ^ decreases by 12.5/ot with 

a decrease of Re to lo\ it increases by 46.75É* With a turn of the pipe by 

l80°, the value of ^ increases by 40#, with a turn of 155°» it increases by 

21.5%, with e turn of 45°, it decreases by 37.7¾. 

For the elbow (see Figure 215 b) the values of the coefficient of losses 

are determined by the formula 

C*0,946-sln*-i- +2,05 sin* 
2 2 

(IX.193) 

where <X is the angle of turn of the flow. 

Knowing Ap. and A p, . f we determine the total value of losses 

A p^nt in the line by formula (IX.190). 

The losses in the valves A Pvalv# ar# determined by test flows of a 

\ given valve design. 

By way of orientation, t»ie value ^ Pvaive *or valvee with conical seat 

oan be determined by the formula (IX.191) end 

¢-2.6+0, 

*Reynolds number 
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«h«rt d is the diameter of the valve; 

h, the lift of the valve* 

The formula (11.19^) is suitable for determining the relative lift of 

the valve h/d in the limits from 0.1 to 0*23. 

QUESTIONS FOR REVIEW 

1* Name the basic elements of the feed system of the liquid-fuel rocket 

engine. 

2. Draw the diagram of a cylinder feed system. 

3. Draw the diagram of pump feeding. 

4* What are the shapes that tanks for liquid-fuel rocket engines may 

have? How are they arranged? 

5« How do we determine the necessary capacity of the tanks? 

6* How do we compute the volume of the gas cushion in the tanks? 

7. On the basis of what requirements do we find the necessary gas 

reserve during the cylinder feeding? 

8. How does the temperature of the gas change in tne cylinder and in 

the tanks in the process of displacement of fuel? 

9. On the basis of what requirements do we select the initial pressure 

in the cylinder? 

10. How is the cartridge pressure accumulator constructed? 

11* How do we calculate the crois section of the charge of the cartridge 

pressure accumulator? 

12. For what purpose do we need a launching cartridge pressure accumulator? 

13* How do we calculate the length of the cuarge for the cartridge pressure 

accumulator? 

14. How is the gas pressure reducer çonstructed? What types of reducers 

do you know? 

15* How does the reducer of direct action differ from that of reverse 

action? 
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16« What ia meant by the characteristic of a reducer? 

17« What requirements should be met by a reducer for a liquid-fuel 

rocket engine? 

18, What dimensions of a reducer r\n be calculated? 

19» Ho« do «e calculate the dimensions of the valve of a reducer? 

20. Name the basic parts of the centrifugal pump. 

21. What magnitudes characterize the operation of the centrifugal pump? 

22. Draw the layout of the velocities at the entrance to the wheel and 

explain it. 

23. Draw the layout of the velocities at the exit from the wheel and 

explain it. 

24. What determines the theoretical head generated by the centrifugal 

pump? . 

25* What influence does the finite number of vanes on the wheel have on 

the head developed by the pump? 

26. What kinds of hydraulic losses take place on the wheel of the pump? 

27. What coefficients go to make up the efficiency of a pump? 

28. How do we estimate the power expended in driving the pump? 

29. How is a gear pump constructed? 

30. What is cavitation and how does it endanger the pumps of a liquid- 

fuel rocket engine? 

31. Why is it necessary to limit the rpm of a pump? 

32. 'Which pump is more dangerous as regards the possibility of the de¬ 

velopment of cavitation? 

33* How do we determine the head at the intake of the pump? 

34. What type of turbines are employed in liquid-fuel rocket engines? 

35* How is the force rotating the wheel of the turbine generated? 

36. Name the basic parts and explain the construction of the turbo-pump 

unit of the rocket A-4 angine. 
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37. Describe the sealing of a pump for nitric seid. 

38. How do we estimate the necessary reserve of hydrogen peroxide? 

39. Draw the layouts of reactors of stean generators using a liquid and 

a solid catalyzer. 

40. How do you estírate the dimensions of the packet of solid catalyzer 

or the reserve of liquid catalyzer? 

41. On the oasis of what considerations do we determine tue necessary 

ratio of the components of fuel of liquid gas generators when we ballast it 

with an oxidizer? 

42. How do we determine the consumption of water necessary for reducing 

the temperature of the steam g-s to the prescribed value? 

43. What is meant by tne heat drop, used in tue turbine, and how is it 

determined? 

44. What types of valves are employed in trie feed system of liquid-fuel 

rocket engines? 

45. How do we determine tne dimensions of the lines for liquids and gases 

in the feed system of liquid-fuel rocket engines? 

46. What hydraulic losses take place in the feed systems of liquid-fuel 

rocket engines? 

« 
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CHAPTER X 

DESCRIPTIONS OF THE DIAGRAMS OF LIQUID-FÜHL ROCKET ENGINES THAT HAVE BEEN 

CONSTRUCTED 

Below we give the layouts of certain actual engines for various purposes 

with different systems of feeding, ignition, and stopping. 

HE3- -Q- -S- E=3 Ö 
¥ ÏÏ W ¥ ÏÏ 

/ / J 4 5 

fl à i & £ é 

A 

7 I f 10 . H tt 
* 4 • 

Figure 216, Conver.tional designations used in the engine diagrams. 

1 .. electrovalve, normally closed; -- that is, closed in the absence of an 
electrical current in tne circuit and opening when the current is turned on; 
2 — eleotrovalve, normally open, tnat is, open in the absence of a current 
in the circuit and closing when it is turned on; 3 — electrovalve, normally 
dosed, with drainage; — that is, an opening gradually relieving pressure 
from the line benind the valve upon removal ( f the electrical current; 4 — 
waive made with a aervo-piston (hydraulic or pneumatic), normally closed; — 
that is, closed in the absence of pressure on the servo-piston and opening 
when pressure is turned on; 5 — valve made with a servo-piston, normally open; 
¿ <■- pyrovalve or membrane, rupturing under the action of a pyrocartridge with 
an electrical igniter; 7 — reducer of gas pressure; 8 — non-return and fil¬ 
ling valve J 9 — safety valvej 10 — manual shut-off or drainage valve; 11 — 
pressure relay normally open; — that is, open in the absence of pressure in 

the line; 12 -- rupture membrane. 

The conventional designations adopted in these layouts are given in 

Figure 216. 
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Section 65, Dia^rag. of the Rocket Eaulif. 

In Figure 217 »« «how the diagraos of the rocket À-4 engine (described in 

Section 6).* Let us consider the purpose and operation of the parts of this 

layout in the operation of the engine assembly* 

The whole period of operation of tne engine consists of characteristic 

stages: 

1) The fueling of the engine nr.d the preparation of it for launching; 

2) The starting of the engine and the departure for the main stage; 

3) Operation of the engine in flignt and its final cut-off. 

• ’Fusling the Engine and Its Preparation for Launching. 

During the time of fueling and launching, the engine, by a system of 

lines and through the branches I, II, III, IV, and V, is connected with the 

ground equipment, which is used for starting. 

Before starting to tank up, we close the main combustible valve 5Ô »nd 

the main oxidizer valve 51. For this purpose, air under high pressure, fed 

by ground equipment through the electrojalve 71», which is norsallv closed, 

is brought to the pressure reducer 75» wnere its pressure is reduced to 

30 at. The control air through valve 65 and brauch IV, opening tne return 

valve 56, is led to the control, normally opened, electrovalves 55 «nd 59, and, 

passing through them, goes to the main valves 51 «nd 58. By acting on the servo- 

pistons of these valves, the control air closes them. Simultaneously, the con¬ 

trol air approaches the servo-piston of valve 45 and forces it to open, having 

contact with the atmosphere through the drainage tube 4l of the oxygen tank 

34. After this the whole rocket is filled in the following order: 

1. The 7-tank steam generator 12 is filled with high-precnure air 

(200 at). The filling is done from the ground inotallat5.on by the opening 

of hand cock 70, after which the air, through branch III and the combined 

^ I. Kooy and I. Yutenbogart, Dinamika Raket /Dynamics of Rockets/» Oborongit, 

1950. D. Satton, RaketnyyeDvigateli /Hocket Engines/, Publishing House of 

Foreign Literature, 1952. 
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return *nd filler valve 10, fills the tanks of set 12* The hand valve 69 

••rv«8 for release, in case of necessity, of air from tanks 12« At the same 

time, over a separate line, one fills with high pressure the 3-cylinder set 1, 

serving for the pressurisation of the combustible tank* 

2. The combustible tank 22 is filled with alcohul through filler open¬ 

ing 19. After putting a certain amount in tne combustible tank, we open the 

advance valve 2^. -o do this we feed the electric current to the normally 

closed control valve 15, which, upon opening, ad'its the control pressure from 

branch IV to the servo-piston of valve 24 and opens it. Then, the alcohol by 

the force of gravity, flows through tne alcohol pump 48 and then, along the 

T-piece alcohol distributor 52 and the pipes, passes into the jacket of tne 

cooling chamber, forcing the air from the filled spaces through t.ie open sup¬ 

plementary valve of the main combustible valve 5Ô. 

