
CLEARINGHOUSE FOR FEDERAL SCIENTIFIC AND TECHNICAL INFORMATIQII CFlTl
DOCUMENT MANAGEMENT BRANCH «I0 II

LIMITATIONS *N REPRODUCTION DUALITY

ACCESSION « 7) 6- c7’ 3'/
n ' REGRET THAT LEGIBILITY OF THIS DOCUMENT IS IN PART 
^ UNSATISFACTORY REPRODUCTION HAS BEEN MADE FROM BEST

AVAILABLE COPY

2 A PORTION OF THE ORIGINAL DOCUMENT CONTAINS FINE DETAIL
which may make reading of photocopy difficult

PI 1. THE ORIGINAL DOCUMENT CONTAINS COLOR BUT DISTRIBUTION 
COPIES ARE AVAiUBLE IN BLACK-AND-WHITE REPRODUCTION 
ONLY.

PI 4 the INITIAL DISTRIBUTION COPIES CONTAIN COLOR WHICH WILL 
BE SHOWN IN BLACK-AND-WHITE WHEN IT IS NECESSARY TO 
REPRINT

PI I LIMITED SUPPLY ON HAND WHEN EXHAUSTED. DOCUMENT WILL
■ be AVAILABLE IN MICROFICHE ONLY.

PI s. limited supply on HAND WHEN EXHAUSTED DOCUMENT WILL 
^ NOT BE AVAILABLE

Q 1. DOCUMENT IS AVAILABLE IN MICROFICHE ONLY.

PI I. DOCUMENT AVAILABLE ON LOAN FROM CFSTI ( TT DOCUMENTS ONLY).

Uy
ait t M pioctttoi; ; t. /





ITD-TT- 63-405/1+ 2 

* % 

UNEDITED ROUGH DRAFT TRANSLATION 

■ DESIGN OF AIRCRAFT GAS-TURBINE ENGINES 

BY: A. V. Shtoda, S. P. Aleshchenko, et al. 
% 

English Pages: 571 

« 

TMS TKAMSLATK»! IS Á RENDITION OP THE ORIGI¬ 
NAL POREION TEXT WITHOUT ANY ANALYTICAL OR 
EDITORIAL COIU1EMT. STATEMENTS OR THEORIES 
ADVOCATED OR REPLIED ARE T.'OSEOP THE SOURCE 
AMD DO HOT WECHAEHT RErLECT THE POSITION 
OR OPIUION OP THE P0REIS:i TCCHHOLOOY DL 
vistorL 

PREPARED EYi 

TRANSLATION Dr/l£t9N 
POREION TECHHOLOCY DIVISION 
V7*AFB, OHIO. 

PfP-U- 63-405/H-2 
■.. 1,1111 

Dato 4 June 19 64 

s 



A. V. Shtoda, S. P. Aleshchenko« A. Ya. Ivanov« V. S. Krasavtsev 
F. N. Morozov, V. A. Seklstpv and A. G. Shiukov 

KONSTRUKTS I YA AVIATSIONNYKH 

GAZOTURBINNYKH DVIGATELEY 

Voyennoye Izdatel'stvo 
Ministerstva Oborony Soyuza SSR 

Moskva-1961 

pages 3-411 



BLANK PAGE 



TABLE OP CONTENTS 

Foreword.. . 

li 
Introduction . n 

1. Types of Aviation Engines and the Regions of Their 
Application . ^ 

2. Schematic and Design Arrangements of Gas-Turbine 
Engines . * 

3. Basic Parameters of Gas-Turbine Engines and Their 
Derivation . ^ 

4. Basic Requirements for the Design of Engines and 
Their Realization.. .. 

5. Basic Information on the Design of GTD [27J. 29 

Part One. Compressors. 35 

Chapter 1. Axial Compressors. 3» 

1. Principles of Operation-Basic Parameters and Con¬ 
structional Geometry of Axial Compressors . 3o 

2. Sections of Axial Compressors. “¡2 
3. Design of Rotor Blades. 
4. Forces Acting on Blades. Stresses in Blades . 50 
5. Blade Vibrations . §5 
0. Compressor Rotors . 
7. Stresses in Drums and Disks. 79 
8. Vibrations of Disks.. • • • • ö3 
9. Compressor Housings. Stator- and Guide-Vane As¬ 

semblies . 
10. Equipment For Bleeding Air From the Compressor ... ?3 
11. Air Sealing. Relief of the Compressor Rotor P*om 

Axial Forces. 96 

Chapter 2. Centrifugal Compressors . 101 

1. Principles of Operation and Basic Parameters of the 
Centrifugal Compressor . 1Û1 

2. Inlet Sections and Housings of Centrifugal Compres¬ 
sors. •• IOS 

3. Centrifugal Compressor Rotors . 10? 
4. Loads Acting on the Impeller. Impeller Vibration . . I09 

Pert IVo. Gas Turbines.113 

Cnapter 3- General Considerations . 113 

1. Over-All Geometry of the Gas Turbine.113 

- i - 

^-^-63-405/1+2 



2. Structural Diagrams of Gas Turbines.114 
3. Requirements for the Design of a Gas Turbine.117 

Chapter 4. Rotors of Gas Turbines.123 

1. Design Shapes of Turbine Rotor Blades and Disks . . . 123 
2. Attachment of Turbine Blades.131 
3. Coupling of Disks to One Another and to the Shaft . . 137 

Chapter 5« Nozzle Diaphragms and Gas-Turbine Housings .... 147 

1. Design Shape of the Nozzle Blades.147 
2. Attachment Methods for Nozzle Blades end Equipment . .‘50 
3. Gas-Turbine Housings . .. 157 
4. Radial and Axial Clearances and Seals in the Turbine. I6I 

Chapter 6. The Cooling of Gas-Turbine Parts . I68 

1. Blade-Cooling System with Removal of Heat Into Turbine 
Disk. I68 

2. Equipment of Internal Systems for Cooling Turbine 
Buckets With Air..175 

Part Three. Main Combustion Chambers and Afterburners. Ex¬ 
haust Systems.184 

Chapter 7* Main GTD [Gas-Turbine-Engine] Combustion Chambers. 184 

1. Combustion-Chamber Types and Relative Ratings .... 184 
2. Construction of Combustion-Chamber Elements .... 195 
3. Loads on Chamber Elements, Strength of Chamber 
; Elements, and Vibration ... . 206 

• / 

Chapter 8. Exhaust Sections. Afterburnes.  212 

1. General Information . . . ..212 
2. Design of Exhaust and Extension Pipes.  215 
3« Nozzle Design.220 
4. Afterburners. 225 
5* ®irust-Reversal Devices [27].231 
6. Thermal Insulation and Cooling of Exhaust Systems 

and Afterburners.234 
7* Evaluating the Strengths of Exhaust-System and After¬ 

burner Elements.237 

Part Four. Stress-Bearing Systems and Transmission Elements of 
Gas-Turbine Engines.240 

Chapter 9- Stress-Beaming Systems of Gas-Turbine Engines . . 240 

1. General Information. 240 
2. Stress-Bearing Systems of Rotors.. . .244 
3* Stress-Bearing Systems of Housings.261 

Chapter 10. Design of Transmission Elements of Gas-Turbine 
Engines.269 

FTD-TT-63-405/1+2 
ii - 



» 



Part Eight. Automatic Control Systems . 371 

Chapter 17* General Information . 371 

1. Automation of Present-Day Gas-Turbine Engines .... 371 
2. Some Fundamental Definitions and Concepts of Automa¬ 

tic Devices...37^ 

Chapter 18. Control Progrcvms for Turbojet Engines. Required 
and Available Fuel Flow Rates. Operating Stability 
of Turbojet Engines.?85 

1. Control Programs For Turbojet Engines . 385 
2. Required Fuel Flow Rates.396 
^3. Available Fuel Feed Rates.400 
4. Operating Stability of TRD Using Fuel Pump Without 

Automatic Relulator . 403 
5* Effect of Flight Speed and Altitude on Operating 

Stability and Rotor Speed of TRD Without Regulator . 406 

Chapter 19« Sensing Elements and Servomotors for Speed Regula¬ 
tors .409 

1. Basic lypes of Sensing Elements for Regulators 
Working on the Principle of Deviation.409 

2. Fundamental Properties of Centrifugal Sensing Elements 413 
3. Sensing Elements for Regulators Performing the Con- 

• trol Function on the Basis of the Disturbance .... 420 
4. Servomotors Used With Speed Regulators . 422 

Chapter 20. Centrifugal Speed Regulators for Rotors of Gas- 
Turbine Engines . . ... 433 

1. Direct-Acting Speed Regulator.. 433 
2. Indirect-Act!on Speed Regulator With Floating 
Servomotor..' 436 

3. Indirect-Acting Speed Regulator With Proportional 
Feedback.443 

4. Indirect-Action Speed Regulator With Proportional- 
Plus- Integral Slide-Valve Feedback . 449 

5. Corrected-Speed Regulator for TRD Rotor.453 

Chapter 21. Constant Fuel Feed-Rate Regulators . 455 

1. Operating Stability of Engine Using Gear-Driven Fuel 
Pump With Constant Rate of Fuel Supply.455 

2. Throttle Valves.458 
3. Regulators Holding Fuel Pressure Drop Across Throttle 

Valve Constant.  461 
4. Regulator Holding Fuel Pressure Constant Ahead of 

Throttle Valve . 468 
5. Blocking of Automatic Speed Regulator Where Constant 

Fuel-Feed Rate Regulator is Operating.472 

Chapter 22. Indirect Speed-Control Systems 478 

1. Fundamental Types of Indirect Speed-Control Systems 

FTD-TT-63-405/I+2 
- iv - 



and llieir'Properties.. • 478 
2. Rotor Maximum-Speed Governors in Indirect Control 
Systems.484 

Chapter 23* Automatization of Fuel Supply During Acceleration 
of Turbojet-Engine Rotors.490 

1. Automatic Pneumatic Acceleration Controls . 49 
2. Automatic Hydraulic-Retarder Acceleration Controls 49( 

Automatic Tachometer Acceleration Controls ..... 499 
4. Time-Programed Device Restricting the Fuel-Pressure 

Increase Ahead of Injectors . 301 

Chapter 24. Additional Automatic Devices in Fuel-Supply 
System for Main Combustion Chambers.304 

1. Automatic Devices Limiting the Minimum Fuel Pressure 
Ahead of Injectors . 304 

2. Devices Limiting The Maximum Fuel Pressure and Maximum 
ïhroughput of Pumps in Fuel-Supply Systems. Devices 
limiting Maximum Air Pressure After the Compressor. 
Automatic Devices for Releasing Fuel luring Firing 

[2?].510 

Chapter 25. Automatic Control Systems for Afterburners [17, 
18, 19, and 27].512 

1. General Information.312 
2. Open-Loop Automatic Control Systems for Afterburner 

Fuel Delivery.515 
3« Closed-Loop Afterburner Fuel-Supply Control Systems . 522 

Part Nine. Starting Systems for Gas-Turbine Engines.529 

Chapter 26. Starters.529 

1. General Information on Starting Systems. Types of 
Starters.529 

2. Electrical Starters . 533 
Gas-Turbine Starters.534 

4. Power Turbostarters.537 
5. Vapor and Turborocket Starters [27].540 
6. Other Types of Starters.542 
7* Reduction Gears. Coupling Mechanisms. Transmission 

• Structural Elements . 547 

Chapter 27» Ignition Equipment . 557 

1. Starting Igniters 

References 

FTD- TT- 63-405/1-4-2 
- V - 

557 
2. Other Types of Ignition Devices.562 

Chapter 28. Automatic Starting-Fuel Supply Systems . 563 

1. The Need for Automatic Fuel Supply During Starting . 563 
2. Automatic Starting-Fuel Controls (TAZ) . 564 

567 



Design of Aviation Gas-Turbine Engines (Training Manual). 

Edited by Docent Candidate of Technical Sciences A.V. Shtoda 

This book presents the fundamental problems In the design of gas- 

turbine engines. 

The material of the book is presented in a form suitable for per¬ 

sons having a secondary school education who are familiar with the 

basic theory of motors. 

The book is intended for engineering-technical and flying person¬ 

nel of the WS, GVF and DOSAAF, It may be found useful for auditors, 

registrants, and students of aviation-technical educational institu¬ 

tions, and also for persons interested in aviation engines. 
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FOREWORD 

The basic engine used in aviation at the present time is the re¬ 

action-thrust gas-turbine engine. 

Modern gas-turbine aviation engines, designed on the basis of ad¬ 

vanced science and technology, are very complex machines; their appli¬ 

cation requires a fundamental understanding of the processes that take 

place in motors, their characteristics, the conditions of their opera¬ 

tion, and the stresses and designs of component parts and assemblies, 

as well as the over-all systems which are essential to the operation 

of the engines. Furthermore the very rapid development of gas-turbine 

aviation engines causes relatively frequent displacement of the vari¬ 

ous engine models, by modifications and redesigning. 

In order to facilitate understanding of the design of specific 

engines, suitable textbooks for engineering-technical and flight per¬ 

sonnel of the WS are required, in which the general problems of de¬ 

sign of aviation engines are presented. 

This book is offered as such a textbook. 

The book presents not only the design versions of gas-turbine en¬ 

gines, and the conditions of their operation and loading due to static 

and dynamic forces, but also a description of the systems necessary 

for the operation of the engines. 

The book is made up of an introduction and nine parts. The intro¬ 

duction contains a review of the types of aviation engines and the re¬ 

gions of their application, including short expositions of the sche¬ 

matic and design layouts of gas-turbine engine,*; certain fundamental 

171)-7^-63^05/1+2 



concepts and definitions necessary for subset .. study of the devi 

of the engines are given; values of the fundamental parameters of the 

gas-turbine engines are presented, as is a basic review oí their de¬ 

sign and development. 

The first, second, and third parts describe in succession the 

construction of the air-flow parts of the engines, i.c., compr- scors, 

turbines, primary and secondary (afterburner) cc Lion cln. 'u, £'>iU 

the exhaust arrangements. 

Parts four and five consider the power systems of gas-turbine en¬ 

gines, the transmission elements, bearings, and lubrication systems; 

basic da^a on the critical speeds of rotation of rotors arc also pre¬ 

sented. 

The sixth part is devoted to specific units of the turboprop en¬ 

gine - the hub of the propeller and the reduction gear. 

The seventh part contains material on the construction of fuel 

pumps and atomizers, and their operation. 

Basic data on systems for automatic control of gas-turbine en¬ 

gines is presented in the eighth part. 

Finally, the ninth part is devoted to starting systems for gas- 

turbine engines. Basic information on starters, ignition equipment, 

and automatic fuel feed during starting is also presented. 

From the above, it is clear that the book covers the basic prob¬ 

lems in the design of gas-turbine engines. All the material is pre¬ 

sented in a form suitable for persons having a secondary school educa¬ 

tion and familiarity with the basic theory of engines. 

In writing the book, the authors have used the nonclassified ma¬ 

terial listed at the end. Structural diagrams of engines, examples of 

the construction of various parts, sketches of power systems of the mo 

tors, diagrams of lubrication systems as well as systems for fuel feed 
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and automatic regulation, gasdynamic and design parameters, and in¬ 

formation on the strength considerations for engines are given on the 

basis of material derived from foreign engines as well as the [Soviet] 

engines RD-10, RD-20, RD-500, RD-45, VK-1, AI-20, and certain parts of 
the AM-3 and AM-5* Since in most cases the original material on design 

was methodically reworked by the authors, reference to specifiç en¬ 

gines is largely omitted in the text as having no particular signifi¬ 

cance in the understanding of the general questions of design of gas- 

turbine engines. 

The book was written by the following Docent Candidates of Tech- 

nical Sciences: Introduction, A.V. Shtoda; Part 1, A.G. Shiukov and 

V.S. Krasavtsev; Part 3, S. P. Aleshchenko; Parts 4 and 5, P.N. Moro¬ 

zov; Part 6, V.S. Krasavtsev; Part 7, A.G. Shiukov; Part 8, A.V. Sh¬ 

toda, V.A. Sekistov and A.G. Shiukov; Part 9, A.Ya. Ivanov. 

The authors wish to thank I. T. Denisov for a number of valuable 

suggestions and preferences that he supplied in his review of the man¬ 

uscript. 

» 
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INTRODUCTION 

1. TYPES OF AVIATION ENGINES AND THE REGIONS OT THEIR APPLJCÀT C.! 

The engine Is the basic part of the powcrp"' ^ of a fly:. ^ :.a- 

chine and has played a primary role in the development of aviation. 

The first flights of heavier-than-air flying craft were accompli shod 

only after engines of high power and light weight had been developed. 

All of the most important advances and achievements in aviation have 

been related in one way or another to the appe ranee of new types of 

aircraft pcwerplants, or to fundamental improvements of existing types. 

An especially dramatic example of this Is the abrupt qualitative turn¬ 

ing point produced in aviation development by the appearance of the 

gas-turbine engine. 

Modem aviation gas-turbine engines, being very complicated ma¬ 

chines created on the basis of the most recent achievements of science 

and technology, require not only the existence of a highly developed 

aviation industry, but also the continuous expansion and development 

of many other adjacent branches of industry. The design, construction, 

and perfection of a modern aviation engine require from three to six 

years, which exceeds the period required for the design, construction, 

and perfection of the airframe into which the engine is to be in¬ 

stalled. 

The gas-turbine engine is one of a number of types of reaction 

motors. 

All reaction motors may be divided into two classes: 

l) rocket reaction motors; 
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2) air-breathing reaction motors. 

Rocket reaction motors in turn are classified into two categories: 

1) liquid-fuel rocket motors (ZhRD), 

2) solid-fuel rocket motors (RDTT). 

Air-breathing reaction motors in turn are classified into two 
% 

types : 
• • 

1) compressorless or direct-flow motors (?VRD) (ramjets); 

2) gas-turbine engines (GTD). 

At the present time, gas-turbine engines are the primary type 

used in aviation. Reciprocating engines, the possibilities of their 

further development having been exhausted, have been displaced by gas- 

turbine engines, which are characterized by a substantial reduction in 

specific weight and dimensions in comparison with the reciprocating 

motors, together with acceptable economy, particularly at high flight 

speeds. 

In the relatively short period of the development of gas-turbine 

engines they have attained a very high level of refinement; yet they 

have a great deal of potential for further improvement, and for appli¬ 

cation to flight for a long time to come. In comparison with aviation 

engines of ether types, the gas-turbine engines have their most advan¬ 

tageous region of application to flight in the speed range below 2.5 

to 3 times the speed of sound, and at altitudes up to 25-30 km. 

Modern aviation gas-turbine engines are divided into two classes — 

the turbojet engines (TRD) and turboprop engines (TVD). 

The TRD, using for thrust production atmospheric air which passes 

through the engine Itself, is favorably differentiated from the TVD by 

the fact that it does not have a propeller. Because of this fact, the 

TRD has a lower weight, greater operational reliability, and less op¬ 

erational complexity. 
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TRD's are installed in fighter and bomber aircraft and transports, 

and in airborne guided missiles flying at high subsonic and supersonic 

speeds [27]. 

In flight at subsonic speeds, however, the TVD is more economi¬ 

cal, by reason of its use of a propeller, than is the TRD - that is to 

say, it uses less fuel. This fact makes their use more expedient in 
• • 

subsonic transports and VTOL aircraft. 

Another type of air-breathing reaction engine is the ramjet 

(PVKD), which compresses the air only through the action of the pres¬ 

sure head; this type is most conveniently used at flight speeds ex¬ 

ceeding the velocity of sound by a factor of more than 2.5-3, and at 

altitudes up to 20-35 km- Since the PVRD's are incapable of independ¬ 

ent takeoff, because they generate no thrust at low speeds, we can 

either use them in combination with other propulsora or provide air¬ 

craft powered by the PVRD with acceleration by means of the power- 

plants of special mother aircraft. PVRD's are used on winged missiles 

and flying targets [27], where their simplicity and low cost of con¬ 

struction is of overriding importance. 

Rocket reaction motors - liquid-fuel rocket (ZluRD) and solid-fuel 

socket engines (RDTT) are widely used in rocket engineering; in avia¬ 

tion they are used only as takeoff boosters and powerplant (sustalner) 

engines for use with high-velocity aircraft at very high altitudes at 

which air-breathing reaction engines - the gas-turbines or ramjets - are 

no longer usable [27]. 

2. SCHEMATIC AND DESIGN ARRANGEMENTS OF GAS-TURBINE ENGINES 

The thermodynamic processes taking place in a gas-turbine engine 

aro the compression of the air, its heating, and the subsequent expan¬ 

sion of the gases, as a result of which energy is generated to be ex¬ 

pended in propelling the aircraft. 

- 7 - 



The conventional turbojet engine with an -- compressor (Fig. 

1) consists of the following basic parts: entrance section, compres¬ 

sor, combustion chamber, turbine, and exit section. 

The entrance section is designed for introduction of the air into 

the compressor with the least possible loss of pressure and rith uni¬ 

form velocity distribution. The pressure losses at the intake to the 

compressor are differentiated into hydraulic loss 3 (caused hy lo¬ 

tion and generation of vortices), and wave losses. At low air speeds, 

the former are more important, and at high speeds, the latter predomi¬ 

nate. 

For the purpose of decreasing the wave losses of TRD's des.gned 

for speeds greater than Mach 1.5 to 2, a supersonic entrance section 

is used (controllable, or fixed). TRD's designed for aircraft with 

speeds less than sonic have a subsonic entrance section such as is 

shown in Fig. 1. 

In static operation of an engine or at low air speed, the air at 

the entrance section is accelerated, and its temperature and pressure 

are reduced. Thus, for example, in static operation of an engine, the 

pressure p1 and the temperature Tx of the air at the inlet .to the com¬ 

pressor will be less than the pressure pH and the temperature TH of 

the air in the ambient atmosphere at a reasonable distance from the 

engine. The difference will be greater the greater the air speed into 

the compressor. If this air is slowed down, its temperature T* will be 

found to be equal to the temperature TH, since at the entrance section 

heat is neither added nor removed from the air. The pressure of the 

air after it has been slowed down at the compressor inlet, denoted p*, 

would be somewhat less than Pjj by reason of hydraulic losses. 

In flight at speeds Cy greater than the velocity of the air 

into the compressor, the air in the entrance section is slowed down, 

- 8 - 
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and its pressure pA and temperature increase and become greater 

than the pressure and temperature of the ambient air. If the air 

should now be slowed down arbitrarily at the compressor entrance, then 

the pressure pj and the temperature TJ would become even greater than 

the values of these parameters in the surrounding atmosphere. 

The ratio Tj/T^ depends only on the Mach number Mjj « Cjj/ajj, that 

is, on the ratio of the flight speed CH to the velocity of propagation 

of sound ajj f n the atmospheric air. The greater the Mach number Mjj, 

the more will T| exceed Tjj. On the other hand, the ratio Pj/Pjj, which 

designates the effective pressure ratio of the air in the entrance 

section with respect to the decelerated parameters, depends not only 

on the Mjj number, but also on the loss of pressure in the entrance 

section. 

The efficiency of the entrance section can be evaluated by use of 

the so-called pressure recovery coefficient ovJch, which is equal to 

the ratio of the pressure p^ of the decelerated air at the compressor 

intake to the pressure pg of decelerated atmospheric air with no 

losses whatsoever: 

vkh " Pi/Pfi- (1) o, 

The higher the fight speed, the smaller the pressure recovery 

coefficient, primarily by reason of the increase of wave losses. If at 

equal to about 0.92-0.96, then at ^ * 3, oykh * 0.4 

to 0.7. 

The compressor functions to compress the air. Ulis compression is 

necessary for better efficiency in the transformation to useful work 

of the heat supplied to the air downstream of the compressor. Further¬ 

more.. the compression of the air decreases its volume, which m'.kes 

possible a reduction in the size of the combustion chamber and tur¬ 

bine. 
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One of the most important parameters of the compressor is the 

effective pressure ratio, which is denoted by It is equal to the 

ratio of the pressure of Pg of the air at the outlet from the compres¬ 

sor to the pressure p^ of the air at the entrance: 

7Tk *= (2) 

The pressures Pg and p^ depend on the speeds cf the air at the exit 

and entrance of the compressor, Cg and C^, respectively. In this con¬ 

nection the compressor is generally characterized by the pressure ra¬ 

tio of the arbitrarily decelerated air at the exit and entrance: 

*£ = P|/pf. (3) 

The speed Cg is ordinarily less than C^. The air temperature at at 

the exit from the compressor is greater than the temperature T| at the 

entrance, and the more so the greater the pressure ratio. 

Ordinarily it is the intention that the compressor should operate 

in such a fashion that the energy supplied to it will be utilizeu as 

completely as possible for compression of the air, without large 

losses. The degree of compressor perfection is evaluated by use of the 

shaft-power efficiency factor qjk, equal to the ratio of the work ex¬ 

pended in compressing the air without heat transfer between the exter¬ 

nal medium or hydraulic losses (adiabatic compression), to the total 

(effective) mechanical work supplied to the compressor. 

The fuel fed to the combustion chamber burns there and this is 

accompanied by a substantial increase in the temperature of the air at 

nearly constant pressure. The average speed of the air in the combus¬ 

tion chamber is not large. The pressure along the combustion chamber 

falls by reason of hydraulic losses and the increase in speed due to 

the volume increase on heating. The speed of the gases at the outlet 

of the combustion chamber is denoted by Cy The pressure and tempera¬ 

ture of the gases at the outlet from the chamber, after slowing down 
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to stagnation, are designated by and T^. Prom the combustion cham¬ 

ber, the gases enter the gas turbine. 

The turbine in a TRD has the function of driving the compressor 

and auxiliary power drives. The turbine extracts a part of the energy 

of the gases, so that the pressure pj and temperature Tj[ are lower 

than at the entrance. The velocity of the gases at the turbine out¬ 

let is greater than but not very much greater, so as to avoid large 

hydraulic losses in the turbine. The ratio of pressure of the gases at 

the turbine entrance to that at the exit is designated the expansion 

ratio of the gases. If we specify the ratio of pressures in the gas 

flow, the expansion ratio of the gases in the turbine is denoted by 

V 
*t - PjAv W 

If, however, we take the ratio of pressures of the decelerated 

gas, the expansion ratio of the gases with reference to deceleration 

parameters is denoted by ttJî 

** = P|/pJ[. (5) 

The work which might be produced by the gas in the turbine upon 

its expansion from the pressure p^ to p^ without any losses is called 

the adiabatic-expansion work, or the design heat drop [available heat 

difference] of the turbine. The design heat drop is greater, the 

higher the temperature T^. In practice there are losses due to fric¬ 

tion (hydraulic losses) and losses due to the exit speed (not equal 

to zero), so that the actual (effective) work at the turbine shaft is 

less than the design heat drop. The ratio of the effective work at the 

turbine shaft to the design heat drop is called the shaft-power effi¬ 

ciency of the turbine and denoted qet. By definition it follows that 

depends on the magnitude of the outlet speed C^. At present it is 

considered that the heat difference is determined by the deceleration 
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parameters of the flow, not only at the entrmce to the turbine (p| 

and T^), but also at the exit (pj[ and TJJ). Since pj[ > p^ the design 

heat drop according to the deceleration parameters Is less than the 

design heat drop according to the nondeceleration parameters at the 

exit, and therefore the shaft efficiency of the turbine based on the 

deceleration parameters is somewhat larger than net. 

From the turbine, the gas comes to the exit section, consisting 

of an exhaust tube and nozzle. 

The converging nozzle should be differentiated from the L ’al 

nozzle. In the converging nozzle (see Fig. l) the exit cross section 

has a minimum area Fy which is always less than the cross section at 

the turbine outlet. Because of this fact, the pressure p^ of the gases 

is increased, and the speed is reduced; consequently, the losses in 

the turbine and exhaust tube are reduced and it is possible to regu¬ 

late the turbine power by changing the cross sectional area of the 

nozzle. 

If the pressure pj is greater than atmospheric pressure pH by no 

more than a factor of 1.85, the smallest exit cross section of the 

nozzle will be characterized by a pressure p^ *= PH, and the greatest 

speed of the gas will be less than sonic speed in the gas at tem¬ 

perature T^. The gas will then be completely expanded in the exit sec¬ 

tion. 

If, however, the pressure p^ exceeds the atmospheric pressure Pjj 

by more than a factor of 1.85, the exit cross section becomes criti¬ 

cal, and the velocity of the gas becomes equal in it to the velocity 

of sound, the pressure taking a value that is greater than the atmos- 

pheric pressure. In this case, the convergent nozzle does not effect 

complete expansion of the gas, and a loss in thrust is the result. A 

Laval nozzle is used to avoid large thrust losses in aircraft with 
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I high supersonic speeds. In such nozzles, in addition to the convergent 

part, there is a diverging part (Pig. 2). The exit cross section of 

the nozzle P^ is larger than the critical cross section P . In the 

diverging part of the nozzle, the excess pressure acts to increase the 

thrust. The greater the flight speed, the more the cross-sectional 

area should exceed F^. In this connection it is desirable that the 

nozzle have an adjustable diverging part [2?]. 

In recent years extensive use has been made of engines with 

boosted (augmented) thrust obtained by burning fuel behind the turbine 

in a special afterburner chamber (see Pig. 2). These engines are des¬ 

ignated TRDP for short. Since the pressure is less in the afterburner 

than in the regular combustion chamber, the use of the fuel for pro¬ 

duction of thrust is less economical in the former than in the latter. 

In aircraft with large supersonic capability, however, this difference 

is decreased. The advantage of the TRDF consists in the fact that it 

is possible to increase thrust without significant increase of weight 

and size of the engine. Por the purpose of avoiding large expenditures 

of fuel, it is customary to permit use of the afterburner only for 

short periods of time. 

Along with TRD's of the design already considered, some use has 

been made of bypass [turbofan] engines, called DTRD, for short. These 

I engines ordinarily have several axial compressor stages, which are 

used (Pig. 3) for feeding air not only through the main duct, but also 

through an auxiliary [bypass] duct. These stages of the compressor have 

the function of a fan that increases the mass of air handled by the en¬ 

gine, so that such engines are sometimes called turbofan engines. Be¬ 

cause of the increase in the mass of air handled [i.e., because of an 

¡Increase in the air flow rate], the design thrust of the engine may be 

obtained with smaller average speeds at the outlet of the engine, which 
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reduces the energy lost in the exhaust gases and increases the economy 

of the motor, particularly at low flight speeds. Since only part of 

the air goes through the entire compressor, combustion chamber and 

turbine, those parts can be reduced in size and weight. If necessary, 

the thrust can be increased by use of a burner in the outer duct. 

In a turboprop engine, the thrust is generated not only by the 

reaction of gases flowing through the nozzle, but also by the reaction 

of the mass of air accelerated by the propeller. At subsonic flight 

speeds, the utilization of the energy of the fuel fed to the engine 

for generating thrust is more efficient in the TVD than in the TRD, 

since the efficiency of the propeller, because of the larger mass 

of air handled by it, is much higher than the so-called thrust effici¬ 

ency of the TRD. Because the rotational speed of the propeller is sub¬ 

stantially less than the rotational speed of the turbocompressor, the 

TVD is equipped with reduction gearing. 

Figure 4 presents a diagram of a TVD in which a single turbine is 

used for turning both the compressor and the propeller (through a re¬ 

duction gear). Since the turbine of a TVD should generate correspond¬ 

ingly greater power, at low flight speeds the turbine expands the 

gases nearly back to atmospheric pressure. 

In a TVD with separate turbines (Fig. 5)> there is, in addition 

to the compressor turbine, a propeller turbine that is kinematically 

independent of the compressor turbine. Such a TVD design is used for 

driving the propeller of a VTOL-type aircraft, where independent op¬ 

eration of the propeller guarantees a number of design and operational 

advantages [27]. 

In addition to the classification of gas turbine engines on the 

basis of thrust generation principle, they can also be classified on 

the basis of various design criteria. Thus, for example, according to 
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oe divided into those the type of compressor, gas-turbine engines r „ 

with axial compressors (see Figs. 1, 2, 3> ^ a^d ^), those with cen¬ 
trifugal compressors (Fig. 6), and those with combined or axAal-cen¬ 

trifugal compressors (Fig. 7). Gas-turbine engines are aiso classified 

according to the type of combustion chamber (TRD's with separate com¬ 

bustion chambers, TRD's with annular chambers, etc.), according to the 

direction of flow of air and gas (TRD's with direct flow ducts, TRD's 

with flow ducts having a reverse loop) and according to the type of 

turbine, as well as a number of other bases for differentiation. TRD's 

are now beginning to be classified as subsonic or supersonic and high- 

altitude or low-altitude, according to the region of application and 

the design features thereby required. 

3. BASIC PARAMETERS OF GAS-TURBINE ENGINES AND THEIR DERIVATION 

Evaluation of the quality of any type of engine and the determina 

tion of the region of reasonable application of the type are based on 

a whole complex of absolute and relative parameters. 

One of the most important parameters of a TRD is the total 

thrust, denoted by P. The absolute value of thrust depends on the 'al¬ 

titude and speed of flight, and also on the program of regulation 

adopted. Ordinarily (in the absence of some special limitation) the 

term thrust is applied to the maximum static thrust on the ground, 

und'Sr normal atmospheric conditions. 

The first production TRD's (19^5) had thrusts of the order of 

1000 kg. The subsequent development of the TRD was characterized by 

both reduced and increased thrust. At present, TRD's have gone into 

service with thrusts from a few hundred kilograms up to 10,000-12,000 

kg a«3 more [27]. Such a broad range of thrusts accounts for the vari 

ety of types and designations of aircraft in which the TRD's arc in¬ 

stalled. The absolute magnitude of the thrust determines the size and 
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weight of the engine. On its magnitude also depend the choice of a 

reasonable design layout for the engine, its operational properties, 

and its "specific" parameters. 

The requirement of large thrusts for bombers and transport air¬ 

craft may be satisfied either by a small number of engines with large 

thrust, or by a large number of engines with small thrust. In each 

specific case an optimum thrust is chosen for the single engine, tak¬ 

ing into account its weight, the technology and cost of production, 

reliability and convenience in operation, convenience of mounting in 

the aircraft, etc. 

Turboprop engines are not evaluated according to thrust, but ac¬ 

cording to the propeller-shaft power Nv, the power from the Jet thrust 

Nr, and the total power Ne, equal to the sum of the two. Here, Just as 

in the case of TKD’s, a tendency toward expansion of the range of power 

is observed. Along with TVD's of large power (up to 6000 hp and more) 

there are TVD's of small power (200-300 hp). 

Another important characteristic of gas-turbine engines is their 

weight Gdv. Since the absolute magnitude of the weight of a TRD de- 

pends on the magnitude of the thrust P, the relative weight evaluation 

of engines with different thrusts Is carried out b> use cf the spe¬ 

cific weight 

y * G(3V/p of weight/kg of thrust] (6) 

In the development of all aviation engines, including turbojet 

engines, there has been a characteristic effort to decrease specific 

weight. 

Thanks to the efforts of designers, production engineers and me¬ 

tallurgists, the specific weight has been forced down (on the average) 

:io:i. y *= 0.8-1.0 (19*15) to y = 0.2-0.3 (1959); that is, approximately 

by a factor of 
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The quality of a TVD In relation to its -¿ht Is evaluated In 

terms of the specific weight, determined by dividing the weight cf the 

engine by the total power: 

Y *= ®dv^Ne oi> wclßht/hor3epovjor]. (?) 

The specific weights of TVD's lie within the limits 0.15 to 0. 30 kg/ 

/hp. 

No less Important for an aviation engine ic. 1x.ò size, t^at is, 

the cross-sectional area of the midsection (frontal area) and length 

of the engine. Since the frontal area Flo1o depends on the magnitude of 

the thrust, the relative evaluation of a TRD is made according to the 

specific frontal-area thrust Plob: 

plob ' P/Flob W'*!- W 
Over a relatively short space of time, the magnitudes of frontal- 

area thrusts have increased substantially. For engines with axial com¬ 

pressors, the specific frontal-area thrust increased from 2000-2500 

kg/m2 (1945) to 8000-10,000 kg/m2 (1959), that is, by a factor of ap¬ 

proximately 4. Due to the peculiarities of its design, the specific 

frontal-area thrust of a TRD with centrifugal compressor is substan- 

tially smallex", amounting at present to about 3000-3200 kg/m . 

The economy of a TRD is evaluated by use of the specific propel¬ 

lant consumption C^, which is equal to the ratio of the hourly rate of 

fuel flow rate Gt to the thrust P generated by the engine: 

C *= O./P [kg of fuel/(kg of thrust/hour) ]. (9) 
P ^ 

While in 1945 the specific fuel consumption was 1. 3-1. 5 kg of 

fuel/kg of thrust/hour, at present it has fallen to 0.75 to 0.9 (9; 

29], that is, a decrease by a factor of nearly 2. 

The economy of a TVD may be evaluated according to the specific 

power fuel consumption Ce, which is equal to the ratio of hourly fuel 

flow rate to the power: 
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Ce B °t/Ne ikß fuel/hp-hour). (10) 

Under normal static-test conditions, the specific fuel consump¬ 

tion of modern TVD's lies in the range 0.22-0.3 kg/hp-hour. 

The values of Cp and Ce are interrelated. Comparing the expres¬ 

sions for C and C , it is possible to write that 
P “ 

C t= —' C . .. p '■'r (ID 

In static operation of a TVD, the ratio of total power to total 

thrust is approximately equal to 0.9* Therefore, under ground test 

conditions, 

- C^0JDCr (12) 

Setting into this expression the previously mentioned limits of C for 
c 

TVD's, we obtain 

Cp * 0.2 - 0.27 [kg of fuel/kg of thrust]. 

Thus, under static test conditions the TVD is about 3 to 4 times more 

economical than the TRD. In flight, the ratio of power to thrust 

changes as a function of speed. 

Il 
p 

PC, c. 
75/\ 75¾ * (13) 

where is the speed of the aircraft in meters/sec and q is the pro¬ 

peller efficiency. 

Setting the value Ne/P Into Expression (ll), we obtain 

w 

With increasing flight speed, Cp increases, and the advantages of 

TVD's over TRD's decrease. At flight speeds of about 400 m/sec, a 

powerplant with TVD loses its advantage in relation to economy in com¬ 

parison with the powerplant with TRD. 

Very Important characteristics of gas-turbine engines are their 

service life and durability. 
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The service life of an engine is charact^f by its time of op¬ 

eration between overhauls. The term "overhaul" means complete dismant¬ 

ling of the machine, inspection and reconditioning of parts, replace 

ment of defective ones, and rebuilding of the engine. 

Over the time of the development of the TUD, thanks to improve¬ 

ments in design and technology, careful adjustments and accumu^-.tion 

of experience in use, the service lives have substmntially inc-cased. 

While in 1945 the time between overhauls of a TRD was 20-25 hours, the 

time has increased to several hundreds of hours at the present. 

The time between overhauls for an engine is fixed net only by 

technical factors, but by actual requirements depending on the desig¬ 

nation of the aircraft. It is obvious that it is unnecessary to spe¬ 

cify a time between overhauls for a motor, when this time is consider¬ 

ably greater than the service life of the aircraft itself. For TRD'3 

in aircraft intended for use Just once, the "service time" may be re¬ 

duced to a few hours, since it is necessary that this time exceed the 

length of the single flight by only a short period. Therefore TRD’s 

with short time between overhaul may be made simpler and cheaper by 

not using critical materials; or the engines may be used with consid¬ 

erably higher thrust augmentation than would be permitted with TRD's 

with long times between overhauls. 

The durability of an engine is characterized by the total time of 

its service; that is, it is determined by the number of overhauls and 

the period between overhauls specified for it. 

4. BASIC REQUIREMENTS FOR THE DESIGN OF ENGINES AND THEIR REALIZATION 

The following basic requirements exist for the design of aviation 

gas-turbine engines. 

1. The magnitude of the thrust (for TRD'3 or power (for TVD's) 

generated by the engine should correspond to the thrust necessary for 
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meeting the flight-engineering specifications imposed on the aircraft. 

2. The design of the engine should certainly take into account 

the peculiarities of the airframe into which it is to be installed. 

3. The engine should have the lowest possible specific weight and 

the largest possible frontal-area thrust. 

The specific fuel consumption in the range of operational 

modes of the engine should be as small as possible. 

5. The design of the engine should be simple and adaptable to 

production and should require as little use of scarce materials as 

possible. 

6. In operation, the engine should be simple and reliable, have a 

long period between overhauls, not require time-consuming frequent 

routine servicing, and, on overhaul, permit rapid disassembly and re¬ 

assembly without need for complicated fixtures. 

7* The engine should be balanced, and should not cause harmful 

vibration of the engine mounts. 

8. Control of the engine should be simple, with good pickup man¬ 

datory. 

The requirements listed are in many respects mutually contradic¬ 

tor;.. Therefore in laying out and fabricating a specific type of en¬ 

gine, the designer often makes engineering compromises, or tries to 

satisfy the most important requirements, which depend on the service 

required of the aircraft for which the engine is to be built. 

Engines intended for long-range bombers or transport aircraft 

should be economical and reliable, even at the expense of a somewhat 

increased specific weight. For fighters, on the other hand, small 

weight is very important for the engine, whereas the economy plays a 

secondary role. 

Engines Intended for fighters should be built so as to take into 
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account the greater maneuverability of the r*.c*aft, and the conse¬ 

quently high ¿-forces encountered in actual operation. The design of 

engines for aircraft with high supersonic flight speed (My equa] to 

2.O-3.5) should guarantee operation at high temperatures of the air 

entering the engine, and should also support operation in a wide range 

of the temperature variation and dynamic pressure of the air at the 

intake of the motor. 

Engines designed for operation at high altitudes are designed so 

as to take into account the low density and low pressure of the eir. 

In design of engines intended for aircraft with high speeds at low al¬ 

titudes, che high absolute pressures of the air in the air ducts of 

the engine are taken into account, as is the increased aerodynamic 

loading on the elements of the rotor, etc. [2?]. 

If the engine is intended for vertical takeoff aircraft, a spe¬ 

cial importance is attached to reduction of specific weight, the re¬ 

quirement of long-term continuous operation in a vertical position, 

excellent pickup, and absolute reliability, etc. [2?]. 

Small specific weight and large frontal-area thrust are enhanced 

by certain measures, the most important of which is to increase the 

specific thrust Pud, that is, the thrust generated by each kilogram of 

air handled by the engine per second. 

The opecific thrust is increased by reduction of the hydraulic 

losses in the compressor and turbine, that is, by increasing the shaft 

efficiency of the compressor and turbine. The specific thrust depends 

on the effective ratio of the air in the compressor, and for a certain 

optimum value approaches a maximum. In design, therefore, one ordi¬ 

narily attempts to ensure that the compressor has an effective pres¬ 

sure ratio tt£ close tz the optimum. While in 19^5 the value of tt£ va¬ 

ried within the limits 2.8-4.0, most production TRD’s now have tt£ = 



The most important factor increasing Pud and decreasing the 

weight and size of the engine is the temperature T*. Especially impor¬ 

tant is the increase of temperature T* in engines intended for high 

flight speeds and having substantial temperature rise in the air be¬ 

cause of dynamic pressure. The higher the temperature T^, other 

things being equal, the more efficient will the TRD be at higher flight 

speeds. 

A possibility of increasing the temperature T| is offered by the 

use of mere highly refractory materials for fabricating the turbine 

and use of a more effective cooling system. During the time of devel¬ 

opment of the TRD's, the temperature T| has been increased by 200-230° 

(that is, from IOOO-IO3O to 1200-1250° abs). Further achievements in 

the increase of the temperature T* will depend, as before, on the de¬ 

velopment by metallurgists of refractory alloys, and on development 

of more effective cooling methods. Measures to increase the shaft ef¬ 

ficiency of the compressor and turbine, increasing tt* and temperature 

T^, have resulted in the situation that the specific thrust under nor¬ 

mal test-stand conditions has increased from ^0-50 kg sec/kg to 70 

kg sec/kg. 

The heating of gases in the afterburner up to 1600-2000° abs [9; 

2C_ ^ permits, under test-stand conditions, an increase in the specific 

thrust Pud by 30-50^ at the expense of a comparatively small increase 

in weight of the engine. 

A very important parameter of the TRD exerting an influence on 

its weight and size is the specific air consumption Gv ud, which is 

equal to the ratio of the per-second air flow rate 0V to the frontal 

area of the engine F, ^ ; 
lob 

Gv ud ' VPlob [kc of alr/m2-sec]. 
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The larger the specific air flow rate, the 1 -■r the weight and size 

of the engine under otherwise similar conditions. In engines with cen¬ 

trifugal compressors, the frontal area ic dctc itttlI * * c c* ty the size of 

the compressor, the diametric size of which considerably exceeds the 

diameter of the turbine. The first production TRD's with centrifugal 

compressors having a double intake (see Fig. 6V had Gv u(j equal to 

35-40 kg/m -sec. Subsequently, by increasing the air speed over the 

impeller and varying the relationship between its inlet and outlet 

with a simultaneous increase of circumferential speed, brought about 

o 
an Increase in the specific air flow rate up to 60 kg/m -sec, which 

may be considered a practical limit for a TRD with a centrifugal com¬ 

pressor. 

Axial compressors have diameters that ordinarily do not exceed 

those of the combustion chamber and turbine. In view of this circum¬ 

stance, even the first production TRD's with axial compressors had 

p 
0V ud equal to 75-90 kg/m -sec, which exceeded the specific air flow 

rate of a TRD with centrifugal compressor of the same period by a fac¬ 

tor of more than 2. Subsequently, as a consequence of an increase in 

the axial speed of air at the inlet of the compressor, and decrease in 

the diameter of its shaft, the specific al.r flow rate was Increased to 

o 
200 kg/m -sec. 

Foi’ given values of the specific thrust and specific air flow 

rate, small specific weight is ensured by lightening the engine parts. 

Here an important part is played by the experience and skill of the 

designers, high quality of the technology, and high quality of the ma¬ 

terials. 

Excellent balance is accomplished by careful balancing of the ro¬ 

tor of the TRD and taking measures to ensure freedom from distortion 

of the rotor shape during operation. 
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Excellent controllability of the engine, that is, the capability 

of rapid change from one operational regime to another without complex 

manipulations by the pilot, and the ability to hold automatically to a 

preset regime of operation are achieved by means of making sure that 

the characteristics of the compressor and turbine are suitable and by 

installation of an automatic control system on the engine. 

5. BASIC INFORMATION ON THE DESIGN OF GTD [2?] 

Aviation gas-turbine engines are built so as to take into account 

the specified flight and technical requirements dictated by the anti¬ 

cipated application of the engine, and on the basis of a broad anal¬ 

ysis of the current and prospective state of the art in engine devel¬ 

opment. 

The design of the engine begins with a choice of general geometry 

and basic thermal and gasdynamic parameters. Thereafter, calculations 

are carried out for its thermo- and gas-dynamics, and to determine the 

geometric dimensions of the flow passage of the engine: intake section, 

compressor, combustion chamber, turbine, and exhaust section. 

Since the thermo- and gas-dynamic design requires knowledge of 

experimental quantities and the interrelation of the parameters of the 

engine, it is usual during the design of the engine to set up and test 

models of the separate parts: compressor, combustion chamber, and tur¬ 

bine. 

After refinement of the design and the resulting changes in the 

intended shape of the engine, its characteristics are calculated and 

the plans for the engine are sketched out, usually in several varia¬ 

tions for choice of the best design solutions. The preliminary sketch 

is used as a basis for carrying out the strength calculations for the 

engine, after which necessary changes are made in the design. Then de¬ 

tailed consideration is given to the matters of lubrication, cooling, 
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arrangements of auxiliary systems and their dri”í:s, etc. The auxiliary 

systems for the motor being designed are either chosen from amoi\g the 

systems already available or else they are developed specifically for 

the engine. 

After the rough design, a detailed part-by-part design is carried 

through. Prom the working drawings prepared, an initial chock set-up 

of the various parts is first carried through, followed by a check 

set-up of the entire engine. The checked drawings are used to work out 

the technology and the components are fabricated, after which the 

parts and the entire engine are assembled. The lines of the lubricat¬ 

ing and fuel-supply systems are adjusted to the engine model. 

Tuneup tests constitute one of the important and time-consuming 

stages in the development of a new engine. In the process of tuning 

the engine, design changes are introduced with the objective of remov¬ 

ing defects. Whenever necessary, supplementary component tests are 

carried through and their characteristics recorded. Design changes 

must without fail be accompanied by checking of gasdynamic and strength 

calculations. 

Subsequent testing permits ascertaining the operational proper¬ 

ties of the engine, as well as removing defects, working up the in¬ 

structions for operation and preparation of the engine for mass pro¬ 

duction. Accumulation of test data from a large number of applications 

and refinement of design and technology, contribute to increased reli¬ 

ability and lengthening of the time between overhauls of the engine. 

The eventual fate of any engine that is built depends primarily 

on how advanced it is. Therefore in designing an engine, one always 

strives to use the latest possible principles, elements of inventive¬ 

ness and originality, chosen so that the design will reflect all the 

most recent achievements of aviation engine building and so that the 
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engine to be designed will be significantly distinguished by superior 

capabilities from those already In general use. Otherwise there Is no 

adequate Justification for the production of a new engine In quantity 

if it has become obsolete before it reaches the stage of quantity pro¬ 

duction. 

The construction details should as a rule take account of .an the 

available possibilities of technology and metallurgy, so as to ex¬ 

ploit them to the full, but at the same time, they should not be over¬ 

estimated, since this might lead to delay or even complete impracti- 

bllity in actually implementing the design. 

In order to accelerate the completion of an aviation engine, it 

is very important to be able to carry out experimental investigations, 

since the creation of a new engine design involves solving complex 

problems in which theory is not always able to yield the requisite ac¬ 

curacy in prediction. This Justifies the fact that large experimental 

installations are being set up to permit carrying out engine tests and 

tests of their components, not only for normal sea-level conditions, 

but also for high speed and altitude flight conditions. 

Hie history of the development of aviation-engine design shows 

that in the creation of a new engine, along with new and original de¬ 

sign solutions, old and well recognized ones are also used. In occa¬ 

sional cases, engine builders may also turn to old design forms the 

application of which under new conditions appears to be convenient. 

Therefore it is very important for designers to know the history of 

engine design. Such knowledge, furthermore, permits the designer to 

build new engines without duplicating errors made by previous design¬ 

ers. The so-called "intuitive'’ solution of design problems is always 

based to one degree or another on considerations of the historical ex¬ 

perience of engine designers. 
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In the design of engines it is very important to know how to use 

such designs, particularly in those cases when it is required to de¬ 

velop a new engine with thrust greater or less than that of an engine 

already in existence (prototype). Using the theory of similarity, it 

is possible to evaluate the specific parameters of the new design of 

engine, its strength and other parameters quite easily on the basis of 

a given prototype engine. 

In projecting an engine design, the engineer should choose, from 

among all the various possibilities in the design solutions for the 

problem placed before him, the one that is optimum - a choice which is 

not, as a rule, at all obvious. 

The correct solution of the problem placed before the designer is 

always characterized by elegance in the design forms and by reciprocal 

harmony. The finally adopted solution of the design problem is influ¬ 

enced by a number of factors: not only the requirement of minimum 

weight with adequate reliability, but also requirements of simple 

shapes for fabrication, conformity of each section with the others, 

assurance of the possibility of assembly and disassembly of the engine, 

technological simplicity in the fabrication of the parts, etc. All of 

this, will unquestionably depend on the skill of the designer, on his 

experience, his knowledge of production engineering, metallurgy, etc. 

In the design of the engine one must take care that the design 

itself resists improper assembly and damage during the assembly proc¬ 

ess, and at the same time ensure normal operation of the engine even 

by ill-qualified personnel. 

A lightweight and reliable design should have equal strength of 

parts. Ensuring their equality is the main problem to be resolved by 
) 

the designer in the construction of the engine. Inadequate strength of 

any element in the construction under any operational condition of the 
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engine may cause’engine failure, even when it is generally overde¬ 

signed. 

In order to guarantee equal strength of parts of the engine, it 

is necessary first that the designer have a clear conception of the 

way in which the parts of the engine are loaded, the distribution of 
« 

the forces and moments in the various most characteristic steady-state 

and transitional regimes, and second, that the designer be able to 

evaluate, from the loading and strength data of the materials utilized, 

the strength of the engine parts already designed (checking calculation 

for strength), and specify the dimensions of the parts subject to de¬ 

sign (design calculation for strength). 

The determination of the actual static and particularly dynamic 

loading on the elements in the construction of the engine, like the 

determination of the actual stresses. Is a problem that is very diffi¬ 

cult, and often quite insoluble. At this point the designer makes use 

of experimental research and the so-called comparative strength calcu¬ 

lations. 

In comparative design of a newly-designed engine, the stresses 

are determined and then compared with stresses calculated by the same 

methods in the design of elements used in current similar engines which 

have been found satisfactory in actual operation. 

Of great importance for design is the accumulation of statistical 

material on stresses and margins of safety of engines in production. 

In many cases the decisive factor is not the magnitude of the stress, 

but the amount of deformation (for example, of housings, shafts, etc.). 

In this case, a calculation is made for the rigidity of the engine de¬ 

sign. 

Very many units and parts of an engine (housing, standard fasten¬ 

ers, complex castings) are not generally analyzed for strength. Their 
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dimensions are chosen in design on the basis of technological experi¬ 

ence and the operation of similarly built engines. 

) 
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Chapter 1 

AXIAL COMPRESSORS 

1. PRINCIPIES OF OPERATION- BASIC PARAMETERS AND CONSTRUCTIONAL 
GEOMETRY OF AXIAL COMPRESSORS. 

Axial compressors (Fig. 8) are ordinarily of multistage con¬ 

struction. An axial compressor consists of an Inlet section and 

several rows along the axial direction of alternate moving blades 1, 

set on the rotor 3, and fixed (stator) blades 2, fixed to the casing 

4 of the compressor. The combination of one row of rotor (or moving) 

blades and the row of stator (or fixed) blades Immediately following 

la called one compressor stage. 

In an axial compressor, the direction of the air flow Is pri¬ 

marily axial. In the flow passages formed by the rotor blades ex¬ 

ternal mechanical energy supplied from the turbine Is Imparted to the 

air, as a result of which the pressure and velocity of the air are 

Increased. In the stator vane assembly downstream of the rotor 

blades, the kinetic energy of the air Is transformed Into potential 

energy, i.e., by reducing the velocity of the alrstream, the pres¬ 

sure Is Increased. The stator vane assemtly also fixes the proper 

direction of air flow for its entry into the following stage. 

The ratio of pressure at outlet from the stage to the pressure 

at inlet is called the pressure rise ratio of the stage. The pres¬ 

sure rise ratio of a multistage compressor is greater, the greater 
J 

the pressure rise ratio of the individual stages, and the greater 

the number of stages. 

The pressure rise ratio in a stage of an axial compressor depends 
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basically on the áverage circumferential speed of the rotor blades, 

that Is, on the circumferential speed of the blades at midlength. 

The greater this speed, the greater the pressure rise ratio. The 

mean circumferential speed of blades because of considerations of 

strength ordinarily does not exceed 300-450 meters per second. 

The diameter of a compressor stage is determined by the required 
• • 

air flow rate, the air density, and its axial speed. In all the stages 

the axial speed of the air is maintained either constant or it de¬ 

creases slightly in the later stages. Since the density of air at 

entry into the first stage is minimal, it has the largest flow cross 

section, and that cross section decreases in the later stages. The 

flow cross section is limited by its outside and inside diameters. 

Por the purpose of decreasing the outside diameter of the first stage 

for a given flow cross section, the inside diameter is reduced; in 

order to provide room for the blades around the rotor, the inside 

diameter is no less than 0.35-0.4 of the outside diameter. 

In subsequent stages the outside diameter may be retained at the 

same magnitude as that of the first stage (Fig. 9a); the inside 

diameter may also be kept the same (Pig. 9b)# and the mean diameter 

may be retained (Pig. 9c). 

In the first case, the required reduction of the flow cross 

section (by reason of the Increase in density of the air) is ac¬ 

complished by increasing the inside diameter of the flow cross 

section. In this case the mean circumferential speed of the stages 

Increases, and consequently, their pressure rise ratios also increase. 

Along with this advantage, the compressor so constructed exhibits a 

shortcoming which consists in the reduced length of the blades in 

the later stages. The clearance between the blade tips and the casing 

of the compressor is relatively greater when the blades are short, 
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than non they are long. As a result. In a compressor with short 

blades there Is an Increase In the recirculation of air In the 

clearance space, md consequently, a decrease In the pressure rise 

ratio of the compressor. 

Pig. 9. Diagrams of the flow cross-section pro 
profiles, a) With constant outside diameter; 
b) with constant inside diameter; c) with con¬ 
stant mean diameter; d) with variable outside, 
inside, and mean diameters. 

With constant inside or mean diameter (Fig. 9b and c), the 

blades of the later stages are longer than in the preceding case, 

and the recirculation in the clearance space is reduced. The pres¬ 

sure rise ratio of the stage remains constant (with constant mean 

diameter) or is reduced (with constant inside diameter) as a result 

of its dependence on the average circumferential speed. 

In practice It Is possible to use compressors with flow cross- 

sections having a combination of the variations considered here 

(PIS* 9d). 

The axial speed at the inlet to compressors In operational de¬ 

signs exceeds 220-230 m/sec. Speeds higher than this do not lead to 

substantial decrease in the flow cross section, since the density of 

the air at the compressor inlet thereby is reduced substantially. 

In compressors having the indicated maximum values of axial and 
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circumferential speeds, the air enters the Interblade passages of 

the first stage with high ir atlve rc cd, which Is the geometrical 

sum of the axial and circumferential speed (Fig. 10). In this case, 

the relative velocity may be larger than sonic velocity, and special 

profiling (shaping) of blade and Interblade passage is required. 
« 

Stages designed for operation at supersonic relative air velocities 
• ^ 

are called supersonic stages. In some compressor designs, all or 

several of the first stages may be supersonic. 

POS DBMtHUt 1 

Fig. 10. Profile of the rotor blades of 
a subsonic stage. PQO„) Aerodynamic 

ci“ r 
force; P03) axial component; Polcr) cir¬ 

cumferential component; U) circumferen¬ 
tial speed; C) axial speed; W) relative 

cL 

speed; b) chord; c) thickness of profile; 
t) pitch of blades; l) Rarefaction; 2) 

The profiles of rotor blades intended for subsonic and supersonic 

stages are shown in Figs. 10 and 11. 

The axial compressors now In service have pressure rise ratios 

within the limits 10-12, and their specific air flow rates range from 

100 to 200 kg/in2 sec [3]. 

Axial compressors with large values of pressu^e rise ratios, 

and especially those composed of stages having large pressure rise 
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ratios, have a relatively narrow range of stable (surge-free) oper¬ 

ation, and low efficiency values under nonrated conditions. Unstable 

(surge) operating regimes arise by reason of deterioration of the 

flow around the rotor blades and the breaking away of the flow upon 

change in the air flow rate relative to the designed (rated) condition. 

The surging regime is characterized by oscillations of pressure, pul¬ 

sations of flow, and by vibration shaking of the compressor and the 

engine as a whole. 

In order to broaden the range of 

stable operation and increase the 

efficiency of operation under non¬ 

rated conditions, two-speed axial 

compressors are used (Pig. 12). In a 

two-speed compressor, two rotors are 

placed in tandem -the low- and high- 

pressure rotors -independently driven 

by separate turbines. 

The advantages of the two-spool 

compressor are as follows. When the 

compressor is separated into two parts, 

each of them has a relatively low rated pressure rise ratio, and con¬ 

sequently, a reduced tendency to surge. At the same time, under non¬ 

rated conditions, because of the peculiarities of the distribution 

of the pressure differences between the turbines and the loading 

of the compressors, changes in rotational shaft speed result; here 

the departure from the design condition of flow across the blading 

of both compressors is reduced to a minimum. 

In single-rotor axial compressors, in order to expand the range 

of stable operation, special antisurging devices are often used, 

Fig. 11. Profile of the 
rotor blades of a super¬ 
sonic stage. 



Fig. 12. Diagram of a two-spool axial compressor, 
l) Low-pressure rotor; 2) high-pressure rotor. 

1. e., rotating guide vanes, and bleed off valves. 

At high pressure rise ratios, the heating of the air from the 

compression process in an axial compressor amounts to 250-300° C. 

Since in flight at high supersonic speeds heating of the air also 

occurs as it is decelerated in the entrance section, the temperature 

of the air at the exit from the axial compressor may amount to 500°C 

and above (for Mach numbers of 2.5 to 3). 

2. SECTIONS OF AXIAL COMPRESSORS 

The inlet section serves to introduce air into the compressor 

at a definite [controlled] speed and to convert the dynamic pressure 

of the approaching air into static pressure. The losses in the inlet 

section should be minimal. For this purpose the inlet section is so 

shaped that the compression of the air by dynamic pressure will take 

place entirely, or for the most part, ahead of the engine; the air 

must then flow through a converging duct to even out the flow, and 

to guide the air into the compressor rotor. 

The inlet section of an engine intended for supersonic flight 

speeds (Fig. 13) has a special shape. The cone of the entrance sec¬ 

tion is designed for generating a system of oblique shocks, tennin- 
•» 

ated by a normal shock. Such a means of transition from supersonic 
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to subsonic speed reduces losses to a mínimum 

Fig. IS. Diagram 
of the Inlet sec¬ 
tion of aii engine 
Intended for 
flight at super¬ 
sonic speeds. 

In the conversion of the dynamic pressure head 

Into static pressure. For varying flight speeds. 

It is necessary to regulate the Inlet section, 

shifting the cone, or changing the flow cross- 

section. This circumstance complicates the 

design of the Inlet section. 

For subsonic or transonic flight speeds 

an Inlet section of constant shape Is used, similar to that shown In 

Fig. 8. ‘ 

The Inlet section Is formed by an outer shaped shell 6 (In Its 

absence, the skin or covering of the compartment In the aircraft con¬ 

taining the engine), an Inner fairing 7# and channels In the casing 8 

of the front bearing. On the Inside, the walls of the Inlet section 

are subject to a pressure greater than the ambient. Radial and axial 

forces are transmitted as they aride.In the front bearing through 
• 

special struts and In a turboprop engine, these struts also transmit 

the forces due to the thrust of the propeller and the torque of the 

reduction gear. 

To protect the compressor blades from harmful solid particles 

or chunks of Ice, the Inlet section Is sometimes fitted with protec¬ 

tive screens 2 (Fig. 14). Such screens cause additional resistance 

In the engine Inlet, and decrease thrust and economy. In some design 

versions, screens are used that are automatically retracted after 

takeoff. 

At air temperatures within limits of ^ 5° C, and humidity of more 

than 2 g/m^, the Inlet section Ices up. For prevention of Icing, an 

antl-lclng liquid Is sprayed Into the Inlet section,^or the parts 

are heated to a temperature of +20 tòC+40° C. Figure lA shows an 
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r
aintl-Icing system In which the liquid Is fed Into the Inlet section 

by a rotating spray Injector 1.

Fig. 14. Inlet section with protec­

tive screen. 1) Injector of antl- 
Iclng system; 2) protective screen.

L

The heating of the protective screen, nose fairings, struts In 

the Inlet section, and the blading of the gulde-vane assembly Is 

accomplished by use of an electric current, warm air, or gas.

For electric heating, wire spirals are put Inside the elements 

that are to be heated, and current Is passed through the spiral from 

a special generator. The protective screen may be made up directly 

of conducting spirals. With this method of heating, the expenditure 

of a large amount of electrical energy Is required.

In the second method of heating, hot air from the compressor, 

or hot gas from the exhaust system. Is ejected through the hollow 

parts of the Inlet-section components. In the schematic diagram 

(Pig. 15) of the warm-air heating system the method of supply and 

removal, as well as the path of the heated air. Is shown. The aunount 

of air Introduced Is regulated by use of a calibrated orifice 7. The 

heating system Is connected upon the opening of the gate valve 8.
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Fig. 15. Diagram of inlet-section heating. 
1) Nose fairing; 2) aperture for outflow of 
heating air; 3) island fairing; 4, 5, and 7) 
calibrated orifices; 6) rotating guide vane; 
8) gate valve. 

If the air flow rate is not large, the heating system may be arranged 

to operate at all times, never being disconnected. 

Heating by use of hot gas is applied relatively infrequently, 

- 45 - 



because the parts flushed by the hot gas are subject to corrosion. 

Por fabrication of Inlet-section parts operating at alr-temper- 

ature range of 150-200° C at the compressor Inlet, aluminum alloys 

are used; for lower temperatures, magnesium alloys are used. For 

much higher temperatures, heat-resistant aluminum alloys are used; 

welded parts are ordinarily made of steel. 

3. DESIGN OF ROTOR BLADES 

A rotor blade has a shaped part (the fin) 1 (Fig. 16), and the 

keying part (the shank) 2. 

The fins of the blade In subsonic stages have profiles similar 

to the profiles of propellers or aircraft wings, whereas the profiles 

of blades for supersonic stages are wedge-shaped. This latter cir¬ 

cumstance is explained by the fact that when a supersonic stream 

flows over the leading edge of a wedge-shaped blade, compression 

shocks of low intensity are formed, and the losses upon transition to 

subsonic speed In the channel between the blades will be less than 

on the blunt leading edge of the ordinary profiles, characterized by 

very intense compression shocks. 

Th- nwfile thickness of rotor blades amounts ordinarily to 2.5- 

8jC of the chord length. Thinner profiles, having smaller drag, are 

not used because of the difficulty of fabrication and Insufficient 

etrenth. 

In conformity with the various conditions of flow Incidence at 

various radii of the rotor blades, their profiles are set at different 

angles In relation to the axial direction of the airflow. As a con¬ 

sequence, the fin of a blade has a twist (see Fig. l6a). 

The key has the function of transmitting for e from the blade 

to the rotor, locating It precisely, and Is designed to Insure easy 

assembly of the rotor, or replacement of blades In case of damage. 

- 46 - 



Pig. 16. Rotor blades, a) With trapezoidal 
key slot; b) with pine- or fir-tree key slot; 
c) with toothed key slot; d) with triangular 
ridges; e) with doweled key slot; 1) Fin or 
scoop; 2) root; 3) transitional part of the 
blade. 

Keys of blades are differentiated into trapezoidal, ("dovetailM), 

fir tree, toothed, and doweled types. 

The trapezoidal key (see Fig. l6,a) has the shape of a symmetri¬ 

cal trapezium. Forces are transmitted through the side walls to the 

disk from the shank of the blade. The root of the blade is set into 

a slot with zero clearance. The keys are kept from displacement along 

the groove by locks, for which purpose screws, axial and radial dowels, 

plate locks and slotted rings are used (Fig. 17). 

In case of attachment by a screw 1 (Fig. 17,a) the hole beneath 
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Fig. I?. Methods of attachment of blades to disks, a) 
Attachment by a screw; b) attachment by an axial • 
dowel; c) attachment by a radial dowel and plate lock; 
d) attachment by a plate lock with an enlargement; e) 
attachment by a wire lock; f) simultaneous attachment 
of all blades by a slotted spring ring; l) screw; 2) 
axial dowel; 3) horn of plate lock; 4) radial dowel; 
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the screw is drilled and threaded from the front face of the rim so 

5) plate lock; 6) wire lock; 7) slotted collar; 8) 
wire ring lock; 9) opening for introduction of remo¬ 
vable pin; 10) radial dowel; X) cross-section along 
AA. 

that part of the screw enters the body of the key, and part, the body 

of the disk. After the screw is screwed in it is punched. This method 

of attachment makes disassembly of the attachment difficult, and is 

possible only if the material of disk and blade exhibit the same 

hardness. 

An analogous method of making the attachment is by use of an 

axial dowel 2 (Fig. 17,b). The hole, after setting in the pin, is 

caulked. 

In the design shown in Fig. 17>c, the blade is secured on one 

side by a radial dowel 4, and on the other, by bending over a horn 

on the plate lock 3* 

Attachment of the blada by use of the plate lock 5, which has an 

enlargement in the face of the groove, is shown in Fig. 17,d, and a 

version of the same principle of attachment by a wire lock 6, in Fig. 

Another method of attachment Is the simultaneous attachment of 

all the blades to the disk by means of a notched spring ring 7 

(Fig. 17,f), the Junction of which is secured by the lock 8. For 

removal of the ring, holes 9 are drilled into the rim of the disk, 

and removable pins are Introduced here. 

The fir-tree key (see Fig. l6,b) is used relatively rarely in 

compressors; it is analogous in design to the fir-tree key used in 

turbines. 

I The toothed keys with triangular ridges (see Fig. l6,c) are 

used in drum rotors with annular grooves in view of the ease of 
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4 

fabricating the teeth in the grooves of the dr m by use of a shaper 

tool. H 

The doweled keys (see Fig. l6,d and e) are used in disk rotors. 

One or several annular grooves are made in the disk, and the lugs of 

the blade key are positioned in these grooves. These lugs are 

Joined to the disk by axial dowels pressed into holes, drilled and 

reamed together for this purpose, in the disk and the keying part of 

the blade. The dowels absorb forces transmitted from the blades, and 

work in shear. In order to increase the surface in shear, keys with 

several dowels and grooves are used. The dowels are held fast axially 

by being expanded at the side surface of the disk, or by being 

punched. Such a method of locking makes disassembly difficult. 

Blades of stages operating at air temperatures below 210 C are 

made of aluminium alloys. For higher temperatures, steel is used. 

Blades are made by milling, forging, and stamping. The least , 4 

economical method is milling of blade from bar. In this case, when 

forging is used, some allowance is made for the final machining to 

give the blade its final shape. The most up-to-date method is forging 

with subsequent coining - pressing the forging in a special pre¬ 

cision die. After machining or coining, the fins of the steel blades 

are ground, while aluminium blades are only polished. 

The trapezoidal blade keys are fabricated by milling, whereas 

fir-tree type keys are broached. 

4. FORCES ACTING ON BLADES. STRESSES IN BLADES 

The contoured part of the blade is subject to aerodynamic and 

centrifugal forces. 

Aerodynamic forces on a blade arise from the flow of air across 

it, as a result of the pressure difference between the concave side 0 

(with a trough shape) and the convex side (on the back) of the profile 
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(see Fig. 10). The resultant of the aerodynamic forces, which we shall 

refer to, in brief, as the aerodynamic force P on the blade (Fig. 

l8,a), is applied approximately at the midpoint of the blade and it 

is directed toward the back of the blade, at some angle with respect 

to the axial direction of motion of the air. The aerodynamic force 
« 

may be resolved into two components, i.e., the axial component P 
.08 

and the circumferential component Pokr, directed, respectively, along 

the axis of the rotor and perpendicular to it. 

The aerodynamic force causes a bending of the blade. Under this 

circumstance. Just as in the bending of a flat plate (Fig. l8,b), 

some of the fibers are under compression, some under tension, and 

some neutral (the length being unchanged). The maximum compression 

and tensile stresses exist in the fibers furthest from the neutral 

fibers. In the rotor blade, the compressive streses occur on the 

back of the blade and the tensile stresses on the concave side. 

In each cross section of the blade (Fig. l8,c) the most heavily 

loaded fibers are on the vertex of the back and near the leading and 

trailing edges, since those furthest from the neutral line in the 

cross section are drawn through the neutral fiber. Especially heavily 

loaded is the root section of the blade, located near the key, since 

for the root section the arm of the aerodynamic forces is the great¬ 

est and, consequently, the bending moment has its maximum value. 

The magnitude of the aerodynamic force, and the stresses there¬ 

from, depend on the air flow rate through the engine. The air flow 

rate through the engine depends on the rotor rpm, and also on the 

speed and altitude of flight. At maximum flight speed at sea level, 

under conditions of minimum air temperature, the air flow rate is a 

maximum. Under these conditions, the stress due to bending reaches 

maximum values of 2000-P500 kg/cm2. With minimum air flow rates in 
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Fig. 18. Illustrations bearing on blade bend¬ 
ing because of aerodynamic force, a) Diagram 
of action of aerodynamic force; b) diagram of 
bending of a flat plate; c) stresses acting 
on the blade cross section; Paer) aerodynamic 

forcej Pokr and VQQ) circumferential and axial 

components of aerodynamic force, respectively; 
l) Flow direction; 2) direction of rotation; 
3) rotational axis; 4) fiber under tension; 5) 
neutral fiber; 6) fiber under compression; 7) 
tension; 8) neuti’al line of cross section; 9) 
compression. 

the case of flight at the altitude ceiling and at minimum speed the 

bending stresses amount to 200-300 kg/cm . 

The action of centrifugal forces reduces to the following. 

Turning the compressor rotor produces centrifugal forces In the con¬ 

toured part of the blade, the magnitude of which depends on the mass 

of the blade, the radius at which its center of gravity is located, 

and the rotor rpm (Pig. 19)* When these parameters are increased in 

magnitude, the centrifugal forces are increased. 
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Due to the action of centrifugal forces, the uppermost parts 

of a blade at each section exert tensile stress which lor a constant 

blade cross section would naturally increase from the periphery 

toward the root of the blade where their values reach a maximum 

(Pig. 19,b )'. 

Pig. 19* Loading of blade by centrifu- ' 
gal force, a) Loading diagram of blades 
of constant and varying cross section 
in elevation; b) variation of stress be¬ 
cause of centrifugal force along the ra¬ 
dius; Pts ahdiP^s ) centrifugal forces 

of blades with constant and variable 
cross section, respectively; R, and 

S u 

Rtst' radli oi’ the centers of mass of 

blades with constant and variable cross 
section; a) tensile stress 

From a comparison of a blade of constant cross-sectional area 

along its length with a blade of decreasing area toward the per¬ 

iphery (Fig. 19>a) it is evident that the latter has less mass, and 

its center of gravity is located at a smaller radius. As a result, 

the centrifugal force of such a blade is also less than that of a 

blade with a constant cross-sectional area, as is indicated in the 

dashed curve of Fig. 19,b. This circumstance is an explanation for 

the fact that rotor blades ordinarily have cross-sectional areas that 

decrease toward the periphery. This decrease is achieved in practice 
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by profiles thinner near the tips than at thr rjots of the blades, 

and sometimes also by decrease In blade chord. 

Centrifugal forces on the contoured part of the blades of the 

first stages may amount to several tens of tons. As a consequence. 

It Is especially necessary to Insure that the rotor is balanced, and 

therefore It Is necessary for the centrifugal forces on the blades 

In any one stage to be as closely the same as possible. For tais 

reason blades are matched to within tolerances of 5-6 grams. 

Tensile stresses due to centrifugal 

forces at the most highly loaded cross sec- 
p 

tlons reach IOOO-I5OC kg/cm in blades made 

of aluminium alloys, and 3000-3500 kg/cm2 

in those made of steel. 

Tensile stresses due to centrifugal 

and aerodynamic forces are additive, and 

therefore cracks may develop at the lead¬ 

ing and trailing edges of the blade, if the 

total stresses should exceed the permissible 

design strength of the material. In order to 

decrease the stresses in the blade, com¬ 

pensation is anplied so that the bending 

due to aerodynamic forces is countered by bending due to centrifugal 

forces. 

For this purpose the center of gravity of the contoured part is 

located at some radius r which does not coincide with the radius R 

through the center of gravity of the root section (Fig. 20). Thus 

the centrifugal component of the forces induces a bdnding of the 
I 

blade at the arms a, b, and ç. The arms are selected in such a fashion 

that the moments due to the centrifugal forces arc equal and opposite 
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to the moments due to the axial and circumferential components of 

the aerodynamic force. With this type of arrangement, bending forces 

do not develop at the root section of the blade. 

Because of the dependence of the bending moment of the aero¬ 

dynamic forces on the flight regime, complete compensation can be 
« 

realized only for a particular flight regime; for any change In 
• • 

regime, the compensation Is upset. 

5. BLADE VIBRATIONS 

The rotor blades of a compressor, are subject to periodically 

changing forces, arising from nonuniformities in the flow of air 

through the cross section of the air-flow passage of the engine. 

The action of these forces leads to the generation of forced vibra¬ 

tions of the blades, which under resonance conditions may become 

dangerous and cause rupture of the blades because of metal fatigue. 

In addition to forced vibrations, sometimes self-excited vi¬ 

bration of the blades arise during engine operation such as, for 

example, vibrations of the bending-torsional type, or destructive 

flutter, which may set in even in case of uniform airflow. 

fatigue cracks in rotor blades of an axial compressor arise 

most frequently at the root section, and less frequently in the 

middle and outer parts of the blade (Fig. 21). Fatigue cracks and 

„upture caused by harmful vibrations are also generated in the guide- 

and stator-vane assemblies. 

Blade vibrations may be bending, twisting, and bending-twisting 

(complex). 

Let us consider vibrations of a compressor rotor blade rigidly 

attached to the rim of the disk. If the blade is displaced from Its 

position of equilibrium and then released, because of the action of 

the elastic forces of the material, the blade will begin to 
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toward the position of equllib1 luiii. The speed the 

blade increases. At the equilibrium position, the 

vibrating blade has its maximum speed, and the elas¬ 

tic forces of the material are equal to zero. After 

reaching the equilibrium position, the blade is 

displaced partly by inertia, whereupon the forces of 

elasticity increase, and the speed decreases. After 

a short time, the blade comes to rest for an in¬ 

stant, and then under the action of the elastic force, 

it begins to move in the opposite direction. 

If, in the vibration about the equilibrium 

position, no external forces act, the vibrations are 

called free or natural vibrations. 

Vibrations of a blade which take place under the continuous 

action of a periodically changing external exciting force are called 

forced vibrations. 

The vibrations of a blade are characterized by two basic mag¬ 

nitudes, i.e., amplitude and frequency. The amplitude of an oscllla- 

tion is the largest displacement of a given point on the blade from 

its position of equilibrium. The frequency of the oscillation is the 

number of complete blade oscillations that take place per unit time. 

Ordinarily the frequency of an oscillation is denoted by the letter 

f, and is measured in cycles per second. If the blade describes 

forced vibrations, the frequency of the exciting force is defined as 

the number of complete changes of that force per second. In forced 

vibrations of a blade, the frequency of such vibration is equal to 

the frequency of the exciting force. 

Blade vibrations are also characterized by the relative oscll- 

cation of 
fatigue 
cracks in a 
compressor 
blade, a) 
Cracks. 

lation amplitudes of its different parts, called the vibration mode. 
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The mode, frequency, and amplitude of the free vibrations of a 

blade are fixed by the conditions of blade distortion from equili¬ 

brium, by the geometrical characteristics of the blade, and by the 

elastic properties of its material. In the free vibrations of a 

blade, each point describes a motion composed in general of a sum 
A 

of simple sinusoidal (harmonic) vibrations. The modes corresponding 

to these harmonic vibrations are called normal modes. The blades of 

a compressor have an Infinite number of normal modes of vibration, 

but practical interest is limited to those modes which have a connec¬ 

tion with failures caused by harmful resonance vibrations in the 

operational range of engine speed. Ordinarily such modes are the 

low-frequency first and second bending modes, the first torsional 

mode, and certain high-frequency complex modes of vibration. 

In free vibrations of the blade in one of the normal modes, 

all of the points vibrate with the same frequency, but with different 

amplitudes. In such case, certain points of the blade, for example, 

at the root section, remain motionless. These points are called nodal 

points, or nodes of the vibration. The geometrical loci of the 

points (nodes) remaining motionless in a given vibration mode are 

called nodal lines. 

Vibrations of a blade characterized by one nodal line, are 

ca.'led single nodal modes (or vibrations of the first mode); when 

there are two nodal lines, it Is a two-node mode (vibration of the 

second mode) and so forth. 

Figure 22, a, b and c show the three first modes of the free 

bending vibrations of a rotor blade. In the first bending mode (see 

Fig. 22,a) all the sections of the blade vibrate, i.e., move back 

and forth together. The nodal line of the vibration Is located in 

this case imnedlately at the fixed end of the blade. In oscilla- 
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tions of a blade In the second, third, and hlrier oendlng modes 

(Pig. 22,b and c) the motion of parts of the blade lying on different 

sides of the nodal lines takes place in opposite directions. The 

frequency of the second mode of the free bending vibration of a 

rotor blade is ordinarily 3-5 times that of the first mode, and 

the third mode has a frequency higher than that of the first, by 

a factor of 8-10. 

In these examples of the bending vibrations of blades, all the 

lateral cross-sections of the blade move in planes parallel to each 

other without distortion (deformation) of the shape of the sections. 

However, there are also forms of blade bending vibrations in which 

the lateral cross sections are bent (see Fig. 22,d). In such vi¬ 

brations the blade describes so-called plate bending vibrations. 

The frequency of such a free plate vibration mode is ordinarily 

substantially higher in the case of a blade than the frequency of 

the first bending mode a factor of 12-18). 

Figure 23 shows the two lowest modes of free torsional blade 

vibration (the first and second) in which the blade cross sections 

oscillate about their equilibrium position. In the first torsional 

mode (see Fig. 23,a) all the blade cross sections rotate simultan¬ 

eously in the same direction. The nodal line of the vibration is 

in this case situated along the blade, approximately in the middle. 

In blade vibrations of the second (Fig. 23,b) and higher torsional 

modes the cross-sections in neighboring parts of the blade rotate 

in opposite directions. 

In addition to the pure bending or torsional vibrations, com¬ 

pressor blades may exhibit complex bending-torsional vibrations. 

The location of the nodal lines for one of the complex-vibration 

modes of a rotor blade is shown.in Fig. 24. 
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Flç. 22. Modes of blade bending 
vibration, a) First; b) second; 
and c) third bar modes; d) plate 
mode. 1) Nodal lines. 

The frequency of the fr^e blade vibrations at elevated temper¬ 

ature Is decreased because of the decrease in the modulus of elas¬ 

ticity of the material. The Influence of temperature on the fre¬ 

quency of the free vibrations Is noted principally on those blades 

of the later stages of an axial compressor that are fabricated of 

aluminium alloys. The influence of temperature on steel blades la 

negligible. 
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The frequency of free oscillations of blar1. turning with the 

disk is increased upon increase in the rotational speed of the disk, 

because not only the forces of elasticity, but also the centrifugal 

forces tend to return an oscillating blade to the position of equili¬ 

brium, as shown in Fig. 25« 

Fig. 23. Modes of torsion¬ 
al blade vibration, a) 
First; and b) second. 

plex bending- 
torsional vi¬ 
bration of a 
blade, l) no¬ 
dal lines. 

An increase In the frequency of 

the first vibration bending mode of 

rotor blades of axial compressors, due 

to rotation, may be very rcnsiderable 

(for nominal rotational speeds the 

frequencies are Increased by factors 

of 1.5-2). 

In an axial compressor, nonuni¬ 

formity of airflow, i.e., nonunifor¬ 

mity of the pressure field and in 

speed of airflow along the circumfer¬ 

ence of the air flow passages in the 

engine, are caused by the parts loca¬ 

ted in the path of the airflow (ribs 

and casing struts, the blades of the 

stator vane assembly, etc.), as well 

as by pronounced distortion of the flow 

because of the release of air from 

antisurge fittings, or by the removal 

of the air used in cooling the hot 

parts of the engine. Nonuniformity of 

flow may be caused by the airflow break¬ 

ing away from rotor or stator vane as¬ 

sembly when angles of attack are critical 
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or nearly so. In this case, the stall [breakaway] zone ordinarily 

rotates with the rotor. Disrupted airflow may lead to strong fluctu 

atIons In pressure In all parts of the engine flow passages, and to 

surging which, in turn, may serve as a source of harmful forced blade 

vibrations. 
« 

With forced vibrations on a rotating blade, 

there is a periodic force which acts, varying 

along the circumference of the airflow passage 

of the engine according to the changes In the 

pressure and velocity fields. If In a single revo¬ 

lution of the rotor the pressure field of the 

airflow changes K times, for example, due to K 

parts Interrupting the airflow, the frequency 

of the exciting force fvozb wUl be equal to 

the product of the rotational speed nsej(;0^ 

rotor In revolutions per second, and the num¬ 

ber K: 

fwo»9 — KR»ou' 

Fig. 25. Diagram 
of the restoring 
action of cen¬ 
trifugal forces 
on a blade at¬ 
tached to a ro¬ 
tating disk. 1 ) 
Centrifugal for¬ 
ces on the blade; 
2) disk. 

Kn KQÂeOcHuû (l6) 
60 etK * 

where n Is the engine rotor rpm. 

The frequency of the forced oscillations of the blade, equal to 

the frequency of the exciting force, increases with increase in the 

rotational speed of the engine, and at tome rpm, may become equal to 

one of the frequencies of the free vibrations of the blades. At this 

point resonance vibrations set in, and these may lead to rupture of 

some blades because of the substantial Increase In the amplitude of 

blade vibration and their stresses. 

Blades set in the same compressor rotor always exhibit some dlf 

ference In geometrical dimension (for example, a difference In the 
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thickness of the profile) within the limits of the technological 

tolerances placed on their fabrication. Therefore it is possible to 

encounter a significant (up to 15$) scatter in frequency In the same 

inodes of free vibrations. Because of this frequency scatter, reso¬ 

nance blade vibrations do not set in at a rigorously determined rota¬ 

tional speed, but in certain regions of the operational range of 

speeds, which are referred to as resonance regjmor of engine operation. 

Vibrational stresses arising In a blade in any particular vi¬ 

brational mode arc proportional to the amplitude of the vibration. 

The amplitudes of resonance vibrations, in turn, are functions of the 

magnitudes of the exciting forces and of the damping of the vibra¬ 

tions. Even when there are strong disturbances in the airflow, the 

resonance vibrations of a blade may be harmless, if their damping is 

sufficiently large. Resonance vibrations that are harmful to the in¬ 

tegrity of the blading are called critical. Critical resonance vibra¬ 

tions should not be encountered in the range of operational engine 

speeds, but should lie at least 15-20# above or below the operational 

engine regimes. 

Damping of vibrations in rotor blades takes place in the material 

of the blades themselves and of the attachment parts (mechanical 

damping) and in the airflow (aerodynamic damping). 

Damping of vibrations in the material of trie blade takes place 

by reason of the dissipation of energy in overcoming intramolecular 

forces in blade deformation, and damping in the attachment parts takes 

place by dissipation of energy in overcoming the force of friction 

in the key when the elements of the blade attachment to the disk rub 

against each other. 

Aerodynamic damping is due to change in the angle of attack and 

relative speed of flow over the vibrating blades. When the blade 



moves toward the back edge oi' the profile (Fig. 26,b) the angle of 

attack and the relative speed of flow are decreased, and the aero¬ 

dynamic force on the profile is reduced by minus AP. In the motion 

of the blade in the reverse direction (Fig. 26,c) the angle of attack 

and relative speed of flow increase, and the aerodynamic force in¬ 

creases by plus AP. Because of the change in relative flow speed and 

primarily because of the change in the angle of attack on the blade, 

in its vibration a variable force arises to act on the blade in the 

plane of its vibration and in a direction opposed to its motion. 

The greater the amplitude of the blade vibration, the greater the 

change In the angle of attack. Therefore on long and flexible blades, 

the aerodynamic damping is usually greater than on short and stiff 

ones. For this same reason, aerodynamic damping predominates in blade 

vibrations in the first bending mode, where the amplitude of the 

blade is relatively large. At rated and maximum rotational speeds of 

the engine, the aerodynamic damping exceeds the mechanical damping 

(by a factor of 10-15). The maximum vibrational stresses In a blade 

ordinarily occur in those sections of the blade, excluding the tip, 

where the amplitudes of the vibration are the greatest, i.e., at the 

locations of the loops between the nodes. As an example. Fig. 27 

shows three first bending mode vibrations of a blade, and the cor¬ 

re spending distribution (curve) of the magnitude of vibration bending 

stresses along the blade. As Is apparent from the figure, the maxi¬ 

mum bending stress in vibrations of the blade in the first bending 

mode, arise at the root section. Fatigue failure of the blades takes 

place, as a rule, on the side of the thin exit edge of the fin. For 

thin blades of an axial compressor, there are risks also of high 

frequency modes of vibration. In which the maximum stresses arise 

mainly In the upper part of the blade fin. 
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The magnitude of permissible variable stresses in blades depends 

on the locations of resonance vibra' ions with respect to the ro¬ 

tational speeds of the engine, on the duration of operation of the 

engine at such regimes, and on the magnitude of the tensile stresses 

in the blade due to centrifugal force. If the vibrational stresses 
% 

in the blades of the engine exceed the permissible limit, necessary 

changes in design are made, when the engine is improved, for moving 

harmful resonances from the operational range of speeds, or for 

decreasing the vibration amplitudes of the blades. Displacement of 

the harmful resonance rpm from the limits of the operational engine 

regime is effected either by change in the frequncy of the free blade 

vibrations, or by change in the frequency of the exciting forces that 

are of magnitude such as to cause harmful resonance vibrations. 

The frequency of the free vibrations of a blade may be changed 

by appropriate alteration in the dimensions and configurations of the 

blade; the frequency of the exciting forces are changed by alteration 

in the configuration of the air passages. For this purpose, it is 

ordinarily considred desirable to reduce dlstrubances in the airflow 

to a minimum for example, by change in the number or position of parts 

projecting into the flow, and also by Increasing the axial clearance 

between the blades of the rotor and the stator vane assembly. The 

amplitudes of resonance vibrations in blades very often turn out 

to be reduced by Increasing the mechanical or aerodynamic damping. 

For example, friction can often be increased in the keying attachment 

by means of which the blade is mounted on the disk by a convenient 

choice of type of key or of clearance. The margin of fatigue strength 

of the blades nay be increased by decreasing the stress concentration, 

for example by providing a more gradual transition from the fin to 

the shank of the blade, as well as by use of stronger materials or 
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by Improving their heat treatment. 

6. COMPRESSOR ROTORS 

In addition to the rotor blaaers on the compressor rotor, there 

are also other parts turning with the rotor, which are designed to 

hold the rotor blades last and to transmit to them the power from 

the turbine, required for air compression. The blades are attached 

to a drum 2 (Pig. 28) or to a disk 2 (Fig. 29 and 3^). 

Rotors in which the blades are set on a drum are called rotors 

of the drum type. The drum 2 (Fig. 28) has end walls 1 and 3* ^nd 

Journals 6, turning on bearings. 

Disks of a rotor may be set on a common shaft 1 (Fig. 29), turn¬ 

ing on bearings, or they may be connected with one another by annular 

sections 4 and 5 (Fig. 30) turning on bearings on a divided shaft, 

attached to the outermost disks of the rotor. In the first case, the 

rotor Is of disk construction, and in the second, it is a mixed 

(drum-disk) design, since it includes both disk and annular parts, 

making up a structure similar to a drum. 

Basic loads acting on the elements of a rotor Include the cen¬ 

trifugal forces of the rotor mass and the blade masses, the weight 

of the rotor itself, the forces of inertia due to the maneuvers of 

the aircraft, twisting (torsional) and bending moments, and axial 

forces. A diagram of the loading of the compressor rotor is shown in 

Fig. 31. 

The forces of intrinsic weight and of inertia, due to aircraft 

maneuvers, act in a plane passing through the axis of the engine, 

and cause bending of the rotor. Bending moments are taken up in the 

shaft of disk rotors, and in the rotors of the drum and mixed-con¬ 

struction types, by the drum and ring parts, respectively. 

Since the resultant force due to intrinsic weight is applied at 

- 66 - 





I 

F
i
g
.
 
28

. 
D
r
u
m
-
t
y
p
e
 
r
o
t
o
r
.
 

1 
a
n
d
 
3)
 
E
n
d
 
w
a
l
l
e
 
o
f
 
t
h
e
 
r
o
t
o
r
;
 
2)
 
d
r
u
m
;
 
4)
 
b
i
s
c
u
i
t
s
 

[
s
u
k
h
a
r
i
]
;
 
5 

a
n
d
 
9)
 
s
t
u
d
s
;
 
6)
 
l
o
u
r
n
e
l
s
;
 
7)
 
b
l
a
d
e
s
;
 
8)
 
d
o
w
e
l
;
 
1
0
)
 
b
l
a
d
e
 
s
h
a
n
k
,
 
a
)
 

V
i
e
w
 
a
l
o
n
g
 
a
r
r
o
w
 
E
;
 
b
)
 
v
i
e
w
 
a
l
o
n
g
 
a
r
r
o
w
 
A;
 
c)
 
c
r
o
s
s
 
s
e
c
t
i
o
n
 
t
h
r
o
u
g
h
 
a
-
a
.
 



Fig. 29. Disk-type rotor. 1) Shaft; 2) disk; 3) 
pressed-on sleeve; dowel; 5) conic collars. 

the center of rotor gravity, the bending moment reaches its maxi¬ 

mum value near the center of the span between the leanings. The 
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Fig. 30* Drum-disk (mixed) rotor design. 
1 and 6) Shaped flanges; 2) disk; 3) end 
grooves; and 5) annular sections; 7) 
tie bolt. 

bending moment Is decreased with shortening of the span between 

J bearings. For this purpose, for example, In a rotor of the drum type 
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(see Fig. 28) the first and last stages of ttr .^mpressor are dis 

placed over the end-braced parts of the drum. 

Fig. 31. Loading diagram of the comoressor rotor. 
PtBi) Centrifugal blade forces; Po^) axial forces 

on the rotor blades; p. ) air pressure in the flow 

passage; Pvn) air pressure Inside the rotor; pp) 

air pressure on the front end wall; pz) air pres¬ 

sure on the back end wall; G) gravity force; Pj) 

force of Inertia; Mturb) turbine moment. 