After filling all the line with combustible,the advance valve 24 is closed 

by cutting off the current from valve 15, which closes and simultaneously 

releases gradually into the atmosphere tne remaining air from the lines lead¬ 

ing to valve 24, The position of the valve 24 is fixed by the electric contact 

device 23. 

The combustible tank is filled with alcohol up to the necessary level, 

which is fixed by the îlectrical ind tor 14. Any necessary drainage of 

combustible from tne tank is done by valve 32. 

3. The oxidizer tank 54 is filled with liquid oxygen through the lower 

filler valve 42. The air from the tank leaves through the drainage tube and 

the drainage valve 45 forced open previously. The filling of the tank with 

oxygen is done until it overflows through the draina'e pipe H and the valve 

45. 

4. The tank 26 xs filled with hydrogen peroxide through filler 25. Tne 

air passes out of the tank through the normally open drainage valve 27. If 

necessary, we can drain the tank of hydrogen peroxide through the overflow 
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▼alY« 35. 

5, Th« tank 31 ia filled «u*.n a solution of permanganate through tne 

filler 29. Removal of air from tne tank is provided by the open drainage 

Yalta 28, The jettisoning of permanganate can be effected through the over¬ 

flow tuba 37. 

After completion of the filling, we open the hand cock 11, allowing the 

air from the 7-cylinder battery to pass to the pressure reducer. 

6. The pressure reducer is adjusted at the prescribed air pressure, 

namely, ^ 30 at. On the low pressure line tnere is a manometer lb »nd a 

low pressure safety valve 8. The hand valve 7 serves for the gradual release 

of air from the line of low pressure (after tne reducer). 

After the adjustment of the reducer, we cut off the valve 65 and allow 

the control air to move from the line of low pressure of tne reducer of the 

• teaiA generator (item 9). Then we open the return valve 5^ and clone the return 

waive 56, preventing the leakage of control air. Simultaneously with the clo¬ 

sing of valve 65, we remove tne pressure of the control air from the drainage 

valve 45, as a result of which it begins to perform its normal function of 

regulator valve, preventing an increase of pressure in the oxyren tank (as a 

result of the possibility cf vaporization of the liquid oxygen) above the 

fixed pressurization level. 

Since from the mojnent of the completion of tne filling up to the start of 

the engine there may be a rather long interval of time, then, for the preven¬ 

tion of a reduction in the reserve of oxygen, as a result of iwe vaporization, 

there is connected with the engine layout and the ground equipment a system of 

supplementary feedxng. If there is a lowering of the level of the oxyren in 

the tarie, the indicator 33 of the level of oxygen gives the signal to the 

control valve 77 of the ground installation, which admits control air to the 

valve 78 for supplementary feeding of oxygen, and through it, from the ground 

installation, the oxygen is fed into the tank. Ahen the required level is 

F-TS-9741A 752 



reached, the indicator 33 cuts off tha current from the pilot valee 77 and the 

raive 76 ia closed. 

Just before turning on the current for pilot valve 15» the advance valve 

of the comoustible tank 24 is opened. In addition to this, if tr.e pressure 

in tne oxygen tank, as a result of ita natural vaporization in the tarde, does 

not reach the prescribed pressure, we eeploy the forced pressurization of tne 

oxygen tank from the ground installation, For this purpose, the pressure in 

the oxygen tank through branch V is transmitted to pressure relay 71; it fur¬ 

nishes electric current to the combined electrovalve-reducer 68, which reduces 

the high pressure of the air to the necessary value and directs it through 

branch II along the line to the drainage pipe. When the necessary preesuro 

is obtained, relay 60 cuts off pressurization valve 68. 

The Starting of the Engine ana Transition to Full Pp-.ter to the Kain 3ta*e. 

For the starting of the engine, we ignite, with an electric current, 

powder charges which are placed on a small rotating platform ol tne ignition 

device 66, introduced into the chamber of the engine through tne critical sec¬ 

tion of the nozzle. During the combustion of the powder cnarges, the small 

platform starts to rotate, and the ignition flame fills the volume of tne cham¬ 

ber in a uniform manner. After the filling of the chamber by the flame and 

the heating up of the cnamber, we turn tne electric current on the control 

valve 53, which blocks access of tne control air to the servo-piston of the 

main valve of the oxidizer 31 and gradually releases the air tnat is in it. 

'fha valve, under the action of the spring, is lifted up from tne seat in the 

so-called advar.ee position. The lifting of the valve of the oxidizer is fixed 

by an alectric indicator of position, which supplies electric current to the 

pilot valve 59. This valve also closes and gradually releases the air from 

the main combustible valve 58, after which the valve, under the action of ita 

spring, moves from its seat into the preliminary position. With this position 

of tha valvas, the oxygen flows along the lines to the oxidizer injector 57 
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placed on 1Ó of the precoœbuution chambers of the engine. Tne alcohol from 

the lower cooling chamber 62 passes through the open valve into the upper 

cavity of the head 63 and through the alcohol injector 6l to the preconbustion 

chambers in the engine's chamber. 

Hence, during tne preliminary conditions, tne combustible and oxidizer 

move by gravity, while turbo-pump units are not operating, in comparatively 

small quantities into the cnamber filled by tne ignition flame. After the 

establishment of uniform combustion of the basic components in the c:.amber, 

the steam generator ar.a the turbo-pump unit are switcned into operation. For 

this purpose, electric current is fed to tne electro-magnetic pilot valve 36, 

which, upon opening, feeds pressure to the servo-pistons of the drain valves 

2? and 28. These valves close and seal tightly tiie hydrogen peroxide tank 26 

and tue permanganate tank 31* After the closing of the drain valves 27 and 

28, a signal is given to electrcvalve l8, which admits air for the pressuri¬ 

zation of the hydrogen peroxide and permanganate tanks. Tne return valves 20 

and 21 prevent the overflow of liquid from the tanks as well as their mixing. 

On the permanganate feed line to injector 43, along which the permanganate 

passes into the reactor, there are no shut-off devices, as a result of which 

the -permanganate begins to flow at once into the reactor 49. • As a result of 

tne increase in pressure in tne line, pressure relay 44 closes and sends elec¬ 

tric current at once to the two valves: electrical 38 and control 40. 

The electrovalve 38 (valve of tne final step) is immediately opened and 

allows the passage of hydrogen peroxide into the reactor 49. After it, valve 

39 of the mainstage also opens, a valve on whose servo-piston the control air 

strikes, coming througn valve 40. The hydrogen peroxide enters the reactor 

in a atill larger quantity. The steam gas begins to flow into the turbine, 

the turbo-pump units start to move, the pressures in the lines for the feeding 

of the components are increased and the main valves 31 and 38 are opened full 

width. 
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The delivery of tne componente increases smoothly up to the nominal rate 

and the engine then operates at full power. 

Operation of the Engine in Flight and Cutting* it Off. 

In flight, the engine bperates in tne main stage. Besides, the pressure 

in the oxygen tank is maintained by the vaporization of sr.all quantities of 

liquid oxygen, fed from tne rain valve of the oxidizer 51 through tne return 

\ 

valve 55 into the heat exchanger coil 50. The heat exchanger coil is 

heated by the spent steam gas coming fret turbine 4?. The vaporized oxygen 

goes into the drain tube 41. The spent steair gas flo»a through Lue supple¬ 

mentary nozzles and passes into the atmosphere. 