The resistance to deformation In bending, that is, tne bend¬ 

ing rigidity of a part, Is proportInal to Its diameter and the wall 

thickness. Therefore such rigidity In a rotor of disk construction 

(Figs. 29 and 32), ordinarily with an outside shaft diameter within 

the limits 0.1-0.3 of the disk diameter, is always less than the 

rigidity in bending of the rotors of drum design, and Is also less 

than In the rotors of mixed construction with annular parts spread 

toward the periphery of the disks. It should be kept in mind, in this 

connection, that the increase In bending rigidity of annular parts 

distributed In this manner Is accompanied by an Increase in the 

weight of the rotor. In the rotor of mixed construction shown In 
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Fig* 32. Slotted joints, a) Elements of 
the disk rotor; b) profile of the Invo¬ 
lute slots; c) profilés of trapezoidal 
slots; 1) Central collars of the disks; 
2 and 3) evolvent (Involute) slots; 4) 
space; 5) trapezoidal slots. A) Cross 
section through a-a. 

Pig. 30, the diameters of the annular parts are a maximum at the 

location of the maximum bending moment, and diminish at the bear¬ 

ings. Because of this, adequate rigidity of the rotor is attained as 

well as some advantage in lower weight as compared with a rotor 

having a uniform diameter for its annular sections (Fig. 33). 

The components of the aerodynamic blade forces.P . (see Fig. 

18) in each stage create a torsional moment about the rotor ajcis, 

opposing the direction of rotation. This moment of resistance is 

overcome by a torque transmitted to the compressor from the turbine 

(see Fig. 31). The torque of the turbine acts in the direction of 

compressor-rotor rotation and is transmitted through its parts to 
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the rotor blades. The largest torques are transmitted to the com¬ 

pressor-rotor parts directly connected to the turbine shaft. Since 

In each compressor stage a part of the moment is transmitted through 

the rotor blades to the air, the moment transmitted by the working 

parts of the rotor decrease In the direction from the last stage of 

the compressor toward the first. 

In the transmission of torques to elements connecting the parts, 

circumferential forces are generated. The magnitude of a circumfer¬ 

ential force is proportional to the moment transmitted, and inversely 

proportional to the number of connecting elements and their distance 

from the rotational axis. 

In the rotor of drum construction (see Fig. 23) the torque from 

the rear Journal 6 through the "biscuits” 4 and dowels 8, working in 

shear. Is transmitted to the rear end wall 3* and from it to the drum 

by the frictional forces over the annular surfaces arising from the 

tightening down of the butt Joint by the studs 9* The shoulders of 

the "biscuits" transmit the pressure from the bolts on the studs 5 

to hold the Journal to the back-end wall. The side surfaces of the 

"biscuits" can be slid along the channels of the collar of the Journal, 

to provide free radial deformation of the back wall and flange, which 

are made of various materials and exhibit various thermal coefficients 

of expansion. 

In a rotor of the disk type (see Fig. 29) the torque of shaft 1, 

with a conical collar 5, is transmitted by the frictional force of 

the pressed-on sleeve 3 against the conical inner surface, and from 

the sleeve to the disk through the radial dowels 4 working in shear. 

The pressing of an intermediate sleeve onto the shaft, instead 

of pressing a disk directly onto the shaft, is a procedure used for 

the following reasons. In operation, when heated, and under the action 
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FiC« 33* Dnun-dlFk rotor with transmission 
of torque throuch sleeves. 1) Axial dowels 
(sleeves); 2) tie bolt; 3) spacing rings. 

of centrifugal forces, the deformation in expansion of the disk Is 

0 greater than that of the shaft. Therefore, in an operating engine In 
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a b 

Fi£* 3^* Centering of disks bv radial dcv/els. a) 
Four dowels; b) two dowels; 1) Disk; 2) sleeve; 
3) shaft. 

which the disk was pressed directly onto the shaft, there would be 

a decrease in the force holding the two parts together, causing a 

decrease in the frictional force, as a result of which the turning 

forces due to friction might be insufficient to transmit the torque. 

The sleeve 3 is stressed to an insignificant degree b> the centrifu¬ 

gal forces of its own mass; in the operational condition the tight¬ 

ness on the shaft is practically unchanged. The torque from the 

sleeve to the disk is transmitted by radial dowels regardless of 

the fact that there may be a clearance between the sleeve and the disk 

(Fig. 3^*a)* The presence of radial dowels, if there are three or 

more of them, insure centering of the disk relative to the axis of 

rotation, whereas in the absence of dowels, or if there are only two 

of them (Fig. 3^if there be a clearance, the disk might be lo¬ 

cated eccentrically with respect to the rotational axis. 

The action of frictional force due to the press fit permits 

the transmission of torque within the limit on tightness set by the 

strength of the sleeve. 
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A substantia] amount of torque can be transmitted by the sides 

* of the evolutes (see Fig. 32,a and b), the rectangular, and the 

trapezoidal (Fig. 32,c) slots or cogs. 

The centering collars 1 of the disks (Fig. 32,a) which are lo¬ 

cated on the shaft by pressing, promote the maintenance of the cen¬ 

tering of the disks under operational conditions. If trapezoidal slots 

5 are used with stress on the side radial surfaces, then under oper¬ 

ational conditions with thermal deformations of the disk and defor¬ 

mations caused by the action of centrifugal forces, the angular di¬ 

mensions of the slots in the disk do not change. In this case the 

central position is maintained. Just as in the case of the radial 

dowels, which may be thought of as analogous to the side walls of 

the trapezoidal slots. 

In rotors of mixed construction, the torque from disk to disk 

can be transmitted by action of frictional forces, by the radial slots 

on the ends, by tight-fitting [template] bolts, by radial or axial 

dowels (sleeves) and through weld seams. 

The origin of frictional forces on the end surfaces of the 

annular parts 2 and 3 (Fig* 33) is the tension of a central tie 

bolt 4. The tie bolt should be tightened enough so that the action 

of the bending moments in the longitudinal plane on the side of the 

fibers in tension should maintain pressure sufficient for torque 

transmission by frictional forces. Consequently there should always 

be some margin in the tightness of the bolt in comparison with that 

force Just sufficient for transmission only of the torque, without 

taking Into account the possible bending of the rotor. 

The tension forces of the bolt will remain unchanged if the 

thermal deformation of the rotor and the bolt are the same, that is, 

if the heating or cooling (in comparison with the thermal conditions 
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of the assembly) of the rotor and bolt, respe * .'.vely, shorten or 

lengthen the same amount. In practice under operational conditions 

of the engine the thermal deformation of the bolt and the rotor are 

not the same. 

Often all of the rotor, or at least part of It, is fabricated 

of aluminium alloy, and the bolt Is made of steel. As a consequence 

of the difference In the coefficient of linear expansion of the rotor 

and bolt material, and their temperature, the lengthening of the 

bolt under operational conditions may be more or less than the ex¬ 

tension of the rotor, and consequently, the force of tension may 

change 1» comparison with the force set in during assembly. 

For example, when the engine Is shut down In flight by burner 

blowout, the rotor Is cooled faster than the tie bolt from which 

the heat flows only very slowly, so that In this case bolt tension 

is decreased In comparison with the tension set in during assembly. 

Taking the above into account. It Is necessary during assembly to 

provide for a margin of tension force for compensation of any possible 

weakening. 

In the operational regime it Is also possible for the tension 

to Increase. This always occurs immediately on starting the engine.. 

The rotor, upon starting, is heated considerably faster than the 

tie bolt, and therefore expands more than the latter. But the tie 

bolt prevents the free expansion of the rotor. Therefore, the dif¬ 

ference In the thermal deformations of the rotor and the bolt are 

compensated by two simultaneous effects: some compression of the 

rotor, and some extension of the bolt. The resistance of the rotor 

to compression is several times larger than the resistance of the 

bolt to tension, because the cross-sectional area of the annular 

parts Is larger than the cross section of the bolt. 

. 
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Consequently, the bolt, pri- 

.«* i 

.1¾ i' 

3b* Di’um disk rotor with 
torque transmission by fric¬ 
tional forces. 1 and 5) Sprl- 

marlly. Is stretched, which may 

lead to its failure. The tension 

In the bolt may be decreased if 

some spring member is inserted be¬ 

tween it and the rotor, for example, 

springs 1 and 5 (see Fig. 35)* 

whose stiffness is less than the 

stiffness of the rotor. 

In transmission of torque 

through the sides of the radial 

triangular end slots 3 (8ee Fig* 30) 

the central tie bolt 7 Is used for 

the creation of compression pre¬ 

venting separation of the Junction 

upon bending of the rotor and the 

development of clearance in the 

grooves. Therefore, in such designs, 

relatively less tension force is 

required than when the torque is 

transmitted by friction. 

In case of unequal radial de¬ 

formation of attached parts, their 

centering is retained, since the 

radial grooves in this connection 

are similar to radial dowels. 

As spring elastic elements. 
Sirs; 2 and 3) annular parts; 
P) tie bolt. 

■shaped flanges 1 and 6 are used. The stiffness of these flanges is 

jess than the stiffness of the bolt, and part of the difference in 
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the thermal expansion of the rotor and bolt Is jàipensated by bending 

the central part of the flanges In the direction of the rotor. 

Fig. 36. Attachment of disks by template 
bolts and welding, a) Attachment by tem¬ 
plate bolts; b) welded rotor. 1) Bolt; 2) 
weld seam. 

In construction of the rotor shown In Fig. 36,a, holes are dril¬ 

led and reamed In the flanges and the annular parts together, and they 

are held tightly by bolts 1. Bolts set in such an arrangement are called 

tight-fitting or template bolts. Template bolts under the influence of 

torques from the shaft, act in shear, and under the action of bend¬ 

ing moments, they act in tension. Little compression of the flanges 

by the template bolts is required, since even in the case of separa¬ 

tion of the Joint upon bending of the rotor, transmission of torque 

is still possible. Attachment by use of template bolts makes assembly 

and disassembly of the rotor easier. The relative position of parts 

joined by use of template bolts does not change during operation of 

the engine, so that no auxiliary equipment is necessary for centering. 

The axial sleeves 1 (see Fig. 33) are analogous to the template 

bolts, working in shear. The disks are held together by bolts 2, 

passing through the holes in the sleeves. Separating rings 3 are 

located between the disk rims. The outer surface of a ring forms the 

inner wall of the air passage of the compressor, between disks. 
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The radial dowels 10 (see Fig. 17,c) act in shear when the rotor 

is subject to rotational or bending moments. The dowels are placed 

tightly in holes, drilled and reamed together, on the rims of the disks 

and in the annular parts, in grooves under the blade keys. Upon being 

thrown outward under the action of centrifugal forces the dowels are 

retained by the blade keys. A disadvantage of attachment by radial 

dowels is complexity in assembly and disassembly of the rotor. 

Welded one-piece rotors of mixed construction (Fig. 36,b) may 

be resorted to in those cases in which the parts of the rotor are 

fabricated of steel, and the annular parts are located at the periphery 

of the disks, where less strength is required of the weld seam for 

transmission of torques and bending moments. 

Fabrication of drums and disks, is done by machining of forge 

blanks. The circular grooves under the keys of the blades are 

drilled. The grooves under the fir-tree keys are shaped by broaching. 

Longitudinal grooves of trapezoidal shape are made by the same method 

or by slotting. 

For dicks and drums at air temperatures in the flow passages 

below 130-200° C aluminum forgings made of heat-resistant alloys are 

1 , 
used. Steel is used for fabrication of disks of the first stages 

loaded with large blade centrifugal forces, and for disks of the later 

! stages, operating at air temperatures above 200-250° C. 

?. STRESSES IN DRUMS AND DISKS 

Drums and disks are loaded primarily by centrifugal forces due 

to the intrinsic macs, and the nass of the blades. Figure 37 shows 

elements of the drum with blades set in circumferential and longi¬ 

tudinal grooves. Under the action of the centrifugal forces of the 

Intrinsic macs and the mass of the blades, the drum, like a ring, 

tends to rupture at points where tensile stresses are generated. 
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Since the longitudinally placed grooven arc c~ -cut in the drum, 

such a drum is without quention weaker than one with circumferen¬ 

tial grooves. Therefore in designs of compressors, rotors of the drum 

type are generally used with circumferential grooves. 

Stresses in the dru’i are greater, the greater the centrifugal 

forces of the blades, and the greater the circumferential speed oí 

the drum. Even in the absence of blades, i.e., when loaded by 

centrifugal forces of the intrinsic mass alone, the maximum circum¬ 

ferential speed permitted by the strength "'imitation of the drum 

material amounts to less than 200-250 m/sec, which is insufficient 

for modern compressors. 

Disk rotors have greater strength than drum rotors. This can 

Let us Imagine a disk con¬ 

sisting of separate unconnected 

rings, all turning with the same 

angular speed (Fig. 38,a). As the 

outer ring we- take the rim 1 of the 

disk, that is, its thickened part, 

In which the keys of tne blades are 

set. In this case the rim is like 

a drum, loaded by the centrifugal 

forces of the blades and the in¬ 

trinsic mass, and having sufficient 

strength for some limiting cir¬ 

cumferential speed. Each of the rings 2, 3* etc., taken separately, 

also may be considered as similar to a drum, loaded only with the 

centrifugal force acting on its intrinsic mass. The rings lying nearest 

the center have less circumferential speed, and their loading is less 
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be shown in the following manner. 

Pig. 37. Elements of a drum. 
a) With longitudinal grooves; 
b) with a transverse groove 
(dashed line shows the mini¬ 
mum cross section of the drum). 



I 

Fig. 38. On the problem of the loading of 
disks, a) So]id disk; b) disk with central 
hole; c) stresses acting in a flat rota¬ 
ting disk without blades; d) stresses act¬ 
ing in a flat rotating nonunifonaly heated 
disk without blades (solid lines show 
stresses in a disk without a hole, and the 
aanhed lines show the disk with a hole). A) 
Hub with collar; R2) external radius of the 

disks; r) radius of hold; 0^) circmtifer- 
ential stresses; or) radial stresses; 1> 2» 
3 5, and 6) rings. Z)for;X) compression; . 
Y) tension. 

than that at the periphery. Therefore they have a margin of strength 

end may assume an additional radial load, for example, transmitted 

frum the rings of larger diameter. 
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At the rim and at that part of the disk In.' ted next to It, elven 

a circumferential speed greater than that permissible for the strength 

of a drum with the same loading. In a real disk the loading of the 

elements lying nearer the center would be increased by a radial load¬ 

ing due to the parts near the periphery, and the disk would not fall. 

Therefore it follows that in addition to the circumferential tensile 

stresses In a disk, tensile stresses also exist in the radial direc¬ 

tion (Fig. 38,d). 

A disk with a central hole under conditions otherwise the same, 

will be weaker than a disk that is continuous (Fig. 38, b and c). 

For compensation of the weakening of the disk due to the presence of 

the central hole, in such disks there is ordinarily a thickened hub 

A around the hole. 

The disk nay be heated nonunifomly in the radial direction. 

Near the rim of the disk, the temperature is always higher than in 

the center, because the rim is heated by the air flow in the flow 

section; over the remaining surfaces of the disk, some loss of heat 

may take place to the relatively cool air which flushes it, or to 

the parts of the rotor that are heated less strongly for example, 

the shaft or the annular parts of the rotor. 

The nonunlform heating of the disk leads to the situation where 

Its peripheral parts tend to expand more than those lying closer to 

the center; this is readily represented by the model of the disk 

separated into rings. As a result of this, in the circumferential 

direction at large radii, compression stresses may develop (Fig. 

38,(1), since the connection of these parts of the disk with the 

central parts impedes their free expansion. On the other hand, in 

the central part of the disk, under the influence of the expansion 

of the peripheral part of the disk, circumferential tensile stresses 
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exist. In the radial direction, nonuniform heating leads to the appear 

. anee of tensile stresses. 

In disks without holes, the maximum stresses in the center may 

amount to ¿J50O-6OOO kg/cm for steel disks and to I50O-25OO kg/cm2 

for aluminium disks. Steel disks with holes have stresses in the 
0 

limits 6OOO-70OO kg/cm , and aluminium disks of the same type, 150O- 

2 ' • 

3OOO kg/cm . 

8. VIBRATIONS OF DISKS 

Varying forces acting on the blades from the airflow are trans¬ 

mitted to the disk and induce forced vibrations. Forced vibrations 

of disks may also be caused by bending vibrations of the compressor 

rotor. In both cases, the frequency of the forced vibrations of the 

disks is a multiple of the engine rpm. Whenever the frequency of the 

forced vibration of any disk coincides with one of the frequencies 

of free oscillation, resonance vibrations set in, and these often 

serve as a source of fatigue failure in the disks. 

The modes of free vibration of disks are quite diverse. From 

them all, it is possible to distinguish the following especially 

characteristic modes: 

a) vibrations about one or several nodal diameters (Fig. 39); 

b) vibrations about one or several nodal circumferences (Fig. 

c) simultaneous vibrations about both diametral and circumfer¬ 

ential nodal lines (Fig. 4l). This mode of vibration consists of a 

combination of the first two. 

Vibrations about nodal circumferences are excited by variable 

axial forces, and In gas-turbine engines are encountered very rarely. 

Kost commonly observed are the vibrations about nodal diameters, and 

combined vibrations. 
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39* Kodes of vi-: 
bration of a disk hav¬ 
ing a central hub, 
about nodal diameters, 
a) With one nodal diam¬ 
eter; b) with two nodal 
diameters. 1) Nodal 
diameter; 2) nodal dia¬ 
meters. 

Fig. ^0. Modes of vi¬ 
bration of a disk fixed 
at the rim, about nodal 
circumferences, a) With 
one nodal circumference; 
b) with two nodal cir¬ 
cumferences. 1) Nodal 
circumference; 2) nodal 
circumferences. 

Vibrations of a rotating disk are different from those of a 

stationary disk In that vibrations of a rotating disk have nodal 

diameters and loop diameters which are not motionless with respect 

to the disk, but rotate in this or that direction. This shifting 

of the deformation wave with respect to the disk gives us the term 

running waves. If the nodal diameters are turning relative to the 

disk at a rate equal to the rotational speed of the disk, but in 

the opposite direction, then the nodal diameter would be motionless 

In space. Conditions exciting such vibrations of the disk are forces 

of nonuniform airflow of which the velocity and pressure field are 

motionless. Resonance vibrations of disks In such a case are most 

harmful, since theje- are induced not at random, but by steady 
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disturbances, for example distur¬ 

bances due to parts projecting Into 

the airflow. 

9. COMPRESSOR HOUSINGS. STATOR- AND 
GUIDE-VANE ASSEMBLIES 

The compressor casing serves for 

» 

support of the stator vane assembly 

and guide-vane assembly (or files), 

and Is one of the basic members In 

the stress system of the engine. The 

oxpifMKOCtTni . Viro60ù duoMtmp 

Fig. m. Vibrations of a 
disk fixed at the rim, 
about nodal circumferences 
and nodal diameters, a) 
With one circumference 
and one diameter; b) with 
one oircumference and two 
diameters; c) with two cir- 
cumferinees and one diam¬ 
eter. 1) Nodal circumfer¬ 
ence; 2) nodal diameter; 
3) nodal diameters; 4) 
nodal circumferences. 

engine mounts on the aircraft, are 

located outside the casing as are 

the engine auxiliary systems, the 

fuel, lubrication, air and other 

conduits, as well as electrical wir¬ 

ing and other equipment. 

The compressor-casing loading 

diagram, showing forces and moments, 

is presented in Fig. 42. 

Aerodynamic forces are exerted 

on the blades of the stator vane 

assembly and guide-vane assembly (or 

flies) as Is the case with rotor 

blades. The axial components of the 

aerodynamic forces are transmitted 

to the compressor casing, loading it in the axial direction. The 

circumferential components load the casing with torques. 

Axial forces and torques from other parts of the stress system 

attached to the engine are also transmitted to the compressor casing. 
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Through the points at which the engine Is mount» on the aircraft, 

located on the compressor casing the resultant of all the axial 

forces acting on the parts of the force system Is transmitted, and 

this resultant Is equal to the thrust of the engine. 

The compressor casing Is subject to bending moments from the 

forces of Intrinsic weight, and from radial forces transmitted to the 

casing from the rotor bearings. 

Because of the difference in air pressure between the engine 

flow passage and the atmosphere, the compressor casing is subject to 

forces normal to Its surface. 

The primary requirement imposed on the casing is adequate bend¬ 

ing and torsional stiffness, with small weight. 

Cast or welded casings are used; these may be split, or unsplit 

(Fig. 43). 

Unsplit casings are used in combination with split compressor 

rotors; fabrication of the unsplit casing introduces difficulties 

of a technological nature.. 

Split casings are ordinarily spilt in one plane or in two mu¬ 

tually perpendicular planes. The presence of two planes of separ¬ 

ation simplifies both the assembly and the fabrication of a cast 

large-diameter casing. The wall thickness of a cast casing Is 6-10 mm, 

and the wall thickness of the rear part of the casing should be 

greater than that of the front, since larger pressure increments and 

bending moments act on the rear section. Because of the difference 

in temperature between the air at the front and the back parts of 

the casing, they may be built of different materials; for example, 

the front part may oe made from magnesium alloy, and the rear from 

heat-resistant aluminum alloy. Magnesium alloys are used at air 

temperatures below 100-150° C in the airflow passage, and heat- 
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resistant aluminum alloys at temperatures below 200-250° C. At higher 

temperatures, steel casings are used.. 

Fig. *12. Loading diagram of a compressor 
casing. G) Force of gravity; Pj ) force of 
inertia; P^) axial forces transmitted to 

the casing from attached parts; M^) moments 
originating in the blades of the stator vane 
assembly; PQl) axial blade forces in the 
stator vane assembly; pn) pressure of the 

outside air; ) pressure of air in the 
flow passage of the casing. 

Steel welded casings are technologically simpler to produce 

than cast ones. The welded casing may be made of sheet materials 

without subsequent machining (Fig. *ï3>b). For the purpose of im¬ 

parting great stiffness to a casing, rings with a T-profile are welded 

to it on the Inside. 

The radial dimensions of the inner surface of the casing (Fig. 

44) are chosen to maintain suitable clearance between the blade tips 

and the casing under all conditions of operation. In casing designs 

the clearance amounts to 0.2-0.7^ of the radius of the casing, 

when the rotor is at l'est. The relatively large clearance is ex¬ 

plained by its reduction in operation because of the difference In 

radial deformation of the casing and rotor parts. The dimensions of 

- 8? - 



the casing change because of heating and the of air pressure, 

whereas the dimensions of the rotor change because of heating and 

centrifugal force. The resultant effect of these deformations may 

lead, under certain operational conditions of the engine, to a 

decrease in clearance by a factor of about two. 

Pig* ^3» Compressor casings, a) Cast unsplit casing; 
b) welded split casing. 1) Along arrow A. 

The remainder of the radial clearance is provided to prevent 

contact of blades with the casing as a result of random or unpre¬ 

dictable radial deformations. These deformations may arise from 
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bending of the rotor and casing, buckling of the casing, residual 

extension of the blades, etc. 

The presence of larger clearance than nec¬ 

essary impairs the operation of the engine. For 

the purpose of decreasing the clearance, soft 
% 

coatings 12 (Fig. 45,e) are sometimes applied on 

the inner surface of the casing. With this ar¬ 

rangement, when the compressor is in operation, 

if there is contact between the blade tips and 

the casing, the soft coating wears away and there¬ 

by generates its own required clearance. A draw¬ 

back of coatings is their low strength at high 

air temperatures. They have, therefore, limited 

application in the higher compressor stages. 

The blades of the guide- and stator-vane 

assemblies are shaped much like the rotor blades. 

Stator vane assembly and guide-vane assembly (or flies) may have 

fixed and moving blades. 

The fixed blades may be fixed either directly to the casing, or 

to a peripheral shroud ring which is fixed in turn to the casing. 

For direct attachment to the casing, the blade has a keying 

part. When the key is trapezoidal (see Fig. 45,a) or T-shaped (see 

Fig. 45,b), cet into a circumferential slot in the rim, radial and 

axial attachment of the blades is accomplished by the walls of the 

slot. In the circumferential direction the keys of all, or of 

several blades of a row, are fixed relative to the casing by radial 

dowels or braces, and the key parts are in direct contact with each 

other. They also use a key with flange 5 and Journal 4 (Fig. 45,e). 

The flange is placed in a circumferential slot and tightened down 
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Fig. 44. On the 
problem of fix¬ 
ing the clear¬ 
ance between 
blade and cas¬ 
ing. R, ) Radius 
of theKcasing; 
R, ) radius of 

the blade tips; 
A) radial clear¬ 
ance. 



Fig. 45. Attachment of the blades and shrouds of 
the stator vane assembly, a) Trapezoidal key; b) 
T-shaped key; c and d) fixing of the blades In¬ 
side shrouds; e) blade with Journal and flange; 
f) diagram of attachment of the band to the cas¬ 
ing by a dowel; g) diagram of shroud attachment 
to the casing by screw. 1 ''nd 2) Half-rings; 3) 
Journal; 4) threaded Journal; 5) flanges; 6) 
spring ring; 7) dowels; 8) casing; 9) screw; 
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10) washer; 11) boss; 12) soft coating; 13 and 1^) 
shroud rings, z) Cross-section along AA. 

to the casing by a nut screwed to the threaded part of the Journal. 

This latter form of key does not require reinforcement of the casing, 

since the thickness of the flange Is relatively, small. 

The inner end of the blade may be either free (Fig. 45,a and b), 

or braced to an inner shroud (Fig. 45,c). In the first case, the 

blades are referred to as cantilevered. With cantilevered blades it 

is possible for the air to flow in a circumferential direction from 

the interblade channels through the clearance between the tips of 

the blade of the stator-vane assembly and the rotor surface, forming 

a flow passage. Cantilevered blades have little bending slffness, 

and are subject to vibration. For increase of bending stiffness and 

vibration resistance, and also to reduce bleedoff inside the casing, 

an inner shroud is mounted inside the casing. 

As a rule, blades attached to the casing through external shrouds 

have inner shrouds as well. In case of different thermal deformation 

of parts of the stator vane assembly freedom of movement is provided 

for the blades in one of the shrouds. Thus, for example, in the 

design shown in Fig. 45,e, the cylindrical Journal j of the blade 

can move in sockets within the shroud formed by two half-rings 1 

and 2, held together by end-screws. Likewise, free deformation is 

provided for blades mounted in slots In the inner shroud (Fig. 45,c) 

when the blade is firmly fixed In the outer shroud. 

When the construction material of the blade shrouds and the 

casing are the same, or when their thermal deformations are the same, 

it Is possible to fix the blade tightly in both shrouds (Fig. 45,d). 

The outer shrouds are Joined to the casing for transmission of 

axial forces and torques. Radial dowels 7 (Fig. 45,f) provde simul- 
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Fig. 46. Stator vane assembly 
of the last compressor stage. 
1) Comoressor casing; 2) Jour¬ 
nal; 3; outer casing of the 

combustion chamber; 4) inner 
casing of the combustion cham¬ 
ber; 5) lug. x) Section through 
A. A. 

Fig. 47. Blade of ro¬ 
tating guide-vane as¬ 
sembly. 1) Driving 
lever; 2) gear; 3) 
toothed sector. 

taneous axial and circumferential location of the outer shroud 

(such a method is used for large thicknesses of the casing and 

shroud). In order to prevent their falling out, the spring ring 6 

holds the dowels. A thin-walled shroud with the blades welded to it 

may be fixed to the casing 8 (Fig. 4^,g) by several bosses 11 welded 

to the shroud. Between the boss and the head of the screw 9 a cali¬ 

brated washer 10 is set to prevent possible deformation of the 

shroud 8 when the screw is tightened. 

The stator vane assembly may be unshrouded or shrouded. Shrouded 

stator vane assemblies are ordinarily used in connection with unsplit 

casings. In such case, the rotor of the compressor must be of split 



design, for example, with a tie bolt and end slots or in combina¬ 

tion with template bolts. When the rotor is not split, a split 

casing and shroud rings for the stator vane assembly are used. 

Blades of the stator vane assembly of the last compressor stage 

of some engines (Fig. 46) are used for transmission of force from 
« 

the inner casing 4 to the outer casing 3 of the combustion chamber 

and thence to the compressor casing 1 for which are provided firm 

attachment of the blades to the casing, for example, by use of 

Journals 2 and lugs $. 

Rotating blades of stator vane assembly and guide-vane assembly 

(or flies) are equipped with a provision for simultaneously turning 

all the blades through a given angle. For this purpose, the blades 

have pivot journals on the inner and outer ends projecting through 

bearings (Fig. 47). 

In the design indicated, the pivot Journal of the inner end of 

the blade has a toothed sector 3 (Fig. 47). The toothed sectors of 

al] the blades are connected through gear 2, and the outer pivot 

journal of one blade (the guiding blade) has a lever 1; when this 

blade is turned, it causes all the blades to turn. 

Turing the blades to a given angle for a desired operational 

condition of the engine may be accomplished by an automatic regulator 

connected with the lever 1. 

10. EQUIPMENT FOR BLEEDING AIR FROM THE COMPRESSOR 

In high-pressure compressors operating at rotational speeds 

below the design speed, there is a possibility of an unstable regime 

(surging). This is explained as follows. The cross-sectional area of 

the compressor is selected from among the conditions of operation, 

in the rated regime. Upon decrease in the rotational speed, changes 

are produced not only in the air flow rate, but also in its density 
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due to ch~r y, in the pressure 

rise ratio. Thus in the first 

stage, for example, the change 

in air density is small, where¬ 

as in the last stage, it is con¬ 

siderable, because it is pro¬ 

portional to tvc change in the 

pressure rise ratio. As a con¬ 

sequence, the flow cross section 

of the first stages are seen 

to be larger, and that of the 

later stages smaller, than would 

be required in confoimity with 

the change in air flow rate and 

density. As a result, the design 

[rated] conditions for flow 

around the compressor blades no 

longer exist (Fig. 48). In particular, in the first stages an in¬ 

crease in the angle of attack is produced, and the flow separates 

from the blades, initiating surging. In the later stages, on the other 

hand, the angle of attack is reduced, and the pressure rise and effi¬ 

ciency of the compressor are sharply reduced. 

Besides the method indicated above for eliminating the un¬ 

stable regimes of operation when the number of revolutions is de¬ 

creased, namely , by rotating the blades of the stator vane assembly 

and guide-vane assembly (or flies) to an angle corresponding to the 

design flow conditions, a simpler method as far as structural details 

are concerned is also used, i.e., the bleeding of air from the com¬ 

pressor. 
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Fig. 48. Flow around the blades 
of compressor stages under unr¬ 
ated conditions, a) First stages; 
b) last stages (dashed line in¬ 
dicates the flow direction in the 
design [rated] regime), l) Blade 
of rotor. 
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For this purpose, apertures are put in t^e compressor casing in 

one or several rows, and these are closed by r bleed band or valves 

(Pig. 49); at low rotational speeds, these orifices are opened. 

Bleedoff of air causes an increase in the axial speed in stages 

located upstream of the bleed point, and a decrease in the axial 

speed in the dornstream stages. In this fashion the operation of 

the blades in all the stages of the compressor is maintained at 

angles of attack close to those at the design point. 

Control of the aperture closure (by bleed band or valves) Is 

automatic. When bleeding is carried out from several stages by suc¬ 

cessive closing of apertures, it is possible to regulate the quan¬ 

tity of air handled in conformity with the operational regimes of the 

compressor. 

11. AIR SEALING. RELIEF OF THE COMPRESSOR ROTOR FROM AXIAL FORCES 

Parts that move with respect to each other, have clearances 

which may separate cavities at different air pressures; If so, it is 

necessary to install air seals. With respect to the method of con¬ 

struction, seals are classified as contact seals or noncontact seals. 

Noncontact seals may be slit or labyrinth seals. 

A contact seal (Fig. 50,a) consists of a ring holder 3, a bushing 2, 

and split spring rings 1, located in grooves in the ring holder. The 

ring holder is set into the moving part in such fashion that the 

centrifugal force on the rings presses them toward the bushing. The 

rings are lapped to the bushing, and there is practically no space 

between them, which accomplishes the separation of the cavities on 

either side of the seal. 

Contact seals are used in cases where the rotational speeds do 

not exceed 100-120 m/sec; mostly they are used for separating cavi¬ 

ties, in one of which oil is present. If the pressure in this case 

- 96 - 



is greater in the cavity with oil than in the one with air, the seal 

* prevents leakage of oil; conversely, when the pressure is greater in 

the air cavity, leakage of air into the oil cavity is prevented. 

Noncontact seals are used without any limitation on the relative 

rotational speeds of the surfaces between which sealing occurs. 

A slit seal (Fig. 50,b) is designed on the principle of creating 

a very narrow slit 4 between sealing surfaces. In this case no com¬ 

plete isolation of the separated cavities is accomplished, and some 

flow occurs between them, at a rate that is proportional to the 

pressure between them, and also proportional to the slit flow cross 

section. Slit seals are used, as a rule, for separating cavities in 

which the pressure difference between them is small, for example, in 

stator vane assemblies of the low pressure stages of the compressor. 

Labyrinth seals are used when large differences in pressure 

exist between the sealed cavities. Examples of the use of labyrinth 

seals are shown In Fig. 45,c and 46. 

A labyrinth seal (Fig. 50,c and d) consists of a series of 

crests 5, separated by chambers 6. Between the crests and the bushing 

narrow ring-shaped slits are formed. The labyrinth seal, therefore, 

like tne slit seal, does not provide complete isolation of the separ¬ 

ated cavities. However, in a labyrinth seal, the leakage Is less 

than through a slit seal, a result that is accomplished by the re¬ 

peated throttling of the air flowing through channels with sharply 

changing flow cross section. The more crests present in the seal, 

the smaller the leakage and the larger the chambers. 

In a number of designs, the bushings of the labyrinths have soft 

coalings. In that case, the clearance between the crests and the 

bushing can be Ices. 

Labyrinth seals are extensively used in equipment for relieving 
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Pig. 50. Air seals, a) Contact; b) slit; c 
and d) labyrinth, 1) Split spring ring; 2) 
bushing; 3) ring holder; 4) annular slit; 
5) crests; 6) chambers. 

the rotor from the action of axial forces. 

The compressor rotor is subject to axial forces acting on the 
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Pig. 51. For relief of the compressor rotor from 
axial forces. 1, 3, 4, and 5) Labyrinth seals; 2) 
discharge. A, B, and C) Cavities. Pyj^) Pressure 

of the entering air; pn) atmospheric pressure; 

pp) pressure of the air on the forward wall; pz) 

pressure of the air on the rear wall; p. ) pres¬ 
sure behind the compressor. K 

rotor blades and to air pressure on the front wall (see Pig. 31), as 

a result of which a total axial force exists in a direction opposite 

to the airflow direction. Ordinarily the rotors of the compressor 

and turbine are connected so that their axial forces, oppositely di¬ 

rected, tend to counterbalance each other. 

Since the axial force on the turbine rotor is not equal to the 

axial force on the compressor rotor, there remains a resultant axial 

force which may turn out to be greater than the maximum permitted 

for the thrust bearing. In such cases, the compressor rotor can be 

relieved from the axial forces. For this purpose, it is possible, 

for example, to isolate by labyrinth seals 1 and 5, the forward end 

cavity A (Pig. 51) and the rear end cavity B from the airflow part 

of the compressor and set up such pressures in those cavities as may 
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decrease the axial force acting on the elements of the parts subject 

to the air flowing through the device. It is clear that one must have 

a pressure in the forward cavity that is greater than that in the rear 

cavity. Air pressure is supplied to the forward cavity from the com¬ 

pressor or from some intermediate stage. The rear cavity Is con- 

nected to the atmosphere through a discharge 2, In which the cross 

section of the discharge is chosen so that the pressure in the cavity 

B, fed by leakage of air from the compressor through the labyrinth 

seal 1, and relieved by flow through the discharge, will be above 

atmospheric pressure by 0.6 to 0.9 kg/cm^. This is necessary In order 

to prevent oil from flowing into the cavity B from the cavity C. 

l 

« 
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Chapter 2 
a» 

CENTRIFUGAL COMPRESSORS 

PRINCIPLES OF OPERATION AND BASIC PARAMETERS OF 
COMPRESSOR 

Centrifugal cor i-essors In current use have single inlet (Fig. 52) 

or double inlet (K 53) impellers. Hie basic parts of a centrifugal 

compressor are: inlet section 2; inpeller 7; housing 3; diffuser 5; 

and outlet connection 9« 

Air from the entrance section enters channels formed by the im¬ 

peller vanes. When the inçeller turns, the air between the vanes is 

whirled and thrown outward toward the periphery by centrifugal force. 

The resulting vacuum at the entrance to the impeller draws air from 

the Inlet section. 

The vanes of the impeller, turned by the turbine, transmit energy 

to the air that flows in. In this manner the pressure and speed of 

the air flowing into the impeller channels are increased. 

From the impeller, the air flows first into the diffuser slot 6 

(Fig. 52), consisting of a gradually expanding flow channel, and then 

into the vaned diffuser in which vanes are mounted in order to make the 

airflow more orderly and reduce the lateral dimensions. 

In the diffuser, because the air is slowed down, a portion of its 

kinetic energy is transformed into potential energy, i.e., the air 

pressure is increased. 

The air is further slowed down the outlet connections of the com¬ 

pressor through which it enters the combustion chamber, and its pres- 



Fig. 32. Centrifugal compressor with single-side 
air Inlet: 1) Air Intake; 2) Inlet section; 3) 
housing; 4} bolt; 5) diffuser; 6) slot diffuser; 7) 
impeller; o) rear wall; 9) outlet connection; 
10) diffuser vanes. 

sure is thereby Increased. -- 

The pressure rise ratio of the air Is the ratio of pressure at the 

outlet of the compressor to the pressure at the Inlet; It Is determin¬ 

ed basically by the amount of energy transmitted to the air In the im¬ 

peller and expended In creating a vortex within It. 

Vortlclty of the air In the Impeller Is greater In proportion to 

Its circumferential speed. Because of Inertia, the air Is separated 

from the Impeller as the latter turns. Greater vortlclty may be gener¬ 

ated than Is usual In an Impeller with radial vanes, for a given rot¬ 

ational speed of the Impeller, by the so-called active Impeller which 

has vanes curving forward In the direction of rotation. 
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Fig. 53. Centrifugal compressor with double-side air Inlet: 1) Dia¬ 
phragm; 2) Inlet section; 3) casing; 4) rear part of a blade; 5) 
diffuser; 6) shank; 7) Impeller; 8) forward part of a vane; 9 and 14) 
wall of the compressor housing outlet; 10) outlet connection; 11) 
vanes; 12) screw; 13) biscuit; 15) protective screen; 16) blade of 
the guide-vane assembly stator; 17) pin; 18) rotating guide (VNA). 

- 103 - 

¿ 



The maximum rotational speed permitted by considerations of 

strength of the impeller is of the order 450-500 m/sec; and the pres¬ 

sure ratio of a centrifugal compressor with such a speed is ordinarily 

about 4 to 4.5. However, when an active impeller is used with super¬ 

sonic diffusers and active impellers, the pressure ratio may reach 5 

iili' 

to 6. 

3he dimensions of a centrifugal compressor are determined by the 

specified air flow rate and axial speed of the air at the impeller in¬ 

let. The higher the air speed at the impeller inlet, the smaller the 

flow cross-section at the impeller inlet, for a given specified air 

flow rate, and the smaller the over-all compressor diameter. 

The top speed at inlet should not exceed I2O-I5O m?sec, since 

further increase in axial speed leads to increase in losses on impact 

of the inflowing air on the rotating impeller vanes. Under this cond¬ 

ition in centrifugal compressor designs now in service we have a spe¬ 

cific air flow rate, that is, the ratio of the per-second veight flow 

rate of air to the frontal area of the compressor, of about 15-30 kg/ 
p 

/m sec, for impellers with single-side inlets. Use of double inlet im¬ 

pellers permits increasing air flow rates by 80-85$6 for the same di¬ 

mensions, than when there is an inlet only on one side. 

The brake horse-power efficiency of the compressor, that is, the 

ratio of the energy expended in compressing the air to the energy trans¬ 

mitted from the turbine, serves as a measure of mechanical and hydrau¬ 

lic losses. In centrifugal compressors, the brake horse-power efficiency 

amounts to 0.76 to 0.80, in which the lower value applies to compres¬ 

sors with high pressure ratios. 

The air temperature in a cpmpressure Increases due to the compres¬ 

sion of the air, and for the indicated pressure ratios, the air temp¬ 

erature at outlet from the centrifugal compressor may reach 200 to 
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2. INLET SECTIONS AND HOUSINGS OP CENTRIFUGAL COMPRESSORS 

The Inlet sections of centrifugal compressors with single lapeller 

Inlets are formed by parts of the compressor housing, and are so shaped 

as to ensure as much as possible the axial motion of the air In the 
% 

Inlet section. When parts are mounted on the front surface of the en- 
• . 

gine, the Inlet section ordinarily has two air Intakes 1 (see Fig. 52). 

In the Inlet sections of compressors with double Inlet Impellers, 

radial air intakes are used (see Pig. 53). Because of the turning of 

the airflow, a nonuniformity in the velocity field is observed at the 

Inlet Into the Impeller. The Installation of a diaphragm 1 serves to 

equalize the velocity distribution. The diaphragms and outside walls 

of the inlet section form a series of annular channels, in which the 

speed is accelerated from 6O-7O to 120-150 m/sec, with an accompanying 

air pressure drop. The decrease of pressure leads to a loading of the 

outside walls of the inlet section by pressure forces, due to the dif¬ 

ference in pressure between the air in the inlet and the surrounding 

air. 

To increase the rigidity of the Inlet section, ribs are used in 

the cast walls, and they are reinforced by shanks 6, made of cast ma¬ 

terial. 

Preliminary whirling of the air in the inlet section Is induced 

by the use of vanes 16 of the guide-vane assembly. 

Protective screens 15 in the inlet sections are Installed to pre¬ 

vent induction of foreign objects into the compressor. 

Inlet sections of centrifugal compressors ordinarily do not have 

any heating system, since they are sufficiently heated by the heat of 

the compressor housing. 

The housing of a centrifugal compressor is a basic support member 
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of the engine, loaded both by forcee arising directly in the compres¬ 

sor unit and forces transmitted to it from attached parts« Attachment 

pointe for fastening the engine to the aircraft are located on the com- 

pressor • 

Centrifugal compressors casings are made of cast aluminum alloys 

with wall thicknesses of 6-7 mm. In order to insure rigidity, the o 

outer surface of the casing is ribbed. Compressor casings are ordi¬ 

narily of a demountable design. Parts of the casing in addition to the 

Inlet section, serve to form the air passage, the diffusers, and the 

outlet connection (see Pig. 52 and 53)* Th© channels of the vaned dif¬ 

fuser are formed by walls of 9 and 14 (Fig. 53) t>f the compres sor-cas¬ 

ing outlet and the vanes. 

Diffuser vanes 10 (Pig. 52) may be fabricated In one piece with 

one of the walls of the diffuser casing. In such cases, the walls of 

the diffuser casing are held together by bolts 4, passed through the 

vanes. 

In a demountable diffuser housing (see Pig. 53) inserted vanes 

are used. In order to increase the vibrational rigidity of the thin 
« 

trailing edges, the inserted vanes may be attached. The forward part 

8 of the vane is made of aluminum alloy, and the rear part 4 of steel. 

Inserted vanes have flanges which fit into grooves In the diffuser 

casing. Attachment of the vanes in the axial direction Is accomplished 

on one side by a stop in the end of the groove, and on the other, ty 

a '‘biscuit" 13; the "biscuit" is inserted in the groove and Is fixed 

by screw 12. 

The elbow-shaped outlet connection 10 with a small turning ra¬ 

dius is located between the outlet connections of the casing and the 

combustion chamber. In order to decrease losses arising from the turn¬ 

ing of the air, blades 11 are installed in the elbow. The individually 



latter la caBt. 

3. CENTRIFU3AL COMPRESSOR ROTORS 

Impellers are classified as to impeller geometry into unshrouded« 

shrouded« and semishrouded types. 

Unchrouded impellers (Pig. #a) have an especially simple design » 

but have not gained widespread acceptance because their use is accom¬ 

panied by substantial losses in the flow of air between the vanes; 

further« they exhibit insufficient vibrational strength. 

Pig. 54. Impeliera. &) Unshrouded; b) shrouded; 
<î) with rotating guide vanes. 

Shrouded impellers (Fig. are characterized by the lowest 

losses because in them the possibility of air escaping between the 

blades is completely out of the question. However« such impellers 

have also not come into extensive use because of difficulty in fab- 



rlcat1on. 

Semi shrouded Impellers with single-side (see Fig. 52) and dou¬ 

ble-side (see Fig. 53) inlets are most widely used. 

In order to provide shock-free entry of air from the inlet sec¬ 

tion into the impeller, the vanes are bent at their forward [leading] 

edges opposite to the direction of rotation. The bending angle chang¬ 

es with the radius. The bending of the edges is carried out in the 

heated state after machining of the impeller. 

To ensure shock-free entry of air into the impeller, in addition 

to bending the upstream edges of the vanes, a set of turning guide 

vanes 18 is also installed in front of the impeller (see Fig. 53). 

The torque from the shaft to the impeller and the rotating guide 

vanes may be transmitted by frictional forces between the ends of 

the flanges on the shaft and the impeller, by end splines, and in the 

case of small torques, for example in ventilating fans or turbostar- 

ters, by rectangular or evolute grooves. 

In impellers with rotating guide vanes, the flange on the shaft 

and the guide-vane assembly are simultaneously tightened by dowels ly. 

The vane »rd* of the guide-vane assembly, facing the vanes of the im¬ 

peller, are cut into a conical shape. In tightening down the dowels, 

we find that the clearance A (Fig. 5^#c) at the hub is reduced, and 

that at the periphery, a close mating is effected between the vanes 

of the guide assembly and those of the impeller. 

To prevent loosening of the dowels during operation, they are 

screwed into the impeller up to a stop at the end of the threaded 

hole. Pretensioning permits equalizing the load on the individual 

screw turns in tightening down the flange. 

Coupling on end splines (Fig. 54,c) is resorted to when rela¬ 

tively large torques are transmitted, and when it is not possible to 
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transmit them by use of frictional forces. 

In double-side inlet impellers, nonuniform flow is observed at 

the outlet from the impeller. This is explained by the various con¬ 

ditions at inlet into the impeller and, consequently, by various air¬ 

flows into the fore and aft sides of the impeller. In order to straight- 
« 

en the airflow ahead of the inlet to the diffuser, grooves are cut in¬ 

to the periphery of the disk. 

4. LOADS ACTING ON THE IMPELLER. IMPELLER VIBRATION. 

Figure 55, a shows diagram of the loading of a centrifugal com¬ 

pressor impeller by forces of intrinsic weight, inertial forces, 

torques, axial forces, and forces due to air pressure in the flow pas¬ 

sage. 

Aerodynamic forces on impeller vanes tend to bend them, and cen¬ 

trifugal forces due to their own mass tend to elongate them. If the 

Impeller has active vaning, the centrifugal forces due to the intrin¬ 

sic mass of the vanes cause bending. 

The disk of the centrifugal compressor is loaded by centrifugal 

forces due to its own mass and by centrifugal forces transmitted from 

the vanes. EXae to this loading, tensile stresses a and a. (Fig. 55,b) 

arise in the Impeller disk. Just as in the disk of an axial compres¬ 

sor. 