The necessary pressure in the combustible tank is maintained in tne first 

stage of t'ie flignt by the velocity head of the oncoming air, which is 

fed into the tank over the xr«8Suri.2’-at*on tube 4 througn the pressurization 

valve 5. When the pressure of tne velocity head becomes insufficient, 

the pressurization valve is closed due to the feeding to it, by the servo- 

piston, of air by tne pilot valve 6, receiving for this purpose a signal from 

the desk mechanism. After t e closing of valve 5, it becomes a safety valve, 

preventing an increase in pressure in the fuel tank above tne prescribed 

pressure. 

At tne moment of the closing of valve 5, tais same clock mechanism turns 

on the electric current to the combined valve-reducer 13» which feeds into the 

tank, under the necessary pressure, air from tie three air cylindfre 1. 

During the time of the operation of the engine, a part of the combustible 

from the upper cavity of the head 63 is fed along the three lines to the 4- 

sone cooler 72, through which the alcohol enters the cnamber for the internal 

cooling of its walls. In addition to this, a certain part of the alcohol goes 

to the walls of tas chamber from the cooling jacket through the system 

of openings 6?. 

4 The cut-off of the engine is dons in 2 ways. At first the engine is 
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placed in the final stage with a leaser thruot by closing the valve for 

feeding hydrogen peroxide fron the main stage 39» for which purpose we cut 

off the current from the pilot valve 40. This takes place as the rocket ap¬ 

proaches the required velocity. The feeding of hydrogen peroxide into the 

steam generator and the generation cf steam gas are reduced, and, consequent¬ 

ly, the rpm of the turbo-pump is also reduced. As a result of this there is 

a drop in tne pressure and delivery of the basic cor.nonents, and tne engine 

operates in the final stage with reduced thrust. 

At the moment the rocket reacnes the prescribed velocity, the main signal 

is given for cut-off of tne engine. Tne following also takes place: tne cur¬ 

rent is cut off from tne electrovalve 3&» which closes and blocks tne access 

of hydrogen peroxide to tne steam generator; tne generation of stear. gas is 

also stopped and tne turbo-pump unit begins to cut off. 

At the same tine the electric current is cut off from pilot valve 53» 

which opens, and the control air closes the main valve 51 oi the oxidizer. 

The shifting of this valve breaks the electric circuit, to which tne pilot 

electric valve 59 is connected. This valve opens and the control air closes 

the main combustible valve 5&» simultaneously opening in it the supplementary 

valve connecting tne coolinr cavity 62 witn the fuel pump. This is done in 

order to prevent tne possibility of the hydraulic snock in the system of tuces 

behind the pump. 

After closing of the main valves in the chanber, combustion shuts off and 

the engine ceases ‘„c develop thrust. 

Parallel witn tnis tnere takes place a closing of the advance alcohol 

valve 24, as a result of shutting off the current from pilot valve 15. The 

main valve 1ft, of the steam generator shuts off, stopping the feeding of air 

into tank 26 and 31« After the shutting off of tne engine there is retained 

an increased pressure in tne fuel tank and oxidizer tanks, because the pres¬ 

surisation valve 5 »nd the drain valve 45 are left closed. 
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This is necessary so tnat when the rocket returns into the atmosphere 

the tanks will not be crushed by the excessive pressure of the atmosphère. 

Section 66. Diagrams of Inti-Aircraft Rockec Engines. 

Diagram of the fissile "wasserfall*1 Engine. 

The anti-aircraft missile "Wasserfall," guided from the ground, has an 

engine with a thrust of Ö tons, burning hypergoiic propellant consisting of a 

melange M-10 KNO^ ♦ 10¾ H^SO^) ♦ Tonka-34l witn a flow raje o'f about-' 

42 kg/sec. The duration of tne engine's operation is about 40 seconds. The 

engine has cylinder forced feed. 

The high pressure cylinder 1 (Figure 2l8) is filled witn compressed air 

under a pressure of 300 kg/cm , through the filler valve 2« On the high 

pressure line there is placed a safety valve 4. Com.ustible and oxidizer are 

placed in tanks 10 and 12. Hen.etical sealing of these tanks is provided by 

memorares 9 and 14. Since the basic fuel is hypergoiic, the engine does not 

have any special system for ignition, except the system of butterfly valves 

16, which are opened smoothly by servo-piston 1? and insure a gradual increase 

in the feeding of the components into tne chamoer. 

fthun the engine starts, the electric current is turned on to the low 

pressure pyrovalve 8. After the opening of tnic valve, the reducer of the 

pressure of air 6 • ia connected to tne lines leading into tho tank. After 

this, tue pyro-cartridge of the valve of high pressure 5 is broken, after 

which the air from tue cylinder 1 passes through filter 3 into reducer 6, and, 

through the “already open valve 8, on to the diaphragm 9. 

On the low pressure line we have the low pressure safety valve 7. The 

air of the working pressure ruptures the diaphragm 9 and moves through the lines 

into the combustible tank 10 and the oxidizer tank 12. In the lower part of 

these tanks there are some rotating intakes 11 and 13, which, during the ma¬ 

neuvers of the rocket, follow the level of the liquid and prevent any break 

in the feeding of the components. 
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Th« fuel, forced fror, the tank, breika the diaphraga and reacheo the 

butterfly eelves 16. When the pressure in the. corbustible line rises, it 

opens the valee 15 and allows the air of the working pressure to re*ch sotto- 

piston 17, which noves slowly and opens the butterfly valve 16; the combustible 

end the oxidizer pass into the engine, self içnite, and the engine begins to 

develop a thrust. The engine operates until the corponents -re exhausted, 

Diacram of the ’’Schcetterlini:" Rocket Sngine. 

The "Schmetterling” rocket (Figures 220 and 221) is an anti-aircralt 

guided rocket (missile) of small dimensions. The engine of this rocket burns 

e hypergolic fuel consisting of nitric acid plus Tonka-250 and has a thrust in 

flight varying between limits up to jSO kg. The regulation of tne thrust is 

accomplished by ovarlapping a part of the injector witn a rotatin • slide valve 

or shutter. The control of tne thrust is accomplisned by a regulator of the 

Mach number; — that is, by a regulator of the velocity of flight of tne rocket 

(item 10 in Figure 220), acting on the shutter through tne electro-mechanical 

drive 12. The engine has a cylinder pressure feed system. 

In order to ensure continuous feeding of tne fuel components into the 

chamber, the tanks of the engines are made in tne shape of mecuanxcally ma¬ 

chined cylinders within which tncre are pistons to force out tne components. 

The high pressure cylinder 2 is filled with compressed air tarouTh the 

filler valve 1. Upon the starting of tne engine the pyrocartridge of valve- 

reducer 3 explodes and the air from hign pressure cylinder 2 passes into the 

reducer, from which it is forced with the necensary pressure into tanks 6 and 9. 

Before entering the tank the air ruptures diaphragms 4 and 7, and, acting 

on piston 5, pushes out the oxidizer from tank 6, and acting on piston 8, for¬ 

ces the combustible from tank 9* The comoustible and oxicizer reach diaphragms 

11 and 14, break the diaphragms, and, through the control elide valves placed in 

the chamber head (see Figure 129), go into the engine. 

In the flight of the rocket, the sensitive element of apeed regulator 10 
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transmita, through the relay system, the necessary signal for tne turning of 

tha slide valve, reducing or increasing the thrust. The engine runs until 

the components in the tank are used up. 

1 
Diagram of the Engine of the Anti-Aircraft Rocket ,,TyphoonH. 

The engine of tnia rocket develops a tnrust of ab^ut 1,000 kg for a period 

of 6 seconds. In view of the snort duration of tne operation of tne engine 

Chamber, it is oaae without any external cooling. The engine burns hyiergolic 

components: melange ¡i-10 (90¾ HKO^ ♦ 10¾ H^O^) ♦ Tonka-841, and it nas a 

forcing feed system with a cartridge pressure accumulator. 

Figure 222. Diagram of the engine of the anti-aircraft unruided rocket ''Typhoon". 

1 — body of the cartridge pressure accumulator; 2 — rupture membrane separat¬ 
ing the cartridge pressure accumulator from tne tank; 3 — combustible tank; 
4 -- oxidizer tank; 5 — rupture membrane separating tne tank from the chtmber; 

6 — engine head; 7 — engine chamber; 8 — powder cnarge; 9 — igniter; 10 — 
piston closing the '•hamber. 

a — opening for feeding the powder gases into the combustible tank; b — open¬ 
ing for the feeding of combustible into the cnasber; c — combustible in¬ 
jectors; d -- opening for feeding the powder gases into the oxidizer tank; e -- 
opening for feeding oxidizer into tne cnamber; f — oxidiear injectors. 

The engine of the rocket consists of 2 tanks, ¡laced concentrically ore 

within the other (Figure 222), The outside tank 3 consists of the body of the 

■issile and in it there is placed the combustible, namely, Tonka. The inside 

tank 4, having thin aluminum walls, is placed concentrically with respect to 

the outside one. In it there is the oxidizer, namely, nitric acid. The feed¬ 

ing of the components into the cnamber of the engine 7 is done by the combus¬ 

tion producta of the slowly burning powder charge 8, placed in the solid body 1. 

The ignition of the powder charge is accomplished with igniter 9» The tanks 

oi.c JC.V.J . —r- ~y —- T d,-y - ^ — r. * - * -• 

/ãuided Missiles, their Development and Principles of Operation/ from phe maga- 
■ine ."The Aeroplane",. 1948, No. 1929, 1931» 1933» 1937» 1943» 19^8, 1953» 

11. Uprayhyaraayye anaryady, razvitlye prlntalpy raboty^ r 
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*r« separate froc the comouetion cnaaiber a:iC the body of tne fenerator of 

poeder gases by aembranes 2 and 5. zypturing under tne pressure of the powder 

gases (at tne entrance to the tank) and tns components (at tne exit fror, tne 

tank). 

The engine is started by tne ignition of tne powder cnarge. After the 

rupture of diaphragn 2 and then 5» the components pass into head 6 and are ig¬ 

nited in the combustion chamber. For ensuring reliable starting, before the 

beginning of the combustion of fuel in tne cnamber, the critical section 

is covered by piston 10, which is set on a stem tnat breaks off after the be¬ 

ginning of combustion, as a result of increasing pressure in tiie chamber. 

Section 67. Diagrams of Airtlane Engines for Different Purposes. 

Diagram of the Walter" Airplane Sngine.* 

The ’•Walter" engine, for fighter-interceptor airplanes, is constructed in 

several ways and can be either single-or double-chambered. 
* 

The engine runs on hypergolic fuel, a mixture of hydrazinehydrate and 

«ethyl alcohol, used as tue combustible, and hydrogen peroxide of 80¾ concen¬ 

tration, used as the oxidizer. Tne engine uses pump feeding. Hycrogen peroxide 

is also used for ti.e generation of steam gas, on which tne turbine operates. 

Tne thrust of tne engine is regulated within limits from 1,500 to 200 kg 

by varying tne fuel flow rate. For keeping the pressure differential on the 

injectors within permissible limits, the engine has for combustible and oxi¬ 

dizer 3 groups of injectors, wnich, with a decrease in thrust, are cut off one 

after the other. 

When the engine is started by the electric motor 4 (Figure 223), the turbo- 

pump unit, including pump 3 for hydrogen peroxide, starts to operate. Hydrocen 

peroxide, delivered by the pump, is forced into the flow rate regulator 

of hydrogen peroxide and wnen slide valve 9 lifts the regulator valve 12, it 

passes along the by-pass canal around valve 6 and goes into steam generator 1 
I-—- 

D. Satton, Raketny^e dvigateli ¿Rocket Engines?, Publishing House of Foreign 
literature, 1952. 

F-TS-9741A 762 



with a packet of solid catalyzer 2. The steam gas ganerated in the steam gene¬ 

rator coitinues to accelerate the turbine and at a certain rpm the electric 

motor is cut off by the free wneelir.g clutch. After thxs, the turbo-pump 

unit operate;; on idle, the number of rpn in idle being determined by the ten¬ 

sion of spring 11. 

During the idling the hydrogen peroxide pasnen into cavity 20 of the 

main oxidizer valve, closes the hydrogen peroxide valve 1Ö and the coabustible 

valve 14, shifting them to the left, together with tie servo piston 15. This 

prevents tne overflew of fuel into tne engine chamber. With further turning 

of the slide valve 9 by the pilot, the slide valve 13. paired with it, also 

begins to turn. Then slide valve 13. through the opening in its left cian.ber, 

by-passes the fuel into the chamber cf servo piston 15 and snifts it to tne 

right, opening in this way access of the hydrogen peroxide to tne tnree valves 

19. Besides, the combustible can pass through tne jacket of tne engine cooler 

and run into the inside cavity of slide valve 13. 

With further turning of slide valve 13. the opening 1 of slide valve 13 

allows the combustible to pass into line I of the combustible feed into the 

engine. The fuel passes simultaneously along line I to the servo-piston 16 

of the oxidizer feed valve 19 and opens it, allowing tne hydrogen peroxide 

to pass into line I for tne feeding of hydrogen peroxide to tne engine. Group 

I of engine injectors begins to operate; the fuel components ignite crontane- 

oumly in the chamber and the engine then operates at the rated conditions. 

Simultaneously with the turning of slide valve 13« olide val^e 9 continues 

to turn and the hydrogen peroxide passes through the appropriate opening of the 

slide valve up to valve 6; after lifting it, a large quantity of hydrogen per¬ 

oxide passes into steam, generator 1. An excessive in.lease ¿n tne leed.ng of 

hydrogen peroxide and the racing of the turbo-pump unit are prevented by the 

fact that the pressure of hydrogen peroxide is transmitted to membrane 8, which, 

yielding under thia pressure, atrivea to close valve 6 and in this way reduces 
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th® delivery of hydroj-en peroxide, returning the flow rate of hydrogen peroxide 

to the necessary value. 

For an additional increase in tnc thrust of tne engine, it is necesfary 

to continue the turning of alide valve 13» »hose opening II, and after this 

III, turns on the delivery of combustible and oxidizer into group II end III 

of the injectors. Besides, the rpa of tne turbo-purrp unit (THJ) is maintained 

constant by tne operation of tne hydrogen peroxide feed re»ruiator. 

The cut-off of the engine is the result of tne turning of t ie slide valve 

in the opposite direction; and, in flight, the turbo-pump unit may or may not 

stop entirely; it can operate with the chamber shut off at a cinioum rpm. 

In order that the fuel components cay not accumulate in the chamber 

when idling, because of leaks in tne feeding system, a certain amount of 

steam gas, spent in the turbine, is directed into the c.iamaer of tne engine, 

and decomposes, as a result of the increased temperature and tne active sub¬ 

stance, namely, the catalyzer, and the seeping hydrogen peroxide brought by 

the steam gas. It also blows out the cnamler of the engine. 

Slide valve 13, the main fuel valve, and the 3 valves 19 for the feeding 

of oxidizer are placed structurally in one block. In order to prevent tne 

posoibility of-the contact cf the-fuel components and their ignition, all the 

stems passing from tne cavity of one component into the cavity of another are 

sealed hermetically by membranes 17. 

Diagram of the Aircraft Climb Booster• 

A booster of tnis type was installed on German turbojet aircraft engines. 

The thrust of tne booster amounted to 1,200 kg. It operate! on hypergolic 

fuel., the components of which were Tonka-250 and nitric acid. 

The booster has pump feeding. The pumps are driven from the snaft of the 

airplane engine, through hydraulic clutch 6 (Figure 224) and a reduction gear 7. 

The total weight of the booster itself is 57 kg. 