As a result of nonuniform heating of the impeller along the ra¬ 

dius, thermal stresses also are developed in the impellers: Maximum 

stresses in inpeller disks made of aluminum alloys reach 2000 - 3000 
p 

kg/cm . 

Axial forces arise in impellers primarily due to differences 

in air pressure, and also by reason of changes in the air flow in the 

air passages. 

In the double-side inlet impeller, axial forces arise only in 
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case the air inlet conditions are different at the two inlets; thus 

the entry of air into the rear inlet might be blocked by the ends of 

the combustion chambers (see Fig. 6). 

In the single-side inlet impeller, the pressure on its rear 

side is about equal to the pressure at the outlet from the impeller, 

that is, it is always larger than on the front. Because of this dif¬ 

ference in pressure, an axial force in the direction toward the air 

inlet to the impeller is generated. In case it is necessary to reduce 

the axial force, in particular to unload the thrust bearing of the 

rotor, a labyrinth seal is mounted on the back side of the impeller. 

Fig. 55» Loads on the Compressor Impeller, a) Pat¬ 
tem of the action of forces and moments on the im¬ 
peller; b) radial distribution of stresses in the 
impeller; p and p ) air pressure on the front and 

P z 

rear sides of the impeller; M^) torque of the tur¬ 

bine; g) force of gravity; p^) inertial force; 

R) radiue; a ) radial stresses; a ) circumferential 
stresses. z 

Nonuniformity of the airflow into a centrifuga] compressor can 

cause harmful resonance vibrations in the vanes of the impeller wheel 
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[rotor], the gulde-vane assembly, or the diffu¬ 

ser. Extended operation of the engine under con¬ 

ditions Inducing resonance fibrations cnn lead 

to fatigue failure of the vanes. Figure 56 shows 

the places (dashed lines) where fatigue cracks 

appear most frequently In the vanes. 

The vanes of the Impeller wheel of the cen¬ 

trifugal compressor are Joined to the disk over 

a considerable part of their contour, so that 

their vibrations are closely connected with the vibrations of the disk. 

In a double-side Inlet Impeller, two forms of vane and disk vibration 

are characteristic: 

1) when the vanes located on one side of the disk are vibrating 

relative to a nonvibrating disk, and are deflected in the same direc¬ 

tion as the paired vane on the opposite side of the disk (Fig. 57# a); 

Fig. 56. Inci¬ 
dence of fatigue 
cracks in the 
vanes of a cent¬ 
rifugal compres¬ 
sor. 

2) when a pair of disk vanes vibrate together with the disk, and 

are bent in opposite directions (Fig. 57# b). In this case, the disk 

is subject to bending vibration along with the vanes. 

The lowest vibrational modes of the vanes of an impeller wheel, Swith their nodal lines, are shown in Fig. 57, c. 

Coupled vibrations of the impeller vanes and the rotating guide 

vane assembly depend on the magnitude of the frictional forces between 

the vanes, i.e., on the tightness of the contact at the ends of the 

vanes. In an operating engine, the tightness is continuously reduced 

by reason of wear of the surfaces in contact, due to their vibration. 

In the case of v .7 low contact pressure at the end, the amplitude 

of the vibrations is substantially increased, causing rupture of the 

blades due to metal fatigue. Some modes of coupled vane vibrations 

in a composite impeller wheel of a centrifugal compressor are shown 
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ln Fig. 58. 

Fig* 57» Vane vibrations of a centrifugal compres¬ 
sor. a) Vanes are vibrating relative to a nonvibrat 
ing disk: b) the vanes are vibrating along with the 
disk; c) locations of the nodal lines for various 
modes of blade vibration. 

For elimination or reduction of harmful resonance vibrations of 

centrifugal compressor vanes, the same methods are used as for eli¬ 

mination of harmful blade vibrations in axial compressors. 

Fig. 5Ö* Modes of coupled blade vibration of ro 
bating guide-vane assembly and of the rotor of 
centrifugal compressor. 
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Par4- Two 

GAS TURBINES 

Chapter 3 

GENERAL CONSIDERATIONS 

1. OVER-ALL GEOMETRY OF THE GAS TURBINE. 

The gas turbine is one of the basic parts of the gas turbine en¬ 

gine. It is used for driving the compressor of a turbojet engine; in 

the turboprop engine, it is used in addition for turning the propel¬ 

ler. 

The source cf the useful work of the turbine is the potential 

energy of the gas, obtained by compressing the air in the compressor 

and then heating it in the combustion chamber to a high temperature. 

The conversion of the potential energy of the gas into mechanical work 

at the turbine shaft is carried out in one of the turbine stages, 

particularly in a stage consisting of a stationary nozzle diaphragm, 

and a turning rotor (Fig. 59)* 

The nozzle diaphragm has nozzle blades 1, arranged in the form 

of an annular grid, and these form convergent curved channels for the 

passageexpansion of the gas. The turbine rotor consists of a disk 2, 

seated on the turbine shaft 3, and turbine blades 4, attached to the 

disk. 

The nozzle diaphragm provides for conversion of a part of the 

potential energy of the gas into kinetic energy, and directs the gas 

into the rotor blading at a particular angle. A part of the kinetic 
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Pig* 59* Nozzle diaphragm and rotor 
of gas turbine. 1) Nozzle blades; 
2) disk; 3) turbine shaft; 4) turbine 
blades. 

\ * 
energy acquired by the gas In Its expansion In the nozzle diaphragm 

is used for turning the wheel. 

The turbine-rotor blades also form channels In which partial ex¬ 

pansion of the gas occurs thus effecting an increase in the power of 

the turbine. 

2. STRUCTURAL DIAGRAMS OF GAS TURBlNESj 

In terms of structure (design), gas turbines are classified with 

respect to direction of gas motion as radial and axial types; with 

respect to number of stages, they are classified as single stage and 

multistage turbines. Multistage turbines may be single rotor and dou¬ 

ble rotor types. 

In a radial turbine the gas is directed by the nozzle diaphragm into 

the turbine rotor in a radial direction, from the center toward the 

periphery, or conversely, from the periphery toward the center. In 
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Pig. 60. Centripetal radial gas turbine. 
1) Turbine wheel; 2) blade of the nozzle 
diaphragm; 3) turbine bearing; 4) tur¬ 
bine bearing housing; 5) connection for 
inlet of cooling air from the atmosphere. 

the former case, the turbine is called a centrifugal radial turbine, 

and in the latter case, a centripetal turbine. In comparison with the 

centrifugal turbine, the centripetal turbine has, under equivalent 

conditions otherwise, a higher efficiency. A diagrammatic sketch of 

the centripetal radial turbine is shown in Pig. 60. 

The simplicity of the design and fabrication of radial turbines 

is their principal advantage in comparison with axial turbines. The 

production of radial turbines is made particularly simple by the use 

of cast turbine rotors. Turbines of this type are used for driving 
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AC generators. In aviation turbocooling equips turbootarters, and 

In other auxiliary equipment of relatively low power. In gas-turbine 

engines of medium and great power, radial turbines ordinarily are 

greater in size and weight than axial turbines. 

In low-power gas turbine engines with radial turbines where the 

turbine rotor is Joined directly to the compressor impeller without 

any intermediate shaft (Fig. 61), the engine turns oat to be expec- 

ially simple in design. 

Fig. 61. Diagram of a low-power gas-turbine en¬ 
gine [GTD] with radial turbine, located on the 
compressor. 1) Turbine rotor: 2) nozzle diaphragm; 
3/ centrifugal compressor; 4) diffuser; 5) cast 
iron sealing ring; 6) bolt for attachment of noz¬ 
zle -diaphi*agm ring and the turbine housing; 7) Tur 
bine housing; 8) exhaust pipe; 9) inner liner of 
the combustion chamber. 

Axial gas turbines [GTD] are the mose widely used types in modern turbo¬ 

jet engines. In such turbines the axial direction of gas motion is ap¬ 

proximately maintained at the inlet to and the outlet from the turbine 

stage. The design of a single-stage axial turbine is shown in Fig. 62. 

In multistage single-rotor turbines, a series of turbine rotors 

are mounted on one shaft (Fig. 63). In multistage two-rotor turbines, 
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Borne of the wheels are mounted on one shaft, and some on another; 

. these wheels are not kinematically connected, and turn Independently 

at various speeds, (Pig. 64). Such types of gas turbines are used In 

two-rotor turbojet [TRD] and turboprop [TVD] engines, and also In 

gas-turbine installations for VTGL aircraft. 
% 

In ducted-fan [TRD] turbojet engines. It Is possible struc¬ 

turally to have the axial fan Joined to the turbine. Thus, for ex¬ 

ample, In the blrotatlonal axial turbine shown In Pig. 65, the blades 

of the fan are mounted on a shroud fixed to the tips of the turbine 

blades. Such a turbine design substantially reduces the size of the 

engine along the axis, but at the same time it Increases the loading 

on the turbine rotor blades. 

nie design arrangements of gas turbines under consideration do 

not, without a doubt, exhaust the possibilities of design variations, 

differing In numbers of stages, kinematic relationships between them, 

and other design features. The selection of this or that design ar¬ 

rangement is detennined by the basic engineering-economic turbine 

indices and by the ease of incorporating the turbine into the gas- 

turbine engine adapted for a specific type of aircraft. 

3. REQUIREMENTS POR THE DESIGN OP A GAS TURBINE. 

In the preliminary design of a gas turbine, and methods of their 

realization one always strives to Implement all the design measures, 

and those of a metallurgical and technological nature to ensure high 

values of adiabatic and brake horsepower efficiency, great power 

generated by turbines of small size and weight, reliability In op¬ 

eration over the required period of service between overhauls. 

The adiabatic and brake horsepower efficiencies of modern tur¬ 

bine engines reach fairly large values, and amount to O.9O - 0.93 

and O.8O - O.85 respectively; any further substantial Increase in 
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Fig. 62. Single-stage axial gas turbine, l) Turbine 
disk; 2) rotor buckets; 3) turbine shaft; 4) nozzle 
blade; 5) outer shroud of the nozzle diaphragm;
6) Inner shroud of the nozzle diaphragm; 7) turbine 
housing; 8) Intermediate centering ring; 9) housing 
of the gas collector [discharge nozzle); 10) drum 
for mounting of the Inner nozzle-diaphragm shroud;
11) attachment ring for the external nozzle-diaphragm 
shroud; 12) turbine bearing housing; 13) gas collec­

tor [discharge nozzle] connection; 14) air removal 
compartment.

these magnitudes Is hardly possible In practice.
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Pig. 63. Two-stage single-rotor axial gas 
tvrbine. a) cut; l) nozzle [stator] blade 
of first stage; 2) turbine [rotor] blade 
of first stage (the blades are trimmed); 
3) nozzle blade of second stage; 4) tur¬ 
bine blade of second stage; 5] distribu¬ 
tor for cooling air; 6) load-bearing at¬ 
tachment ring of second stage disk; 7) in¬ 
clined cooling orifices; 8), 11)# and 12) 
lining shoes; 9), 10), 15), l6), 17) and 
18] orifices for passage of cooling air; 
13) support struts; 14) strut fairings; 
19) shaft. 

High efficiency values are provided by: 

proper choice of the number of stages and the values of the 

operational parameters of the gas in the turbine slow passage; 

efficient shaping of the turbine and nozzle blades to reduce 

radial gas flow in the axial clearance between nozzle diaphragm and 

turbine wheel, and also to reduce vortex flow of the gas downstream 
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Fig. 64. Two-stage two-rotor axial gas turbine. 
1) Nozzle diaphragm of first stage; 2) turbine 
wheel of first stage; 3) nozzle diaphragm of second 
stage; 4) turbine wheel of second stage; 5) and 6) 
bearings of the second rotor; 7) and 8) bearings of 
the first rotor; 9) and 10) shafts. 

of the turbine; 

decrease in the recirculation of the gas between stages and in 

the radial clearance between the casing and the blades, using for this 

purpose labyrinth seals, shrouding of the turbine blades, installation 

of special inserts in the turbine casing over the blading, and other 

design measures; 

careful surface finishing of the blades for the purpose of 

reducing friction losses. 

Modern turbines develop great power with relatively small sizes 

and weights, and this is accomplished by; 

increasing the heat difference converted in one stage into mech¬ 

anical work at the turbine shaft; effective conversion of large tem¬ 

perature differences per stage is associated with an increase in cir- 
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Pig. 6lj. Birotationa] axial gas turbine, l) and 3) 
Fan blades; 2) and 4) turtine blades; 5) bearings 
of the first rotor; 6) bearings of the second ro¬ 
tor; 7) bearing support. 

cumferential speed, changing at the mean radius of the wheel within 

a broad range from 330 to 4^0 m/sec, in which case the circumferen¬ 

tial speed is limited by the stresses tolorated in the turbine rotor 

elements; 

the use of high axial gas speeds (about 300 - 500 m/sec) in 

the flow passage at the turbine outlet; 

increasing the gas temperature in front of the turbine nozzle 

diaphragm, leading to a sharp rise in the specific turbine power; in 

current engines, the temperature before the turbine amounts to 900 - 

1000° C, and the specific power, to 300 - 400 hp sec/kg;* 

\ increasing in the permissible stress in the turbine blades and 

I 
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turbine disks through Improved mechanical char'*''‘ eristics of the 

construction materials, and also research on efficient design shape 

of these elements, corresponding to the requirement of equal design 

strength; 

application In fabrication of turbine parU of heat-iv3istant 

construction materials with reduced specific-weight values. 

Reliability of turbine operation In the course of the proscribed 

period between overhauls Is provided by the application of: 

heat-resistant steels and alloys, and also ceramic materials 

and hlgh-temperature corrosion resistant coatings for turbine parts 

subjected to the action of high temperatures and high loads; 

more up-to-date equipment and methods foi* parts inspection, 

insuring high quality fabrication of parts and completely eliminating 

flaws; 

special design measures such as, for example, the cooling of 

parts which are subjected to high temperatures and loads, or decreas¬ 

ing their heating by use of thermal insulation and heat-refleeting 

screens, etc. 

Manu¬ 
script 
page [Footnotes] 
No 

121 * The adiabatic efficiency characterizes the hydraulic los¬ 
ses in the turbine. It Is the ratio of the useful energy 
of expansion hydraulic losses accounted for to the adia- 

• batlc expansion work of the gas. The brake horsepower 
efficiency is the ratio of effective turbine shaft work 
to the energy expended. 

Translator's note: This unit would seem to be In error. 
The unit hp sec/kg would hardly be referred to as a spec¬ 
ific power (though possibly as a specific fuel consumption). 
It is surmised the author meant to write hp/kg. 
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Chapter ^ 

ROTORS OF GAS TURBINES 

1. DESIGN SHAPES OF TURBINE ROTOR BLADES AND DISKS. 

The profile of the shaped part of a turbine blade is determined 

by the geometric parameters shown in Fig. 66. 

An important parameter is the 

profile chord. The magnitude of 

the chord is evaluated in relation 

to blade length and is expressed as 

the ratio of the blade length to the 

blade root. 

In existing engine designs, 

the lengths in TRD (turbojets) from 

2.3 - 4.0 and TVD (turboprops, from 

I.5 - 4.0 and the smaller values 

correspond to the first turbine stage. 

Designers try to make the turbine 

blade length as large as possible 

in relation to the profile chord, 

because in this way the diameter of 

the disk rim is reduced, and con¬ 

sequently the turbine rotor weight 

is reduced. However, reduction in 

Fig. 66. Geometrical para¬ 
meters of the profile of a 
turbine rotor blade, b) Pro¬ 
file chord; b^) width of 
blade profilexin the axial 
direction; ) maxImum 

profile thickness; ßlk and 

ß0, ) design angles for en¬ 

trance and exit of gas flow; 
h ) camber of profile; 
max' 
r . r , v) bending radii 
rvkh' vykh' 
of leading and trailing 
edges; t) blade pitch; 
-y^ profile setting angle. 

It axis of profile grid; 
2) center line. 

the chord is blocked by an Increase in the bending stress at the blade 
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root section and by the reduction of the normal i^de vibration fre¬ 

quencies lowering the vibrational strength of the blade. 

The maximum profile thickness of the blade is chosen by the de¬ 

signer to be as small as possible in order to reduce turbine weight 

and achieve high hydraulic characteristics of the How passage. Its 

minimum value is limited by the conditions of strength and for "che 

profile of the root section Is equal to 20 - 2% of the chord length. 

In conformity with the equal strength principle along the blade, the 

fin thicknesses of the profile decrease in the directicn root-to-tip. 

At the mean diameter the profile thickness amounts to 10 - 12^, and 

at the periphery to 4 - 6$ of the chord. The ratio of the maximum 

profile thickness at the tip section to the maximum profile thick¬ 

ness at the root section determines the blade taper. Because of the 

taper, the blade cross-sectional area decreases from root to peri¬ 

phery. The free tip of the blade is sharpened to decrease the flow 

of gas through the radial clearance between the blades and the tur¬ 

bine casing. The maximum profile thickness is located at a distance 

of about 15 - 30# of the chord from the leading edge of the blade. 

The leading and trailing edges of the blade are chosen in con¬ 

formity with the design angles of entry and exit of the gas flow, 

which are the angles between the axis of the grid and lines tangent 

to the center lines at entrance and exit edges, respectively. These 

angles are determined by gasdynamlc computations and differ from the 

hydraulic angles of flow entry and exit by the angles of gas-flow. 

Inflow and discharge, respectively. 

The largest ordinate of the mean line of the profile is called 

££.0Xl^e camber. The profile camber decreases from the root sec¬ 

tion toward the tip in accordance with the change in the angles of 

inlet and exhaust of the gas flow. 
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At the leading and trailing edges of the profile, the shape Is 

rounded to decrease the stress concentration. The radius of curvature 

of the leading edge Is 0.02 - 0.06, and of the trailing edge, 0.01 - 

0.02 of the profile chord. With decrease In thickness of the trailing 

edge, the hydraulic losses In the profile grid are reduced; However, 

the thermal stresses In the blades are Increased In an operating en¬ 

gine in nonsteady regimes because of nonuniform heating of the blade 

fin. 

The rotor buckets [blades] are arranged on the rim of the disk 

with a definite spacing [pitch] to insure the best hydraulic turbine 

characteristics. The blade pitch (or spacing) t and the diameter D1 

of the disk rim determine the number zrl of blades which must be 

set on the disk. The computation Is carried out by use of the formula 

— 7T Dj/t. 

In a number of cases, the number of blades determined according 

to the optimum pitch value Is changed for the purpose of removing 

harmful resonance blade vibrations from the range of operating rotor 

speeds, thus insuring the necessary vibrational blade strength. The 

number of blades may also be limited by the conditions under.which 

they are set on the disk and by the increase in the stresses that 

arise within the disk at the point of blade attachment. The use of 

turbine grids with pitch somewhat larger than optimum, permits, at a 

cost of some reduction in turbine efficiency a reduction in the num¬ 

ber of blades and in the weight of the turbine rotor, a reduction in 

the coot of fabrication, as well as in the need for expensive mater¬ 

ials, a lowering of the stresses in the blades by thickening the root 

sections without distortion of the shape of the interblade channels, 

and a lowering of the expenditure of energy on the cooling of the 

blades. 
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Since the pitch of the lateral blade sectlcn; xncreasec In the 

direction from blade root to the periphery, the profile chords In 

this direction are also Increased or kept constant In order to keep 

the ratio between chord and pitch of the profiles as near the opti¬ 

mum value as possible on the longer length of blade. The ratio of 

the profile chord at the tip section to that at the root section de¬ 

termines the extent to which the blade is trapezoidal In shape. An 

impediment to the increase of the profile chord in the direction of 

the blade tip Is that complex blade-fin vibration modes are thereby 

more easily excited; this fact makes it necessary in such cases to 

use a profile with decreasing chord, or to trim the edge of the shaped 

part of the blade (see Fig. 63). In current turbine designs the ex¬ 

tent to which blades are made trapezoidal ranges from 0.8 to 1.35* 

Efforts are made to design blade profiles so they will be simple 

to fabricate. They are therefore described by the simplest possible 

curves, i.e., conjugate circular arcs with straight-line seoments. 

Most usually the convex surface of the blade profile is described by 

two circular arcs, and the concave side, by one circular arc (Fig. 6?, 

a). The machining of the concave surface of such a blade is signifi¬ 

cantly simplified in that it has a cylindrical or conical surface, 

and the convex surface is machined by use of a template. 

The lowest hydraulic losses are achieved, as experiments show, 

in profiles with continuously changing curvature, without discontin¬ 

uities in the curvature at the points of contact. The lemniscate pro¬ 

file (Fig. 67, b) satisfies this condition. 

As a result of blade shaping in accordance with the selected 

manner of gas flow, the blade twists along the height and there is 

an increase in the tapering of the channel with increasing distance 

toward the periphery. 
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Fig. 67. The profile shape of turbine rotor 
blades, a) Profile of arcs or circles; b) pro¬ 
file formed by Bernoulli's lemniscate (convex 
surface), and an arc (concave surface). 

The rotor blades of shrouded turbine wheels have flanges 4 at 

their ends (Fig. 68), fabricated Integrally with the blades. In as¬ 

sembled state they form a shroud which decreases the radial flow of 

gas In the turbine. 

Between the shaped 1 and key 5 parts of a blade there Is a flange 

2 which forms the flow passage of the turbine wheel, and there Is the 

transition 3, by use of which the blade key can be brought toward the 

center of the disk, i.e., displace to a zone of lower disk tempera¬ 

ture, so that the disk can be made of less heat-resistant material. 

Chrome-nickel with an admixture of alloying components is used 

for fabrication of turbine blades. Turbine-blade blanks are usually 

stamped, and here it is necessary to make sure that the fibre of the 
■ 

material is longitudinal to the blade; or they may be precision cast. 

In the conventional stamping method, an allowance is left on the blank 

for subsequent machining. Precision casting makes it possible to ob¬ 

tain the desired fin shape and dimensions with accuracy to + 0.1 mm. 

Machining in this case is limited to polishing. 

To ensure high efficiency, the turbine blades are subjected to 

careful control during production; here the precision of positioning 
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profile sections aloî*£ the lencth of the 

blade is Inspected, as is the position¬ 

ing of the fin relative to the key, and 

also the precision of the sliape sections 

themselves, and the machining finish of 

the blades. 

In order to simplify the process of 

balancing the rotor, we separate the 

blades according to weight, and for as¬ 

sembly the blades are chosen in suen 

fashion that variations in weight for 

the various blades of the assembly do 

not exceed 5 - 10 g. Further, blades are 

set in opposite slots of the rim with 

differences in weight no greater than 

1 - 2 g. 

Blades are subjected to selective control as to frequency of the 

normal vibrations. In case the frequency falls below the set limit, 

acme material is trimmed off the end of the fin of the blade, or the 

attachment stiffness of the keying groove is increased. In some tur¬ 

bine designs, the requisite frequency of normal vibrations of the 

blade is achieved by taking substantial ^-ts a (see Fig. 63) from the 

trailing edge of the fin. 

Gas-turbine disks are intended for holding and supporting tur¬ 

bine blades on their rims. The rim itself consists of a widened periph¬ 

eral part of the disk. The shape and dimensions of the rim are deter¬ 

mined by the type of keying attachment of the blades to the disk, 

and the magnitude of the loads acting on the Junction. 

The rim is made as small as possible, since itr size affects in 

Pig. 68. Blades of 
shrouded turbine wheel. 
1) Shaped part of the 
blade; 2 root flange; 
3) transition; 4) flange 
of shroud; 5) key part. 
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Fig. 69. Cross-sections of in¬ 
tegral turbine disks: a) Coni¬ 
cal disk; b) plane disk; 
c) disk with conical and plane 
parts; d) disk with central hole 
and hub; e) disk with tail and 
double rim; 1) section along . 

turn the loads on the body of 

the disk and, consequently the 

thickness and weight of the disk. 

The transition from the body of 

the disk to the rim is faired, 

which substantially lightens the 

over-all turbine assembly. 

To simplify the mechanical 

fabrication of the disk, its shape 

is formed of as simple lines as 

possible. Most frequently conical 

and plane disks (Fig. 69) are 

found in practice. 

The body and rim of the disk 

are made, as a rule, in one piece. 

However, in some cases, the periph¬ 

eral part of the disk with the rim 

is made up separately, and then 

set on the central part and welded 

to it (Fig. 70, a). Under operating 

conditions, circumferential break¬ 

ing stresses in the rim due to the 

welding compensated the circumferential compression stresses occurring 

in the rim because of nonuniform temperature distribution along the 

disk radius. The composite welded disk reduces the requirement for 

high-alloy high hot-strength steel, and simplifies the coupling of the 

disk to the shaft. 

For design reasons, in a number of cases disks are made with a 

central hole (for example, in double rotor engines, when the disk is 
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Fig» 70. Sections of composite tur¬ 
bine disks, a) Disk with peripheral 
part welded on; b) disk with Joint 
in the plane of symmetry. 

pressed onto the shaft, etc). In such cases, the disk has a broadened 

central part — a hub — reducing the magnitude of stress at the hole 

radius (see Fig. 69, d). 

In operation, forces acting on the turbine disk are: centrifugal 

forces due to the blades attached to the disk, and due to Its Intrlnslec 

mass; gas forces transmitted fron the turbine blades, and moments due 

to these forces; thermal forces arising because of the nonunlforro dis¬ 

tribution of temperature along the radius and thickness of the disk. 

Axial gas forces Pog, acting on the turbine blades and the body 

of the disk, create a moment that bends the disk. In order to counter 

this bending moment by a moment due to centrifugal forces on the blades 

and the rim, the center of gravity of the rim Is usually displaced In 

relation to the plane of symmetry of the disk In the direction of the 

action of the bending moments of the gas forces (Fig. 71). The mag¬ 

nitude of this displacement In the turbine disks of some engines a- 

mounts to 2 - 4 inn. 
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Thermal stresses arising In the disk originate from nonunlformlty 

In the temperature distribution along the disk radius and thickness. 

The nonuniformity is paricularly large in the turbine disk In non- 

steady regimes of operation -- on starting up and shutting down the 

engine. At start-up of the engine, the rim is heated faster than the 

central part of the disk. On this account, the outer layers of the 

disk, as they are heated more Intensively, tend to expand circumferen¬ 

tially and in the radial direction to a greater degree than the Inner 

less-intensively heated layers which oppose such expansion. Therefore 

large circumferential compression stresses are generated in the rim 

of the disk. As the disk is heated up, the intensity of the thermal 

stresses is reduced. However, even in steady operational turbine re¬ 

gimes, the temperature of the central part of the disk remains less 

than that at the rim. Thus, for example, in the VK - 1 engine, the 

temperature of the disk is I5O0 C at the center, and 500° C at the rim. 

The total tangential compression stresses in the rim amount in this 

case to about 2p00 kg/cnT. 

The other case that is dangerous to the integrity of the disk 

may be engine shut-down, when the rim is cooled faster than the cen¬ 

tral part of tne disk. Especially fact cooling may take place in the 

case of engine shut-down in flight, at low ambient air temperature. 

In this case, thermal tensile stresses arise in the disk rim, and 

thermal compression stresses arise in the center. 

Nonuniform distribution of the temperature across the thickness 

o*' the disk leads to the appearance of bending thermal stresses. 

2. AITACHMENT OF TURBINE BLADES. 

Attachment of turbine blades to turbine disks is accomplished 

by use of keying attachments which are Included among the especially 

highly stressed elemente of gas turbine designs. Less frequently, the 

- 131 - 



the blades are attach'd !»y use of welding 

or soldering. 

The largest load on a keyed Junction 

is imposed by centrifugal forces due to 

blades, and there reaches 10 t and more. 

This load is therefore accorded special at¬ 

tention in the design and strength calcula¬ 

tions of the keys. The relatively high tem¬ 

perature of the key (600 - 700° C) substan¬ 

tially lowers its mechanical strength. 

The basic requirement imposed on the 

design of blade keys consists in the ability 

of the latter to transmit to the disk the 

large centrifugal forces due to th tur¬ 

bine blades, with small key weight. This 

last is very important, since increase in 

key weight leads to increase in the load 

on the rim and increase in weight of the disk. This requirement is 

satisfied by a reasonable distribution of the transmitted force over 

the surface [volume] of the key, elimination of "nonworking" material 

in the key, and making sure the design exhibits equal strength. A re-r 

duction in abrupt changes in key shape, resulting in the appearance 

of stress concentrations and leading to a reduction in the magnitude 

of the nominal stresses permissible in the key, will make itself partic¬ 

ularly felt in this case. The attachment should insure precision in 

blade positioning with the requisite setting angles, and stability of 

their positioning under operating conditions. Design of the key parts 

should be technologically feasible: that is, their parts should be sim¬ 

ple to manufacture, not requiring a large number of factory operations, 
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and innurine ease of blade replacement under conditions of production 

and overhaul. 

Figure 72 shown methods of attaching turbine rotor blades to a 

turbine disk. 

Attachment of turbine blades by use of welding or soldering has 

the following advantages: l) construction of the Junction is simple 

and does not require large industrial outlay in fabrication and mechan¬ 

ical working of the blade shank and disk rim; 2) the design insures 

good thermal contact between the blades and the disk, thus promoting 

heat transfer in the disk and lowering the temperature of the blade 

root section; 3) because of the tight attachment of the blades to the 

rim, the adjustment of all the blades to the same frequency of natural 

vibration is simplified. 

However, such a method of attachment is Justified only with ex¬ 

cellent organization of the welding or soldering process, because qua¬ 

lity control in the case of welding (soldering) is difficult and re¬ 

quires the availability of complicated apparatus. Another deficiency 

of this method of attachment is the complexity of the replacement of 

defective blades. Further, the imposition of the requirement that the 

materials used for the manufacture of blades and dicks exhibit good 

weldability forces us, in a number of cases, to use expensive mater¬ 

ials for the disks, and these materials must be similar in cost and 

chemical composition to the materials used in the fabrication of the 

rotor blades. For this reason the attachment of blades by soldering 

or welding Is used little at the present time. 

The attachment of blades by use of key connections insures con¬ 

venience in mounting them on the disk; however, low weight of keying 

arrangements and necessary strength are possible only with relatively 

complex key design shapes. In this case the blades can be positioned 
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Pig. 72. Methods of turbine-blade attachment, 
a) Attachment by welding; b and c) key attach¬ 
ment in annular grooves in the rim; d, e, and 
f) key attachment in transverse grooves in the 
rim; 1) section along AA 

in annular or transverse grooves in the rim. 

In fitting the blades into the annular grooves of the rim (see 

Pig. 12, b), we attach each blade by two smooth dowels, working in 
shear, in press fit. Beacuse of the comb-like shape of the shank, 

there are. a large number of shear planes on the dowels, as a result 

of which the stresses in them are relatively small. However, the holes 

beneath the dowels weaken the top of the rim and the shanks of the 

blades. In this method of attachment, excellent thermal contact of 

blades to rim is realized. The rigidity of the attachment also sim¬ 

plifies the adjustment of all the blades to the same natural vibration 

frequency. 
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In seating the blades in the annular grooves (Fig. 72, c) each 

blade may be attached in hinge-fashion to the rim by a single dowel, 

as a result of which the blade is relieved from the action of bending 

moments due to gas and inertial mass forces. The hinged attachment 

also eliminates the most easily excited bending vibrations of the 

blade. Extensive use of such a method of blade attachment is limited 

by the considerable loads on the dowels. 

An advantage of the method of blade attachment in annular grooves 

in the rim is that the grooves can be made on a lathe. However, the 

necessity of providing a sufficient number of grooves leads to an in¬ 

crease in size of the rim and in the weight of the disk. 

In case of blade attachment in transverse 

grooves, the groove may be round, T - shaped, 

trapezoidal, or some other shape (Fig. 72, d, 

e, and f). 

Especially widespread at the present time 

is the use of the so-called fir-tree key (Fig. 

73). In this key the trapezoidal shank of the 

turbine blade and the matching channel in the 

disk have mating teeth for transmission of for¬ 

ces on their side surfaces. In comparison with other keys, the mater¬ 

ial is used most efficiently in the fir-tree key for transmission of 

loads. 

The teeth of a key under the action of transmitted centrifugal 

force, work in shear, crumpling, and bending and, as tests have shown, 

they are loaded nonuniformly. The first and the last teeth are expe- 

ctally highly loaded. In the fabrication of the key to equalize the 

load between the teeth of thekey, it is necessary to hold the neces- 

sary clearances in the coupling with high precision. Equalization of 
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■ the loading between teeth Is effected by the r1n tic deformation of 

. the teeth observed at high temperatures. 

Great Influence on the magnitude of the stress in the key Is 

also exerted by the shape of the transition to the first tooth, locat¬ 

ed closer to the shaped part of the blade. To lower the stress con¬ 

centration, the radius of curvature In the f -st cavity of a tooth 

Is made I.5 to 1.8 times larger than in the other cpvitles. 
The fit of the blades In the key may be free (with clearance) 

or tight (with stress). A fit with clearance Is used to decrease tan¬ 

gential thermal forces arising In the rim because of nonunlform tem¬ 

peratures and coefficients of linear expansion of blade and disk ma¬ 

terials, and nonunlform distribution of disk temperature along the 

radius. With clearance In the key, the blade can wobble in a direction 

perpendicular to the axis of the key. 

A loose turbine-blade fit also provides damping of vibrations 

because of friction In the key, arising as a result of the displace¬ 

ment of the blade under the action of a changing bending moment. 

As the disk turns the blade is tightened by the teeth of the 

shank (under the action of centrifugal force) into the teeth of the 

rim, so that displacement in the key due to vibration of the blade is 

substantially reduced. 

Because of fabrication tolerances in the manufacturing precision 

of the keys, the pinching conditions of various blades in a given as¬ 

sembly are not the same. As experiments show, in case the blades are 

pinched in the upper part of the key, vibration stresses in oscilla¬ 

tions are increased because In this case the damping conditions in 

the key are Impaired. If, however, the key is pinched at a lower point, 

the vibration stresses in the key are reduced. The conditions of pinch¬ 

ing the blades In the keys are influenced Jointly by other factors, 

- 136 - 



a precise calculation of which is very difficult. Therefore it is 

possible to have unpredictable increases of vibration stress in var¬ 

ious blades of an assembly, and even failure. This situation exists 

for loose fitting turbine blades; it is not true, however, for blades 

that are tightly held (with stress). 

Current methods of fastening to present shifting of the blades 

along the grooves are shown in Fig. ?4. In a rotating turbine, the 

force of friction prevents shift of the blade along the groove, and 

In many cases such frictional forces, due to the action of centrifugal 

force, exceed the lateral force due to the gas flow many times. For 

example, if the coefficient of friction is equal to 0.2, and the cen¬ 

trifugal force is equal to 7000 kg, the frictional force in the key 

is equal to 1400 kg, while the component of the gas force along the 

groove does not exceed 100 kg. This circumstance permits use of rela¬ 

tively simple methods of fixation, i.e., bent plates or by punching 

(calking) of the blade shanks or the disk. 

3. COUPLING OF DISKS TO ONE ANOTHER AND TO THE SHAFT. 

Methods of coupling disks to one another and to the shaft vary, 

and to a certain degree, they have not yet been standardized. A num¬ 

ber of structural and manufacturing factors affect the methods of 

coupling disks to one another and to the shaft, i.e., the number of 

turbine stages, the magnitude of external loads, methods of cooling 

tuioine parts, conditions of assembly and disassembly of the turbine 

unit, priority in the utilization of attachment elements whose fab¬ 

rication techniques have been mastered, etc. 

The following loads act on the point of turbine disk coupling 

to the shaft (Fig. 75): 

turbine torque; 

bending forces due to weight of disks with blades; 
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Pig.7^» Fastening methods to prevent displacement 
of turbine blades along the groove, a) with pro¬ 
jection A on the blade and with a bent-down plate 
B; b, d, and e) bent-down plates; c) bent-down 
plates and a turbine blade stop for the second 
stage in ring.C;,f) center punching. 

bending inertial forces of rotor mass, originating in air¬ 

craft maneuvers; 

gyroscopic moment, bending the turbine shaft; 

stretching axial force arising in the nozzle diaphragm of 

the turbine, and on the side surfaces of the disks; 

unbalanced centrifugal forces. 

Especially unfavorable are the following inertial loads; 

1) the regime of maximum gravity stress, corresponding to the 

aircraft coining out of a dive operating with maximum G - forces at 

maximum engine speed; 

2) the regime of maximum aircraft angular turning rate, for 

example, the regime of a flat spin (relative to the vertical axis 

of the aircraft) with the engine working at maximum rpm. 
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Pig* 75* Loads acting on the point of tur¬ 
bine disk coupling to the shaft. M^) Tur¬ 

bine torque; Grot) rotor weight; Pj) force 

of Inertia; Pneur) unbalanced centrifugal 

force; P osev) turbine axial force; Mg) gy¬ 

roscopic moment; l) shaft flange; 2) turbine 
disk; 3) bolt; 4) collar. 

The coupling of the disks to one another and to the shaft should 

provide for transmission to the shaft of all the torques generated in 

the rotor of the turbine during engine operation, without splitting 

Joints or causing interference with the stator by deformation of the 

rotor. Departure from relative centering and positioning or rotating 

parts so as to impair the balance of the is completely inadmissible 

in coupling the disks to the shaft and to one another. Construction 

elements are therefore provided maintaining the centering of the parts 

in the hot and cold states. To decrease heating of the turbine shaft 

bearings the area of contact in the coupling between disk and shaft 

is reduced. 

In the process of fabricating disks and the shaft, great care 

is taken to insure that the geometrical axis of the shaft is per- 



pendicular to the planes of contact between disk:; and shaft. This 

la necessary so as to avoid extra bending moments In couplings. 

Pig. 76. Integral coupling of 
disks with the shaft, a) Single- 
forged rotor; b) welded rotor 

Couplings of disk with shaft may be classified as Integral or 

demountable. 

Figure 76, a shows an integral turbine rotor whose dishes are 

jade from a forging in one piece with the shaft. Such a rotor has 

the requisite rigidity at the transition from disk to shaft, and 

does not require any additional bracing parts. However, the shaft 

of such a rotor is fabricated from the same material as the disk, 

which makes its fabrication expensive. Therefore in some designs, 

the shaft is made of low-alloy steel, and Is welded to the disk which 

Is made of steel of high hot strength (Fig. 76, b). Welding provides 

high rigidity of the coupling; however, it requires careful control 

of the quality of the we Id-seam. The materials of the shaft and disk 

must have high mutual weldability. 

The use of flange attachment In detachable couplings. Is es¬ 

pecially widespread, that is, attachment by use of flanges or collars 

located on the shaft and disk. In this type of coupling, the torque 

and axial forces are transmitted from the disk to the shaft in various 

ways. The torque may be transmitted (Pig. 77, a) by the moment of 

frictional force which is provided at the contact surface as a result 

of the tightening of screws 1. The screws work only in tension under 

- 140 - 



the action of the force due to Initial tightening and the axial force 

acting on the disk. In order to obtain the necessary moment of fric¬ 

tional force, a considerable initial tightening of the bolts is re¬ 

quired, or a large flange radius. Therefore, in order to reduce the 

force of the initial tightening, the flange is substantially extend¬ 

ed, and this leads to increase in the heat transfer from disk to shaft, 

and further on to the bearing. These shortcomings are substantially 

reduced in the design shown in Fig. 77, b, because of the use of 

precisely fitted bushing 13, transmitting the torque. 

A shortcoming of this design is the weakening of the disks be¬ 

cause of the holes. This deficiency is removed in the flange coupling 

(see Fig. 75) in which the turbine disk 2 and the flange 1 of the 

shaft have evolute grooves which transmit the torque. The bolts 3 of 

the coupling work only in tension. Centering of the parts in the hot 

condition is maintained due to the fact that the centering collar 4 

on the disk (the hotter part) is inserted into a boring in the shaft 

flange (the cooler part). On the flange of the disk there are flutes 

decreasing the flow of heat to the shaft. 

Simpler from the technological standpoint are the flange doweled 

couplings. In these designs the disks are located on the shaft flanges 

by tightening, and at the same time by attachment, using axial (Fig. 

78, a) or radial dowels (Fig. 78, b). In the first case, the torque 

is transmitted by six smooth axial dowels, and the axial force, by 

six threaded axial dowels. It should be noted that the axial loca¬ 

tion of dowels does not maintain centering In the hot operating con¬ 

dition, when the tightness between flanges of disk and shaft is re¬ 

lieved. In the second method of attachment, that is , with radial po¬ 

sition of the dowels, the c-ntering of the parts is maintained In the 

hot condition, and transmission of torque and axial force is accom- 
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Fig. 77. Flange attachment of the turbine 
disk to the shaft, a) By use of screws; 
b) by use of pegs and bushings; l) screws 
(o of them); 2) spherical washer; 3) lock 
plate; 4) screw cover; 5) centering col¬ 
lar of the shaft flange; 6) collar for 
centering the lock plate and cover; 7) at¬ 
tachment screws; 8 and 16) shafts; 9 and 
17) turbine disk; 10) throttling labyrinth; 
11 pegs (6 of them); 12) centering collar; 
13) bushings; 14) nuts; 15) lock; 18) de¬ 
flector. 

pllshed by the same dowels, working In shear. 

In rotor designs of modern gas turbines, another method used 

for attachment of disks to shaft Is by means of a grooved sleeve 

(Fig. 79, a and b). In such designs the reciprocal centering of 

shaft, disk, and sleeve may be effected by use of cylindrical collars, 

bushings, or centering cones. In which compression Is provided by 

tightening of a coupling nut. There are also designs In which the tur¬ 

bine disk Is mounted on the shaft by use of the so-called heat-resis¬ 

tant trapezoidal grooves with the disks centered by the side surfaces 

of the grooves, similar to analogous couplings In axial compressors. 
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Fig. 78. Flange attachment of turbine 
disk to the shaft by use of dowels, 
a) Attachment by axial dowels (6 
smooth and 6 threaded); b) attachment 
by radial dowels. 

Fig. 79* Attachment of turbine disk to shaft by use of grooved sleeves. 
) Centering by cone; b) centering by a cylindrical collar; l) disk; 
) sleeve; 3) cones; 4) nut; 5) cylindrical ring; 6) shaft. 



Pig. 80. Attachment of disks of multistage turbines, a) Attachment 
by use of a central tie bolt and triangular face grooves; b) attach 
ment by use of pegs and precisely fitted bushings; l) tie bolt; 
2) flange of the grooved sleeve; 3) centering ring; 4 and 11) tur¬ 
bine shaft; 5) attachment pegs of disks to shaft; 6) bushings; 
7) washers for regulating axial clearance between rotors and nozzle 
diaphragms; 8) tube for supply of air; 9) deflector; 10) turbine 
disks. 

Figure 80 shows several demountable couplings for disks of mul¬ 

tistage turbines. Coupling may be effected (see Fig. 80, a) by use 

of a central tie bolt and triangular face grooves, permitting free 

radial expansion of disks while maintaining their reciprocal center¬ 

ing. For effecting separable coupling of disks elongated pegs (see 

Fig. 80,c) may also be used, and precisely fitted bushings, trans- 
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mitting torque. 

9' 
% * 

Separable attachments simplify assembly of turbine units; however, 

balancing of the rotor on overhaul of the turbine is not retained un¬ 

changed. 

The force of the initial tightening of the central tie bolt or 

elongated dowels should insure the tightness of the Joint in the most 

unfavorable regimes of rotor operation. Such regimes include the pul¬ 

ling out of the aircraft from a dive with great G - forces and the 

rapid cooling of the turbine rotor, for example, in flight with the 

engine shut down, when a large mass of cold air flows through the en¬ 

gine. Under these conditions the disks are cooled faster than the cen¬ 

tral tie bolt or elongated coupling pegs. 

The difference between the temperature of the disks and that of 

the bolt, reaching 200 - 3500 C under steady conditions, brings about 

the appearance of a substantial force acting on the tie bolt. For re¬ 

ducing its magnitude, the tightness of the coupling is reduced by in¬ 

troduction in it of spring elements. In Fig. 80, a, the flange 2 of 

the slotted sleeve is such an element. 

Tho turbine shown in Fig. 63 lias a nondemountatle coupling of 

disks. Coupling of disks is carried out by use of a stressed ring 6, 

the diameter of which is less than the outside diameter of the rim 

of the disk, in order to decrease the stress in the ring arising by 

reason of centrifugal forces. 

Elimination of unbalance in the dynamic balancing of an assem¬ 

bled rotor is carried out by reairangement of the blades, removal 

from the rim of part of the material by use of a grinding wheel, and 

most frequently ur all, by use of balancing weights (this latter 

simplifies the balancing process, reduces the amount of blade rear¬ 

rangement on the disk, and shortens the time for dynamic balancing). 

- 1^5 - 



Maximum permissible unbalance amounts to 10 - 50 ¿-cm 

/ 
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Chapter 5 

NOZZLE DIAPHRAGMS AND GAS-TURBINE HOUSINGS " 

The fundamental elements of the nozzle diaphragm are the nozzle 

blades forming an annular grid, and the shrouds forming the outer and 

inner walls of the annular gas passage. The shrouds are also used for 

blade a^t.nohment. 

The turbine housing consists ordinarily of the housing for the 

turbine-shaft bearings and the attachment housing for the nozzle 

diaphragms. 

1. DESIGN SHAPE OP THE NOZZLE BLADES. 

The geometrical shape of the nozzle blades Is characterized by 

values of the same parameters as were used for turbine blades (Fig. 3i). 

The length of the blades and their 

mean diameter are determined or the 

basis of the gasdynamics calculation 

for the conditions that will insure 

passage of the specified quantity oC 

gas. 

The length of the nozzle blade 

is set about 1-2# less than the 

length of the turbine blade, so that 

there will be no gas shock at the 

outlet from the nozzle diaphragm by incidence of the gases on the 

turbine disk rim. 

The aspect ration of the nozzle blades is equal to 1.8-2.2, 
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Fig. 8l. Geometrical para¬ 
meters of nozzle diaphragms. 
alk) Design angle of the gas 

flow outlet; e ) minimum 

channel width (see other de¬ 
signations in Fig. 66). 
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that is, less than for the turbine blades. Consequently, for the same 

length òf nozzle and turbine blades, the width of the former is larger, 

which is required by the necessity for turning the flow in the nozzle 

diaphragm through a larger angle than is required for the turbine wheel 

(rotor). 

The ratio of chord to blade pitch in current designs of turbines 

is equal to 1.3-2.0. It is chosen on the basis of the results of wind- 

tunnel tests, from the condition of insuring the minimum hydraulic 

loss of energy in the grid. It is desirable that the number of nozzle 

blades should not be a multiple of the number of turbine blades. If 

the nozzle blades Induce harmful resonance vibrations in the turbine 

blades, one of the methods of eliminating the vibrations is a change 

in the number of nozzle blades. 