The installation of the booster on the turbo-jet engine and its external 

F-TS-9741/V 765 



appearance are shown in Figure 33« 

«• start the engine by closing the switch 20 of the electric-1 circuit 

of the engine. When we do this the electrical current is turned on the elec- 

trofflagnetic waive 11, which allows oil to pass fron the systea of the airplane 

engine to hydraulic clutch 6. Through the hydraulic clutch and a reduction 

gear 7, a movement of rotation is transmitted to the oxidizer pump 5 and 

combustible pump 13. Combustible and oxidizer from tanks 1 and 2 flow to the 

respective puaps. The tanks have pressurization up to 0.5 *t, but this pres¬ 

surization is insufficient for preventing cavitation in the pumps, especially 

under the conditions prevailing during maneuvered flight of the airplane, 

during which there appear accelerations in different directions. 

Hence, for the suction of the main pumps there are installed auxiliary 

ejector pumps 4 and 12, which increase the pressure of the components at the 

entrance to the pump. A certain quantity of component, under the high pres¬ 

sure created by the pump, is fed into the nozzle of the ejector, holds the 

main flow of the liquid in the conical inlet portion and accelerates it. As 

a result of further braking of the flow of the liquid in the divergent part 

of the ejector, the static pressure of the liquid is increased. 

As the pumps start to operate, within 0.7-0.¾ seconds after turning 

on the hydraulic clutch the pressure in the pressurized lines of the compo¬ 

nents, reaches full designed value. Then, after transfer valves J and 15, the 

fual is returned to the entrance part of the pumps. Wven the pressure in the 

main lines of the components reaches 7 at, the normally disconnected pressure 

relays 16 and 17 are closed. In addition to this, in the period of starting, 

the disconnected pressure relay in combustion chamber 18 is shunted by time 

relay 19: hence, when relays 16 and 17 close, there is a switching on of the 

electric circuit controlling the electromagnetic valve 14, which admits the 

combustible from the pressure line to the servo-piston 9 of the double valve 

8 for the combustible and oxidizer. Thia valva ie opanad, the fuel components 
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paae into the combustion chamber, ignite spontaneously in it, end tne engine 

begins to operate. The time relay 19 is designed to# shunt the pressure relay 

in chamber 18 for a period of 3 seconds. If during this time the pressure in 

the chamber reaches the designed value of 15 at, indicating a normal course 

of the process of starting, then, by tne moment of tne snutting off of time 

relay 19 the pressure relay in chamber lb will already be closed and the engine 

will continue to operate. The rate of operation of the engine will be rain- 

tained by the fact that the pressure of thi components, after the pump, is 

regulated by the transfer valves 3 and I5. 

For the cutoff of the engine, it will suffice to disconnect tne shut-down 

switch 20. In addition, electromagnetic control valve 14 closes. Through the 

drhinage system of this valve, there is a gradual release of the pressure over 

aervo-piston 9 and dual valve 8 closes, stopping the access of fuel into the 

chamber. The engine will be cut off. Simultaneously, the electromagnetic 

waive 11 closes and blocks the access of oil to the hydraulic clutch, as a re¬ 

sult of which it will be shut off and the pumps will stop. 

In case of abnormal starting of the engine, when whe pressure in the cham¬ 

ber does not reach 15 at in 3 seconds, and also when the race of operation of 

the engine is upset, when the pressure in the chamber drops below 15 at, or 

the pressure in the delivery lines drops lower than 7 at, one of the pressure 

relays 16, 17, or 18 will break the electric circuit of tne control valve 14 

and the engine will shut off. 

In addition to the German airplane booster described above, there have 

been published in literature a great deal of information about the English 

airplane booster "Snarler." This engine was designed for operation on a 

fuel of LOX plus kerosene. However, difficulties with the cooling obliged the 

constructors to shift tne engine to fuel consisting of liquid oxygen plus 65¾ 

■ethyl alcohol, plus 35¾ water. 

The thrust of the engine amounts to 9C0 kg, and the specific thrust, 200 

F-TS-97^1/V 768 



. kg-6«c/kf. Itc layout ic analogous to that of tne tieru.an booster, »bich, 

evidently, was taken as tne prototype. However, the enployment in tne engine 

of liquid oxygen tr.ade it necessary to eaploy an artificial oyster, for pressuri¬ 

sation of the taries witn compressed gas, and also to employ compressed gas for 

the control of the slave valve of tne main components, fhe system of ignition 

is also more complicated. For this system tnere was provided an i/nit ion cham¬ 

ber, in which the starting components are ignited by an electric spark. 

Diagram of the Engine of the Buzz Bomb. 

The engine 109-507 (figure 2?5) belongs to tne category of '’cold*' engines, 

in which tne thrust is created as a result cf the escape of the products of 

decomposition of nydro^en jeroxide. The decomposition of hydrogen peroxide 

is brought about witn the help of a catalyzer. 

Figure 225» Diagram of the engine of the buzz bomb. 

1 — high pressure cylinders; 2 -- filler valve; 3 — high pressure pyrovalve; 
4 — high pressure manometer; 5 -- high pressure safety valve; b -- filter; 
7 -- reducer of gas pressure; tí — hycrogen peroxide tank; 9 -- cneck valve; 
10 — liquid catalyzer tank; 11 -- filter; 12 -- check valve; 13 — rupture 

memorane; 14 -- chamber of tne engine. 

This engine develops a tnrust of 600 kg for a period of 10 sécenos, with 

a specific thrust of about 100 kg-cec/kg. The fuel used is 93¾ hydrogen per¬ 

oxide, decomposed by a liquid catalyzer. It has a cylinaer feed system. In 

the engine the following spaces are filled (the engine may be kept filled for 

several months): high pressure cylinder 1 (througn filler velve 2), the hydro¬ 

gen peroxide tank 8 and the liquid catalyzer 10. 

We start the engine, the pyro-cartridge of the pyro-valve 3 explodes and 

the sir, under hign pressure, pisses through filter 6 to reducer 7. On the 
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high preaeure line there is a safety valve 5. Ihe air of the operating prea- 

aure, pacaing through the return valve 9, forces the catalyzer from tank 10, 

and, passing through filter 11 and the return valve 12, it noves into the 

.chamber of the engine. 

The air of the operating pressure also passes into the tank 3 for hydro¬ 

gen peroxide (in the upper part). 3/ means of a flexible intake, the hydrogen 

peroxide coves into the pipe leading to chamber 14. In the System of this 

pipe there is installed a rupture diaphragm ly. 

The necessary advance in the feeding of the catalyzer is obtained by a 

definite ratio between the pressure of the opening of the return valves 9 and 

12 and the pressure of the rupture diaphragm ly. 

The engine operates until the complete exhaustion of 

Dia-ram of the "Schmiddin?" Tntrine. 
. 11 .■ ■ — -N i.». ■ ■    . —- - >4  -3    . 

The characteristic feature of this engine is the fact 

oxidizer gaseous oxygen placed in cylinders 1 (Figure 226) 

the fuel. 

that it uses as an 

under high pressure. 

Figure 226. Diagram of the "Schcidding" engine. 

1 — high pressure cylinder for the gaseous oxygen; 2 — filler valve; 3 — 
high pressure pyro-valve; 4 -- reducer of gas pressure; 5 — chamber of the 
engine; 6 -- pyro-cartridge for ignition; 7 — return valve; 8 — combustible 

tank; 9 — rubber sack. 
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This ear“ oxídiüer ia also ecfloyed for frrcin^ the coKbuctible fros the tank 

into the chamber cf tne engine. Ac a comouctibie, one employs methyl alcohol 

of 78¾ concentration. Tne gaaeoue oxygen does not fetes directly into the tank 

but into a ruboer sacx, which, wnen inflating, presses the alcohol out into 

the engine. This ia necessary in order not to have an explosion and to force 

out the combustible completely. 

The engine uevelops a thrust up to 600 4g for 10 seconds. 

At the time of tne start, the pyro-cartridge of t:.e him pressure oyro- 

valve 5 explodes and ignites tne pyro-cartridge ignition 6. Tne oxygen under 

high pressure from cylinder 1 goes into reducer 4, and, passing tnrough it, 

under working pressure, in fed into the combustion cnaraber, w.ere it is em¬ 

ployed as an oxidizer, and along a seconu pipe it nasses into tne ruober sack 

9 of tne combustible tank 5. Tne coaoustiole is forced from, tne tank and along 

the pipe and through the return valve 7 passes into cnarr.ber 5» where ignition 

and combustion taxe place. 

The engine operates until the complete exhaustion of t\e components. 

Diagram, of the Takeoff Booster "Super-Spright." 

Aft er the close of the Second World war, tnere was elaborated in England 

a cold engine, based on captured rrateriei and models of German liquid-fuel 
• . . . • 

rocket engines, which used concentrated hydrogen -peroxide in the take 

off booster ,,Spright." This booster uevelops a thrust of 2,060 kg for 11 

seconds, witn a specific tnrust of 110 kg-sec/kg. Its layout is analogous to 

that of the engine of tne buzz bomb 109-507» describe1 above. A furtner de¬ 

velopment of tne '•Spright*' booster was tne very interesting take-off aosist * 

engine "Super-Sprignt," in which one employed tne principle of complete com¬ 

bustion of the products of decomposition of hydrogen peroxide by the injection 

of kerosene. This method increases the sjecific thrust of the engine up to 

l60 kg-scc/kg. 

The supply of hydrogen peroxide is placed in tank 2 (Figure 227), and the 
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Figure ¿¿7» Diagram of the take-off booster "Super-Spright 

1 -- battery of 9 cylinders with compressed air; 2 -- tank for hignly concen¬ 
trated hydrogen peroxide; 3 -- check vt1ve on tne hydrogen peroxide feed line; 
4 — packet of solid catalyzer; 3 -- jet injector for kerosene; ó -- protective 
tube of fireproof alloy; 7 -- cooling jacket of lhe nozzle part of the ct.ar.ber; 
8 — circular kerosene tank; 9 — collector of kerosene; 10 -- check kerosene 
valve; 11 -- slave valve for pressurization of tne kerosene tank; 12 -- reactor 
for decomposition of hydrogen peroxide; 13 -- slave valve for pressurization of 
the hydrogen peroxide tank; 14 — control valve; 15 — pressure relay (normally 
disconnected); 16 -- pressure reducer; 17 -- high pressure electromagnetic valve 

(starting valve). 

kerosene in tank 3, surrounding the nozzle part of the engine chamber. The s ip- 

ply of air for displacing tie hydrogen peroxide and kerosene is placed in 

battery 1, consisting of 9 hign pressure cylinders, which surround hydrogen 

peroxide tank 2. For starting tne engine an electric signal is given to the 

high pressure valve 17, which passes tne compressed air into tne reducer, 

lowering the pressure of the air to 33 at. When the necessary pressure is 

reached in the line behind the reducer, the normally disconnecced pressure 

relay 15 closes and opens tne control valve 14, which gives the signal to 

«■»ave valve 13 for pressurization of the hydrogen peroxide tank. Simultaneous¬ 

ly, the opening of valve 13 gives a signal to slave valve 11 for pressurization 

of the kerosene tank. Through the automatic check valve 3* the hydrogen per¬ 

óxido passes into reactor 12, where there is a packet 4 of solid catalyzer. 
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Th* latt er consists of metallic plastics« covered with a thin layer of silver. 

Before the entrance into the packet of catalyzer, the hydropen peroxide is 

uniformly distributed over tr.e cross section of the packet by means of a 

number of metallic nets, coverir>p the top of the catalyzer packet. The drop 

in pressure in tne catalyzer pacKet amounts to 14 at. The kerosene, under the 

action of compressed air, panses tnrouph nozzle coolinr jacket 7 into collector 

9» from which it is directe! alonr a pipe through tne automatic return valve 10 

into injector 5» by which it is injected into trie combustion chamber of the 

engine into the zone of tne heated products of decomposition of hydrogen per¬ 

oxide, naving in tneir composition free oxygen. Tho ignition of tne kerosene 

takes place upon contact witn the hot gases. The necessary retardation in 

the feeding of tne kerosene is obtained by the successive opening of pressuri¬ 

zation valves 10 and 11, descrioed aoove, and by the adjustment of valves 3 

and 10, due to w.nicn the return valve in kerosene line 10 opens wnen tuere is 

high pressure. Tne protection of the walls of the non-cooled combustion 

chamber from the action of gases at a high temperature is accomplished by 

means of a thin cylindrical tube 6, made of fireproof material known as 

'’nimonik." In tne clearance spaces between tube 6 and tne walls of the com¬ 

bustion cnanber there flow reluti/ely cold (500° C) products of the decompo¬ 

sition of hydrogen peroxide, whicn cool the tube ó and at tne same time protect 

the walls of the combustion chamber against the action of tne products of com¬ 

bustion of higner temperature. 

The shutoff of tne booster is accooplisned by switching off the electric 

current from tue high pressure valve 17. *hen there is a drop in pressure in 

the line behind the reducer, the pressure relay 15 cuts off che control valve 

14, which drains the valve 13. The valve 13 closes and gradually releases the 

air from hydrogen peroxide tank 2 and from valve 11, which also gradually re¬ 

leases the pressure from kerosene tank 8. When the pressure in valves 3 and 

10 is reduced, they close and the engine shuts off. Besides, the proper 
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adjustment of the check valves causes tne cf Kerosene to shut off 

somewhat earlier and tae engine is scavenged by tne neutral products of de¬ 

composition of the hydrogen peroxide. 

Certain data for the engines described above are reproduced in Table 35. 
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rocket 
; 

melange M-K 
(90¾ Hi.Oj ♦ 
10¾ H2SO4) 

' Tonka-841 8 000 40 320.101 42.1 

"Schmetterling" anti-aircraft 
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Tonka-84l 555 3 1670 3,33 I 

"falter" airplane engine 

I 

80¾ hydroger 
peroxide 

hydrazine 
hydrate 
alcohol 

1500-200 7.8-1.82 190* 
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Weight oi|ynit impulse 
Engine in^in g/kg-sec 
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TABLE CF DECIMAL LOGARITHMS OF 

19 
fL 

o 
4Í 

u 
V 

300 —M.7380 
400 -32.4094 
500 -25.00501 

600 
700 
800 
900 

1000 

'< 
ae 

<1 

•«? O. r 

M 
1 r* 
i«r U 

«1 

V 
O 
u 

I 
A 

V 
M 

. 4b 

\ 
A 

M 

O. 
r 

I 
«• 

'< 

'< 

M 
-1 

12.3295 
7,4041 
4,9107 

-39,786ol 
-29,2396! 
-22,88.54 

10,5464 
6,3.542 
4,2534 

-4.9529 
-3,1698 
-2,1196 

I i Tam I 1,7831 -16,2890 
1,0502 1-33,9076 
0,6873 - 26.4537 

12,3814 
7,4539 
4.9852 

-20,0643 
-16,5375 
-13,8941 
-11,8400 
-10,1985 

1100 
1200 
1300 
1400 
1500 

-8,8573 
-7,7413 
-6.7985 
-5.9916 
-5,2936 

3,5268 - 
2,6434!- 
2,05411- 
1,6415¡- 
1,34121- 

-18.6320 
■ 15,5826 
-13,2877 
•11,4968 
•10,0591 

3,0494 
2,2949 
1,7909 
1.4377 
1,1779 

-1.4323 
- 0.9549 
-0.6064 
-0.3432 
-0,1394 

0,4774 
0,3485 
0,2632 
0.2038 
0,1633 

-21,4685 
-17,8979! 
-15,2133 
-13,1210 
-11,4431 

3.5706 
2,6846 
2,0923 
1,6779 
1,3735 

1,1160 
0.9428 
0,8069 
0,6980 
0,6104 

-8,8812 
-7,8974 
-7.0631 
-6,3467 
-5,7247 

0,9838 
0,8343' 
0,71641 
0,6220 
0,5452! 