The profile of the lateral cross section is set constant with 
\ 

height along the blade, while the concave and convex surfaces are 

described by particular simple conjugate lines - arcs of circles and 

straight line segments. The greatest thickness of the profile amounts 

to 10-20?- of the chord. The maximum curvature of the mean line is 

located in the fore part of the profile, approximately at a distance 

of 25-35$ of the chord from the leading edge of the profile, and the 

thickness decreases steadily in the direction of the trailing edge 

with a pattern such that the fundamental turning of the flow toward 

the required angle should be accomplished in the forward part of the 

interblade channel, and the flow should be stable in the outlet end. 

The radii of curvature of the leading and trailing edges are, respec¬ 

tively, equal to 0.8-2.0 and 0.4-0.6 mm (VK-l). With decrease in 

radius of curvature, the hydraulic losses also decrease; however, 

the thermal stresses also increase in the nonsteady conditions of 

engine operation, where the temperature of the thin edges of the 
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blades are changing more rapidly than that in their central parts. 

For reduction of weight and thermal stress, cast blades of the 

nozzle diaphragms are very frequently made hollow. 

Blades of the nozzle diaphragm, set in a grid, form a converging 

channel, and are not sensitive to departure of the operational regime 

from the design [rated 1 regime. 

The design angle at outlet of the flow amounts to 20-30° in the 

first stages at the mean diameter. In the later stages, it increases 

to 50°, in order to decrease the height of the blades. With height, 

the angle of the blades may be kept constant, or it may change in 

conformity with the previously selected rule of shaping of the turbine 

blades with height. 

The minimum flow cross section of the nozzle diaphragm is careful¬ 

ly controlled during fabrication by measuring the width of the channel 

at several points at the outlet from the nozzle diaphragm. The tolerance 

on the flow cross-section amounts to 0. 5“1*5$* I*1 case this limit is 

exceeded, an adjustment of the flow cross section is carried out by 

turning the blades, trimming part of the material at the trailing edge 

of the blades, or by replacing them. 

In the hot state, because of the thermal deformation of the noz¬ 

zle diaphragm, the minimum flow cross section is increased by 2-2. 

Thermal deformation is caused by change in the gas temperature upon 

change in the operational regime of the engine, altitude, and speed 

of flight. 

Nozzle blades are fabricated by the milling of special forgings, 

stamping of thinwalled steel plates, or most frequently, by precision 

casting. Precision casting permits obtaining sufficiently precise 

profiles with small allowances (of the order of 0.2 to 0.5 mm) for 

final machining (grinding and polishing). To increase resistance to 
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heat « the turbine nozzle blades may be coated \.it»h a heat-resistant 

enamel or aluminum coating. 

2. ATTACHMENT METHODS POR NOZZLE BLADES AND EQUIPMENT 

In the attachment of nozzle blades, the following fundamental 

requirements are imposed: 

1) provision for rigidity, making certain that in the operation 

of the engine the design angle of the gas flow exit is constant, since 

that quantity effects the efficiency, turbine power, and gas flow rate 

through the nozzle diaphragm; 

2) the attachment should insure free and unrestrained thermal ex¬ 

pansion of the blades relative to the coupled parts thus avoiding the 

appearance of large thermal stresses and buckling of the structure, 

arising as a result of the temperature difference between the blades 

and shrouds, and differences in the coefficients of linear expansion 

of the materials of which they are made; 

3) replaceability of defective blades in fabrication and in 

operation should be simple and convenient. 

Because of the indicated requirements, the nozzle blades are not 

as a rule included in the supporting structure of the turbine housing 

as structural elements stiffening the housing. 

The nozzle blades are located and attached between inner and outer 

shrouds, which in turn are attached to the housings of the nozzle 

diaphragms. In the nozzle diaphragms of some engines, the shrouds as 

constructional elements are missing, and their place is filled by the 

housings of the nozzle diaphragms. 

The following fundamental arrangements of the attachment of noz¬ 

zle blades are differentiated: doubly supported and cantilevered. 

Doubly supported blades are used in the nozzle diaphragms of the 

first stage of gas turbines. Cantilevered attachment of blades is most 
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often encountered in the nozzle diaphragms of intermediate stages. 

In doubly supported attachment, the blades may exhibit: 

rigid fastening in both of the shrouds; in this case, one of 

the shrouds has a split between each blades, which reduces the 

resistance of the band to radial thermal expansion of the blades; 

rigid fastening in one of the shrouds and a flexible support 

in the other; 

flexible support in both shrouds. 

Coupling of the nozzle blades with the shrouds may be classified 

as integral or demountable. Nozzle diaphragms with integral attach¬ 

ment may be fabricated by casting, welding, or with riveted blades. 

For fabrication by casting, the method used for nozzle diaphragms 

is precision casting. The blades and rims are ordinarily cast in one 

piece, in sections of 2-4 blades each, or in the form of an entire 

casting. In the latter case, in order to decrease the thermal stresses, 

the inner shroud is cut at intervals between the blades at several 

places. The advantage of such design is its great rigidity. Its de¬ 

ficiencies include the difficulty of polishing the blades and obtain¬ 

ing a high quality of finished surface; the presence of thermal and 

residual stresses in the parts of the assembly; the difficulty of 

overhay1. In the light of these deficiencies; the casting of nozzle 

diaphragms is not used widely. 

In welded nozzle diaphragms, the blades are welded to both shrouds 

. 82,a one of which (the upper one) has thermal cuts, or to one 

of the shrouds, forming with the other a flexible coupling. Thus, for 

example. Fig. 82,b shows a design of nozzle diaphragm the blades of 

which are welded to the inner shroud.The blades fit with clearance 

into the shaped slots in the outer band. The rigidity of the shrouds 

is increased by use of cross-sections of box-like form. 
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The design of nozzle diaphragms with weld* 1 blades Is simple; 

however, in fabrication, great difficulty arises in the welding of 

a large number of blades. Also in such a method of blade attachment, 

the precise placing of the blading before completing the weld is dif¬ 

ficult ;and further, in the welding process, it is possible to buckle 

the blade and ruin the shape of the flow passage. Therefore, the 

welding of blades must be carried out in special fixtures.Replacement 

of defective blades is completely impossible in practice. 

Technologically simpler is the attachment of blades to the shroud 

by riveting. Figure 82,c shows a nozzle diaphragm with blades riveted 

to the inner shroud by use of two projections. The projections from 

opposite ends of the blades project freely into grooves of the outer 

shroud, which holds the blades in a tangential direction. Between 

the blade ends and the outer shroud a radial clearance is established, 

and controlled during assembly. 

The fundamental advantage of the integral couplings is the re¬ 

latively small number of manufacturing operations in the machining of 

the attachment parts. Among the deficiencies one should mention tbe 

difficulty of replacing defective blades on overhaul. 

In demountable couplings (with detachable blades) attachment of 

blades may be carried out in three ways as follows: l) in grooves in 

the outer and inner shrouds; 2) by use of shoes attached by screws; 

and 3) in shaped recesses in the shrouds. 

In the attachment of blades in grooves (Fig. 83,a) each blade 

has on its ends flanges which fit into slanted grooves located in the 

shrouds. The grooves are arranged at various angles to the engine axis. 

Protuberances on the inner flanges, bearing on the edge of the housing 

of the nozzle diaphragm, hold the blades, preventing their radial dis¬ 

placement. In assembly, the blades are attached to the inner shroud 
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Pig. 82. Designs of non- 
deraountable nozzle dia- 
phragjns. a) With blades 
welded to the outer and 
inner shrouds; b) with 
blades welded only to the 
inner shroud; c) with 
nozzle blades riveted to 
the inner shroud, l) Outer 

shroud; 2) inner shroud; j) ring; 4) cover; 5) 
thermal compensator (slit); 6) nozzle blade; 7) 
elastic shroud; 8) outer combustion chamber hous¬ 
ing; 9) corrugated diaphragm; 10) turbine shaft 
bearing housing. A) Weld; B) view along arrow A. 
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after which the outer shroud is put on, shlf*!^ it simultaneously in 

the axial and circumferential directions. Between the outer projection 

and the outer shroud a radial clearance is established, insuring free 

expansion of the blade on heating. 

Figure 83,b shows the attachment of nozzle blades by use of shoes, 

each of which has ahaped cuts to fit the shape, on the one hard, of 

the back of the blade, and on the other, of the concave side of the 

blade. In this way, two neighboring shoes form a shaped groove con¬ 

forming to the blade profile, into which one end of a blade can be 

placed. The other end of the blade goes into an analogous groove 

formed by two shoes at the opposite end of the blade. Each shoe is 

attached by two screws, of which one is a lock screw. 

The attachment of blades in shaped recesses in the shroud is 

shown In Fig. 83,0. The blades are prevented from moving radially by 

retaining ring 12. The shrouds are reinforced at the cuts by cuffs and 

profiles. The Inner shell l8 forms the inner contour of the gas-flow 

passage and protects the blade attachments from the action of high 

temperatures. The outer shell 19 protects the outer shroud preventing 

the flow of secondary air. 

Removable blades with cantilevered attachment have flanges at 

their tips to provide a stable position for the blades during opera¬ 

tion (Fig. 84). The rigidity of the cantilevered blades is Increased 

by instàllations (at the inner ends of the blades) of removable flanges 

1, holding the blades in pairs. 

Nozzle diaphragms with demountable blades have the following 

advantages : 

the possibility of excellent surface finishing and shaping with 

adequate precision; 

less thermal stress occurring in the nozzle diaphragm because 
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of the temperature differences between the blades and shrouds; 

the capacity of rapid replacement of a defective blade on over 

Fiæ. 83. Methods of demountable attachment of nozzle blades, a) In 
grooves of the outer and inner shrouds: b) by means 0. attached shoec; 
c) in shaped recesses in the shrouds, l) Intermediate centering r.ng; 
2) outer shroud; 3) inner shroud; attachment ring of the inner 
shroud; 5) attachment ring of the outer shroud; 6) locative projection 
7 11 and 13) nozzle blades; 8) outer shoe: 9) Inner shoe; 10} screws 
for attachl^ shoes; 12) locating ring; lb) radial dowels: 15) outer 
liner of the combustion chamber; l6) cuffs; 1?) cover, l8) inner shell 
19) outer shell. A) Section along; B) view along the arrow. 

Because of this, nozzle diaphragms with demountable blades are 

at present used especially extensively. 
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Pig. 84. Cantilevered attachment of nozzle blades, l) Removable flange; 
2) shoe. A) Section along. 

The attachment key of a nozzle diaphragm absorbs and transmits 

the twisting moment arising in the nozzle diaphragm, axial forces 

arising by reason of the pressure difference upstream and downstream 

of the nozzle diaphragm, and by reason of the acceleration of the gas 

flow, as well as the gravity and inertial forces due to the mass of 

the nozzle diaphragm. 

The nozzle diaphragms are attached to the nozzle-diaphragm hous¬ 

ing which in turn is attached to support elements which are part of 

the system of supporting housings of the engine. 

The structural support elements to which the nozzle-diaphragm 

housings are attached are include the turbine shaft bearing housing ^ 

and the outer liner of the combustion chamber. 
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One of the methods of attaching a nozzle diaphragm to the turbi .e 

shaft bearing housing is shown in Fig. 82. A defect in such a method 

of attaching the nozzle diaphragm is that the bearing housing is sub¬ 

ject to the entire load that acts on the nozzle diaphragm. Therefore 

the nozzle diaphragm in a number of designs is also attached to the 

combustion chamber liner. Thus, for example, in the design shown in 

Fig. 82,b, outer shroud 1 of the nozzle diaphragm is attached to outer 

liner 8 of the combustion chamber by use of shroud 7 (the outer hous¬ 

ing of the nozzle diaphragm), and inner shroud 2 is attached by use 

of corrugated membrane 9 to housing 10 of the turbine shaft bearing. 

Loads from the nozzle diaphragm are in large part absorbed by the 

combustion chamber shell which exhibits greater rigidity with respect 

to bending and twisting than the bearing housing. The corrugated 

membrane does not interfere with the fhifting of the aluminum bearing 

housing as a result of thermal expansion relative to the steel com¬ 

bustion-chamber shell, so that the axial position of the nozzle dia¬ 

phragm is maintained. The outer housing of the nozzle diaphragm 7 is 

made elastic so as to permit the outer shroud of the nozzle diai-'icagm, 

not attached to the blades, to expand radially on being heated. 

In another design (see Fig. 83,c) part of the axial force and 

torque is transmitted to outer housing I5 of the combustion chamber 

by radial dowels 14. The radial dowels do not interfere with the free 

thermal expansion in a radial direction of outer shroud 2 of the nozzle 

diaphragm. 

3. GAS-TURBIME HOUSINGS 

The housings of gas-turbines are subject to loads from the rotor 

and nozzle diaphragms, and transmit them to the neighboring housings 

which is a part of the structural support system of the engine housings. 

The basic requirement demanded of a housing is high rigidity in 



bending, reliably preventing contact between rotor and stator on de¬ 

formation, and reduced tendency for harmful vibrations to appear in 

the rotor shafts. 

The design geometries of the turbine housings depend on the ar¬ 

rangements of rotor support points, the method of attachment of the 

nozzle diaphragms, and the method chosen for fabrication of the hous¬ 

ing. 

The cantilevered arrangement of rotor disks Is differentiated 

from the arrangement of disks with an end support. In the first case, 

the turbine rotor support Is located forward of the disks. In the 

forward turbine bearing housing (Fig. 85)* In the second case the 

support Is located behing the disks, in the rear turbine housing 

(Pig. 86). A cantilevered arrangement of disks turns out to be dif¬ 

ficult if the number of disks is greater than three, and the bending 

rigidity of the casing and rotor Is Inadequate. 

In most designs the forward rotor bearing housings are traced to 

the housing of the compressor rotor bearing and do not project through 

the engine flow passage (see Fig. 85). The designs are reasonably 

simple. However, designs are well known in which the housing of the 

forward rotor bearing is located inside the engine flow passage. Such 

a housing in comparison with one having cantilevered position of the 

disks, is more rigid; however, it is necessary to provide protection 

from the action of hot gases. An analogours problem arises also in 

case the rear bearing housing is flushed by hot gases. The structural 

support elements of the housing may be protected by double or by 

einige screens, between which air flows; or else a screen is mounted 

between the walls of the housing for thermal insulation. 

In order to Increase the bending rigidity of the cantilevered 

housing and to decrease its weight, part of the radial loading from 
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Pig. 86. Two-stage gas turbine 
with rotor bearing positioned 
behind turbine disks. 1) Cool¬ 
ing air; 2) oil. 

the rotor is transmitted to the outer stress-bearing engine housing 

by means of screws 4 (see Pig. 85). Increase in rigidity of the hous¬ 

ing without substantial increase of the weight Id provided by longi¬ 

tudinal or transverse strengthening ribs, made integrally with the 

housing or welded to it. 

Housings are centered with reference to one another by use of 

collars. Buckling of the housings when they are heated is prevented 

by choice of materials with proper values of the coefficient of linear 

expansion, and by providing for their cooling. In case of large dif¬ 

ferences in the values of the coefficients of linea* expansion of the 

housing materials, leading to intolerable relative deformations, cou- 

* : - 160 - 



pled housings may be separated by parts with Intermediate values of 

the coefficient of linear expansion (for example, ring 1, see Pig. 

83,a), or the holes for the fastening bolts may be made elliptical 

with the larger axis disposed in the radial direction. 

Housings of aluminum alloys have only limited application be¬ 

cause of their large weight and insufficient rigidity at high temper- 

tures. 

Casings of gas turbines may be fabricated by casting in molds or 

by centrifugal casting with subsequent machining, by the method of 

rolling, welding of steel sheets, and stamping. 

The precise location of abutting surfaces is achieved in the 

machining of the housings. The required coaxiality of holes for the 

turbine shaft bearings are obtained by machining the holes all at one 

time, with the casing set up in the machine. 

4. RADIAL AND AXIAL CLEARANCES AND SEALS IN THE TURBINE 

Radial and axial clearances insuring freedom from contact between 
• i 

the rotor and stator in all turbine operating regimes are established 

between the turning part of the turbine (rotor) and the stationary 

part (stator). 

Especially important are the radial clearances between the turbine 

blades and the turbine housing, and to a great extent the energy 

losses of the gas Jet and, in the final analysis, in engine efficiency 

depend on the magnitude of these clearances. Energy losses in the gas 

Jet are due to flow of gas the radial clearance from the concave side 

of the blade to the convex side, and in the axial direction, from the 

region of high pressure ahead of the blades to the region of low pres¬ 

sure behind them. 

Differences in the conditions of heating and cooling the housings, 

disks and turbine blades under different operational conditions, lead 
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to considerable changes in the magnitude of radial clearance?. 

Thus, for example, at start-up of the engine, the housings of 

the nozzle diaphragm are heated more than the disk, so that the ini¬ 

tial radial clearance is increased. In proportion to the heating of 

the disk and turbine blades, the clearance is somewhat reduced and 

at shut-down of the engine, when the cooling of the housings takes 

place faster than that of the disk, the clearance decreases and may 

become less than it was originally. Therefore the magnitude of the 

initial radial clearances in the cold state of the engine (the "cold' 

clearance) is set so that at engine shut-down there will be no con¬ 

tact of the rotating parts with the stationary parts, and so that at 

start-up, the "hot" clearance will be as small as possible. In this 

case we must bear in mind the influence of the magnitude of radial 

clearance in a bearing,and the elastic and residual deformation of 

the turbine blades and the disk, due to the centrifugal force acting 

on their intrinsic mass; we must also bear in mind the following: 

elastic deformation of the housing by reason of the action of internal 

pressure; contraction of the material of the turbine housing due to 

periodic heating and cooling off, and also the deformation of the 

housings and rotor shafts on overload and wobble caused by factory 

tolerances, on the precision of fabrication of linked parts of the 

rotor and housing. 

In modern designs of turbines the minimum radial "cold" clear¬ 

ance amounts to 1.5-3# of the blade length. 

In order to decrease losses. Intense cooling of the housings and 

the turbine disk rim is employed in changing the radial clearance, and 

also the appropriate materials are chosen for the required coeffi¬ 

cients of linear expansion and small shrinkage (for turbine housings). 

The housing may be cooled by air from the Inside or the outside. 
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The air for cooling the housing from the inside is brought from the 

combustion chamber and mixed with the gas flow flushing the inner 

surface of the housings. In outside cooling, the air is led from an 

intermediate stage of the axial compressor or from the atmosphere 

(under dynamic pressure)beneath the metal screen in which the hous¬ 

ing is enclosed. With such methods of cooling the housing, in order 

to lower substantially its temperature and noticeably decrease the 

magnitude of range of variation in radial clearance, a large amount 

of air is required. With gas temperature in front of the turbine at 

850-900°C, the housing temperature is equal to about 700 C. A con¬ 

siderable lowering of the housing temperature (to 350°C) with re¬ 

duced expenditure of air is achieved by installation of shoos 2 

(see Pig. 84) on the inner surface of the housing, forming with the 

housing a cavity for air flow. 

An exact analysis of all the fac¬ 

tors that influence the magnitude of 

radial clearance is very arduous. 

Therefore in order to prevent damage 

to the turbine in case of contact be¬ 

tween the housing and the turbine 

blades, sometimes [metalloceramic] in¬ 

serts sintered from metallic powder 

are installed inside the housing (Pig. 

8?). The material of the insert has 

Fig. 87. Insert in the 
turbine casing, l) Insert; 
2) key. 

sufficient strength to permit the blades, in case of contact with the 

casing, to cut away enough material to insure a minimum clearance. The 

inserts are put in through special slots in the circumferential grooves 

of the housing, and these are MdovetailedM; after installation they 

are bored out on their inner surface in order to provide the necessary 
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• rivtted to the housing. 

The choice of the final nagnitude of radial clearance in the 

process of turbine adjustment is very easy to accomplish by use of 

easily removable fixed ring 3 (#ee Pig. 82,a) installed over the 

turbine blades. Through proper choice of material for the ring and 
* . 

the requisite inside diameter.., the minimum permissible clearance may 

be established to guarantee reliability of turbine operation. Decrease 
« 

in radial clearance as a result of application of the methods consid¬ 

ered, substantially lowers the specific fuel consumption (up to 2-3JÉ). 

Effective methods for decrease flow of gas, through the radial clear¬ 

ance Include the use of labyrinths and shrouding for the turbine 

blades (Fig. 88). 

Shrouding the turbine blades decreases the leakage of gases at 

the blade tips from the front to back, and decreases the level of vi¬ 

brational stress in the blades, which permits the use of a thin pro¬ 

file providing high efficiency. The additional weight of the shroud¬ 

ing in this case is made up for by reduction in the height of the 

blade fin. Shrouding also evens out the vertical flow distribution 

behind the turbine blades, particularly in the upper part of^the 

blade. The efficiency of a turbine with shrouding of blades is 1.5- 

2* higher than that of a turbine without shrouding, and when labyrinths 

are also used, the turbine efficiency increases up to 2.5- 3* 

Ordinarily shrouds are found only In the first stages of the 

turbine, where the height of the blades is less than in the last 

stages, and the relative effect of radial clearance is greater. Most 

usually the shrouds are formed by the flanges of the blades on assembly. 

An unbroken ring is not pressed around the tips of the blades as a 

shroud, in view of the large circumferential stresses that arise 

I 
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shrouds during turbine operation. Particular attention Is devoted to 

the proper placement of shrouds relative to the nozzle diaphragm* to 

Pig. 88. Methods of 
reducing gas leakage 
in the radial clear¬ 
ance. a) Installation 
of shrouds on the tur¬ 
bine blades; b) ins¬ 
tallation of shrouds 
on the turbine baldes 
and a labyrinth seal 
in the casing; c) and 
d) installation of 
shrouds on the tur¬ 
bine blades with lab¬ 
yrinth seals. 

prevent the projection of the shroud into 

the gas flow and the consequent spoilage 

of the smoothness of the turbine flow pas¬ 

sage. 

The' axial clearances in the turbine 

in another category of clearances. The axial 

clearances are divided into clearances be¬ 

tween the disk rims and the shrouds of the 

nozzle diaphragms* and the axial clearances 

between the trailing edges of the nozzle 

blades and the leading edges of the turbine 

blades (the axial Interblade clearances). 

Normal axial clearances between the 

disk rims and the shrouds of the nozzle 

diaphragms insure the absence of contact be¬ 

tween the rotor and the stator due to thermal deformations. 

The magnitude of the axial clearances in the turbine change in 

relation to the operational regime of the engine. On start-up of the 

engine, the stator is heated more rapidly than the rotor shaft, so 

that the forward axial clearance between the stator and the rotor is 

decreased, and the rear clearance is increased. On engine shutdown 

in flight, when large masses of cold air flow through the engine, more 

rapid cooling of the stator relative to the rotor shaft leads to an 

increase in the forward clearance and a decrease in the rear clearance. 

The necessary magnitude of axial clearance Insuring absence of 

contact between rotor and stator under the most unfavorable operational 

conditions is determined in the light of the magnitude of thermal de- 
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formations of the rotor and stator and the axial displacement of the 

rotor as' a result of the presence of axlai clearance In the support- 

coupling of the compressor and tur- thrust bearing 

bine shafts. 

The magnitude of axial Interblade clearance in present designs 
% 

amounts to C. 1-0.4 of the chord. With decrease of this clearunce, 

energy losses in the airflow in front of the turbine blades are re¬ 

duced, the losses being related to equalization of the velocity field 

behind the nozzle blades and friction of the flow over the housing 

bounding the flow passage. However, at the same time, the excitation 

of turbine blade vibration is increased. Ae has been demonstrated by 

experimental research, some Increase in axial interblade clearance 

Is an effective method of reducing the intensity of vibration caused 

by nonuniform flow behind the nozzle blades; however, this is ac¬ 

companied by some reduction in the turbine efficiency. 

The magnitude of axial clearances should ue made as small as pos¬ 

sible, since the axial dimension of the turbine depends on it. In new 

designs it is chosen on the basis of statistics, and then refined by 

experimental test. 

Labyrinths disposed in the radial or axial directions, are used 

as seals to reduce gas losses in the axial clearances between turbine 

stages. 

In the radial arrangement of a labyrinth (see Fig. ?4,a), the 

magnitude of the axial clearance and, consequently, the leakage of 

gas in the labyrinth is affected by the axial thermal deformation of 

the rotor and housings. In the axial arrangment of the labyrinth (see 

MS* 74,e) the axial thermal deformations of the rotor and housings 

do not affect the gas leakage; however, the radial thermal deforma¬ 

tions have a noticeable effect, leading to change in the magnitude 
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Chapter 6 
% 

THE COOLING OP GAS-TURBINE PARTS 
• # 

The cooling of the structural elements of a turbine Insures main¬ 

tenance of temperature within permissible limits for the most critical 

parts, guaranteeing the necessary mechanical strength of those parts. 

Further, cooling of the parts permits increasing the time between 

engine overhauls, and if it is possible to avoid the use of high-al¬ 

loy and high-priced steel and alloys (based on cobalt,nickel,* etc,) 

the expense of gas-turbine fabrication can be sign!cantly reduced. 

The basic cooling systems for the gas-turbine engines [GTD] 

widely used at present include the system of cooling hot parts by 

removal of heat into the turbine disk, and a system of internal cool¬ 

ing of the parts by air led through special channels located inside 

the cooled parts. 

1. BLADE-COOLING SYSTEM WITH REMOVAL OP HEAT INTO TURBINE DISK 

The system of blade cooling by removal of heat into the turbine 

disk is the simplest from the structural standpoint and does not re¬ 

tire large expenditure of power; it is therefore used on most modem 

GTD (gas-turbine engines]. The heat from the more intesely heated fins 

of the turbine blades is conducted to the less-vigorously heated 

bucket shanks and through the keys into the rim and disk of the turbina 

The blade keys, the rim, and the disk of the turbine lose heat in turn 

into the surroundings. The extent to which the temperature of the 

blade bases is lowered depends on the intensity of heat removal by - 

the turbine*keys and disks into the surroundings. 
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are cooled by air Jets blown out under a pressure of a magnitude not 

exceeding the pressure of the air behind the compressor. In order to 

avoid large power losses in cooling, engines with axial compressors 

may take air from some intermediate compressor stage] and in engines 
• 

with centrifugal compressors, the cooling air is ducted, as a rule, 

by use of specially designed low-pressure fans drawing air in from 

the atmosphere. In order to increase the efficiency of cooling, the 

air is directed toward the side surface of the disk by use of special 

deflectors. 

After cooling the disk, the rim, and the keys, the cooling air 

•is ejected into the flow passage. When the pressure of the cooling 

air is less than the gas pressure in the axial clearances of the 

turbine flow passage the cooling air cannot pass into the engine flow 

passage but must be ejected into the atmosphere by special channels 

provided for the purpose. 

Two basic methods of supplying cooling air to the disk and 

buckets may be differentiated ï 

supply of air to a sleeve, with subsequent radial air flushing 

of the side surfaces of the disk and remova?, of heat from them; 

supply of air directly to the rim, with subsequent ejection 

through holes in the rim or installation clearances in the turbine- 

bucket keys. 

In the former case, the central part of the disk is more Intensely 

cooled than the rim, which induces great nonuniformity in the tempera¬ 

ture distribution along the radius of the disk, and leads also to the 

appearance of large thermal stresses in the disk that are of the same 

order as the stresses due to centrifugal forces. IXictlng air through 

installation clearances reduces the temperature difference between 
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the Pim and the disk« and,consequently# decreaaes the thermal stresses. 

For the* same temperature of the blade root sections, the flow rate of 

cooling air, when ducted through the Installation clearancer. Is 

smaller by a factor of 8 to 9 than the flow rate In the case of radial 

flow along the disk, and does not exceed 0.5# of the [turbine] gas 
« 

flow-rate, which Is explained by the large surfaces of the slit chan- 

neis and high Intensity of heat transfer in the installation clear¬ 

ances. 

Figure 89 shows a layout of two-sided cooling of a turbine disk 

by air led from intermediate stages of an axial compressor. The for-, 

ward surface of the turbine disk is cooled by air taken from the 

eighth stage of the compressor through labyrinth seal 2 and through 

two flow passages 5 in the support casing. Air for the rear surface 

of the turbine disk comes from the fourth stage through six channels 

11 in the compressor housing, through internal cavities 12 of the outer 

combustion-chamber liner, and through the hollow struts of the exhaust 

nozzle and orifices 10. After cooling the disk and its rim, the air is 

ejected into the flow passage through axial clearances, since the 

pressure of the air is greater than the gas pressure in the axial 

clearances. ^ 

The layout for single-side cooling of the turbine disk by air 

supplied by a special fan is shown in Fig. 90. Ai? in an amount 0.8- 

1# of the over-all airflow through the engine is sucked in from the 

nacelle through aperture 2 located in the rear supporting structure. 

and thereafter flows to the fan impeller 1 mounted on the shaft of 

the compressor rotor. The power required by the fan is equal roughly 

to 0.4# of turbine power. The impeller air inlet is formed by an inlet 

3 and the forward wall of housing 4. Air is compressed to a pressure 
0 

of 1.3-I.5 kg/cm in impeller 1 and in vaned diffuser 5 and then 
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through aperture 6 in the wall of the housing, It. flows into the sup¬ 

porting housings. The temperature of the cooling air at outlet from 

the fan is equal to 70-80°C. In order to prevent leakage of air at 

the inlet to the vaned diffuser, labyrinth 7 is installed between 

the housing and the impeller. Thus an excess pressure of O.3-O.5 kg/ 
2 

cm is established Inside the housing enhancing the packing of the 

oil bearing labyrinths (pressurizing the labyrinths). 

The primary flow of cooling air is toward the turbine disk. In 

the couse of its flow toward the turbine disk, the air cools the tur¬ 

bine shaft, the bearing housing, and the support housing. 

Decrease in the heating of the inner bearing ring by heat con¬ 

ducted along the turbine shaft is achieved by installation of 2 bear¬ 

ing on stepped sleeve 9» Air floes in the clearance formed by the 

sleeve and shaft; the air is then ejected through end slots in the 

sleeve flange by reason of the centrifugal effect. 

Cooling air, and gas leaking through labyrinth 10, flow from the 

turbine disk through nine tubes 11 into the air-dlcharge chamber 12, 

from which it is then ejected into the atmosphere. To decrease the 

heating of the turbine bearing housing with air flowing from the disk, 

screen 13 is used. Air ejected through holes 14 in the casing insures 

intense air circulation in the clearance between the screen and the 

housing. 

A two-stage gas turbine cooled by air conducted through slits in 

the fir-tree key is shown in Pig. 63. Part of the secondary air bled 

from the combustion chamber in three streams is used for cooling. 

The first airflow enters the space between the outer housing of 

the nozzle diaphragm of the first stage and lining shoes 11, and cools 

the outer bases of the nozzle blades. In this arrangement, part of the 
• • 

air is ejected into the flow passage through the clearance between the 
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Pig. 90. Diagram of turbine cooling by air supplied by centrifugal 
compressor [motion of air is shown by arrows). 1) Pan impeller: 2) 
aperture; 3) inlet; 4) fan housing; 5) vaned diffuser; 6) aperture 
in the housing^wallj^7,ajKi 10) labyrinths; 8) deflector; 9) stepped . 1 » , ¡ ucxxcui/ux, y i steppe 
sleeve; 11) tube; 12) air-discharge chamber; 13) screen; 14) hole. 

nozzle blades and the shoes, while a large part flows into the clear¬ 

ance between the housing and the lining shoes 12 of the second-stage 

nozzle diaphragm, cooling the bases of the second-stage nozzle blades, 

after which it is ejected into the flow passage. Because of the air 

layer between the shoes and the nozzle-diaphragm housings the temper¬ 

ature of the latter is maintained at a relatively low value (350-350°C). 

A second current of air in an analogous manner cools the inner 

bases of the nozzle blades and the inner housing of the nozzle dia¬ 

phragm of the first stage, after which it is ejected into the engine 

flow passage so as to produce a zone of low temperature gas flowing 

past the root section of the turbine blades of the first sta&e of 

the turbine. A part of the air cools strut 13 and strut fairings 14 

of the supporting structure. 

The third airflow enters air distributor 5 with holes carefully 

selected as to size and location, and these distributes the air over 
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the parts of the turbine, i.e., part of the a3r is directed toward 

the keys of the turbine buckets of the first stage, and part to holes 

in the disk of the first stage, through which the air is ducted inside 

support ring 6 to cool the disk and the keys of the second stage. The 

first part of the air proceeds through the clearances in the keys, in¬ 

tensively removing the heat from the base of the blades, and through 

slanted holes 7 to the overhang of the disk, (cooling the latter), 

into the cavity between the disks, and thereafter into the flow pas¬ 

sage through the axial clearances. 

The air from the inside cavity of the support ring flows through 

the radial holes in the ring shoulder to tthe keys of the second-stage 

blades, cooling the bases of the turbine buckets and proceeding 

through holes in the disk of the second stage, cooling the back sur¬ 

face of that disk, after which it is ejected into the flow passage 

of the engine. 

The heat outflow from a blade affects only the temperature of 

its base (at a distance of about 25* of its length). The temperature 

of the middle and tip parts of the blade remains unchanged and is 

practically the same as the gas temperature. 

In spite of the insignificant reduction of the temperature of 

the middle and tip parts of the blades, the efficienty of the blades 

and their service lives are considerably increased, since the strength 

margin is increased in the relatively less heated root section in 

which the greatest total tensile stresses are present, these being 

caused by centrifugal forces in addition, there are the bending 

stresses caused by aerodynamic forces. 

These temperature of the gases in front of the turbine buckets 

is kept nonuniform in the radial direction, i.e., lower near the 

roots and tips of the blades, and higher near the center. The non- 



uniform change in temperature increases the strength margin of the 

especially highly loaded root sections of the turbine buckets and 

lowers the temperature of the turbine housing. The creation of local 

zones of low-temperatuie gas is achieved by supplying relatively cold 

secondary air from the combustion chamber to these zones through holes 

in the flame tubes or through clearances between the flame tubes and 

the combust!on-chamber shells. 

Computations show that the lowest gas-temperature value at the 

blade root corresponds to a maximum-temperature position at 2/3 of 

the blade length from the root section. 

In present turbine designsm the maximum gas-temperature differ- 

• ence in the radial direction is equal to 100-A00°C. In this case, the 

gas temperature at the root section of the turbine buckets is 450-700 

°C. With no heat outflow into the stem, the root section would have 

the same temperature. Because of the heat outflow from the stem, the 

temperature of the root section of the blade may be lowered by 50- 

100°C. 

-p The temperature of turbine disks of modern OTD [gas-turbine en¬ 

gines] in relation to the gas temperatures and the conditions of cool¬ 

ing comes to 45C-700°C at the rim and 150-600°C in the center. 

2. EQUIPMENT OF INTERNAL SYSTEMS FOR COOLING TURBINE BUCKETS WITH AIR 

The basic elements in the design of an internal system for the 

cooling of turbine buckets by use of low-pressure air include an in¬ 

let for the cooling air, air ducts to the turbine, seals at the points 

where the air is transferred from stationary parts to rotating parts, 

deflectors at the turbine disk, insuring motion of air along the tur¬ 

bine disk and directing the air toward the buckets, bucket deflectors 

intended for cooling bucket fins, and equipment for the keying of the 

cooled buckets. 
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Çoollnfl-alr Inleta may be annulai or made in the form of aper¬ 

tures. With ring diversion of air, the flow distribution in the com¬ 

pressor is disturbed as little as possible, so as to reduce any dan¬ 

ger of generating vibration in the compressor vanes. 

Ducting of air from the compressor to the disk is accomplished 

by use of outer tubes or channels, located in the housings, or 

through a hollow turbine shaft. 

In order to avoid large pressure losses in the ducted air, the 

channels should not have sharp turns or expanded sections. The chan¬ 

nels are positioned at equal intervals about the circumference of 

the turbine disk,which insures uniform distribution of air about the 

disk and buckets. Heating of the air on its path from the compressor 

to the turbine disk should be minimum. 

Since the required flow rate and pressure for cooling air is 

different for nozzle and turbine buckets, the bleeding of air may be 

accomplished at various compressor stages. In order to prevent mixing 

of these two flows, separating diaphragms 6 (see Pig. 89) are instal¬ 

led. 

In the design development of a cooling system, great care must 

be taken to insure good seals at the points at which the air transfer 

from stationary parts to rotating parts and at the spots where the 

buckets are Joined to the disk, since only when good seals are pro¬ 

vided will the design volume of cooling air actually flow across the 

buckets being cooled. Failure to consider leakage of cooling air 

along the path to the buckets may substantially lower the effect of 

cocling. 3y way of seals at locations of air transfer from fixed to 

rotating parts throttling labyrinths 10 (see Fig. 77,a) are installed. 

Turbine disk deflectors may be fixed or rotate with the disk. 

Figure 90 shows fixed deflector 8, and Fig. 77,a shows deflector 18 
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which turns with the turbine. Deflectors increase the effectiveness 

of disk cooling and decrease the quantity of air required. 

Cooled turbine buckets are provided with channels for ducting of 

cooling air, the total flow cross-section of which is determined by 

the design air requirement. The number, shape, and distribution of 

cooling cavities are chosen in such a fashion as to guarantee the 

greatest possible cooling efficiency with minimum hydraulic resist¬ 

ances and the necessary uniformity of the temperature field in the 

bucket cross-sections. Uniform cooling of the buckets is provided by 

bringing the cooling channels close to the places having the highest 

temperature, that is, to the inlet and exit edges. 

Increase in the efficiency of cooling, that is, lowering of the 

required air flow for given cooling intensity, is insured by increase 

of the cooling surface and the coefficient of heat flew from the buck¬ 

et walls to the cooling air. 

Considerable increase in the cooling surface is achieved by use 

of forming at the internal cooled side of buckets, or the use of fin¬ 

ned inserts 1 of relatively small diameter, introduced into cooling 
tí 

channels 2 (Pig. 91,a). 

Increase of the coefficient transfer from the wall to the air is 

achieved by reducing the diameters of the cooling channels, for this 

purpose special inserts, i.e. , deflectors guiding the air along or 

across the buckets, are installed in hollow buckets. 

In the first case the air flows along the clearance between the 

wall of the bucket and the deflector, thrt Js, in the longitudinal 

channels, and is discharged Into the flow passage at the end of the 

bucket through the end cross-section (Pig. 91,b). Examples of trans¬ 

verse sections of buckets with longitudinal channels for ducting of 
• * 

cooling air are shown in Pig. 92. 
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Pig. 91. Schematic diagram of inserts and deflectors for buckets with 
internal air cooling, a) Pinned Inserts; b) deflector guiding the air 
along bucket; c) deflector guiding the air across bucket, l) Insert; 
2) cooling channel; 3.and 4} deflectors. 

In case of transverse flow of air, the latter initially, enters 

inside deflector 1 (Pig. 93)# after which it flows through a series 

ot slits in the deflector into the nose, the more intensely heated 

part of the bucket (see Pig. 91#c) and thereafeter is ejected into 

the flow passage through slits along the trailing edge. The methods 

of ejecting air are shown in Pig. 93*a and b. In such an arrangement 

of the motion of the air, excellent cooling is achieved at the inlet 

and exit edges of the bucket, and the distribution of temperature in 

the cross sections of the bucket turns out to be more uniform than 

with longitudinal motion of the air. 

Pig. 92. Cross-sections of buckets with inner air cooling, in which 
the cooling air flows longitudinally, a) Bucket with load-bearing 
wall and nonload-bearing deflector: b) bucket with load-bearing core 
and inoperative screen, l) Wall; 2) deflector; 3) core; 4) screen. 

- 178 - 



! 

Coole;’, buckets are differentiated as to the loading arrangement: 

1) arrangement with load-bearing wall and nonload-bearing wall 

and nonload-bearing deflector; 

2) arrangement with load-bearing core and nonload-bearing wall 

(screen). 

In the buckets of the first arrangement (Fig. all tM load 

is borne by the wall, which at the same time forms the bucket profile. 

The deflector is loaded only by centrifugal forces due to its own in¬ 

trinsic mass. Buckets are formed by bending from sheet steel. The 

bucket key is made in one piece with the load-bearing wall. The de¬ 

flector is attached by use of dowel 1 and finished by welding. The 

Fig. 93» Methods of discharging 
cooling air with transverse flow, 
a) Exit slit in the edge; b) exit 
slit in the concave surface of 
bucket, l) Deflectors; 2) walls. 

clearance between the deflector and the bucket wall is ordinarily not 

greater than 0.5-0.7 mn. 

Rickets of the second arrangement consist of a nonload-bearing 

wall, functioning as a screen. In the design shown In Fig. 94,b, the 

load-bearing core, made In one piece with the key, consists of an in¬ 

voluted blade, on the body of which there are longitudinal ribs. The 
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screen made of steel sheet of thickness 0.5-0.8 mm is first bent ac- 

. cording to the shape of the core so that It can be mounted on the 

cbrCj and finally It Is driven In place and welded to the core at 

the base. 

The screen Is subject to gas forces and transmits them to the 

load-bearing core, which, further. Is loaded by centrifugal forces 

of the Intrinsic mass. There are channels for the supply of air to 

the clearance between the screen and the core in the key and rlra. 

Cooling air flows In the longitudinal direction, cools the screen 

and the supporting core, and flows out through the end of the blade. 

Wie temperature of the supporting core, shielded by the cooling 

screen, is considerably lower than the screen temperature. The relia¬ 

bility of this turbine bucket is found to be quite high. 

A drawbach of cooled buckets with a supporting core and non¬ 

load-bearing screen welded to the core, is the difficulty in the 

choice of materials with the requisite coefficients of linear expan¬ 

sion, insuring the absence of large thermal stresses in the screen 

for various operational conditions of the engine. 

Cooled nozzle blades have much in common in design with cooled 

turbine blades. Differences consist only in the methods of attaching 

the blade defle-tors of the air-cooled blades. For example. Fig. 95,a 

shows deflector 1 welded to the base of the blade and Fig. 95,b shows 

deflector 1 welded to the outer end by use of core 4 and plate 5. 

Slits for exit of cooling air are formed by use of wedge-shaped 

plates 2, welded by spot welding to the wall of the bucket (Fig. 95,a) 

or by milling the ends of the plates Joined together before welding 

(Pig* 95#b). In cast blades, the slits are made in the exit edge by 

use of electro-erosion methods. 

The keying devices for cooled turbine buckets have channels with 
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Pig. 94. Load-bearing layout of turbine blades 
cooled by air. a) Layout with load-bearing wall; 
b) layout with load-bearing core* l) Attachment 
dowel for the deflector: 2) bottom plate; 3) 
wedges; 4) deflector; 5) load-bearing dowels for 
bucket attachment. 

flow - passage areas sufficient for introduction into the bucket of 

the required quantity of air, without significantly lowering the 

strength of the key. In the process, the hermetic sealing of the buck¬ 

et coupling to the turbine disk must be insured, because failure to 

take account of leakage of air through the key coupling may noticeably 

Impair the cooling of the buckets. 

Figure 94,a shows the attachment of a cooled bucket by use of a 

cylindrical key. In order to increase the airflow-passage area, the 

air it is ducted into two sides of the key. The design of the cylindric¬ 

al key of the air-cooled bucket turns out to be simple. A deficiency 

of such a design is its reduced air-tightness due to the difficulty of 

achieving an airtight fit of the bucket into the socket in the disk. 

Increase in rigidity of attachment and sealing is accomplished by 

- 181 - 



Ct*c*u$ A 
*oõ0 Bud no CfT^cjtne A B 

C 7à*e*Ma* cSapmi 

Pig. 95. Nozzle diaphragm blades cooled by air: a) With a deflector 
guiding the air across the blade; b) with deflector guiding the air 
along and across the blade. 1) Deflector; 2) plate; 3) slit for ejec¬ 
tion of air; 4) core; 5) plate. A) Section along; B) view along the 
arrow; C) spot welding. 

press-fitted wedges 3. 

Figure 94,b shows the design of a cooled fir-tree key. 

Calculations indicate that in the case of internal cooling of 

turbine buckets with a cooling-air requirement of about 6-7JÉ and 

a bucket-wall temperature equal to 700°C, the permissible temperature 

of the gas through the turbine buckets amounts to 1050-1100°C, and 

through the nozzle diaphragm of the turbine, 1200-1250°C, i.e. , the 



cooling of the bucket by air permits of Increasing the temperature In 

the combustion chamber ahead of the turbine by 300-350°C in comparison 
• ' ■ i- ( ; ' y ! ‘i'lj JjTJj 1 ' I .¡" Wyni ‘MWjfflPiBilB ; 

with the temperature used at present (850-900°C). A further Increase 

in the flow of air in an open cooling system Is not feasible, since 

air emitted Into the engine flow passage results In considerable 

losses fro the viewpoint of doing work in the turbine buckets. In 

this case the power losses In cooling and the complexity of the design 

amount to more than the power gained by reason of the Increased gas 

temperatures in front of the turbine [2?]. 



Part Three 

MAIN COMBUSTION CHAMBERS AND AFTERBURNERS. EXHAUST SYSTEMS 

Chapter 7 
% 

MAIN QTD [GAS-TURBINE-ENGINE] COMBUSTION CHAMBERS 

1. COMBUSTION-CHAMBER TYPES AND RELATIVE RATINGS 

QTD combustion chambers are classified on the basis of; air and 

(gaseous) combustion-product flow direction, method of supplying; fjjel 

to the combustion zone, and chamber construction and location on the 

engine. • 

• QTD combustion chambers are classified as straight-through flow 

or reversed-flow engines on the basis of air and combustion-product 

flow direction. 

On the basis of the method used to supply, fuel to the combustion 

zone, chambers are classified as vapor-phase-fed and llquid-phase-fed 

chambers (in the latter case, the liquid is supplied as finely dis¬ 

persed drops). 

On the basis of construction and location, chambers are classified 

as individual-tube (can), annular, or cannular. 

Straight-through flow chambers (Fig. 96) are the most widely used 

since in comparison with reversed-flow chambers the hydraulic losses 

are substantially less while chamber dimensions (diameters) cannot ex¬ 

ceed the maximum diameters of the axial compressor and turbine. 

A drawback to this type of chamber is the Increased distance be¬ 

tween turbine and compressor, which increases the over-all engine 

length and, chiefly, the distance between the fore and aft engine-rotor 

supports with a corresponding complication in design and increase in 

engine-rotor weight. 
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Reversed-flow chambers permit a reduction In engine and rotor 

length, since they ere usually placed arouM the turbine and tailpipe 

(Pig. 97). In Isolated cases (Fig. 98), the combuctlon chamber is lo¬ 

cated between turbine and compressor. In this case, the flame chamber 

in which the fuel Is burned and the combustion products mixed with air 

are so shaped that the distance between compressor and turbine Is 

nearly halved in comparison with the corresponding distance for an en¬ 

gine having a straight-through flow chamber. 

Reversed-flow combustion chambers are best used where engine 

weight and size are decisive factors. Here we are primarily concerned 

with combustIon-turbine starters. 

combustion chambers with vapor-phase fuel supply are fairly seldom 

used ln OTD. This Is primarily explained by the complexity of building 

a reliably operating vaporization system, which must take the form of 

a set of vaporizing tubes » (Pig. 99), located In the combustion zone. 
The tubes carry a highly enriched fuel-air mixture, heated until the 

fuel has completely vaporized. Mixture composition, the form and dimen¬ 

sions of the vaporizing tubes are dictated by the need to prevent cok¬ 

ing or charring while maintaining stable operation of the chamber under 

all service conditions. 