0,0239 
0,1561 
0,2646 
0,3551 
0,4311 

0,1322—10,0696 
0,1085 
0,0905 
0,0760 
0,0652 

-8,9233 
-7.9523 
-7,1190 
-6,3962 

1,1463 
0,9710 
0,8333 
0,7228 
0,6331] 

1600 
1700 
1800 
1900 
2000 

-4,6832 
—4,1469 
-3.6706 
—3,2451 
-2.8630 

0,5363 
0,4763 
0,4255 
0,3821 
0,5451 

-5,1795 
-4,6978 
-4,2690 
-3.8949 
-3,5388 

0,4817 
0,4288 
0,3841 
0,3461 
0,3136 

0,4963! 0,0546 -5,7631 
0,5509 0,0475 -5,2041 
0,59841 0,0414 -4.7U68 
0.6398 0,0360 -4,2616 
0,6758 0,0315! -3.»607 

0,5590 
0.4973 
0,4452 
0,4009 
0.3629 

2100 
220> 
2300 
2400 
2S00 

-2,5179 
-*2,2043 
-1,9196 
-1,6586 
-1,4191 

0,3131 -3,2252 
0,2652! —2,9396 
0,2610 -2,6790 
0,2.395 -2,4396 
0,2207j -2,2192 

0,2856 
•0,2606 
0,2394 
0,2204 
0,2037 

0,7073 
0,7548 
0.7594 
0,7810 
0,8001 

0,02751 -3.4378 
0.0246 -3.1677 
0,0216, —2.8061 
0,0191, —2,5695 
0,0170 -2.3349 

! 

0,3301 
0;2016 
0,2766] 
0,2.546 
0,2351 

2600 
2700 
2800 
2900 
3000 

-1,1984 
-0,9945 
-0,8055 
-0,6299 
-0,4661 

O.2039! -2,0155 
0,1890 -1,8266 
0,1756 -1,6511 
0,1635 -1,4874 
0,1525 -1,3346 

0,1889 
0,17.55 
0,1637 
0,1528 
0.1432 

0,8171 
0,8321 
0,8456 
0,8575 
0,8682 

0.015o| -2.0998 
0,0135 -1.8820 
0,0119 -1.6796 
0,0107 -1.4911 
0,0093 -1.3151 

0,2178 
0.2024 
0.1885 
0,1760 
0,1648 

Not«* In the çolumn» of tae differences of the decimal logarithms of the con¬ 
stants of equilibrium' A IgKi, Al£K2, etc, *e have given tne difference of 
the value of the decimal logaritmos of the constants o: equilibrium for the 
successive and the current temperatures. For example, in tne column T = 3,^00 
absolute, we have given the difference of the values of lg K at 3,500 and 
3,400° absolute. 
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Appendix 1 

THE CONSTANTS OF EQUILIBRIUM 

4\i 

1 «• 
X 
M &

lf
«
«

 m 
1 m 

X 
M 

X 
M 
4 

•«I«' 

» 
1 

X 
* <1 

"fli 

4* 
1 •» 

X 
M 

1 

•» 
X 
M 
* 

«i 
Jb 
m 
k 

-30,1770 
-22,3100 
-17.5672 

7,8670 
4,7228 
3,1492 

-70,7414 
-51,7421 
-40,3m 

18,9993 
11,4322 
7,6430 

—80,0867 
-58,5109 

-45,5311 

21.5758 
12,9798 
8,6731 

—118,6656^31,1918 
—87,4738|l7,7479 
-68,7259 12.5195 

300 
400 

500 

1 

-14,4380 
-12,1878 
-10,4998 
-9,1874 
-8,1366 

2.2502 
2.6880 
1.3124 
1,0508 
0,8590 

-32,66691 
,-27,1921 
-23.0744 
-19,8636 
-17,2883 

5,4748 -36.8580 
4.1177 -30,6499 
3,2108 -25.9854 
2.5753 —22,3515 
2,1128 -19,4400 

6.2081 
4.6645 
3,6339 
2,9115 
2,3855 

-56.2064 
-47,1492 
-40.5114 
-35,2815 
-31,0841 

8.9572 
6,7278 
5,2399 
4.1974 
3,4386 

600 
700 
800 
900 

1000 

-7,2776 
-8.5604 
-5.9540 
-5,4342 
-4,9836 

0.7172 
0.6064 
0,5198 
0.4506 
0,3944 

-15.1755 
-13.4105 
—11,9135 
-10,6275 
-9.5105 

1,7650 
1.4970 
1.2860 
1,1170 
0,9794 

-17,0545 
'—15,0640 
-13,3777 
-11,9307 
-10,6752 

1,9905 
1,6863 
1,4470 
1.2555 
1,0996 

-27,6455 
-24.7766 
-22,3465 
-20,2614 
-18,4526 

2.8689 
2,4301 
2,0851 
1,8088 
1,5842 

1100 
1200 
1300 
1400 
1500 

-4,5892 
-4,2412 
—3,9318 
—3,6550 
-3,4060 

0.3480 
0.3094 
0,2768 
0.2490 
0,2252 

-8,5311 
-7,6652 
-6,8941 
—6,2029 
-5,5798 

0,8659 
0,7711 
0,6912 
0,6231 
0,5647 

-9,5756 
-8,6044 
-7,7403 
-6,9665 
-6.2695 

! 

0,9712 
0.8641 
0,/738 
0.6970 

1 0.M1I 

-16,8684 
-15.4694 
-14,2247 
-13,1101 

1 —12,1063 
I 

1,3990 
1,2447 
1,1146 
1,0038 
0,9090 

1 

1600 
1700 
1800 
1900 
2000 

1 

-3,1808 
-2,9760 
-2.7892 
-2,6180 
—2,4600 

0.2048 
0,1868 
0,1712 
0,1574 
0,1454 

-5,0151 
—4,5010 
—4,0309 
—3.59M 
-3,2018 

0,5141 
0,4701 
0,431! 
0.397( 
0,3674 

' -S.txfcM 
-5,0641 
-5,539» 
-4,058( 
-3,615“ 

I U.5/41 
1| 0.5245 
¡1 0,4812 
II 0.442? 
r| 0,4091 

i -11,1973 0,8270 
-10.3703 0,755b 
-9.6147 0,6929 

- -8,9218 0.6381 
—8.28']5| 0,5895 

! 2100 
2200 
2300 
2400 
2500 

1 
1 i -- 

-2.3152 
-2,181( 
-2.0565 
—1,9404 
-1,8325 

0.1342 
0,1248 
0,1158 
0,1082 

H 0,1012 

-2,8344 
-2,4938 
-2,1772 
-1,8821 
—1,6064 

0,340( 
0,3l6t 
0,2951 
0,2751 
0,2581 

i 

-3,206( 
-2,8271 
-2.475( 
-2,l4r 

1 -1,841! 

»! 0,378r 
ri 0,3.521 

0,327? 
0,3061 

1 0,2861 

-7,5947 
-7,147? 

) —6,640^ 
!' -6,1671 
>! -5.726 

t 

) 0.5461 2600 
0,5075 2700 

It 0,4727 2800 
r| 0,4416 2900 

I 0.4133 3000 

By maVn* use of the table of differences, we can, by linear interpolation 
the logarithms of the constants of equilibrium, determine the values of the 
constants of equilibrium for any intermediate temperature. 
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3100 
3200 
3300 
3400 
3500 

—0,3139 
-0,1711 
-0,0372 

0,0885 
0.2068 

0,1428 
0,1339 
n,l257 
0,1183 
0,1115 

-1,1914 
-1,0570 
-0,9305 
-0,8114 
-0,6989 

0,1344 
0.1265 
0,1191 
0,1125 
0,1064 

0.8775 
0,8859 
0,8933 
0,8999 
0,9057 

0.0084 
0,0074 
0,0069 
0.0058 
O.'.Ofil 

-1,1503 0,1545 
-0,9958 0,1452! 
-0,85-rb' 0.1368' 
-0,71381 0,1290 
-0,.5848 0.1219 

3600 
3700 
3800 
3900 
4000 

0,3*83 
0,4235 
0,5229 
0,6171 
0,7064 

0.1052 
0,0994 
0,0942 
0,0893 
0,0847 

-0,59251 0.1007 
-0,4918 0,0057 
-0,3961 0,09u8 
-0.3053 0,0865 
—0,2l38j 0.0823 

0,9108 
0,9153 
0,9190 
0,9224 
0,9252 

0,0045 -0,4629 
0,0037 -0,3475 
0,00341 -0.2381 
0,0028 -0.1341 
0,0024 -0,0354 

0.1154 
0,10J4 
0,1040 
0,0987 
0,0940 

4100 
4200 
4300 
4400 
4500 

0,7911 
0,8717 
0,9481 
1,0212 
1,0908 

0,0806 
0,0764 
0,0731 
0,0696 
0.0664 

i 

-0,1365 
-0,0580 

0,0171 
0,0889 
0,1575 

1 

0,0785 
0,0751 
0,0718 
0,0686 

1 0,0659 

0,9276 
0,9297 
0,9310 
0,9323 
0,9333 

0,0021 
0,0013 
0,0013 
0.0010 
0,0005 

0,0586 
0,1482 
0,2337 

1 0,3154 
0,3935 

0.0896 
0.0855 
0,0817 
0.0781 
0,0748 

4600 
4700 
4800 
4900 
8000 

« 

1,1572 
1,2206 
1,2813 
1,3393 
1,3949 

i 
0,0634 
0,0607 
0,0580 
0,0556 

1 0,0533 

0,2234 
0,2865 
0,3472 
0.4054 
0,4615 

1 

0,0631 
0,0607 
0,0582 
0.0561 
0,0519 

0,9338 
0,9341 
0,9341 
0,9339 
0.9334 

0.(T0J 
O.-VM 

—c,.*- 
_o .. 

t 

I 0,4683 
1 0,5399 

0,6087 
0,6747 
0,7382 

0,0716 
0,0688 
0,0660 

, 0,0635 
^ 0,0610 

5100 
5200 
5300 
»400 
5600 

' 1,4482 
1,4994 
1,5485 
1,595« 
1,6409 

0,0512 
0,0492 
0,0470 
0,0454 
0,0435 

0,5155 
0,5675 
0,617« 
0,666. 
0,7127 

0,0521 
0,0501 
0,0484 
0,0467 

rj 0,0452 

0,9327 
0,9319 
0,9309 
0,9296 
0,9282 

-0,0008 
-0,001« 
-0,0013 
-O.OOU 
-0,0015 

0.7992 
0,8579 
0,9145 
0,969(j 
1,0216 

1 0,0587 
0,0566 
0,0545 
0,052« 
0,050« 

5000 
5700 
»800 
5900 
0000 

1,68461 0,0420 
1,7265! 0,0405 
1,76701 0.0389 
1,80591 0,0376 
1,8435 

0.757S 
0,801« 
0,8439 
0,8841 
0.9245 

0,0437 
0,0423 
0,0109 
0,0397 

0,9267 
0,9249 
0,9231 
0,9211 
0,9190 

-0,0017 
-0,0018 
-0,00¾ 
-0,0021 

1,0724 
1,121« 

>! 1.169C 
1,2149 
1,2594 

1 0,0492 
.1 0,0474 
‘1 0,0459 

0,0445 

1 

Vote* In the colimas of the differences of tne decimal lojrarithrrR of t** con¬ 
stants of equilibrium A IffKi, AlgK2, etc, «re have fçiven tie difference of 
the value of the decimal logarithms of tne constants of equilibrium for the 
successive and the current temperatures. For example, in the column T = 3,^+00 
absolute, we have given the difference of the values of Ig K at 3,^00 and 
3,400° absolute. 
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«Z * 
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M 
7 •» 
VC 
ao 

ft- 
VC 
M 

Wl 
jû 
m 

L 
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-1,7310 
— 1,6364 
-t.5476 
-1,4646 
— 1,3656 

0,0946 
0,0888 
0,0830 
0,0790 
0,0742 

-1,3482' 
-1,1059 
-0.878! 
—0,5635 
—0,4610 

0,2423 
0,2278 
0,2146 
0,2025 
0,1913 

-1.5550 
-1.2862 
-1,0337 
-0,7960 
-0,5718 

0,2688 
0.2525 
0,2377 
0,2242 
0,2118 

-5,3128 
-4.9250 
-4,56(45 
-4,2172 
-3.8933 

! 
0.3878 1 
0,3615 
0,3433 
0.3239 
0,3061 

3100 
3200 
3300 
3400 
3500 

-1,3114 
-1,2414 
-I.17M 
-1,1124 
-1,0510 

0,0700 
0,1660 
0,0630 
0,0594 
0,0564 

-0,2697 
-0,0885 

0,0832 
0,2462 
0,4012 

0,1812 
0,1717 
0,1630 
0,1550 
0,1475 

-0.3600 
-0,1595 

0.0304 
0,2106 
0,3818 

0.2005 
0,1899 
0,1802 
0.1712 
0,1629 

-:.5872 
—ó .2974 
-3,9227 
-2,7618 
-2,5138 

0,2898 
0,2747 
0,2609 
0,2480 
0,2361 

3600 
37(J0 
3800 
3900 
4000 

-0,9966 
—0,9428 
-0,8916 
-0,8428 
-0,7964 

0.0538 
0,0512 
0,0488 
0,0464 
0.0444 

0,5487 
0,6892 
0.8233 
0,9513 
1,0736 

0,1405 
0,1341 
0,1280 
0,1/23 
0,1171 

0,5447 
0,6990 
0.8479 
0,9892 
1,1243 

0,1552 
0,1480 
0 .413 
0,1351 
0,1292 

-2,2777 
-2,0527 
-1.837Î 
-1.6327 
-1,436! 

0,2250 
0,2148 
0.2052 

1 0,1962 
>j 0,1879 

4100 
4200 
4300 
4100 
4500 

-0,782( 
-0.709( 
-0,669( 
-0,630“ 
-0,593 

> 0.0424 
> 0,0406 
) 0,0388 
2 0,0372 
0 0,0356 

1,190- 
1,302( 
1,410- 
1,513. 
1,612 

0,1122 
0,1075 

1 0,1031 
S 0,0991 
5| 0,095! 

1,253! 
1,377! 
1,4951 
1,609( 
1,715 

0,1237 
Î 0,1186 
i 0.1138 
d| 0.1092 
5, 0,1950 

-1,248( 
-1,068 
-0.895 
-0,7291 
—0,570 

i 0,1801 
i 0,1728 
7 0,1659 
3 0,1595 
i' 0,1533 

4600 
4700 
4800 
4900 

1 5000 
1 

-0,867 
-0,823 
-0.490 
-0,488 
-0,428 

4 0,0342 
2 0,0330 
2 0,0316 
€ 0,0304 
2 0.0290 

1,70'- 
1,799 
1,887 
1,972 
2,053 

7 0,0915 
2 0.0881 
3 0,0848 
1 0,0818 
0 0,0788 

1,823 
1,924 
2.02*2 
2,115 
2,205 

¿ 0,1910 
8 0,0972 
0 0.0936 
6 0,0902 
« 0,0870 

1 

! -0.417 
-0,269 
-0,127 

0,010 
0,142 

0 0,1477 
3 0,1423 
0 0,.372 
2 0.1324 
6 0,1278 

5100 
5200 
5300 
5400 

1 5500 

loisr 
-0.34^ 
-0,31' 
-0,29“ 

iJ 0,0284 
« 0,0272 
)6 0,026< 
r6 0,0282 
24 

2.132 
2,20« 
2,202 
2,35: 
2.42 

7 0,0760 
17 0,0735 
►2 0.0709 
II 0,0585 
6 

2,292 
2,376 
2.451 
2.536 
2,615 

»! 0.0840 
Ã 0.0811 
9| 0.0784 

>3 0,0758 
11 

0,27041 0,1235 
0,3939 0,1195 
0.5134' 0,1156 
0.6290 0.1120 

1 0,7410 
1 1 

5600 
5700 
58(H) 
5900 
6000 

Bj BÄlcing use of the table of differences, we can, by linear interpolation o 
the logarithms of the constants of equilibrium, determine the values of tne 
constants of equilibrium for any intermediate temperature. 
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