The basic advantages of a vapor-combustion chamber are: 

- a reduction in the required maximum fuel pressure ahead of the 

nozzles and, consequently, throughout the fuel-delivery system, which 

increases the operating reliability of the fuel-delivery and metering 

apparatus; 

- Increased chamber operating reliability at high altitudes, as 

there is no longer any need for fine atomization of the fuel by the 

Injectors at the low fuel flow rates required at high altitudes; 

- within the chamber, combustion proceeds without flame tongues 
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Pig. 99* Straight-through flow combustion chamber 
with fuel supplied as the vapor: Aj combustion 
zone; B) mixing zone; l) nozzle; 2) flame tube; 3) 
chamber housing; vaporization tube (for vapor- 
ized-fuel Injector, see Pig. 208). 

or deposition of soot, and this reduces radiative heat transfer to the 

chamber walls and Improves chamber cooling conditions. 

The drawbacks of vapor-combustIon chambers Include: 

- the complexity of starting up the chamber and bringing It Into 

vaporization operation, which requires a large number of starting In¬ 

jectors and plugs (as many as 6-7); 

- a reduction In maximum combustion efficiency (2-3$6) as compared 

with chambers to which fuel Is supplied In atomized form; 

- the difficulty of ensuring a uniform distribution of fuel vapor 

throughout the chamber cross section, which makes It necessary to In¬ 

crease the chamber cross section. 

As a rule, an advantage to vapor-combustIon chambers Is reduced 

length (35-^0#), owing to the fact that the vaporization processes oc¬ 

cur within the vaporizers, rather than at the front of the chamber. 

There Is no accompanying weight reduction, however, owing to the addi¬ 

tional weight of the tubes and the Increase In chamber cross-sectional 

dimensions. 

Combustion chambers with fuel delivered In liquid phase (as fine 

drops) are predominantly used for GTD. In such chambers, the fuel is 

supplied through nozzles designed to produce the best dispersion and 
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mixture of the fuel. Fuel-drop diameter usually runs from 10 to 300- 

400 microns. 

The great store of experience that has accumulated in designing 

and operating combustion chambers with nozzles permits reliably operat¬ 

ing GTD combustion chambers to ba made fairly rapidly. Design and im¬ 

plementation work is easier for chambers using atomization owing to 

the fact that fairly accurate design methods are available for nozzles, 

and a large number of investigations have been carried out into the 

processes of atomization, mixing, and combustion of a fuel supplied to 

the chamber through atomizing nozzles. 

Fuel is sometimes injected against the direction of gas flow (Fig. 

100) in order to Improve fuel dispersion and mixing. In such chambers, 

the nozzles are subject to vigorous heating. For this reason, in most 

engines fuel is injected into the chamber in the direction of gas flow. 

Can-type straight-through flow chambers (Fig. 101) are usually 

installed around bearing housings, with no connection between chamber 

elements and the engine stress-bearing system. One engine may have 6 

to 20 chambers. 

Hie advantages of can chambers include: 

- simplicity of experimental development work, since the air- and 

fuel-flow rates required for each chamber are small; 

- the possibility of rapid chamber removal and installation under 

service conditions for chamber inspection, elimination of flaws, or 

replacement. 

At the same time, these chambers have the following drawbacks*. 

- increased weight of engine stress-bearing system elements and 

of the engine as a whole; 

- inefficient use of the volume included between compressor and 

turbine, as spaces are left between the combustion chambers and in com- 
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Pig. 101. Can combustion chambers; a) arrangement of chambers on en¬ 
gine; b| diagram of combustion chamber; A) combustion zone; B) mixing 
zone; 1) flame tube; 2) chamber housing; 3) chamber diffuser; 4) air; 
5) gases. 

pennatlon, engine diameter Is Increased at the combustion chamber; 

- a less uniform temperature field on the periphery of the cham¬ 

ber outlet ducts; ^ 

— more complicated combustion-chamber connector-duct design and 

the need to Install a gas collector ahead of the turbine nozzle dia¬ 

phragm. • 

Can chambers are widely used for engines with centrifugal com¬ 

pressors. The desirability of using can combustion chambers for these 

engines lies In the fact that this permits full utilization of the ad¬ 

vantages of can chambers with respect to their experimental develop¬ 

ment; chamber Inspection and replacement Is also easier. The basic 

drawback of Increased engine size at the combustion chambers Is not 
! w 
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Fig. 102. Annular combustion chamber: a) diagram of chamber; b) ar­
rangement of chamber flameholders; c) over-all view of flame tube; d 
and e) Inside and outside flame-tube casings; A) combustion zone; B) 
mixing zone; 1) outside flame-tube casing; 2) Inside flame-tube casing; 
3) outside chamber casing; 4) Inside chamber casing; 5) flameholder;
6) chamber diffuser.

very Important, since the maximum engine diameter Is determined by the 

compressor dimensions.

Annular combustion chambers (Pig. 102) differ from other types of 

chambers In having a minimum number of parts and In being compact. An­

nular chambers are also considerably cheaper to manufacture than can
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Pig. IOS. Diagram of cannular combustion chamber: 1) chamber diffuser; 
2) outside chamber casing; 3) Inside chamber casing; 4) flame tube; 5) 
nozzle; 6) section through aa (along flame tubes); 7) section through 
bb (along flame tube). ^ 

combustion chambers. The chamber housings are usually connected into 

the engine stress-bearing system. This Increases the stiffness of the 

entire engine and reduces its weight. 

Hie difficulties involved In experimental development of annular 

chambers, which require full-scale testing on installations delivering 

large air flow rates reduce the possibility of testing a large number 

of chamber models for selection of the best design. In this connection, 

the time required to create and develop GTD will be increased, as a 

rule. 

Cannular chambers are an intermediate chamber type which include 

elements of annular and can chambers. In the annular space included 

between the outside casing 2 (Pig. 103) and inside casing 3 of the 

chamber, there are the flame tubes 4 at the fronts of which, as in the 

flame tubes of can chambers, the processes of fuel vaporization, mix- 
0 

ing, and combustion occur; at the tube rears the gases are mixed with 

diluent air and the gas stream is directed to the turbine nozzle dia- 
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phragm. 

Cannular chambers are the most commonly used type for engines, as 

they combine the advantages of both can and annular chambers. 

2. CONSTRUCTION OF COMBUSTION-CHAMBER ELEMENTS 

The main elements of combustion chambers are chamber diffusers, 

flame tubes, and housings or ccslngs within which the flame tubes are 

located. 

A combustion-chamber diffuser it a diverging duct, in which air 

speed is reduced from 120-160 m/sec (at the compressor outlet) to 60- 

70 m/sec (at the inlet to a chamber flame tube). The reduction In 

chamber stream velocity helps to Improve combustion stability and to 

reduce hydraulic losses. 

In construction, diffusers 3 (see Fig. 101) are cast aluminum- 

alloy ducts (throats), while in annular or cannular chambers, they are 

specially shaped cast (see diffuser 6 in Fig. 102) or steel welded 

(see diffuser 1 in Fig. 103) throats. In comparison with cast diffusers, 

welded diffusers are lighter in weight and are thus very commonly 

found in present-day OTD. 

Flame tubes are designed to facilitate the processes of combus¬ 

tion and mixture of combustion products with diluent air. The combus¬ 

tion process takes place in zone A (see Figs. 101 and 102), and the 

mixing process in zone B. 

In designing flame tubes, it is necessary to see that; 

- the flame is stable under all flight conditions; 

- the fuel Is burned as fully as possible; 

- gases and air are mixed reliably and the necessary stream tem¬ 

perature distribution is obtained over the tube length and cross sec¬ 

tion; 

_ chamber parts are cooled to the degree necessary and there is 

- 195 - 



no extreme nonuniformity in heating, which would result in impermla- 

. Bible thermal stresses. 

Por stable combustion of kerosene with high combustion efficiency, 

the best possible atomization, mixing, and fuel-vaporization condi¬ 

tions must be created for the air stream, and a mean stream velocity 

not exceeding 15-20 m/sec must be provided in the combustion zone to¬ 

gether with the maximum possible gas temperature, i.e., roughly I9OO- 

2000°C. 

Maximum gas temperatures are obtained by burning the fuel with an 

air-fuel ratio clo^e to unity. The temperature ahead of the turbine is 

subsequently reduced (to the temperature permitted by turbine strength 

conditions) through the addition of diluent air to the combustion 

products in the mixing zone. As the temperature increases, the rela¬ 

tive amount of diluent air is reduced. 

Pig. 104. Formation of flow- 
reversal zones: a) behind 
plate; b) behind swlrler. 1) 
Section through aa. 

By setting up flow-reversal zones, it is possible to obtain the 

required flow-velocity reduction at the front of the flame tubes to- 
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gether with improved air-fuel mixing and provision for the required 

supply of heat to raise the fuel temperature and vaporize it. Flow- 

reversal zones appear behind a blunt body (Fig. 104a) or after a 

swirler (Fig. lO^lb). The nature of the air stream in flow-reversal 

zones is clear from the figure, which shows the flow lines and the pat¬ 

tern of variation in the axial stream velocity components over the 

tube cross section. The boundaries of the flow-reversal zones are in¬ 

dicated by dashed lines. 

The devices used to create flow-reversal zones have come to be 

called flameholders. 

Swirlers are most frequently found in main GTD chambers as the 

flameholders. The hydraulic losses in swirlers are considerably less 

than in other types of flameholder. Swirlers (Fig. 105a) are blades 

stamped from sheet material and welded to an Inside and outside ring. 

The outside ring of the swirler is in turn welded to the wall of the 

flame-tube head at the front, while the insxde ring is used to center 

the fuel-burner case. About 8-IO56 of the total air flow passes through 

the swirler. 

The dimensions of the flow-reversal zone behind a swirler is de¬ 

termined by Lhe intensity with which the air is deflected. This depends 

on the number of blades and the angle at which they are mounted. 

In chambers in use, there are usually 5 to 12 swirler blades in¬ 

stalled at angles 9 ranging from 30 to 80°. 

The flame may be stabilized by means of cones installed at the 

front of the flame tube so that reverse air flows form behind them. 

Such a device is shown in Fig. 105b. 

A basic drawback to this type of flameholder is the increased hy¬ 

draulic resistance and insufficient operating reliability owing to the 

possibility of deposition of carbon in the space between the cones, 
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with resulting interruption in the formation of flow-reversal zones. 

It is also possible from the design viewpoint to stabilize the 

flame by forming reverse flows near the front wall of the flame tube. 

Pig. 105. Flameholders: a) swirler; b) cone 
system; 1) outside cone; 2) inside cone; 3) 
injector; h) section through aa. 

which has special apertures 1 (Fig. 106). The apertures are made by 

cutting through the wall and bending the material. The flow cross sec 

tions, shape, and arrangement of the apertures, which determine the 

dimensions of the flow-reversal zone are obtained experimentally. The 

techniques required to make f-ame tubes with such flameholders do not 

raise major production difficulties; in service, however, they may de 

form owing to loss of stability in the presence of a slight tempera¬ 

ture rise or impairment of cooling. Thus combustion chambers using 
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such flameholders are not widely used. 

Mixing of combustion products leaving the combustion zone with 

the flow of diluent air usually occurs at the rear of the flame tubes. 

The diluent air may enter through ports in the flame-tube wall, which 

may be quite varied in shape and size (Fig. 107a, b, c, d, e, and f). 

In annular combustion chambers, mixing tubes are frequently used for 

this purpose (Fig. 107g and h). 

It is advantageous from the viewpoint of tube-design simplifica¬ 

tion to have air enter through ports in the flame tubes. Port size and 

shape should be so selected as to provide good air-gas mixing and the 

least possible nonuniformity in tube-wall heating. It is necessary to 

ensure uniform tube heating in order to reduce thermal stresses. This 

is done by using additional vents of small size (Fig. 107f) between 

the main tube ports or by using special tubing (Fig. 107c) of heat- 

resistant material to frame the aperture edges. 

The nonuniform heating of the tube wall owing to better cooling 
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of the wall material near the vents leads to tb* appearance of thermal 

stresses. Ihls Is explained by the fact that the cooler portion of the 

tube hinders expansion of the hotter portion. Thus compressive stresses 

appear In the relatively hot sections of the tube (between the aper¬ 

tures), while the cooler sections (at the edges of the apertures) tu'e 

subject to tensile stresses that facilitate the formation of cracks. 

The drawbacks Inherent In the method of supplying air through 

ports In the flame tubes Include the short range of the air stream. In 

this connection. It Is difficult to obtain the required reduction of 

temperature In the center of the stream, especially with large tube 

cross sections. It is for precisely this reason that the method of 

supplying air through ports in the flame tubes is most commonly used 

for can and cannular combustion chambers, where the cross section is 

small and air can be supplied around the entire tube perimeter. 

In flame tubes of annular combustion chambers in low-power en¬ 

gines, we also sometimes find ports used to supply air to the mixing 

zone; elongated ports (Pig. 107b) are used to provide some increase In 

air-stream range. 

Bie use of mixing tubes (Pig. 107g and h) to supply air to annular 

chambers makes 1; possible to obtain more uniform velocity and tempera¬ 

ture fields over the cross section at the combustion-chamber outlet. 

Ofte Installation of tubes In a high-temperature air stream re¬ 

quires special measures to be taken for cooling the tubes and protect¬ 

ing them against gas corrosion, especially at the front. To do this, 

we usually increase the speed of the air washing the front wall of the 

tube by reducing the duct cross section with the aid of a special In¬ 

sert A (Pig. 107h). 

In addition to Internal tube cooling, it Is also possible to cre¬ 

ate a protective layer of cold air that washes the outside surface. To 
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do this, special attachments are installed ahead of the tube, or vents 

are made to admit cooling air. To protect mixing tubes against gas cor¬ 

rosion, their inside surfaces are sometimes coated with a layer of 

hea t-re sis tant ename1 [27 ]. 

Fig. 107. Shapes of ports and ducts used to supply air to flame-tube 
interiors: a, b, c, d, e, and f) various shapes of ports in flame-tube 
walls; g and h) mixing tubes; A) insert to reduce tube-channel cross 
section. 

Cooling of flame-tube parts to increase operating reliability and 

life is one of the most Important problems to be solved in designing a 

combustion chamber. The hottest part of a flame tube is its center, 

since this is where combustion is completed and mixing of gases begins. 

The tube walls are cooled externally by the stream of secondary air 
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flowing through the annular apace between the tube and combus¬ 

tion-chamber housing (casing). External cooling frequently proves in¬ 

adequate and it becomes necessary to provide for internal boundary- 

layer cooling. This essentially consists in creating a layer of air 

between the flame-tube wall and the gas flow. The air stream is di- 

6 
CCiCHuc no a a 

t 

Pig. 108. Methods of supplying cooling air for 
boundary-layer cooling: 1) ring with vents; 
slots; 3) duct; 4) shaped ring; 5) housing; 6) 
section through aa. 

rested along the inside flame-tube wall to rings 1 (Pig. 108a), which 

connect the separate tube sections; they have vents, external slots 2 

(Pig. 108b) stamped at the tube-section Junctions, or shaped rings 4 

(Pig. 108c) welded to the inside of the flame tube 3. 

Nonuniform heating of flame tubes either along the surface or 

within the walls will lead to the appearance of excessive thermal 

stresses In the tubes or to loss of tube stability. 

In order to Improve cooling efficiency, flame tubes are made with 

small wall thickness (0.8-1.2 ran) from heat-resistant sheet material. 

nie greatest stiffness and stability are possessed by flame tubes 

having milled external longitudinal fins (Pig. 109). By bending the 

edges of the ports toward the Inside or outside of the tube (see Pig. 
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Pig. 109. Flame tube with longi­
tudinal fins on outside surface.
1) Section thro\«h aa.

107d and e), or by Installing rings (Pig. 107c), it Is possible to In- 

crease the stiffness of smooth tubes.

T^ie Increased tube-wall thickness at welded seams Increases ther­

mal stresses, which can be lowered by Introducing the temperature- 

compensating slots^ A (Fig. 110).

Pig. 110. Outside view of flame 
tube with temperature-compensa­
tion slots A.

Tubes are scmetlmes covered with a layer of heat-resistant enamel 

to Increase their heat resistance.

Type EI435 chrome-nickel alloys are usually used In the manufac- 

txire of flame tubes; they have good welding and drawing properties.

Combustion-chamber housings or casings are cylindrical or conical 

shells within which the flame tubes are mounted. In contrast to casings, 

combustion-chamber housings are Included In the engine-stress bearing 

system, and thus carry additional forces and moments that appear In 

other engine elements.
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flowing through the annular space between the tube and combus¬ 

tion-chamber housing (casing). External cooling frequently proves In¬ 

adequate and It becomes necessary to provide for Internal boundary- 

layer cooling. Wils essentially consists In creating a layer of air 

between the flame-tube wall and the gas flow. The air stream Is dl- 

Flg. 108. Methods of supplying cooling air for 
boundary-layer cooling: 1) ring with ventsi 2) 
•lots; 3) duct; 4) shaped ring; 5) housing; 6) 
section through aa. 

• • - , 

rected along the Inside flame-tube wall to rings 1 (Fig. 108a), which 

connect the separate tube sections; they have vents, external slots 2 

(Pig. 108b) stamped at the tube-section Junctions, or shaped rings 4 

(Pig. 108c) welded to the Inside of the flame tube 3* 

Monunlform heating of flame tubes either along the surface or 

within the walls will lead to the appearance of excessive thermal 

•tresses in the tubes or to loss of tube stability. 

In order to improve cooling efficiency, flame tubes are made with 

•mall wall thickness (0.8-1.2 nm) from heat-resistant sheet material. 

The greatest stiffness and stability are possessed by flame tubes 

having milled external longitudinal fins (Fig. 109). By bending the 

edges of the ports toward the Inside or outside of the tube (see Fig. 
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tudinal fins on outside surface.
1) Section thro\«h aa.
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shells within which the flame tubes are mounted. In contrast to casings, 

combustion-chamber housings are Included In the engine-stress bearing 

system, and thus carry additional forces and moments that appear In 

other engine elements.
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Casings are used in can-type combustion chambers and housings in 

annular and cannular chambers. 

Casings of can chambers usually have a movable telescoping connec¬ 

tion at the front (Pig. 111a) or rear (Pig.. 111b) ring. The movable 

connection for the front part of the casing may be sealed with the aid 

of a rubber ring 4 installed under slight tension in a groove in the 

casing 3 (see Pig. 111a). 

The movable Joint at the rear end of the casing, which is at the 

hottest part of the combustion chamber, requires a more complicated 

sealing device. As we can see from Pig. 111b, a machined ring 6 with a 

spherical chrome-plated outside surface is welded to the end of the 

conical casing section for this purpose. A bushing 3 with chrome-plated 

inside surface is installed in housing 7 of the gas collector. Ring 6 

and bushing 5 are assembled under slight pressure. The chrome-plated 

mating surfaces of the seal Increase the wear resistance of the parts 

and prevent the gap from enlarging during operation of the chamber. 
• / 

The nonmovable front end of the casing is mounted as a restricted 

hinge (see element A in Pig. 111b). Here flange 8 of the chamber is at¬ 

tached to flange 9 of the compressor duct with the aid of two bolts. 

The connection remains sealed under possible rotations of the chamber 

owing to the installation of ring 10, which has a spherical contact 

surface. 

Chamber housings in present-day QTD are shells welded to flanges 

designed to attach the housing to other stress-carrying elements of 

the engine. This connection is usually so made that it is possible to 

remove the flame tubes for inspection or replacement without substan¬ 

tial disassembly of the engine. Certain chamber designs, however, make 

it possible to connect the outside housing 1 of the chamber to the 

turbine housing 2 by means of flanges (Pig. 112) so that by moving 
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housing 1 backward it is not only possible to inspect the flame tubes 

3, but where necessary to replace them without additional disassembly 

of the engine. 

Pig. 112. Detail showing connection of com¬ 
bustion-chamber housing and turbine housing: 
1) chamber housing; 2) turbine housing; 3) 
flame tube; 4) stress-absorbing ring. 

Combustion-chamber casings and housings are made of StlO carbon 

steel where the wall temperatures do not exceed 300°C, while YalT 

(lKhl8N9T) chrome-nickel steel is used for higher temperatures. 

3. LOADS ON CHAMBER ELEMENTS, STRENGTH OF CHAMBER ELEMENTS, AND VIBRATION 

Combustion-chamber elements are stressed by gas and Inertial 

farces, gravitational forces, and by forces due to nonuniform heating 

of material and vibration. In addition, where chamber elements are con¬ 

nected into the engine stress-carrying system, additional stresses ap¬ 

pear due to forces and moments transmitted from other engine elen.ïnts. 

Flame tubes are subject to the action of a small air-pressure 

drop; their principal loads are of thermal origin and are caused by 

nonuniform wall heating. The prediction of wall-temperature distribu¬ 

tion nonuniformity and determination of thermal stresses is a fairly 

complicated problem. Thus as a rule, flame tubes are not designed for 

strength. Reliable operation is ensured by a reasonable tube doeign 



Pig. 113. Loading of outside and Inside rings 
of annular and cannular combustion chambers. 

based on actual tests either in an engine or on special setups. 

Casings for can chambers are designed for strength, and the effect 

of the internal excess pressure and vibration experienced is taken 

into account. 

When housings for annular and cannular chambers are designed, 

they are assumed to be loaded by a complex system of forces and mo¬ 

ments. Figure 113 shows the loads on the outside and inside housings 

of an annular chamber. The outside housing experiences tension along 

the generatrices owing to the action of the Internal excess prespure 

Pn, and tension through the cross section as a result of the axial 

force Pn transmitted from the turbine housing, and torsion from the 

twisting moment V n- The inside housing is compressed by the external 

excess pressure py and is acted on by the axial force Py and twisting 

moment “kr V In addition, gravitational forces and bending moments 

Miz act on the housings. 

Tensile stresses due to axial forces and bending moments are 
p 

fairly small (less than 260-300 kg/cm ), while tangential stresses due 
p 

to the twisting moment amount to only 15-100 kg/cm overall. 
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Thus for the outside housings, designing ^ strength reduces to 

determining the tensile stresses along the generatrices produced by 

the excess pressure, which reaches its maximum value in the flight 

mode in which there is maximum air pressure after the compressor. Thus, 

at maximum speed on a test stand, the tensile stresses along the gen- 
p 

eratrices of the outside housing are 1200-1400 kg/cm , while under max¬ 

imum pressure in flight, the stresses in the combustion chamber reach 

2000-2300 kg/cm2. 

Vibration in housings, casings, and flame tubes cause additional 

stresses and not Infrequently lead to the formation of cracks and even 

to failure of chambers. 

Shell vibrations are caused by periodic variation in the gas 

forces acting on the chamber walls; the forces are produced by the 

pressure drop. Maximum exciting-force amplitudes are observed when: 

— the compressor operates unstably, and also when it approaches 

surge operation; 

— spasmodic burning appears in the chamber; 

— the fuel supply becomes uneven. 

paring vibration, the amplitudes and, consequently, the vibration 

stresses reach their maximum values at resonance, when the natural 

vibration frequency of the shell becomes equal to the frequency of the 

exciting forces. Since the exciting-force frequencies are multiples of 

the rpm, and the natural vibration frequencies depend on the type of 

oscillation, and the geometric dimensions and properties of the shell 

Mterial, any factors raising the natural vibration frequency will 

move the resonance frequency toward higher speeds and vice versa. On 

this basis, it is very important to know how the natural frequency 

varies when structural changes are made in the combustion chamber or 

when its operating conditions vary. 
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Of all the diverse shell-vibration modes, we isolate two types - 

axisymmetric and bending. 

Axlsymmetrlc vibration Is characterized by the fact that the 

shell cross sections remain round during the vibration process. The 

order of the vibration mode is determined by the number of half waves 

along the length of the generatrices. The first oscillation mode, with 

the lowest natural vibration frequency, will have one half wave (FJg. 

Il4a), the second two (Fig. 114b), etc. As the number of half waves 

increases, the natural vibration frequency rises rapidly. 

Bending vibration is characterized by the fact that the shape of 

the cross section changes during vibration: Vibration occurs with the 

formation of waves along the circumference with several nodes along 

generatrices. Hie lowest (first) mode (Fig. 115a) corresponds to two 

waves and four generatrix nodes, the next mode to three waves, and 

then four waves (Fig. 115b), etc. 

Fig. 114. Axisymmetric she11-vibrâtion modes: a) 
vibration witi. one half wave along generatrices; b) 
vibration with two half waves along generatrices. 
1) Circumferential node. 

As in the first vibration, each vibration mode corresponds to a 

particular frequency. As the vibration mode becomes more complicated 

with increasing number of waves, there is an increase in the natural 

vibration frequency. Chamber rupture occurs most frequently at reso¬ 

nance for the first two modes of axisymmetric or bending vibration. 
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Pig. 115. Shell bending-vibration inodes: a) vib¬ 
ration with two circumferential waves; b) vibra¬ 
tion with four clrcusferential waves. 1) Genera¬ 
trix nodes. 

Shell geometric dimensions frequently affect the natural vibration 

frequency. Thus, for example, as the radius or length of the shell in¬ 

crease, the natural vibration frequency in any mode will decrease, 

while as wall thickness Increases, the frequency will rise. An increase 

In temperature, which reduces shell stiffness, will reduce the natural 

vibration frequency. An Increase in the internal excess pressure or In 

axial tensile forces will raise the natural vibration frequency. Just 

as the natural frequency of a string increases when it is placed under 

tension; finally, an increase in external excess pressure and compres¬ 

sion of the shell by axial forces will, on the other hand, reduce the 

frequency of vibration. 

Thus, resonance regimes, which are very dangerous owing to the 

appearance of vibration stresses, may appear as a result of variation 

in operating conditions, and especially when the rotor speed, flight 

altitude or speed, and ambient temperature vary. 

Various methods of varying the natural vibration frequencies or 

reducing the exciting-force amplitudes may be used to suppress danger¬ 

ous resonance modes. 

If during the final steps of chamber manufacture, the wall thick- 
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a 
nesses or other shell dimensions (radius, length) are changed or lon¬ 

gitudinal and transverse stiffeners are installed, the natural vibra¬ 

tion frequencies will vary. To reduce the exciting-force amplitudes, 

we recommend that the engine not be allowed to operate for long periods 

of time near the surge limit, nor should the fuel system be permitted 

to operate with large pressure fluctuations in the fuel ahead of the 

nozzles, so that the appearance of so-called spasmodic burning can be 

avoided. 

! 

a 
‘>9 
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Chapter 8 

EXHAUST SECTIONS. AFTERBURNERS 

1. GENERAL INFORMATION 

Exhaust sections of gas-turbine engines are most frequently de¬ 

signed to exhaust the gases behind the open end of the aircraft fuse¬ 

lage or motor nacelles In a nearly axial direction, and to create the 

required back pressure for the turbine with subsequent expansion of 

the gases at the end of the exhaust section. The exhaust gases should 

be directed axially to provide maximum engine thrust, since thrust de¬ 

pends on the axial component of the gas velocity. The back pressure 

behind the turbine determines the state of the gas In the combustion 

chamber and turbine efficiency. 

Depending on function, all types of GTD [gas-turbine engine] ex¬ 

haust sections may be classified Into the exhaust sections themselves, 

afterburners, and thrust reversers. 

The basic elements of GTD exhaust sections £re the nozzles In¬ 

stalled at the rear. 

If In addition to directing the flow and expanding the gases, the 

exhaust section provides additional fuel combustion following the tur¬ 

bine In order to augment the engine thrust, the exhaust section Is 

ealled an afterburner. 

Negative engine thrust, opposing the direction of flight, may be 

used to brake the aircraft. This Is done by turning the stream of gases 

leaving the engine. A 180° change In the thrust direction Is called 

thrust reversal, and thus the exhaust devices that turn the gas Jet In 

- 212 - 



order to vary the direction of thrust have come to be called thrust 

reversers. 

QTD exhaust sections as a rule consist of an exhaust pipe 1 (Pig. 

116) and nozzle (orifice) 3. The length of the exhaust section is de¬ 

termined by the location of the engine on the aircraft. Where the ex¬ 

haust pipe is short and the nozzle is far from the turbine, the neces¬ 

sary length of the exhaust section may be obtained with the aid of an 

extension pipe 2, located between the exhaus* pipe and the nozzle. 

The way in which the exhaust-Lection duct area varies with length 

and the shape of the individual elements are dictated by the condi¬ 

tions that ensure minimum hydraulic losses. 

To prevent abrupt expansion of gas behind the turbine In the ex¬ 

haust pipe, an inner cone 2 (Fig. 117) which is the fairing for the 

back of the turbine wheel is installed. The profile of the exhaust-pipe 

duct depends on its length and the velocity of the gas stream at the 

turbine exhaust. Where the gas-stream velocity is low, minimum losses 

under design conditions are achieved in a short exhaust section when 

the exhaust-pipe duct profile is governed by a law that ensures con¬ 

stant cross-sectional area throughout the length of the pipe. 

Fig. 116. Exhaust section for TRD [turbojet en¬ 
gine]: 1) exhaust pipe; 2) extension pipe; 3) 
nozzle; A) inside cone; fj) exhaust pipe; 6) ex¬ 
tension pipe; 7) nozzle. 

For high-speed gas flows at the turbine outlet, where the Mach 
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Pig. 117. Outside view of ex¬ 
haust pipe: 1) outside pipe; 
2) Inside cone; 3) strut. 

number for the flow exceeds 0.6, and where .there is an extension pipe 

following the exhaust pipe. It Is desirable for the exhaust-pipe duct 

to be divergent, since a reduction of gas velocity at the end of the 

exhaust pipe will lead to a reduction in the total losses in the ex- 

haust section. The diffusion efficiency of the duct is usually small. 

Wie gas velocity at the extension-pipe entrance is reduced to IOO-I50 

q/sec. 

The radial struts 3 (Pig. 117), connecting the Inside cone to the 
Í 

outside pipe 1 are streamlined. Where the gases leaving the turbine 

are turned through large angles, struts of nonsymmetric profile are 

used to turn the flow with minimum loss. As a rule, few struts are 

used (4 to 6), but it may be necessary to install a straightening as¬ 

sembly following the turbine. In this case, 10 to l6 or more radial 

struts may be used. 

Depending on the amount of expansion required in the exhaust sec¬ 

tion, which is determined by the ratio of the pressure ahead of the 

nozzle to atmospheric pressure, convergent (subsonic) or convergent- 

divergent nozzles are used. Both convergent and convergent-divergent 

nozzles may be of the fixed-area or variable-area types. 
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Subsonic convergent nozzles are used for the most part on modern 

OTD with flight speeds not exceeding Mach 1.5-2.0. 

Convergent-divergent fixed-area nozzles (Pig. 118), are also 

called Laval nozzles, may be employed in engines designed for super¬ 

sonic aircraft. 

Variable-area nozzles in which the dimen¬ 

sions of the exit and throat sections vary im¬ 

prove engine characteristics and pickup, and 

also make engine starting easier. 

Pig. 118* Diagram Variable-area nozzles have the following 
of convergent- 
divergent nozzle. drawbacks: structural complexity and increased 

weight. Variable-area nozzles are thus used only when they permit a 

substantial improvement in engine characteristics. Variable-area noz¬ 

zles are always used in engines with afterburners. 

Structural shapes and materials used in fabricating exhaust- 

section elements are chosen chiefly on the basis of operating condi¬ 

tions and the nature of the loads carried. Here it must be remembered 

that elements of the exhaust and extension pipes as well as those of 

the nozzle may be heated to temperatures of 600-650°C by the^gas Jet. 

A nonuniform temperature field at the tube-wall surfaces will produce 

thermal stresses, while periodic variation in gas pressure will excite 

vibration in thin-walled exhaust-section shells. 

2. DESIGN OF EXHAUST AND EXTENSION PIPES 

Exhaust pipes of TRD consist of an outside pipe, inside cone, and 

connecting elements. 

The outside pipe 1 (Fig. 119) is a cylindrical or conical shell 

made from heat-resistant sheet material with welded flanges used to 

attach the exhaust pipe to the turbine housing on one end and to the 

extension pipe or nozzle on the other. If the extension pipe is long, 
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fig. 119. TRD exhaust section without extension pipe: 1) outside pipe; 
2) Inside cone; 3) stress-absorbing rod; 4) nozzle: 3) nozzle flange; 
6) nozzle casing; 7) reinforcing cone; 0) vents; 9) rods; 10 and 11) 
bushings; 12) bolt; 13) plug; 14) coollng-alr chamber; 13) detail A; 
16) detail B. 
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! it 1b attached to the aircraft independently of the engine. Here the 

extension pipe is attached to the exhaust pipe by a telescoping Joint 

Î (Pig. 120). A telescoping flange Joint between individual parts of the 
exhaust section permits relative axial displacements and small angular 

displacements. To prevent a gas blowout at a flanged connection, a 

special reflecting ring 2 is sometimes installed. 

Thermocouple mounting tubes are installed on the outside tube of 

the exhaust system to permit the engine thermal regime to be monitored. 

Increased shell strength and stiffness may be gained by installing 

ring shrouds and reinforcing stringers. Of extreme importance for pipe 

strength is the location of welded seams. Shells with oblique weld 

seams are tetter. Shells produced by this welding method are stronger 

than where welds are made along generatrices. 

The Inside cone 2 (see Pig. 119) of the 

exhaust pipe is welded from heat-resistant 

sheet material. A bottom is attached to the 

cone base. Sometimes it has two walls contain¬ 

ing a layer of asbestos. The bottom of the 

cone acts as a heat-reflecting shield that 

reduces the temperature rise at the rear of 

the turbine wheel due to thermal radiation 

from the hot parts of the inside cone. Thus • 

there is a closed cavity within inside cones 

with bottoms. In order to avoid a rise in gas 

pressure within this cavity as the engine 

heats up, vents 8 are provided in the bottom 

or side of the cone, as a rule, under the struts (see Pig. 119). The 

vents connect the cone interior with the flow passage of the exhaust 

system, and they should be large enough to prevent any possible in- 

Fig. 120. Telescop¬ 
ing Joint between 
outside pipe of ex¬ 
haust section and 
turbine housingî 1) 
outside pipe; 2) re¬ 
flecting ring. 

- 217 - 



11 « fll ' 

orease In the pressure drop at the cone wall In the presence of tran¬ 

sients during engine operation. 

In engines where the turbine la cooled by supplying cooling air 

to the rear of the last-stage wheel, and In multistage TVD turbines 

where there Is little temperature rise In the last-stage wheel, there 
« 

Is no need to Install a cone bottom. 

In exhaust sections using a variable-area nozzle, the cone Is 

made In two sections - a fixed section 2 (Fig. 121) and a movable sec 

tlon 3» Displacement of the cone moving section varies the nozzle 
’ I 
cross-sectional area. In such designs, vigorous air cooling Is usually 

provided. The path of cooling-air travel 1q Indicated by arrows in the 

figure. 

The Inside cone Is connected to the outside pipe either by struts 

1 (Fig. 121) or stress-bearing rods 3 (see Fig. 119)« located In mutu¬ 

ally perpendicular planes. 

Stress-bearing rods are closed In fairings that are attached to 

neither the outside pipe or the Inside cone. 

In designing attachment fittings for struts and stress-bearing 

rods at the outside pipe or the cone, care should be taken to see that 

they are free to move under thermal expansion. Thus, for example (see 
O 

detail A, Fig. 119), the top end of rod 9 Is attached to the pipe with 

the aid of a bushing 10 and bolt 12. Then the lower end (detail A) Is 

centered-Just In bushing 11, relative to which the rod can move. Gas 

blowoff between the outslde-plpe and rod bushings Is prevented by In¬ 

stallation of the special plugs 13* 

Extension pipes consist of one or several sections. It Is easier 

to manufacture several fairly short sections than one long pipe. 

Where the pipe is long, a gate valve 1 (Fig. 122) Is sometimes 

Installed to make engine starting easier; It bypasses part of the gases 
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pipe 

directly behind the turbine, and «hen it la open the h? 'raulic resist¬ 

ance of th* exhaust systea is reduced. 

Kactens lon-plpe elements are similar in design to outside-pipe ele 

■ents. Extension pipes are provided with drains 2 to ensure thit con- 
% 

densate runs out after the engine has been shut off or an unsuccesiful 

attempt to start the engine has been made. Ihe pipe Is attached to the 

aircraft by means of fittings 3 the extension pipe. 

Ctvctiuc no 66 
- 5 

Pig. 122. Extension pipes 1) gas-bypass gate valve; 
2) drain; 3) pipe attachment fitting; A) section 
through aa; 5) section through bb. 

3. HQZZIE DESIGN 

piT**d-area convergent nozzles are most frequently made as a coni¬ 

cal shell welded to a machined flange 5 («e« PI«- H9) which la used 

to attach the nozzle to the exhaust or extension pipe. The nozzle is 

cooled by the air passli« through the annular slot between the nozzle 

wall 4 and the casing 6. The air Is moved through the slot by the dy¬ 

namic pressure and the entraining action of the gas leaving the nozzle. 

Variable-area nozzles have moving elements. Hydraulic, mechanical, 

pnewatlc, and electrical control systems are used to regulate the 

moving elements of variable-area nozzles. —--—--t 

Figure 123 shows a nozzle In which the exit cross section‘ii ad- 
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Justed by wans of a spindle which is aoved by a hydraulic servomotor 

. through à mechanical linkage. Failure-free operation of such a nozzle 

requires reliable cooling of the spindle and all elements controlling 

it. 

'Variable-area nozzles with external moving elements of the flap 
« 

type are very promising. Depending on the number of flaps, nozzles are 
• * 

classified as twin-eyelid or mult if lap nozzles. 

A substantial drawback to twin-eyelid nozzles is the fact that it 

is impossible to keep the gas-jet cross section circular where it 

leaves the nozzle as the flaps take up various positions. In addition, 

it is difficult to obtain a reliable seal for the flaps where they 

Join. Oes leakage through gaps In Joints and variation in gas-jet 

cross-sectional shape lead to increased losses and reduced engine 

thrust. The forces acting on each flap are considerable, and they pro¬ 

duce large loads on the flap attachment fittings, which increases the 

weight of the exhaust-sect ion structure and, consequeriw^ , considerably 

increases the forces required to move the flaps. 

jfcfltlfiap nozzles offer advantages over twin-eyelid nozzles. 

Where there is a large number of flaps, the gas-jet cross section re¬ 

mains nearly round no matter what position the nozzle flaps are in. 

The forces acting on each flap are less than those for a twin-eyelid 

nozzle. The flap attachment hinges are simplified in design. The flap 

loads are more uniformly distributed around the perimeter of the rear 

flange. 

Figure 124 shows the construction of a multiflap nozzle. The flaps 

1 are attached by hinges to the flange of the outside pipe, and are 

pressed against the flap control ring 2 by the pressure drop. An axial 

displacement of this ring causes the flap position to change in the 

following manner: when the ring moves forward, the nozzle exit area 



. 

Pig. 12¾. Variable-area 
multIflap nozzle: 1) nozzle 
flap; 2) flap control ring. 

Increases« while when the ring aoves 

back, the exit area diminishes. 

The basic difficulty In making a 
u 

multiflap nozzle lies In ensuring that 
* 

there Is a reliable gas seal at the 

flap Joints. 

The seal may be made by filling 

the space at the Joints with glass 

wool encased In an elastic material 

which Is welded to the neighboring 

nozzle flaps. 

A simpler Joint seal involves a flap design In which the edge of 

one flap forms a tongue that fits Into a longitudinal groove In the 

other flap (Pig. 125). In this case, the Joints overlap owing to de- 

Plg. 125. Diagram showing way In which flap Joints overlap for minimum 
and maximum nozzle cross-sectional areas: a) flap position for minimum 
nozzle cross section; b) flap position for maximum nozzle cross section. 

formation of the tongues by the pressure of the gas, and seal rellabll. 

ity depends solely on the amount of overlap selected when the flaps 

are In the positions corresponding to minimum and maximum nozzle area. 
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lor a given tongue thlekness« an Increase In th? amount of overlap 

«111 reduce tongue stiffness. Thus« an Increase In tongue length cor- 
* 

responds to a more reliable joint seal. On the other hand« an increase 

in the amount of overlap Impairs tongue cooling conditions« and as a 

result slots nay appear upon deformation where the flaps Join. 

Pig. 126. Convergent-divergent nozzles [271: a) with variable-pos it ion 
bullet; b) with variable-pos it ion flaps; c) with variable-posit ion 
bullet and flaps; d) throat area varied by aerodynamic compression and 
exit area by flap rotation. 1) Air. 

As a rule« the flaps are made with a box-like cross section« which 

ensures reliable cooling of the flaps and adequate stiffness. 

Thus« while the engine is in operation« the hollow interior of a 

flap is cooled by the air stream. 

The contacting surfaces of the flaps 1 (see Pig. 124) and ring 2 

are so made as to provide the greatest contact area for any position 

of the ring. This is done by giving appropriate shape to the outside 

. 224 - 



flap surfaces and to the ring. 

2he force needed to close the flaps depends on 

angle. The force needed to move the ring is heavily affected by the 

friction forces appearing at the contact surface between ring and flaps. 

Variable-area convergent-divergent nozzle designs have as yet not 

received wide application. 

Figure 126 shows the basic arrangements of several variable-area 

convergent-divergent nozzles. Both the exit area and the minimum 

(throat) area may be regulated by changing the position of che bullet 

(Fig. 126a) or flaps (Fig. 126b), by simultaneously changing the posi¬ 

tion of bullet and flaps (Fig. 126c), by changing the throat area 

through aerodynamic compression (by a stream of air), and by changing 

the exit area by turning the flaps (Fig. 126d). 

A variable-area nozzle produces the best effect when the throat 

and exit areas are varied independently, J.e., where nozzles are used 

that have the control systems shown in Fig. 126c and d; this, however, 

complicates the control system and nozzle construction. Thus a nozzle 

in which the throat area changes in proportion to the exit area may be 

used, i.e., a flap-type nozzle (Fig. 126b). 

It is clearly possible to obtain a flap-type nozzle that also of¬ 

fers independent control of the exit and throat areas by introducing 

additional flap hinges at the throat together with a second control 

ring. 

4. AFTERBURNERS 

Exhaust sections for TRD that Include the structural elements 

needed for additional combustion of fuel, which have thus come to be 

called afterburners, have a number of design peculiarities. 

In such a TRD exhaust section, there is a divergent duct directly 
* 

following the turbine - the afterburner diffuser (Fig. 127), within 
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Fig. 127. Afterburner for TRD: 1) diffuser outside pipe; 2) Inside 
cone; 3) atress-bearing rod; 4) streamlined strut; 5) starting (igni¬ 
tion) plug; 6) claohragm; 7) hydraulic cylinder for flap control; 8) 
annular housing; 9) nozzle flap; 10) center flameholder; 11) annular 
flaaeholdera; 12) nozzles. , 

which are located a fuel-supply device (fuel lines and burners), an 

Ignition device (sparkplugs), and flameholders. The combustion chamber 

Itself Is located beyond the flameholders, and the rear flange of the 

chamber Is connected to a variable-area nozzle. 

Appropriate choice of afterburner element designs will ensure: 

— stability of the fuel-combustIon process over the entire range 

of flight altitudes and speeds; 

— reliable starting of the afterburner at all altitudes; 

— prevention of turbine-blade overheating when the afterburner Is 

turned on and off, as well as during operation with the afterburner on; 

— low hydraulic losses in the afterburner whether the device is 

on or off. 

The stability of the combustion process, reliability of after¬ 

burner Ignition, and the magnitude of hydraulic losses are determined 

to a considerable degree by the diffuser and flameholder designs, and 

by the atomization of the fuel supplied to the chamber. Here we must 

remember that an Increase In the effectiveness of the elements that 

stabilize the combustion process will Increase hydraulic losses and 
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lead to a corresponding drop In engine thrust whether the afterburner 

1b on or off. 

The diffuser. The dimensions of the diffuser exit cross section 

are selected on the basis of the need to ensure the required drop In 

gas velocity at the comb ustión-chamber entrance. Ttoe velocity should 

not exceed 100-200 m/sec; higher velocities will make it difficult to 

ensure stability of the combustion process and sufficiently complete 

combustion, especially at high flight altitudes. 

In order to reduce the weight and size of the afterburner, a short 

diffuser may be used, but for given entrance and exit areas, a reduc¬ 

tion In diffuser length will Increase the channel diffusion index, 

which is found in terms of the angle of a reference annular diffuser. 

As this angle Increases, so will the hydraulic losses. 

The basic elements of an afterburner diffuser are similar In de¬ 

sign to the elements of a tailpipe. The diffuser consists of an outside 

pipe 1 (see Pig. 127), Inside cone 2, and connecting elements. The in¬ 

side cone is positioned and stresses transferred from the cone to the 

outside pipe with the aid of the stress-bearing rods 3, which are en¬ 

closed in the streamlined struts 4. 

No blurt parts should be located In the afterburner-diffuser flow 

area (bolt heads, nuts, etc.), as they usually act as flameholders. A 

flame front is established at such elements, which helps to overheat 

and warp Individual parts of the afterburner owing to the nonuniform 

distribution of temperatures at the walls. 

Flameholders. Stable combustion of fuel in the Jet can occur only 

at a low gas velocity not exceeding 15-25 m/sec. If the Jet velocity 

were dropped to such a value by appropriate choice of duct diffusion 

index, a considerable increase in diffuser exit diameter would result. 

Thus combustion stability is provided by creating flow-reversal zones 
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at the front of the chanber. This is done by installing one central 

flameholder and one or several ring flameholders in afterburners. Fig¬ 

ure 128 shows stabilization of the combustion process with the aid of 

two ring flameholders and a central flameholder [27]. 

As the flow-reversal zone increases, the effectiveness of stabil¬ 

ization also rises. The dimensions of a flow-reversal zone depend on 

the midsection area of the flameholders. As this area Increases, the 

flow-reversal zone will increase, and the stability of the combustion 

process will improve. 

The relative locations of ring flameholders and the central flame 

holder, as well as the position of nozzles,with respect to the flame- 

holders will affect combustion stability, engine high-altitude per¬ 

formance, the nature of the temperature distribution over the chamber 

radius, and gas-pressure pulsations in the afterburner. The choice of 

flameholder dimensions and areas, their relative locations, and the 

positions of nozzles are determined empirically during development 

testii« of the afterburner [17]. 

Fuel-supply device. Fuel is supplied to the afterburner with the 

aid of centrifugal-type injectors which are usually directed against 

the gas flow. The nozzles are located ahead of the flameholders. The 

f I I point cf fuel injection is so chosen 

that the process of vaporization of the 

atomized fuel is completed before it 

reaches the rear edge of the flameholder. 

The foreign literature reconmends 

that the injector nozzles be placed at 

least 100 nm ahead of the flameholders. 

This nozzle arrangement is based on the 

assumption that the maximum dimension of 

Fig. 128. Arrangement 
used to create flow- 
reversal zones by means 
of flameholders: 1) flame- 
holder ring; 2} central 
flameholder; 3) nozzle. 

ing; 2) 
der; 3) 
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Pig. 129. Afterburner diffuser 
using two sets of nozzles (type 
ATAR engine): 1) front nozzle; 
2) rear nozzles. 

a fuel drop will not exceed 10 microns. It takes 0.0005 sec to vaporize 

such a drop. Then the process of vaporizing such drops in gas flowing 

at a velocity of I80 m/sec will be completed at a distance of 90 ma 

from the point at which the fuel is injected. Fuel that has not vapor¬ 

ized before reaching the flameholder strikes the walls of the ring 

flameholder, flows off in sheets from the rear edges of the ring, thus 

enrichir^ the mixture beyond the flameholder. By increasing the dis¬ 

tance from the point of fuel injection to the flameholder, we can ob¬ 

tain better drop vaporization and more uniform distribution of fuel 

over the entire combustion-chamber cross section, while at the same 

time, the mixture beyond the flameholder is made leaner. Thus, as the 

injectors are brought closer to the flameholder, the mixture at the 

center of the chamber will become richer. 

In connection with the fact that the afterburner should operate 

stably both at high and low altitudes, as well as with a variable air- 

fuel ratio (especially where the degree of engine thrust augmentation 

varies). It is considered necessary to mount the injectors in several 

rows at varying distances from the flameholders (Pig. 129). 

The Injectors in one row are so arranged that the circles of max- 
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1mm droplet-pattern cross section produced tv ^¿hbor ing Injectors 

* do not Intersect but uniformly cover the cross section of the ring 

f laneholder. 

Combustion chambers (afterburners) are cylindrical or conical 

pipes made from heat-resistant sheet material. The geometric diinen- 

sIons of the combustion chamber Itself, beginning directly after the 

flaneholder and ending where the nozzle is attached, are chosen with 

an allowance for the conditions that ensure the most complete combus¬ 

tion possible. 

Ignition device. Ignition of the fuel when the afterburner is 

started on the ground at high gas temperatures (6CC-70C°C) and high 

fuel pressures ahead of the injectors, which ensures good atomization, 

will occur with no need for additional starting equipment. Reliable 

ignition of the fuel In flight, especially at high altitudes, requires 

an additional heat source In the form of a starting flame. Such a 

pilot flame can be obtained by supplying fuel through several starting 

nozzles into the very turbulent flow behind the central flameholder. 

The mixture ia ignited in this zone by the sparkplug 5 (see Pig. 127), 

located at the center of diaphragm 6. 

Mozzles (18]. One of the fundamental problems In designing after¬ 

burners is the construction of a reliably operating nozzle with vari¬ 

able exit area. By varying the exit area of converging nozzles as well 

as the exit and throat areas of diverging nozzles, it is possible to 

hold the gas constants constant ahead of the afterburner when the af¬ 

terburner Is turned on and off. 

Single-regime afterburners use two-position nozzles. When the af¬ 

terburner Is turned on, there is an Increase In the nozzle flow area 

that corresponds to the degree of thrust augmentation used. Universal 

chambers {In which the degree of thrust augmentation is variable) are 
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equipped with omitIpoaition nozzles In which the exit area la subject 

to stepped or continuously variable control. 

In principle, moving elements of the inside cone may be used to 

change afterburner-nozzle cross-sectional areas for independent regu¬ 

lation of exit and throat areas in convergent-divergent nozzles (see 

Pig. 126c)'. Here it is necessary to ensure reliable cooling of the in¬ 

side-cone elements, which is difficult to do even with a low degree of 

thrust augmentation. Therefore, afterburner nozzles are most frequently 

designed with no central body, and make use of moving external elements 

alone (flaps). 

5, THRU3T-REVERSAL DEVICES [27] 

Wheel brakes, ''•rag flaps, and braking parachutes are widely used 

to decelerate aircraft during landings. To increase the efficiency of 

wheel brakes, we must increase the resistance to wear of the landing- 

gear wheel tires. An improvement in the landing performance of an air¬ 

craft by the use of flaps and parachutes involves structural complica¬ 

tions and a substantial increase in aircraft weight. Thus, the use of 

TRD negative thrust, counter to ihe direction of flight, offers premis¬ 

ing possibilities toward improvement of aircraft takeoff, landing, and 

maneuvering performance. 

Erg ine negative thrust may be created by deflecting the Jet of 

gases leaving the nozzle. 

Devices designed to turn the gas Jet are called thrust-reversal 

devices. 

By employing thrust reversal during landing it is possible: 

- to reduce landing-strip size and to permit aircraft to land at 

airports where the landing strip is completely covered with ice, as 

well as on aircraft-carrier decks; 

- to reduce the time required for a landing approach owing to the 
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possibility of increasing the glide angle; 

— to increase the service lives cf aircraft takeoff and landing 

equipment (brakes and wheel tires); 

— to improve aircraft flight performance in maneuvers. 

In design and development of thrust-reversal devices, the follow¬ 

ing specifications, usually applicable, should be kept in mind,. 

1. A negative thrust of at least 35-^0^ of the maximum thrust 

should be obtained under engine test-stand operating conditions. 

2. It should be possible to change rapidly from negative thrust 

to maximum positive thrust, as is necessary In the case of an aborted 

landing of an aircraft. * 

3. When the thrust-reversal devices are brought into play, the 

temperature of the gases ahead of the turbine should not rise above 

the maximum permissible value. 

4. The device used to turn the Jet should add little weight. 

5. Aircraft stability and response 

to controls should not be impaired when 

the thrust-reversal devices are brought 

Into play. 

6. Thrust-reversal facilities should 

be so designed and placed as to ensure 

that hot gases will not strike the skin 

of the fuselage, wings, and aircraft 

control surfaces. 

Thrust-reversal devices may take quite different forms, both with 

respect to the principle used to deflect the stream, and with respect 

to the actual construction. The gas Jet may be deflected before or af¬ 

ter the nozzle. The gas Jet may leave the deflecting elements either 

as two Jets or as small Jets uniformly distributed over the perimeter 

Fig. 130» Two-ocoop 
thrust reverser: 1) scoop; 
2) hydraulic cylinder. 
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of the exhaust-system cross section. 

Scoops that change the direction of motion of the gases are used 

Í to turn the Jet Into two large Jets. Figure 130 shows a two-scoop de- 

I vice that deflects the gas Jet after the nozzle. The scoops 1 are set 

in the position shown by the dashed lines when the thrust reverser Is 

Inoperative. In this position, the scoops have no effect on operatic 

of the exhaust system. She scoop positions are changed with the aid of 

the hydraulic cylinders 2. 

Owing to the high g35 exhaust velocity at the nozzle, the forces 

acting on the scoops and transmitted through the exhaust-system attach 

ment fittlrgs may reach considerable values. In addition, the design 

is complicated by the need to ensure reliable cooling of the scoops. 

As a result, equipoent used for Jet deflection following a nozzle is 

heavy. It is therefore better to deflect the gas Jet ahead of the noz¬ 

zle in order to reduce the loads on the scoops. 

Designers have devoted a good deal of attention to thrust re¬ 

versera using deflecting grids (Fig. 131a, b, and c), made in the form 

of stamped or shape-formed rings. The cross-sectional profiles of 

these rirgs are similar to the cross section used for turbine moving 

blades. In ore er to reduce drag when the reverser Is Inoperative, the 

grid may be retracted under the engine housing. When the thrust re¬ 

verser Is on, the grid is positions 1 after the nozzle. The gas stream 

leavirg the nozzle is directed into the grid rings, which turn the Jet. 

The thrust reverser is placed in operation by directing the gas 

stream toward tha grid. To do this, various devices acting on the 

stream may be used: air may be supplied to the center of the stream 

through vents 1 (Fig. 131a); the stream may be twisted with the aid of 

rotating blades 4 (Fig. 131c); and the positions of blades 2 (Fig. 

131b) or special deflectors may be varied. 
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Pig. 131. Thrust reversera with deflecting grids: a) with air supplied 
to center through vents; b) with variable-position blades; c) stream 
twisted by rotatable blades (to the left, reverser Inoperative; to the 
right, reverser operating); 1) vents; 2) blades; 3) guide grids; A) 
rotatable blades. 

A compressor supplies the air used to deflect the gas stream 

toward the grid. The amount of air needed to direct the gases Into the 

grid is 2-3£ of the total flor rate. In this case, the negative thrust 

may reach 50$6 of the maximum positive thrust. 

Deflection of the Jet owing to centrifugal forces when the gases 

are turned by rotating blades leads to a sharp change in thrust from 

the positive to the negative values. When this occurs, the turbine 

back pressure will also rise sharply. By controlling the nozzle exit 

area, it is possible to keep the turbine back pressure constant, but 

this requires exact coordination of changes in nozzle cross section 

and blade rotation. 

6. THERMAL INSULATION AND COOLING OP EXHAUST SYSTEMS AND AFTERBURNERS 

Oas temperatures in TRD exhaust systems reach 600-700°C. In pres- 



ent-day engines, exhaust system elements are usually made of heat- 

resistant alloys that operate reliably at wall temperatures of up to 

6CO-650 C. In order to protect aircraft elements and engine control 
. 

and supply elements against thermal radiation, thermal-Insulating ma- 

terlals are Installed between the outside pipe and the aircraft parts, 

or a system of shields Is set up. 

Where the material of the outside pipe possesses sufficient re¬ 

sistance to heat, measures are taken to reduce the heat lost to the 

surrounding medium. Asbestos cloth and aluminum foil are normally used 

as thermal-Insulating materia!'. Here one layer of asbestos cloth 1 is 

placed at the outside pipe wall (Pig. 132)* and up to five layers of 

Pig. 132. Outside-pipe thermal 
Insulation: 1) asbestos cloth; 
2) aluminum foil; 3) spiral 
wires; 4) casing. 

corrugated aluminum foil 2 are added. Between the asbestos cloth and 

aluminum foil there is a grid of spiral wires 3« Then the entire insu¬ 

lation pack is covered by a casing 4, which consists of two halves. 

The casings are attached to the pipe with the aid of band clamps. This 

way of attaching the casing ensures that It is free to move relative 

to the pipe under thermal deformation. 

Itie thermal-insulating capability of multilayer aluminum foil Is 

ensured by the presence of the closed air cavities, which have little 

thermal conductivity. In addition, the bright white surface of the 

foil acts as a heat reflector, which considerably reduces the amount 
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of heat loot owing to thermal radiation. 

ïhe first domestic turbojet engines, models RD-10 and RD-20, had 

a fairly complicated exhaust-section cooling system that made use of 

air bled from the fourth compressor stage In the RD-10 and from the 

space under the engine hood In the RD-20. It was necessary to use such 

a cooling system to ensure failure-free operation of the control system 

for the Inside-cone moving parts, and also owing to the fact that ma¬ 

terials of Inadequate heat resistance were used for the nozzle ele¬ 

ments. In these engines, the exhaust-system parts were made from alumi¬ 

num-coated type 10 steel, and the hottest parts from YalT steel. 

In present-day TRD, exhaust devices are made from the same materi¬ 

als as afterburners, so that the permissible temperature of parts 

should not exceed 600-650°C. Hie mean gas temperature within a chamber 

with the afterburner operating reaches 1100-1200°C with 20-25# thrust 

augmentation under engine test-stand operating conditions. A further 

Increase In the degree of thrust au©nentatlon will Increase gas tem¬ 

perature still further. Hius afterburner operating reliability depends 

considerably on the efficiency of combustion-chamber cooling. 

Combust Ion-chamber wall temperatures may be reduced In comparison 

with the gas-stream temperature by Introducing boundary-layer (film) 

cooling, which essentially consists In creating a flowing layer of 

cold air or low-temperature gas (600-650°C), supplied through slots or 

vents within the chamber; external cooling may also be used, with the 

outside pipe surface cooled by a blast of cooling air which provides 

convective cooling of the walls. 

Cooling air may be taken from a compressor or the space under the 

engine hood. Atmospheric air is most frequently used for this purpose. 

Here the cooling system la characterized by Its simplicity while the 

absence of additional ducting or wiring leads to a reduction in the 

- 236 - 



weight of the entire engine Installation. 

Atmospheric air Is circulated either by drawing It from the space 

between the chamber wall and the casing, using the entraining effect 

of the gas Jet leaving the nozzle, or by applying pressure to this 

space through the dynamic pressure, or by a combination of both these 

methods. 

In order to Increase the period over which the engine can be op¬ 

erated continuously with the afterburner on, and to increase the degree 

of TRD thrust augmentation, it is necessary to use the same methods 

for cooling and protecting chamber parts as are used in the cooling 

systems for main combustion chambers. 

7. EVALUATING THE STRENGTHS OF EXHAUST-SYSTEM AND AFTERBURNER ELEMENTS 

Outside pipes and nozzles for TRD exhaust systems are thln-walled 

cylindrical or conical shells subject to stresses in compression or 

tension produced by pressure drops as well as by torsion and bending. 

Hie loads acting may be: 

- radial and axial forces produced by pressure drops at the shell 

walls; 

- twisting moments transmitted to the outside pipe by members 

that straighten the gas stream after the turbine; 

- bending moments produced by exhaust-system gravitational forces 

and by inertial forces. 

The largest stresses In shell walls and flange-connection ele¬ 

ments are produced by pressure drops. Hie stresses appearing owing to 

twisting and bending moments are small by comparison. 

The pressure within the pipe depends on engine operating condi¬ 

tions and the flight regime. As the speed of the engine rotor in¬ 

creases and flight speed goes up, the pressure within the exhaust sys¬ 

tem rises continuously. The air pressure in the engine nacelle is de- 



termined by the flight speed and the pressure oi the external atmos¬ 

phere. 

The most dangerous conditions for exhaust systems and afterburners 

are flight near the ground at maximum speed and minimum ambient tem¬ 

perature, and sharp throttling dovm from 

maximum flight speed at low altitudes. 

While the first regime Is charac¬ 

terized by maximum shell bursting 

stresses owing to excess Internal pres¬ 

sure, the second regime is characterized 

by maximum côrapression due to excess ex- 

terna1 pressure. 

Pig. 133« Diagram showing 
formation of waves when a 
shell loses stability. 

The axial forces loading the shell and flange-connection elements 

appear as a result of pressure drops at conical sections of the exhaust 

section, and are also transmitted from struts and other elements con¬ 

necting the inside cone to the outside pipe. 

The axial force acting on an exhaust section as a whole are di¬ 

rected to the rear under steady conditions, and it will equal the sum 

of the forces loading the outside pipe. Inside cone, nozzle, and struts. 

Shells can fail not only under internal pressure, but also as a 

result of the action of an external excess pressure. In the latter 

case, shell failure takes the form of a loss of stability appearing In 

the formation of deep hollows (buckling) along the shell length and 

perimeter. 

In shells welded to rigid machined flanges that remain circular 

after loss of stability, a single half wave is formed along genera¬ 

trices (Pig. 133), and several waves around the circumference. The 

shorter the shell, the larger the number of circumferential waves. 

TTve pressure at which loss of stability occurs is called the 
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critical pressure. 

The value of the critical pressure depends on the Initial buckling. 

The presence of depressions directed toward the center of curvature 

leads to a reduction In the pressure at which the shell loses stabil¬ 

ity. Axial forces compressing the shell also reduce the critical pres¬ 

sure. 

In order to prevent loss of stability, the critical pressure 

should be higher than the maximum excess pressure acting. 

During operation and In Installation of outside pipes of exhaust 

systems and afterburners, it is necessary to check the condition of 

the outside pipe to see that there are no depressions to reduce the 

critical pressure. 
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Part Pour 

STRESS-BEARING SYSTEMS AND TRANSMISSION ELEMENTS OP 

. GAS-TURBINE ENGDiES 

Chapter 9 

STRESS-BEARING SYSTEMS OP GAS-TURBINE ENGINES 

1. GENERAL INFORMATION. 

The »tress-bearing system of a gas-turbine engine [GTDj absorbs 

the loads acting on the structural elements and transmits the resul- 

tant load to the points at which It Is attached to the aircraft. 

The atress-bearing system of a gas-turbine [GTD) engine con¬ 

sists of the stress-bearing of the rotor (that part of a gas-turbine 

engine [GTD] that turns In bearings) and the stress-bearing system 

of the housing (the motionless part). 

The stress-bearing system of a gas turbine engine [GTD] rotor 

is made up of parts of the compressor and turbine rotors and their 

points of attachment, and also of parts of the reduction gear In a 

turboprop [TVD] engine. 

The housings of the compressor, combustion chamber, turbine, 

inlet and outlet sections, and also the housings of the bearings and 

reduction gear (for the turboprop engine) form the stress-bearing 

system of the engine housing. 

The stress-bearing system of the rotor is connected through 

bearings with the stress-bearing system of the housing, comprising 

the stress-bearing system of the gas-turbine engine [GTD]. 
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The parts of the stress-bearing housing of a gas-turbine [QTD] 

engine (on which the attachment points to the aircraft are situated) 

are the basic stress-bearing members. All the rest of the members of 

the stress-bearing system are Joined to them. 

The design of the parts of the stress-bearing system Is subject 

to the following requirements. 

1. The rigidity of the stress-bearing parts of the system should 

Insure the constancy of their shape under load. 

2. To Insure mlmlnum weight, the shapes of stress-bearing parts 

and their connections should be such that during operation of the 

gas-turbine [QTD] engine they should experience the lease possible 

loading. 

3. To decrease thermal stresses and buckling, the design of 

stress-bearing housings and parts connections that are heated to dlf 

ferent temperatures during operation should Insure the possibility 

of free expansion of the parts when they are heated. 

4. Por reduction of gas-pressure losses, the stress-bearing parts 

situated In the gas flow should have a smooth surface and well stream¬ 

lined shape. 

In general, gas forces, gravitation. Inertial forces, and also 

the forces arising as the result of nonuniform heating of attached 

parts act on the elemento of the atreae-bearlng ayotes of a gas-tur- 

bine [QTD] engine. 

Figures 134 and 135 show examples of the loading of the elements 

of the stress-bearing system of a turbojet [TRD] engine with centrl- 

fugal and axial compressors by axial gas forces and torques. Gas- 

flow forces acting on the parts of a gas-turbine [QTD] engine may 

be presented In the fore of three components, l.e., radial, axial, 

and circumferential. 
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The radial opponents of the gas-flow forces are balanced in¬ 

side the engine, loading the cocponent parts by internal stresses 

(they are not shown in the diagram). The forces arising as a result 

of nonunifonn heating are also in equilibrium. The axial forces, 

however, are only partly compensated. The resultant axial force is 

equal to the thrust (taken in Pigs. 13^ and 135 as 100$) and it is 

transmitted through the attachment points of the engine to the air¬ 

craft. 

♦ ZP-J29S 
-IP’ZSX 
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Fig. 134. The balance of axial forces and torques acting on the ele¬ 
ments of the stress-bearing system of a turbojet [TRD] engine with 
a centrifugal compressor. {Based on percentage of the thrust force 
and torque on the turbine rotor for an engine with a centrifugal 
cornoressor, in the static operational regime with maximum rpc). 
PjgçJ Axial force on compressor housing; P^) axial force on fan 
housing; Pj^) axial force on combustion chamber; P^) axial force 

on tearing housing; P^) axial force on inner cone; PSA) axial force 

on nozzle diaphragm; P^) axial force on turbine rotor; P^) axial 

force on outlet tube; Py«,) axial force on outlet nozzle; M^) torque 

on assembly drive; M K) torque on compressor rotor; Mp^) torque on 

turbine rotor; Mpjjj^) torque on forward fixed guide-vane assembly; 
Mjqç) torque on compressor housing; ) torque on read fixed guide, 

vane assembly; Mj^) torque on turbine housing; M^.) torque on the 

outlet tube struts. 
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The circumferential components of the gas-flow forces, acting 

on the rotor parts, generate torques that turn the rotor, and the 

circumferential components acting on the parts of the gas-turbine 

[GTD] engine housing are the torques twisting the stress-bearing 

frame. The directions of the moments exerted by gas forces are shown 

In Figs. 134 and 135 by arrows. With axial Inlet of air Into and axial 

ejection of gases out of the engine, the torques acting on the rotor 

and compressor housing are balanced by the respective torques Im¬ 

posed on the rotor and housing of the turbine and struts of the ex¬ 

haust system and, consequently, those loads are not transmitted to 

the points at which the engine Is attached to the aircraft. 

The torque arising from the action of gas forces Is transmitted 

to the points of engine attachment to the aircraft only In the case 

In which the air Is rotating at the Inlet to the engine or at the gas 

exhaust from the nozzle. Moreover, the following forces are trans¬ 

mitted to the engine attachment points: 

the resultant of the centrifugal Inertial forces and their 

mcments; 

transient Inertial forces due to the mass of the component 

parts of the entire engine as a result of aircraft maneuvers, and al¬ 

so gyroscopic moments due to rotation of the rotor and propellers; 

loads varying In magnitude and direction due to vibrations of 

the gas flow Inside the engine and vibrations of the engine parts; 

resultant torque due to transient regimes of engine operation; 

the weights of the structural elements of the engine. 

In turboprop [TVD] engines we also encounter the additional for¬ 

ces of thrust and the reaction moment of the propeller (In the case of 

a single propeller). In the case of two coaxial propellers turning In 

opposite directions, a reaction moment Is present and Is equal to the 
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Fig» 135* The balance of axial forces and torques acting on the ele¬ 
ments of the stress-bearing system of a turbojet [TRD] engine with 
axial compressor (ratios are given for the same regime as In Fig. 134), 
Pyy) axial force on Inlet assembly housing; P^) axial force on com¬ 

pressor housing; P^) axial force on combustion chamber; PSAI) axial 

force on nozzle diaphragm of first turbine stage; PSAII) axial force 

on nozzle diaphragm of second turbine stage; Pvs) axial force on ele¬ 

ments of the exhaust system; PRT) axial force on turbine rotor; 

Pup) 1x1211 force on thrust bearing; P^) axial force on the compres¬ 

sor rotor; torque on compressor housing; M^) torque on turbine 

housing; M^) torque on drive of the auxiliary assemblies; M^) torque 

on compressor rotor; M^) torque on turbine rotor. 

difference of the moments on the forward and rear propellers. 

2. STRESS-BEARING SYSTEMS OF ROTORS 

The designs of gas-turbine [STD] engine rotors are determined by 

the type of compressor, turbine, their points of attachment, and the 

number and location of bearings. 

In turbojet [TRD] engines with a single-cascade compressor and 

In a turboprop [T7D] engine with compressor and propeller driven by 

a cocmon turbine, a single-shaft stress-bearing system Is used for 

the rotor. 

In turbojets [TRD] with two-cascade, blrotatlonal compressors 
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and In turboprop [TVD] engines with Individual drives for the compres¬ 

sor and propeller, a two-shaft rotor stress-bearing system Is used. 

d 

Pig. 136. Diagrams of stress-bearing systems of single-shaft two- 
support rotors, a) Cantilever arrangement of compressor and turbine; 
b) with compressor situated between bearings and the turbine canti¬ 
levered; c) with compressor and turbine situated between bearings; 
d) with cantilevered arrangement of the turbine and supersonic sta¬ 
ges of the compressor; l) compressor; 2) turbine; 3) support-thrust 
bearing. 

In number of supports, rotors may have two, three, four, or 

many supports. The more rigid a rotor for given length, the smaller 

the number of supports for an allowed amount of bending. 

Depending on the number of support-thrust bearings, single-shaft 

rotors may have one or two bearings, and this Is a function of the 

type of connection between the compressor shaft and the turbine shaft. 

The connections of compressor and turbine shafts may be rigid 

or flexible. The relative motion of the shafts is prevented with a 

rigid connection; with a flexible connection, the possibility of bend¬ 

ing displacements of the shafts is provided. In this type of connec¬ 

tion the si^ifts may transmit only torques; or torques and axial for¬ 

ces; or torques, radial, and axial forces. 

Let us consider possible arrangements of stress-bearing systems 

for gas-turbine [GTD] engines. 
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Single shaft stress-bearing systems of two-support rotors may be 

made in one of the arrangements shown in Fig. I36. 

In arrangement a, compressor 1 and turbine 2 are cantilevered 

on the shaft. 

In arrangement b, compressor 1 Is located between supports, and 

turbine 2 Is cantilevered. 

In arrangement c, compressor 1 and turbine 2 are located between 

supports. 

In arrangement d, the supersonic stage of compressor 1 and tur¬ 

bine 2 are cantilevered on the shaft. 

The arrangements uf rotor stress-bearing systems shown here have 

only a rigid connection of the shafts in engines, both with centrifu¬ 

gal and with axial compressors. 

Axial attachment of the two-support gas-turbine [GTD] engine ro¬ 

tor is provided by one of the bearings, called the support-thrust 

bearing, which absorbs the total axial and part of the radial load 

acting on the engine rotor. 

When the axial loads acting on the compressor and turbine rotors 

are opposite in direction, support-thrust bearing 3 transmits only 

their difference, which makes possible a reduction In the size and 

weight of the bearing, and a simplification in the design of the sup¬ 

port. 

In a two-support rotor, the support-thrust bearing, being rela¬ 

tively more heavily loaded. Is located near the compressor, i.e., 

in the region of lower temperatures. 

The arrangement shown in Fig. I36, a, provides for ease in as¬ 

sembling and dismantling the engine, but it Is used only in the case 

of short compressor and turbine length since in any other circumstance 

the cantilevered support results in unacceptable large bending defonna- 
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tlons of the shafts at the bearing points due to the weight moments. 

Further, with such an arrangement, because of the small distance be¬ 

tween the bearings, their loads are increased due to the gyroscopic 

moment. 

With large compressor lengths. In order to reduce the bending 

of the gas-turbine [GTD] rotor, the shaft diameter Is Increased, 

making part of the compressor stages cantilevered, and the arrange¬ 

ment b (Fig. 136) is used. 

In the case of a multistage turbine and a shaft with a large 

diameter, the arrangement c (Fig. 136) is used, i.e., the stress¬ 

bearing system In which the turbine Is situated forward of the rear 

bearing. Increase In the distance between supports In this case leads 

to decrease In the load on the bearings due to the gyroscopic moment 

of the rotor. 

A supersonic stage in an axial compressor Is sometimes arranged 

to have a cantilever support, forward of the front bearing (Fig. 136, 

d), and this Is convenient for gasdynamlc reasons, because with such 

an arrangement the path of the air entering the compressor is not en¬ 

cumbered with the housing supports. 

Bending deformations of the component parts of the stress-bear¬ 

ing system of a gas-turbine [GTD] engine, and also nonaxlallty of the 

bearing sockets lead to noncongruency of the shaft Journals and the 

bearing housings. Noncongruency of the axes may cause binding of the 

bearings and asymmetry of their loading, as a result of which the 

bearings quickly fail. To avoid this condition, in the design and 

construction of gas-turbine [GTD] engines adequate rigidity of the 

housing and shafts Is provided; also the coaxiality of the bearing 

sockets Is given very considerable attention. In a number of cases, 

self-adjusting bearings are used. 
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Stress-bearing systems of single-shaft t^c-support rotors are 

• ordinarily used on auxiliary-service engines [2?]. The over-all length 

of the rotor In such engines can be reduced because of the lower com¬ 

pression ratio of the compressor and, consequently, the small number 

of compressor stages. 
% 

Single-shaft stress-bearing systems with three-support rotors, which 

are most widely used In gas-turbine engines, have a rigid connection 

between the shafts of compressor and turbine (Fig. 137, a) or a flex¬ 

ible one (Fig. 137, b, c and d), achieved by the use of a spllned 

coupling. 

With a rigid connection of the compressor and turbine shafts, 

the stress-bearing system of the engine Is statically Indeterminate, 

and this requires a corresponding rigidity of the stress-bearing 

frame, and exacting coaxiality of the bearings In order to prevent 

overloading them. 

A diagram of a stress-bearing system of a three-support rotor 

with flexible connection of the compressor and turbine shafts, trans¬ 

mitting torque and radial loads. Is shown In Fig. 137, b. The torque 

and radial loading of the turbine are transmitted to the compressor 

by use of a coupling spline 2, permitting bending of the shafts by 

reason of the clearance In the grooves of the coupling. The clutch 

haa a large diameter In order to Insure the strength of the short 

grooves in the transmission of torque. 

Attachment of the compressor and turbine rotors In the axial 

direction Is Individually accomplished, by use of support-thrust bear< 

Ings 1. 

In separate axial attachment of the compressor and turbine, the 

spllned engagement should permit free axial elongation of the shafts 

when they are heated. 
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Fig. 137. Diagrams of stress-bearing systems of single-shaft three- 
support rotors, a) V/ith rigid connection of the compressor and tur¬ 
bine shafts; b) with flexible connection of compressor and turbine 
shafts, transmitting torque and radial loads; c and d) with flexi¬ 
ble connection of the compressor and turbine shafts, transmitting 
torque, axial, and radial loads; 1) support-thrust bearings; 2) splined 
coupling; 3) ball Joint; 4) clamping screw. 

Figure 137, c shows a diagram of the stress-bearing system of a 

three-support rotor with flexible connection of the shafts of compres¬ 

sor and turbine, transmitting torque, axial, and radial loading. The 

turbine torque is transmitted by a splined coupling 2. The axial link 

between the compressor and turbine is accomplished by use of spherical 
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Joint 3, being at the same time the second support of the turbine 

shaft. Only the difference of the axial forces acting on the can- 

pressor and turbine acts on support-thrues bearing 1. 

Prom the structural standpoint, the simplest connection is that 

shown in Pig. 137, d. The axial load from the turbine is transmitted 

through the head of clanping screw 4, screwed into the compressor 

shaft. The radial load and torque of the turbine are transmitted by 

use of grooves. 

The three-support gas-turbine [GTD] engine rotor having an axial 

link between compressor and turbine is held in the axial position by 

a single support-thrust bearing. In order to prevent significant 

change in the magnitude of the axial and radial clearances in the flow 

passage of the turbocompressor with changing operational regimes of 

the gas-turbine [GTD] engine (in heating and cooling), thr support- 

thrust bearing is ordinarily located between the compresso, and tur¬ 

bine. 

Single shaft stress-bearing systems of four-support rotors most¬ 

ly have flexible shaft connections. In this case either the compres¬ 

sor Is situated between supports and the turbine is cantilevered, or 

the compressor and turbine are located between supports. The latter 

arrangement is used only in case the turbine has a large number of 

stages. 

Pigure 138, a shows a diagram of the stress-bearing system of a 

four-support rotor with cantilevered arrangement of turbine and flex¬ 

ible connection of the shafts, executed in the form of two spllned 

couplings 3. The connection transmits torque and permits not only 

bending, but also parallel displacement of the connected shafts, which 

might be caused by noncoaxlal bearings. In principle, such a connection 

might be executed in the form of a spllned coupling either of large 
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diameter with short grooves (Pig. 138, a) or of small diameter with 

long grooves (Fig. 138, b). 

In the diagram shown In Pig. 138, a, the compressor and turbine 

rotors exhibit Individual axial attachment In bearings 1 and 2 res¬ 

pectively. In such a design version of the engine rotors, the compres¬ 

sor and turbine rotors may be Independently balanced, and they may 

be Independently assembled In the stress-bearing frames. 

The presence of four bearings, two of which are support-thrust 

bearings. Increases the weight of the rotor and stress-bearing frames. 

The absence of an axial link between the rotors of the compressor and 

turbine leads to the necessity of axial Individual relief of the sup- 

port-thrust bearings. 

A better version Is the stress-bearing system of a four-support 

rotor, a diagram of which Is shown In Pig. I38, b. The shafts of the 

compressor and turbine have flexible connections transmitting only 

torque. The axial bond between the compressor and turbine Is achieved 

either by rod 4, or by a double spherical Joint 6, permitting restric¬ 

tion of the number of support-thrust bearings 1 to one. Torque frcr 

the turbine to the compressor Is transmitted through an Intennedlate 

long sleeve 5, permitting the use of long splines on a shaft of snail 

diameter, because In this case, for the same bending of the shafts, 

the bending In the grooves Is reduced. 

Double shaft stress-bearing systems of ras-turblne [GTD] engine rotors 

are made up of the stress-bearing systems of single-shaft rotors con¬ 

sidered above. 

Figure 139, shows a diagram of the stress-bearing system In a 

four-support turboprop [TVDl engine with separate drives for compres¬ 

sor and propeller. The turbocompressor rotor has a spllned coupling 3 

with a tight fit. The last stage of the gas turbine 4 drives the pro- 
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Fig. 138. Diagram of stress-bearing 
systems of single-shaft fQpr-support 
rotors, a) connection of shafts by 
use of spllned coupling of large dia¬ 
meter with short grooves; b) connec¬ 
tion of shafts by use of a spllned 
coupling of small diameter with long 
grooves; 1 and 2) support-thrust 
bearings; 3) spllned coupling; 4) 
rod; 5) intermediate sleeve; 6) dou¬ 
ble spherical Joint. 

peller through a long shaft 2, a driving spllned coupling 1, and a 

reduction gear. Such an arrangement for the stress-bearing system 

of a two-shaft rotor may be applied In gas-turbine [GTD] engines 

having a short turbocempressor rotor. 

! 

Fig. 139« Diagram of the stress- 
bearing system of a two-shaft 
four-support rotor. 1) Spllned 
coupling; 2) shaft; 3) spllned 
engagement; 4) propeller tur¬ 
bine; 5) support-thrust bear¬ 
ing. . 
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Figure 1^0 shows ar. arrangement of a stress-bearing system of 

a two-shaft turboprop [TVD] engine rotor with five supports. The high- 

pressure rotor has two supports, with location of the support-thrust 

bearing 3 ahead "f the turbine. 

The low-pressure rotor has three supports, with separate axial 

attachment of compressor and turbine. For axial relief of bearings 

1 and A, the coupling 2 has spiral splines. For transmission of torque 

from the turbine to the compressor, the spiral splines when engaged 

generate axial forces Just as occurs In case of attachment by a bolt 

and nut. The direction of the spiral splines and their pitch are cho¬ 

sen so that most of the axial forces arising In the turbine and com¬ 

pressor are compensated by the axial forces in the engagement of the 

spiral splines. 

Fig. 140. Diagram of the stress-bearing 
system of a two-shaft five-support turbo¬ 
prop [TVD] engine rotor (the British 
"Orion1’ engine of the Bristol Company). 
1.3 and 4) Support-thrust bearings; 
2) spllned coupling. 

Ihe parts of the stress-bearing system of the gas-turbine [GTD] 

engine rotor (Fig. 141), operating In a steady regime, are loaded: 

by torques due to the turbine M^, the compressor and the 

accessory drive Ma (in the case of the turboprop [TVD] engine, by 

the torque of the propeller drive), causing torsional deformation; 

by gravity forces and G^ on the rotor parts; 

by centrifugal forces due to the Inertia of the mass of 



i 
I 

the rotating members; 

Pig. Load, acting on the ele¬ 
ments of the rotor stretis-bearing 
system. 

by gyroscopic moments M , due to aircraft maneuvering; 
IS 

by centrifugal forces Ptant and of the unbalanced mass 

of the rotor, due to bending deformation; 

by axial loads Pot and due to the blades, and by loads 

due to gas pressure acting on the compressor and turbine disks (In 

the case of turboprop [TVD] engines, due to the thrust of the pro¬ 

peller), resulting In tensile deformation. 

The largest bending deformations In the rotor parts arise when 

the aircraft is pulling out of a dive with the engine operating at 

maximum power, and when the aircraft Is falling In a flat spin. In 

the former ca*»«;, the bending moments caused by gravity forces, the 

unbalanced centrifugal forces of Inertia, and centrifugal forces of 

the Inertia of the rotor mass act In one plane (the vertical plane) 

and are additive. In the second case, the bending moments arising 

from the action of the force of gravity, the unbalanced centrifugal 

force of the Inertia of the rotor, and the gyroscopic moment, max¬ 

imum In magnitude, act in the same vertical plane and also are ad¬ 

ditive. 

The gyroscopic moment of a gas-turbine [GTD) engine rotor de¬ 

pends on Its weight, the geometric dimensions, and the angular rota- 
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tlonal speeds of the rotor and aircraft. It has a maximum value when 

the axis of rotation of the aircraft Is perpendicular to the rota- 

tlonal axle of the rotor. 

The direction of the action of the gyroscopic moment. Indicated 

by the arrows Mg, are Illustrated In Fig. 142, In which two mutually 

perpendicular planes, the vertical x - z and horizontal x - y axis 

•re drawn through the x - x axis of rotation of the rotor. The direc¬ 

tion of rotor rotation Is Indicated by the arrow w, and the direction 

of the aircraft rotation, by the arrow C. The planes of aircraft ro¬ 

tation are cross-hatched by vertical and horizontal lines, respectively 

The gyroscopic moment always acts In the plane passing through the 

axes of rotation of the rotor and aircraft, and has a direction such 

that with a rotor turning toward the left, when the aircraft Is turn¬ 

ing so as to dive (Fig. 142, a), the gyroscopic moment turns the air¬ 

craft to the right, and when the rotor Is rotating to the right the 

gyroscopic moment (Fig. 142, b), turns It to the left. When the air¬ 

craft Is turned to the left, with a left-turning rotor (Pig. 142, c) 

the gyroscopic moment tends to cause the aircraft to dive; and with 

a right-turning rotor (Fig. 142, d). It tends to cause It to pitch. 

The unbalanced centrifugal forces of the rotating rotor mass, 

and the moments caused by these forces are variable In direction, and 

I'- addition to bending the rotor, also cause a load on the supports 

and points of attachment of the engine to the aircraft. 

Along with the loads arising from vibration of the gas flow In¬ 

side the engine and the vibration of It. parts, the unbalanced centri¬ 

fugal forces of the rotor also characterize the balance of the engine 

ac a whole. 

The engine Is said to be balanced If the loads on the attach- 

Itent P0!ntS t0 the ft1rcraft turn o“* to be constant In magnitude and 

- 255 - 



direction. An unbalanced engine may cause undesirable vibrations of 

the power plant and aircraft. 

In engine balancing, the loads on the attachjnent points (supports) 

are determined and means are sought for Insuring, as much as possible, 

a uniform loading of those points (supports). 

Static and dynamic unbalance of the rotor are differentiated. 

Static unbalance appears If the center of the rotor nass does not lie 

on the rotational axis, but Is displaced at some distance from It. 

In that case, when the rotor turns, an unbalanced centrifugal force 

of Inertia Is developed, turning with the rotor, and loading Its sup¬ 

ports. # 

Dynamic unbalance appears In cases where an unbalanced mötaent 

is developed under the action of centrifugal forces of inertia. 

Hie degree of static unbalance of the rotor Is characterized 

by the so-called disbalance, by which Is understood the product of 

the weight of a balancing weight and the quantity r, describing 

the distance between the center of mass of the balancing weight and 

the rotational axis of the rotor. The quantity is represented by 

a balancing weight 1, such that placing It at a distance r from Its 

center of mass to the rotational axis of the rotor (Pig. 143) will 

achieve complete static balance. 

Por rotors of turbine and compressors of modem gas-turbine [GTD] 

engines, the maximum allowable magnitude of disbalance Is small and 

amounts to 10 - 50 g-cm In all. However, because of the high rota¬ 

tional speeds of rotors, the unbalanced force In this case may amount 

to 30 - 80 kg. 

The maximum magnitude of load on the rotor support under the ac¬ 

tion of the unbalanced moment Is about the same as the force of un¬ 

balance . 
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Pig. 1^2. For determination of the direction of action of the gyrosco¬ 
pic moment of a rotor, a) Aircraft going Into a dive with left-turning 
rotor; b) aircraft going Into a dive with right-turning rotor; c) air¬ 
craft turning left with left-turning rotor; d) aircraft turning left 
with right-turning rotor. 

Under actual conditions static and dynamic unbalance are always 

simultaneously present. 

Balancing of high speed rotors of compressors, turbines, reduc¬ 

tion-gear wheels In turboprop [TVD] engines Is carried out on special 

stands for dynamic balancing, which make It possible to determine not 

the magnitude of the forces and moments of unbalance, but also the 

location of*the plane In which they act. 

In the connection of the shafts of a compressor and turbine by 

use of connecting couplings, at the time of engine assembly, the planes 

of action of the unbalance moments of the coupled rotors are arranged 
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Pig. 1¿*3. Location of balancing weights on rotor 
parts. 1) Balancing weight Gb; 2) balancing plug; 

A) axis of rotor rotation; B) view along the arrow 
A • 

80 as to insure the minimum possible total moment of unbalance. 

The precision of balance is Insured by removal of unnessary 

material on the parts in especially designated places, rearrangement 

of compressor or turbine blades saving different weights, and also 

Installation of balancing weights 1 or plugs 2 (see Pig. 143) in 

planes located near the rotor supports. The precision of the balancing 

is evaluated by the magnitude of the coefficient of vibrational over- 
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load in the maximum operational engine regime. The coefficient of 

vibrational overload Is defines as the ratio between the Inertial 

force due to engine vibration and the gravitational force, or the ra¬ 

tio of acceleration due to vibration to the acceleration of gravity. 

In the application of gas-turbine [GTD] engines with high-speed 

rotors, It Is noted that upon attainment of the specified rotational 

speed, rotor bending begins to Increase sharply, and may surpass the 

bending caused by the static load. In this case, the rotor bearings 

experience loads of alternating sign, causing shaking of the aircraft, 

ar o stresses arise In the shafts, exceeding permissable values In a 

number of cases. 

As has been shown by a large number of Investigations there 

phenomena can be attributed to the resonances In the forced bending 

vibrations of the rotor. Resonance Is characterized by coincidence 

of the frequencies of natural vibrations with the frequencies of 

forced vibrations. The rotor speeds corresponding to resonance are 

called critical speeds. 

Rotors of gas-turbine [GTD] engines comprise systems consisting 

of elastic shafts coupled to disks having mass. Such a system can 

vibrate under the action of periodically changing loads. In general, 

the rotor Is subject to torques variable In magnitude, generating 

torsional vibrations, longitudinal loads, generating longitudinal 

vibrations, and transverse loads, generating transverse (bending) vi¬ 

brations . 

Experience In engin* construction Indicates that rotor bending 

vibrations In gas-turbine [GTD] engines represent the greatest danger 

to engine strength. For rotors of turboprop [TVD] engines, bending 

and torsional vibrations may be harmful. Longitudinal vibrations are 

not observed In modern designs. 
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The effort to lighten housing designs leads to the result that 

• their mass and bending stiffness is commensurate with the mass and 

bending stiffness of rotors. On this account, the housings and the 

entire power plant are Involved when the rotors vibrate. 

In case of vibration in which inadmissibly large stresses or 

deformations are caused, the following design or constructional mea¬ 

sures may be applied for decreasing or removing the harmful resonan¬ 

ces beyond the operational range of engine rpm; 

1) decreasing the magnitudes of the exciting forces and moments 

by evening out the gas flow around the periphery of the flow passage 

and using a more carefully balanced rotor; • 

2) removal of harmful resonances from the operational range of 

gas-turbine [GTD] engine regimes by change in the frequency of natu¬ 

ral vibrations or changing the frequency of the excitation. 

If harmful speeds are displaced beyond the minimum operational 

rpm, the rotor is called flexible ; if the harmful speeds are dis¬ 

placed beyond the maximum operational rpm, the rotor is called rigid. 

The required rigidity of such a rotor is achieved by increasing the 

rigidity of the shafts and their connections with the disks, and 

also by Increasing the rigidity of the supports; all this ordinarily 

is achieved at the expense of increasing the weight of the design. 

In case the gas-turbine [GTD] engine has a flexible rotor, the 

engine goes through the critical speeds during start-up. 

If the rotor is flexible, the loads on the supports caused by 

imbalance of the rotor are less than are observed in a gas-turbine 

[GTD] engine with a rigid rotor at the same rpm. The deficiency of 

the flexible rotor is the possibility of the incidence of large bend¬ 

ing deflections in aircraft maneuvers or landing, as well as the pos¬ 

sibility of striking the housing. Engine vibrations are observed upon 
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transition through critical rotor speeds. If rotor deflections upon 

transition through critical speeds exceed allowable values, deflection 

limiters or damping equipment are used. 

3. STRESS-BEARING SYSTEMS OF HOUSINGS. 

The stress-bearing systems of gas-turbine [GTD] engine housings 

may be classified according to the method used to connect the hous¬ 

ings of the compressor and turbine, or the housings of the reduction 

gear and the turbo-compressor (In the case of the turboprop [TVE] en¬ 

gine). On the basis of such a criterion, all stress-bearing systems 

of housings may be divided Into three types. 

1. The stress-bearing system of housings with an Inside (In le- 

lation to the combustion chamber) stress-bearing link between the 

compressor housing and the turbine housing. Such, for example. Is the 

arrangement of the stress-bearing system of engine housings with a 

centrifugal compressor (Fig. 144), and also of an engine with an axial 

compressor and Individual combustion chamber. 

The linking of the elements 11, 12 and 13 of the turbine housing 

with the housing 4 of the compressor diffuser is accomplished by use 

of the housing 8, hood 9, the drum 10 of the gas collector, and also 

the housings 7 and 6 of the rear and middle rotor supports, and the 

rear stress-bearing frame 5* 

2. The stress-bearing system of housings with an outside (in re¬ 

lation to the combustion chamber) stress-bearing link between the com¬ 

pressor and turbine housings Is shown in Fig. 145. The forward housing 

4 of the forward turbine rotor support and the housing 3 of the rear 

compressor rotor support are rigidly attached to the front of the cy¬ 

lindrical housing 5 of the combustion chamber. The housings 3 and 4 

Insure attachment of the housing 2 of the compressor with the shell 5 

of the combustion chamber. The housing 6 of the rear turbine rotor 
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Bupport with the exhaust assembly 7 is attached to the rear face of 

. the combustion chamber. In this case the combustion chamber is sit¬ 

uated Inside shell 5* and the turbine rotor shaft is thermally in¬ 

sulated from the combustion chamber by a system of baffles and liners. 

Cooling air is ducted through the space between the walls of the liners 

or thermally Insulating layers of asbestos are set between them. 

The considered stress-bearing is superior to the previous one 

in its greater rigidity to bending and torsion fur smaller wall thick¬ 

ness; but at the same time it exhibits some shortcomings. Of these 

we should mention the Impossibility of access to a combustion chamber 

in use without disassembly of the engine, apd the complexity of tur¬ 

bine rotor-support design when it is made from an aluminium alloy 

casting. Furthermore, it is necessary to protect the housing of such 

a support from the action of the stream of hot gases. 

The double-contour stress-bearing system of housings is a combina¬ 

tion of the first two arrangements. In a double-contour stress-bearing 

system, the outer and inner contours are closed off into one or two 

zones. 

In the diagram of the stress-bearing system of the housing shown 

In Fig. 146, both the inside housing 5 and the outside housing 4 are 

welded fabricated of sheet steel. The combustion chamber is situated 

In the space between them. 

The stress-bearing closure of the front contours is affected 

by blades 3 of the stator assembly in the last compressor stage. 

The stress-bearing closure of the rear contours, near the turbine, 

is effected by a special stress-bearing frame consisting of two rings 

6 and 7, connected by struts 8. The struts are arranged radially be¬ 

tween the combustion-chamber flame tubes; they transmit part of the 

loading from the support to the outer contour, and increase the rigidity 
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of the system. 

In order to relieve the housing, the frame may be replaced by 

spokes formed with thrust bushings 1 and screws 2 (Pig. 1^7), Joining 

the outside and inside nozzle-diaphragm shrouds of the first turbine 

stage. The spokes pass through the hollow blades of the turbine noz¬ 

zle diaphragm. 

As a means of achieving a stress-bearing link between the reduc¬ 

tion gear of a turboprop [TVD] engine and the basic stress-bearing 

parts of Its turbocompressor housing, the following three arrangements 

are widely used. 

1. A stress-bearing system in which housing 1 of the reduction 

gear is attached by the walls above directly to housing 2 of the com¬ 

pressor (Fig. 148). 

2. A stress-bearing system in which housing 1 of the reduction 

gear is attached by the walls to the housing 2 of the compressor, and 

at the same time by stress-bearing tubular rods 3 with points 7 of 

engine attachment to the aircraft (Fig. 149). 

3. In case power to the propeller is transmitted through a re¬ 

tractable reduction gear, it may have either Independent points of 

attachment to the aircraft or a stress-bearing link with the engine 

through the use of a three-dimensional bracing girder. 



Chapter 10 

DESIGN OP TRANSMISSION ELEMENTS OP GAS-TURBINE 

ENGINES 

1. ROTOR SHAFTS AND THEIR CONNECTION COUPLINGS 

Shaft design is governed by the type of engine, the stress-bear¬ 

ing arrangement adopted, and also by the number and disposition of sup¬ 

ports. 

In a number of cases, integral shaft parts include the drum 2 of 

the axial compressor (Pig. 150, a) or the impeller 5 of the centri¬ 

fugal compressor (Pig. 150, b). Sleeves 1 are attached to the impeller 

or drum. 

In order to decrease shaft weight and to insure high strength and 

rigidity with small weight, shafts are made hollow, with as uniform 

strength as possible, and with as large outside diameters as possible. 

If the shaft is made of several parts, the connection between 

parts may be made rigid (see Fig. I50, a and c) by use of flanges and 

bolts, tight fitting grooves and hold-down nuts, or they may be made 

flexible by use of connecting spllned couplings 6 (see Pig. 150, b). 

In the latter case the part of shaft 7 which is rigidly attached to the 

turbine disk is called the turbine shaft, and the part of shaft 3 which 

is rigidly attached to the compressor is called the compressor shaft. 

Fillets of as large a radius as possible are fitted between the 

various intermediate parts of the shaft in the couplings, or conical 

transitions are used. By such means high fatigue strength is insured 
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and the danger of the appearance of cracks durînc heat treatment Is 

reduced. 

Since the shafts of gas-turbine [GTD] engines are very heavily 

loaded, they are fabricated out of alloy steels of type l8KhNVA, 

40KNMA, 12Kh2Nl*A, etc. 

In case each part of the rotor of a gas-turbine [GTD] engine Is 

nounted on two supports with Independent axial attachment, the con¬ 

nection of the shaft parts between them is accomplished by use of 

two spllned couplings 1 and 2, and a sleeve 3 (Fig* 151# a). 

If, however, the rotor of a gas-turbine [GTD] engine is mounted 

on three supports, connection of the shaft parts Is most usually ac¬ 

complished by use of a spllned coupling, a diagram of which Is’ shown 

In Pig. 151, b. In such a connection arrangement permits only rela¬ 

tive bending displacements of the connected parts up to some angle, 

but parallel displacements of the parts are not possible. 

Thus the spllned couplings of the typical arrangements considered 

here provide the possibility of rotation in the connected parts, even 

In the presence of bending and displacement, without Inducing addi¬ 

tional bendiiig deformations or loads on the supports. 

Further, such a movable (flexible) connection of the shaft parts 

peralte: 

substantial simplification of the fabrication technology for 

units In the stress-bearing system and ease of engine assembly, be¬ 

cause the necessity of precise centering and simultaneous machining 

of the separate parts are removed; 

relief and simplification of the stress-bearing system of the 

engine; 

Insuring more precise balance of the rotors of the turbine and 

compressor. Independently of each other. 
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In fabrication of connection units special attention Bust be 

devoted to fabrication precision witn respect to the grooves (spacing, 

thickness of the tooth), which determines the number of teeth effec¬ 

tive in operation, and good lubrication of the splined coupling Is 

assured during operation. The grooves are, as a rule, evolutes. 

t 
Pig. 150. Gas-turbine engine transmissions, a) with 
a two-support rotor and disk-drum compressor; 3) 
a centrifugal compressor; c) with two-support rotor 
and disk compressor; 1) Journal; 2) drum; 3) compres 
•or shaft; 4) sleeve for attachment of the turbine 
disk; 5) compressor impeller; 6) splined coupling; 
7) turbine shaft; 8) turbine disk; 9) fan impeller; 
10) compressor; 11) connecting coupling. 

In relation to the forces transmitted, splined couplings are 

classified as couplings transmitting only torques, torques and axial 

loads, or torques, axial, and also radial loads. 
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Grooved couplings transmitting only 

torquea from the turbine shaft to 

the compressor shaft may be built 

In several design variants. Figure 

152 shows a connection coupling with 

Intermediate sleeve 5, having Inner 

evolute splines. The shafts of the 

turbines 8 and compressor 1 have 

rectangular splines, on which are 

mounted respectively the driving 6 

and driven 2 parts of the coupling 

with outside evolute splines. The 

driving and driven parts of the 

coupling are centered on the shafts 

by cylindrical collar 10. Positioning of the Intermediate spllned bush¬ 

ing In the axial direction relative to one of the parts of the coup¬ 

ling Is accomplished by an opening spring ring 3 and a stop In a pro¬ 

jection ^ on the splines. On the hub of the driving part of the coup¬ 

ling there Is a toothed rim 8 for driving an oil pump. Lubrication 

of the spllned connection Is accomplished by splashing oil fed for 

lubrication of the rotor bearings through the tube 9* For prevention 

of oil falling Inside the shafts, the cavities are closed by plugs 11. 

Figure 133 shows spllned coupling In which the outside evolute 

splines are made directly on shafts 4 and 3 of the turbine and com¬ 

pressor, respectively, and the Inside splines are made on the Inter¬ 

mediate bushing 1. Positioning of this bushing In the axial direction 

Is accomplished by locking collars 2 at the ends of the splines In 

the shafts. The axial load from the turbine rotor Is transmitted to 

the forward support-thrust bearing 3 by rod 6. 

Fig. 151. Dlagrsims of shaft 
connections, a) Connection 
by use of two spllned coup¬ 
lings and a sleeve; b) con¬ 
nection by use of one spllned 
coupling; a) angle of bend; 
A) parallel displacement of 
the shafts; 1 and 2) coup¬ 
ling; 3) bushing. 
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: 3

Pig. 152. Connection coupling with Intermediate 
sleeve, transmitting <mly torque. 1) CaoDressor 
shaft; 2) driven part of the coupling; 3) open­

ing spring ring; 4) spline projection; 5) apllned 
bushing; 6) driving part of the coupling; 7; tur­

bine shaft; 8 
[spray nozzle
A) section through AA.

toothed rim; 9) tube with Injector 
; 10) cylindrical collar; 11) plugs;

The spllned coupling Is lubricated by splashing the oil fed for 

lubrication of the bearings.

A spllned coupling transmitting torque and axial loadirg from the tur­

bine shaft to the compressor shaft Is shown In Fig. 1^4. Turbine shaft 

1 Is connected by evolute splines directly to rear Journal 3 of the 

compressor. Setting of the turbine shaft for axial displacement and 

the transmlsslcxi of axial loading Is accomplished by screw 2.

Clearances In the splines of the connectlwi and the axial clear­

ance between the spacing bushing 4 and the turbine shaft Insures the 

possibility of some tending of the shaft.

The spllned co‘-.pllngs transmitting torque, radial, and axial loads, 

r used In stress-bearing systems of three-support rotors, are shown In 

Pig. 155, a and b.
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) 

Fig. 154. Connecting unit of shafts trans¬ 
mitting torque and axial loading, l) Turbine 
shaft; 2) screw; 3) rear compressor Journal; 
4) spacing bushing. 

The driving part 6 of the coupling (Fig. 155# a) on turbine 

shaft 1 is fixed in the axial direction by retaining ring 2 and is cen¬ 

tered by two cylindrical flanges 1?. 

The driven part 7 of the coupling is attached rigidly to coi..pres- 

sor shaft 10 by use of rectangular splines and a hollow tie bolt 9, 

and is centered by two cylindrical flanges l8. The splined coupling 

splines 8 transmit torque. The spherical support 12 transmits radial 

and axial loads. The center of the support sphere is located in the 

plane of symmetry of grooves 8, which facilitates their work upon 

bending of the shafts. 

Assembly of the spherical connection is accomplished through 

slots 14 on the rear of the turbine shaft and cover 4 of the socket, 

with subsequent turning of shaft 1 relative to shaft 10 through 60°. 

For assembly and disassembly of the coupling considered, it is 
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necessary to depress the radial pin 3# turn tho retaining ring 2 
. 

* through the width of the spline on the turbine shaft (In this case« 

the projections of the splines cm the ring are situated opposite the 

Indentations of the splines on the shaft) and move the driving part 

of the coupling In the direction of the turbine ^disk« disconnecting 

the spllned coupline (splines) 8. Further« rotation of shaft 1 con- 
* • 

nects or disconnects the spherical connection. In order to insure the 

Batching of the teeth« the relative positions of the coupling parts 

are kept constant during assembly by use of three locator pins 5 
• 

which are arranged Irregularly around the circumference; the pins fit 

Into holes on the driving part of the coupling. A constant position 

of the coupling parts relative to the shafts is Insured by one* broad 

spline 13. 

The spllned coupling Is lubricated by injector 11, feeding oil 

fron channel 15 of the main engine manifold into the spllned coupling. 

Figure 155, b shows another simpler shaft connection. The tur¬ 

bine shaft 1 is connected by splines with the rear compressor Jour¬ 

nal 19. Positioning of the turbine shaft In the axial direction Is 

aocompllshed by use of connecting bushing 25 and bushing ring-holder 

27. Bushing 25 has four lugs 29, evenly distributed around the peri¬ 

phery, a spherical supporting surface, and toothed sector 22 with 

two rectangular channels 28. Positioning of the connecting bushing 

In the axial direction relative to Journal 19 Is accomplished by four 

pins 23# which at the same time limit the rotation of the bushing. 
* 

At the end of thr turbine shaft there are a ring clwtnnel 26 and 

four lugs 24. An elastic plate lock 21 is attached to the Journal I9. 

Before assembly, bushing 25 Is set up in the nonoperational 

mounting position. In which one of the lugs 29 is set opposite the 

wide splines on Journal I9. In this position it is fixed by lock 21. 
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Ctytuut no*t
B M at «r»»

«Vpaw IK crpamar

figoe-i' ■'CiXfiue

Fig. 155- Shaft connections transmitting torque, axial, and radial loads, a and b) 
Tvpes of shaft connections; 1) turbine shaft; 2) retaining ring; 3) radial pin;
4) socket cover; 5) locator pin; 6) driving part of the coupling; 7) driven part 
part of the coupling; b) splines; 9) tie bolt; 10) compressor shaft; 11) Injector; 
12) spherical support; 13) wide spline; 14) channels; 15; channel; 16) adjusting 
ring; 17 and 18) cylindrical flanges; 19) rear compressor Journal: 20) key; 21) 
plate lock; 22) toothed sector; 23) pin; 24) lug; 25) bushing; 26) ring channel;
27) ring holder; 28) rectangular channels; 29) lugs; 30) regulating ring with radial 
vanes; A) section through AA (driving toothed hub removed); B) view on the driving 
part of the coupling along the arrow; C) operating posltlcwi; D) view alwig arrow 
A; E) section through BE.
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operational position. In which Its lugs are turned behind lugs 24 

of shaft 1. Upon removal of the key, lock 23 enters Into the second 

rectangular channel, fixing the bushing in the operational position. 

Alloy steels 12Kh2N4A, lÔKhNVA. and 40KhNMA are used In the fab¬ 

rication of the parts of the spllned coupling. 

2. ACCESSORIES, THEIR DRIVES AND ARRANGEMENT. 

For the operation of a gas-turbine [GTD] engine, various acces¬ 

sories are mounted on It, l.e., fuel pumps and regulators, oil pumps, 

centrifugal separators and breathers, starting equipment, apparatus 

for regulating the compressor, transducers for indicating the rotor 

speed, etc. 

Oas-turbine [GTD] engines are also provided with the fcllowlng 

aircraft accessories: electrical generators, air vacuum pumps; com- 
» 

pressed air compressors, hydraulic pumps, booster pumps, etc. 

Accessories serving the engine are situated In special compart- 

Biei.ts directly mounted on the engine. The drives are located In the 

housings of the compartments. Accessories serving the aircraft may 

be mounted both on the engine and on special separate compartments 

mounted on the aircraft. In the latter case, only the drives for these 

compartments are provided for on the engine. 

Modern turbojet [TRD] engines expend about 0.2 to 0.5£ of the 

turbine power on driving the engine accessories, and 0.3 to 0.6# on 

driving the aircraft accessories. In turboprop [TVD] engines the 

power consumption Is respectively, 0.1 to 0.17# and 0.15 to 0.25# 

of the turbine power. 

Power for accessory drives Is taken from the engine rotor shaft 

in front of the compressor, behind the compressor, or behind the tur¬ 

bine (in the case of rotor supports being present to the rear of the 



elastic and thermal housing deformations on the magnitude of clear¬ 

ances in the meshing of the drive gears. 

In turboprop [TVT>] engines the power may be taken from the pro¬ 

peller reduction gear. 

Drive compartments on which accessories are mounted can be posi¬ 

tioned at any especially convenient placé, depending on the geometry 

of the gae arbine [OTD] engine design. 

In en¿ íes with centrifugal compressors the drive compartment 

Is put at the forward part of the engine arid is attached to the for- 

ward rotor-bearing housing. 

Pigure 136 shows a kinematic dlegram of the accessory drives 

of an engine with centrifugal compressor having a double-sided Inlet. 

In an engine with an axial compressor, part of the accessories 

(starting equipment, booster oil pumps, centrifugal air separators, 

breather, etc. ) may be mounted forward of the compressor on the bear¬ 

ing housing. However, for small diameter of the compressor hub, such 

a position Is difficult. Furthermore, In this case access to the ac¬ 

cessories is difficult In the process of their use? 

Especially widespread are the following arrangements for location 

of accessory drives on the outside engine contour: 

location of drives on the forward rotor bearing housing; 

location of drives on the compressor housing with power take¬ 

off from the rear compressor rotor Journal; 

location of drives on the compressor housing with power take¬ 

off from the forward compressor rotor Journal. 

In the first and second arrangements for location of the acces¬ 

sory drives, the transmission of power to the drive compartment 
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Fig. 156. Kinematic diagram of the 
assembly drives of an engine with a 
centrifugal compressor. 1) To the 
drive compartment of the aircraft ac­

cessories; 2) to the fuel pump; 3) to 
the tachometer transducer; 4) to the 
centrifugal separator; 5) to the oil 
pump.

(Fig. 157) iB achieved by use of a radially located shaft (spring) 

with conical and cylindrical pinions. The second arrangement Is used 

ordinarily In those cases when the first compressor stage Is super­

sonic, with axial Intake of air. In front of which there Is no rigid 

forward bearing housing, or when the engine has a two-cascade com­

pressor. In the latter case, the power take-off for the accessory 

drives Is effected from the high pressure rotor, having relatively
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high speed In the low-power regime.
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Fig. 157* Kinematic diagram of assembly drives 
In an engine with an axial ccxnpressor. 1) Spare 
drive; 2) to the centrifugal booster fuel pump; 
3) to the fuel pump-regulator of the basic sys­

tem; 4) to the pressure oil pump; 5) safety 
friction clutch; 6) from the starter genera­

tor; 7) to the centrifugal breather; 8) spare 
drive; 9)to the vacuum oil pump.

As for arrangement In the third -.nanner (Fig. 158), such a dis­

position Is resorted to on aircraft engines when access to the for­

ward part Is difficult. The rotation of the Intermediate drives consi­

dered In this case Is transmitted to drive the accessories by use of 

horizontal shafts.
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Pig. 158. Kinematic diagram of the accessorv drives of an engine with 
axial compressor with Intermediate drive. 1) To fuel pump-regulator; 
2) to the electrical generators; 3) drives of the engine accessory 
compartment; 4) to the hydraulic pump; 5) drives of the aircraft ac­

cessory compartment; 6) right intermediate drive; 7) spare drive;
8) to tachometer transducer; 9) to air compressor; 10) central drive; 
11) from the gas turbine starter: 12) to the centrifugal breather;
13) first intermediate drive; 14) lower drive; 15) to the centrifugal 
booster fuel pump; I6) to the oil tranfer pump; 17) to the oil pumps, 
pressure and main vacuum pumps.
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Part Five 

ROTOR BEARINGS AND LUBRICATION SYSTEMS 

OF GTD [GAS-TURBINE ENGINE (S)l 

Chapter 11 

GTD [GAS-TURBINE ENGINE (S)] ROTOR BEARINGS 

1. OPERATIONAL AND DESIGN FEATURES OF GTD [GAS-TURBINE ENGINE (S)] 

ROTOR BEARINGS. 

Especially widespread In GTD [gas-turbine engines] Is the use 

of roller bearings. Friction bearings may be encountered only In low- 

power, starting GTD [gas-turbine engines] and In accessory drives. 

The limited occurrence of friction bearings Is due to their 

large friction. Increasing with Increase In rotational speed, their 

large longitudinal dimensions, and also their Increased requirement 

for purity In the lubricant, and their great sensitivity to the tem¬ 

perature of the latter. 

The considerable heat generation In friction bearings at high 

rotational speeds requires Increase In the oil circulation through 

the engine, and also the presence of powerful oil pumps, oil filters, 

and radiators. The Increase In the clearance In bearings, necessary 

for Insuring the required oil flow. Impairs the balance of GTD [gas- 

turbine engine] rotors. 

Roller bearings have smaller frictional forces, almost Indepen¬ 

dent of the rotational velocity, a higher work capacity at high oper¬ 

ational temperatures, and smaller longitudinal dimensions. 
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The enall frlotlon&l forces are accompanied by reduced power 

. 
loes, resulting in reduced heat generation and oil circulation which 

substantially simplifies the design of the lubrication system. 

In modem OTD [gas-turbine engines, rotor bearings work at Speeds 

of 5000 - 18,000 rpm. In auxiliary engines and in turtocooling instal- 
« 

lations the rotational speeds of the bearings reach 3!5,000 to 120,000 

rpm [27]. 

The rotational speed determines the quantity of heat developed 

in the bearing and the strength of its separator. The strength of a 

separator is determined by the peripheral speed, depending on the 

diameter of the bearing and the rpm. Therefore, it is possible to ren¬ 

der a Judgement as to the separator loads on the basis of the Magni¬ 

tude of the peripheral speed at the circumference of the centers of 

the balls (rollers), which [the magnitude] in high-speed bearings 

does not exceed 50 - 80 m/sec, or on the basis of the magnitude of 

the product of the rpm and the inside diameter of the bearing. This 

product varies in t^ie limits 0*5'* 10^ to 1.6 • 10^ (sometimes reachT 

Ing 2.0 • 10^) ran rpm. 

The operational temperature reaches 180° C for compressor^rotor 

bearings and 230° C for turbine rotor bearings. 

With increasing flight speed in aircraft with GTD [gas-turbine 

engines], a tendency is encountered for the operational temperatures 

of the bearings to Increase due to the Increase in the deceleration 

[stagnation] temperature of the air. 

High requirements are Imposed on high-speed, strongly heated 

aviation bearings with respect to the geometrical precision of the 

roller shapes and the finish of their surfaces, as well as with res¬ 

pect to the quality of the materials used, the limits of permissible 

variation in the axial and radial clearances, the assembly clearances. 
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Pig. 159. Single-row ball bearings, a) Two-pointj 
b) three-point; c, d and e) four-point; ß) contact 
angle between ball and race; 1) oil feed. 

!l ' ■ r 
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Examples of ball-bearing design and roller-bearing used in avia¬ 

tion engines are shown, respectively in Figs. 139 and ISO. 

Single-row two-point ball bearings (Fig. 159, a) (two points of 

contact between the ball and the races) can absorb radial and small 

axial loads, and are used most usually in rotor supports of compres¬ 

sors and turbines. 

Single-row three-point (Fig. 159# b) and four-point (Fig. 159# 

c, d and e) ball bearings can absorb radial and considerable axial 

loads, and are used ordinarily in rotor supports of compressors# 

turbines, and reduction gears of TVD [turboprop engines] for axial 

location of the shafts. The races for the balls in these bearings have 

larger depth. In order to facllate the>assembly of such bearings, one 

of the races is split. 

Roller bearings are used to absorb radial loads. Collars for con¬ 

taining the rollers are found on the inside or outside races, depend¬ 

ing on the conditions of assembly, disassembly, and lubrication of 

the bearing. 
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A widely used steel for fabrication of the bearing races In 

. production QTD [gas-turblne engines] Is the ball-bearing chrome steel 

ShKhl5; for roller shapes, ball-bearing chrome steels ShKh6 and ShKh9 

are used, and for separators, bronze BraZhMts - 10 - 3 -1-5 and alu- 

mlnum alloys AK4 and DIT are used. 
« 

Chrome-nickel-molybdenum or tungsten tool steels are used for 

fabrication of races and roller shapes of bearings operating under 

conditions of elevated temperatures. The first steel retains high 

hardness up to temperatures of 370 - 400° C, and the second, up to 

590° C. Nickel alloys may also be used [27] for separators working 

under conditions of high temperatures and igiadequate lubrication. 

In connection with the hlgh-temperature operational regimes, 

OTD [gas-turblne engine] rotor bearings have larger radial and axial 

clearances to prevent the Jamnlng of the rollers (balls) and the 

separators, which is possible due to expansion as a result of heat¬ 

ing and deformation under the action of centrifugal forces. 

Only bearings with separators are used for GTD [gas-turblne en¬ 

gine] rotors. Bearings without separators. In spite of their higher 

capability, are not used at all because of the rapid 

Incidence In them of the so-called "ring wear" effect, caused by 

contact between the balls during rolling. 

Separators may be riveted or one-piece. They may be stamped or 

machined; the separators are centered with respect to the outside or 

Inside race. 

If the separator is centered with respect to the outside race, 

the lubrications of the Inner race and the centered surface is Im¬ 

proved, as Is the balance of the separator during the process of 

operation and the removal of heat from the separator through the 

cooler outside race. Centering deficiencies with respect to the out- 
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Pig. 160. Roller bearings, a, b, c, 
d, e, f and g) Types of design; 1) 
oil feed. 

race Include an Increase In the weight of the separator, the neces¬ 

sity for precise choice of clearance between the separator and out¬ 

side race in order to prevent seizing upon heating due to a differ¬ 

ence between the coefficients of linear expansion for the materials 

and due to deformation of the parts under the action of centrifugal 

forces. 

To reduce bearing temperature, oil circulation should be 1m- 
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proved by machining holes or slits into the outer ring at the points 

of the race undercuts (Fig. l60, e), special milling of the separa¬ 

tor (Fig. l60, d), making the outside ring without flanges (Fig. I60, 

b) or by taking other measures. 

2. DESIGN OF BEARING SUPPORTS 

Bearing supports are designed in conformity with the chosen 

arrangement of the stress-bearing system of the GTP [gas-turbine en¬ 

gine] rotor. Supports intended only for radial loading, depending on 

the magnitude of the latter and also on the temperature conditions, 

have one support roller bearing, a support ball bearing, or a combi¬ 

nation of one roller bearing and one ball bearing. 

Supports intended for radial and axial loads have from one to 

three support-thrust ball bearings. 

The bearing race mated to the part that rotates relative to the 

load-bearing part (the shaft) is Installed with a tight fit in order 

to prevent its rotation relative to the part; the race mated to the 

part that is stationary relative to the load-bearing part (the hous¬ 

ing) is installed with a clearance so as to Insure the possibility 

of rotation of the race relative to the housing. 

In the fabrication of a bearing housing made of aluminum alloy, 

steel cups 4 (Fig. I6I) are pressed into the sockets for the bearing, 

and this increases the rigidity of the support and permits retention 

of the initial clearances of the outside race. In a steel housing 3 

(Fig. I62) the bearing is mounted directly. 

In order to prevent wear as a result of the rotation of the out¬ 

side race, the seated and supporting surfaces are carburized, chromized, 

or nltrided depending on the material of the housing or the cup. 

Machining of the seated and supporting surfaces is carried out 

with a high order of precision. Insuring proper installation of the 

- 288 - 



flod&oâ Bosdifito 
10-30 itounpec- 

copa 

* 

i 

Pig. l6l. Design of support with 
a single roller bearing. 1) Jour¬ 
nal; 2) nut; 3) support housing; 
4) cup; 5) spring ring; 6) oil 
injector; a) air feed from be¬ 
hind the compressor. 

bearing in the housing. 

Figure 155 Shows an example of the design geometry of a support 

with a single support-thrust ball bearing. The specific feature of 

such supports Is the presence, between the Inside race of the bear¬ 

ing and the thrust collar on the shaft, of an adjustment ring 16 

(see Fig. 155, a) permitting change In the axial position of the ro¬ 

tor relative to the housing. As shown In Fig. 155, b, the adjustment 

ring 30 has radial vanes to Improve the circulation of an oll-alr 

emulsion through the bearing. 

Reduction of heat flow to the bearing from the surrounding more 

Intensely heated parts Is achieved by a d crease In wall thickness 

289 - 



J 

Fig. I62. Design of support with a 
roller bearing and installation of 
an outside race in a steel housing. 
1) Journal; 2) nut; 3) steel hous¬ 
ing; 4) clamping ring; 5) oil in¬ 
jector. 

at points connecting the housing flanges and the cup and also by the 

installation of heat-insulating screens made of asbestos cloth or 

glass wool. 

To insure uniform distribution of loading between the parallel- 

working support-thrust bearings (Fig. I63)# conditions are maintained 

such that the simultaneous choice of operational clearances under the 

action of axial loading is insured. This is achieved by choice of the 

thickness of the rings 5 and 7, installed between the bearing reces. 

In the assembly of the support, about the same fit is maintained 

on the shaft as in the housing. In the same way the rigidity of the 

housing and shaft for each bearing and the conditions of lubrication 

and cooling for these should be identical. 

Turbine roller bearing supports (Fig. 164) are designed so that 

the inside race is ordinarily mounted on bushing 1, having small sur- 
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Pig. I63. Design of support with dou¬ 
ble parallel-working suoport-thrust 
bearings, l) Journal; 2) socket; 3) 
Injector [spray nozzle]; 4) support 
housing; 5 and 7) sized rings; 6) 
oil feed tube; 8) adjustment ring. 

faces of contact with shaft 2 of the turbine through a cylindrical 

collar 6, with respect to which It Is centered. 

Supplying cooling air between sleeve 1 and shaft 2 of the tur¬ 

bine, and also between the struts of housing 8 (Fig. 164, b) Is an 

efficient means of cooling the bearing and Insulating It thermally. 

Sleeve 1 at Its forward end bears on spiral rectangular splines 

7, situated on the shaft. The pitch of the splines is chosen so as 

to coincide with the direction of the relative velocity W of the 

airflow in the rated regime. 
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Pig. 164. Design of a turbine rotor support 
with roller bearing, a) With Inside race 
mounted on an intermediate bushing; b) with 
air cooling; 1) Intermediate bushing; 2) 
turbine shaft; 3 and 8) support housings; 
4) ring with radial vanes; 5) tube for gas 
feed from labyrinth cavities; 6) cylindri¬ 
cal collars; 7) splines; A) cooling air 
outlet; B) cooling air; C) cooling air In¬ 
let. 
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Chapter 12 

LUBRICATION SYSTEMS 

1. GENERAL INFORMATION. ARRANGEMENTS OF LUBRICATION SYSTEMS. 

Lubrication of flexible couplings ln GTD [gas-turbine engines] 

is intended to decrease friction and parts wear, to remove the heat 

generated by friction and transmitted from neighboring more intense¬ 

ly heated parts, and to protect against corrosion and work harden¬ 

ing and also for removal of solid particles that might get into the 

space between the rubbing surfaces. 

Frictional forces are generated as a result of the relative mo¬ 

tion of touching bodies. Depending on the nature of the relative mo¬ 

tion of the bodies in contact, the friction is classified as sliding 

or rolling friction. Sliding friction may be of three types: 

dry friction, generated between nonlubricated surfaces of 

solid bodies; 

liquid friction, when the rubbing surfaces of the bodies are 

separated by a layer of liquid; 

boundary friction, when the lubricated surfaces of the bodies 

are partially in direct contact. Rolling friction appears by reason 

of the deformation [indentation] arising at the point of contact be¬ 

tween a body rolling over another. 

When component parts are in rolling contact with one another, 

the Introduction of a lubricant between them has no significant ef¬ 

fect on the magnitude of the frictional forces, and even Increases 
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them. However, in this case parte lubrication Is necessary, since the 

presence of an oil film on the parts promotes more uniform distribu¬ 

tion of the concentrated loads and Improves the durability of the parts. 

Furthermore, rolling friction in all cases inevitably also involves 

seme sliding friction, due not only to the mutual deformation of the 

rolling parts, but also because of the presence of races and separa¬ 

tors, in rolling contact with the bodies. 

Ihe load-bearing capability of an oil layer, all other conditions 

being equal, depends on the viscosity of the oil. The more viscous 

the oil, the greater its loadrbearing capacity. However, hydraulic 

friction arises in the oil at the same time* The type of oil which 

has a flatter viscosity-temperature characteristic, i.e., the kind 

of oil for which the effect of temperature on viscosity is not sig¬ 

nificant, is preferable. Too great oil viscosity at low temperatures 

decreases circulation through the engine and makes starting harder, 

and too low oil viscosity at high temperatures may lead to boundary- 

layer friction and rubbing-surface wear. 

The kind of oil used is determined by the loads on the parts, 

their operational temperatures, and the type of bearings used. The 

operational temperature of the oils does not exceed 120 - 140° C in 

GTD [gas-turbine engines] at subsonic flight speeds, and may reach 

25O - 400° C in QTD [gas-turbine engines] at supersonic flight speeds. 

For work under elevated temperature conditions, existing types 

of oil are ordinarily improved by use of special additives. Besides 

this, new kinds of synthetic lubricants are being created, i.e. li¬ 

quid, gaseous lubricants, and solid greases. The basic solid lubri¬ 

cants are graphite, molybdenum disulfide, etc. At the same time, 

special cooling systems for bearings are used, and in there the cool¬ 

ing and lubricating materials are gases with high heat capacity (helium, 
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Pig. 165. The viscosity-temperature 
charactistic of oil. A) 75$e MS + 20 
to 25# transformer oil. 

for example), insuring intensive heat removal fron the parts [27l. 

For TRD [turbojet engines], having only roller bearings, working 

at high rpm, mineral (MK - 8) and transformer oils with reduced vis¬ 

cosity and flat viscosity-temperature characteristics (Pig. I65) as 

well as oils consisting of diesters of organiz acids [27] are more 

widely used at present. 

From the point of view of increasing the contact-fatigue resis¬ 

tance of bearings and heavily loaded gears of TVD [turboprop engine] 
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reduction gearsj it is desirable to use oils with high viscosity» 

However, in this case, the operational working conditions for the 

bearings of the turbocompressor rotor and for engine pick-up are Im¬ 

paired. 

The contradictory requirements imposed on lubricants for TVD 
* 

[turboprop engines] in some cases are met by use of oil of medium 

viscosity, obtained by mixing oils with low (MK - 8) and high (M - 

20 or MK - 22) viscosity. In other cases, two independent lubrica¬ 

tion systems are used, each utilizing oils of different viscosity. 

In a lubrication system for a reduction gear, oil of high viscosity 

is used, and as the lubricant for the other#points of the engine and 

the operation of the automatic-control system, low-viscosity oil is 

used. 

A lubrication system for a TVD [turboprop engine] should insure 

reliable lubrication of the flexible couplings for any engine position 

in space, under any external conditions, at low oil circulation. The 

lubrication system must be airtight, convenient in use, and should ex¬ 

hibit low hydraulic resistance. 

Closed circulation (one-circuit and two-circuit), open and com¬ 

bined lubrication systems are used in OTD [gas-turbine engines. 

The single-circuit closed system, used in the case of moderate 

flight speeds and altitudes is especially simple in design geometry 

and economical in use. In this system the oil is repeatedly used for 

lubrication, and circulates in a closed circuit: reservoir to engine, 

to reservoir. The schematic layout of such a system as applied to a 

TRD [turbojet engine] with a centrifugal compressor is shown In Pig. 

166. As can be seen from the figure, housing 5 of the lubrication 

system serves as the oil reservoir. The housing of the lubrication 

units is intensively ventilated by an airflow, and thus, in addition 
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to its basic purpose# also serves as an oil radiator 

In engines with axial compressors the inlet section is often 

used as an oil reservoir-radiator, and the oil in this case is cooled 

by air flowing into the compressor. In powerful OTD [gas-turbine en¬ 

gines] with increased heat transfer to the oil, an oil reservoir 1 

and radiator 19 are included in the lubrication system of the air¬ 

craft (Pig. 167). 

Air and fuel-cooled oil radiators are used in engines. The latter 

are more economical because of the reduced flight drag and reduced 

heat loss, since the heat removed from the oil heats the fuel entering 

the combustion chamber. At the same time, in this arrangement the heat¬ 

ing of the fuel removes the possibility of the freezing up of the fuel 

filters under low temperature conditions. 

In one-shot engines operating at an augmented gas temperature, 

the open lubrication system may be used; the oil in such a system, 

after being used Just once, is discarded into the atmosphere. The open 

system is very simple in design. The fuel [combustible] may be used 

as both lubricant and coolant in this system [27]. 

In high-temperature GTD [gas-turbine engines], the open system 

may be used for lubrication and cooling of the rubbing parts and bear¬ 

ings, working under conditions of high temperature (for example, tur¬ 

bine bearings), since under such conditions the use of the oil rapidly 

reduces Its quality and it cannot be used too many times. For lubri- 
i 

cation of the cooler parts, for reasons of economy, the ordinary closed 

system might be used. Such lubrication systems (Fig. I68) have been 

called combined systems. 

All especially important and highly loaded bearings, gears, and 

splined couplings are lubricated under pressure, i.e., oil is fed 

continuously through jet or centrifugal nozzles under pressure developed 
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Pig. 166. Diagram of a single-circuit closed lubri¬ 
cation system of a TRD [turbojet engine] with centri¬ 
fugal canpressor. l) pressure pump; 2) suction pump; 
3) filter of the main suction line; 4) low-pressure 
filter of the main pressure line; 5) lubrication 
accessory housing; 6) carburetor Jet; 7} high-pres¬ 
sure filter of the main pressure line; o) reduction 
valve; 9) main pressure line; 10) main suction line; 
11) spray nozzle injectors; 12) diaphragm (pen-type 
gas trap); 13) breather; 14) centrifugal gas sepa¬ 
rator. 

by an oil pressure pump. Jet feed insures Intense oil injection be¬ 

tween rubbing parts, excellent heat removal, and flushing out of solid 

particles. Friction surfaces not pressure lubricated are lubricated 

by splashing oil on moving parts. 

In order to prevent the saturation of the oil by gases, and also 

to decrease heating and decomposition, the stay time of the oil in 

the engine should be as small as possible. For this reason the GTD 

[gas-turbine engines] work on the principle of a dry housing. In such 

systems all the oil, after use in lubrication, is drained by pumps to 
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the reservoir rather than being; accumulated in sumps in the housing. 

Fig. 167. Diagram of a single-circuit closed lubrication system of a 
TRD [turbojet engine] with an axial compressor, l) Oil reservoir: 2) 
centrifugal gas separator; 3) intermediate drive compartments; 4) 
centrifugal breather; 5) filter; 6) auxiliary filter; 7) centrifugal 
sensor; 8) engine accessory drive compartment; 9) check valve; 10) 
aircraft accessory drive compartment; 11) auxiliary filters ahead of 
the spray nozzles; 12) oil booster pumps; 13) reduction valve; 14) 
overflow stopcock; 15) main suction pump; l6) pressure pump;. 17) dis¬ 
charge from the main pressure line to the Intake to the supercharge 
pumps; l8) discharge of oil to the turbostarter; 19) oil-fuel radia¬ 
tor; 20) oil sedimentation tank; a) pressure manifold; b) suction 
manifold; c) gravity drain; d) drainage manifold. 

The following are the controlling parameters for lubrication 

systems: 
0 

oil pressure at engine inlet (3-5 kg/cm ); 

oil temperature at inlet (60 - 80° C); 

oil temperature at engine outlet (110 - I5O0 C). 

The pressure required in the pressure manifold is determined by 

the quantity of oil circulated through the engine, and by the hydrau¬ 

lic resistance of the manifold. 
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Pig. 168. Diagram of conbined lubrication system. 
1) Oil reservoir; 2) oil-air radiator; 3) filters; 
4) centrifugal gas separator; 5 and 10) reducing 
valves; 6) suction pump; 7) overflow stopcocks; 
8) booster pump; 9) check valve; 11) pressure pump; 
12) safety valve; 13) torquemeter pump; 14) centri¬ 
fugal breather; 15) spare pressure pump; lo) oil 
sump; a) to the control fuel assembly; b) to the 
reduction gear; c) to the atmosphere. 

2. REQUIRED OIL FEED. QUANTITY OF OIL IN THE LUBRICATION SYSTEM. 

Hie required oil circulation through the engine is determined by 

the amount of heat removed by the oil. This heat is determined by ad¬ 

dition: the heat developed by reason of mechanical losses in the bear¬ 

ings 4 accessory transmissions, and also in the reduction gear of the 

TVD [turboprop engine], and the heat transmitted to the lubrication 

points from the nearby heated parts by heat conduction. 

Hie oil circulating through the engine includes the feed through 

the turoocempressor rotor bearings, the accessory drive, and through 

the reduction gear to the propeller (on TVD [turboprop engines). The 

quantity of oil circulation through the rotor bearings increases in 
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relation to the rpm and loading: for conpressors with roller bearings, 

0.5 - 3.0 llters/mln; for compressors with ball bearings, 4-10 11- 

ters/mln; and for turbines with roller bearings, 3-10 llters/mln. 

The oil feed through the accessory drive compartments and the 

reduction gears Is determined by the power transmitted, the mechani¬ 

cal efficiency of transmission, the heat capacity of the oil and its 

permissible heat rise upon flow through the engine. For modern GTD 

[gas-turbine engines] oil heating in the engine amounts to 40 - 60° C. 

The over-all oil volume In the lubrication system is obtained 

by summing the volume of oil contained within the internal engine 

system and the oil consumed during operation, and also the volume of 

oil necessary for feeding the propellers and accessories, and the 

circulation reserve. 

The term oil consumption refers to the irrevocable loss occurlng 

during the course of the process of operating the GTD [gas-turbine 

engine] the loss consists of leakage through the labyrinth seals, dis¬ 

charge through the breather system, and also burning and decomposition 

due to overheating. 

The circulation reserve depends on the time required for the com¬ 

pletion of a complete circulation cycle for the entire oil supply 

through the GTD [gas-turbine engine] system, and this generally takes 

0.5 to i.0 minute. 

The volume of the oil reservoir should be about 10 - 20/ greater 

than the volume required to fill the lubrication system. This extra 

volume Is necessary to permit expansion of the oil on heating and to 

make possible foam extinction In the reservoir, thus reducing the ejec 

tion of oil through the system of breathers In the reservoir. 

3. DESIGN OF LUBRICATION SYSTEM ELEMENTS 

The lubrication system in the general case consists of an oil 
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reservoir, oil radiator, oll pumps (booster, pressure and suction), 

.oil filters, outside and Inside manifolds, gas separators, breathers, 

valves (reduction, shutoff, and safety), and also spray nozzles and 

monitoring equipment. 

Pressure oil pumps are usually Installed below the oil reservoir to 

Insure the pressure level of the oil at the entrance Into the pump, 

which promotes an Increase In pump capacity. In most cases the pres¬ 

sure oil pump Is Installed In the lower part of the GTD [gas-turbine 

engine ). 

In order to Insure the altitude capability of the lubrication 

system, the capacity of the pressure pump Is Set greater than the re¬ 

quired oil feed rate through the engine by a factor of about 1.5 - 2.5 

The excess In pump capacity compensates for the fall in that capacity 

with increased flight altitude. 

The capacity of the suction oil pumps, as a rule, is greater than 

that of the pressure pumps because they handle foaming oil having high 

content of gas and vapor. The number of suction oil pumps depends on 

the type of engine, the number of oil settling chambers and their de¬ 

sign. An engine with centrifugal compressor, having a small rotor 

length and oil cavities around the bearings, isolated from each other, 

has one suction pump 2 (see Pig. 166), mounted in housing 5 of the 

lubrication accessories. 

In multisupport GTD [gas-turbine engines] with axial compressors 

having large rotor length, the design is provided with several oil col 

lectors which are connected by a common chamber (the rear compressor 

bearing and thr turbine bearing). In this case the number of suction 

pumps and oil collectors is the same. The size of each suction pump 

is chosen from the condition of insuring the possibility of pumping 

out all the oil collected in only one of the oil collectors during 
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a prolonged dive or climb. 

The over-all capacity of the suction pumps in such engines Is 

usually 2-3 times greater than the capacity of the pressure pump. 

It should be noticed that an Insufficient margin In suction- 

pump capacity may lead to loss of oll fron the reservoir In the en¬ 

gine, and In the case of an excessive suet Ion-puir.p capacity margin, 

they will suck out a large quantity of air with the oil, and deliver 

It to the reservoir, which leads to emulsification (foaming) of the 

oil. To prevent this phenomenon. In some GTD [gas-turbine engines] 

the oil from the various oil collectors is pumped by various oil pumps 

into one common oil settling chamber 20 (see Fig. I67) from which the 

oil is pumped into the reservoir by one main suction pump with small 

capacity margin, equal to 1.5 - 2.0. 

Suction pumps are located as near 

as possible to the oil collectors or 

directly In them. In order to decrease 

the resistance at the inlet and to Im¬ 

prove the pumping. In case there Is a 

large distance betv/een the pumps and the 

oil collectors, oil Is sometimes fed from 

the pressure line to the outlet pipe o:' 

the suction pumps In order to Improve 

their draining capability (see Fig. 16?). 

The supply oil removes the air locks from the cavity of the pump unit 

and facilitates the creation of a good vacuum at the pump Inlet. An 

analogous effect Is obtained In cases where oil is fed from the pres¬ 

sure line to the Inlet of the suction pump. 

In GTD [gas-turbine engine] designs It is primarily gear pumps 

that are used, and these are outstanding in simplicity of design, small 
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Fig. 169. Dlagramatic 
sketch of gear-pump op¬ 
eration. 1) Suction cham¬ 
ber: 2) pressure chamber; 
3, 5 and 6) teeth. 



size and weight, and also reliability and long service life. 

Figure I69 shows a diagram of the operation of a gear pump with 

externally engaged gears, having the same number of teeth. Given the 

direction of gear rotation as shown, the oil from suction chamber 1 

is carried in the spaces between the teeth into pressure chamber 2. 

On the side of the oil outlet from the pump, teeth 3 and 4 mesh and 

squeeze the oil from the spaces, and on the suction side, teeth 5 and 

6 come out of mesh; finally, the oil is sucked into the free space. 

Part of the oil, remaining in the clearances between teeth, when they 

are engaged, is carried around again into the suction chamber. 

The capacity of a gear pump depends on the geometric dimensions, 

the rpm, and the delivery coefficient. 

The delivery coefficient of the pump accounts for the decrease in 

actual oil delivery relative to the delivery calculated in conformity 

with the geometric dimensions of the gears. This coefficient depends 

on the rotational speed of the gears, the inlet pressure, recircula¬ 

tion through the clearances, the viscosity, and the volume of the oil 

carried back by the teeth into the suction chamber. 

For the oil pumps used on engines, the delivery coefficient amounts 

to 0.8 - 0,9» and its decrease with increasing altitude is compensated 

by the fact that the capacity of the Installed pumps is ordinarily 

greater by a factor of 1.5 - 2.5 than the required circulation through 

the engine, as has been stated above. 

In the locking of oil in the tooth cavities, which occurs during 

meshing, considerable loads may be imposed on the pump bearings. 

In order to avoid this, usually there are relief slots 1 and 2 

in the pump housing (Fig. 1/0, a) or in the nonworking sides of the 

teeth (Fig. I70, b). 

The slots are usually made with an outlet on the delivery side, 
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since an outlet on the suction side decreases the delivery coefficient 

(up to 6 - 8#). 

A reduction valve is intended to maintain the given oil pressure 

in the pressure manifold of a GTD [gas-turbine engine] which is set 
p 

in the limits 3*5 to 5 kg/cm . 
_ Ccnnie irapnyca 
B mcocc m 00 

Fig. 170. Relief grooves, a) In the pump hous¬ 
ing; b) on the nonworking sides of the teeth; 
1 and 2) grooves; B) cross-section of pump 
housing along 00; C) view toward tooth along 
arrow A; D) driven; E) driven gear; F) driving 
gear; G) driving. 

; Figure 171 shows a diagramatic sketch showing the manner in which 

a reducing valve is Incorporated in to the manifold and design to main 

tain pressure by bypassing an excess quantity of oil to the suction 

side of the pump. 

Disk valve 2 is pressed against seat 1 by spring 3; the Initial 

pressure of the spring is set by screw 4. 

The quantity of oil passing through the reducing valve is deter¬ 

mined by the difference between the capacity of the pressure pump and 

the oil feed through the engine in the given regime. 

With an Increase the quantity of oil passing through the valve, 

the flow passage of the valve Is increased by its greater lift. In 

this connection, in order to maintain the valve in the open position, 
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greater oil pressure behind the pump is necessary, since raising the 

, valve increases the tension force of the spring. The stiffen the spring, 

and the greater the lift of the valve in increasing the recirculation 

of theoil, the higher the pressure developed by the pump. 

The dependence of the quantity of oil passing through the reducing 

valve (flowing into the engine), and also of the pressure of the oil 

at the pump outlet on the rpm is shown in Fig. 172, a. If the pump is 

not turning, its capacity and the oil pressure at the outlet are equal 

to zero. In proportion to the increase in rpm, the pumping capacity 

(curve 1) and the pressure (curve 3) Increase. Upon reaching some ro¬ 

tational speed n^, the pressure reaches the magnitude for which the 

reducing valve is set. After this the valve begins to open, and the 

oil pressure rises very little because of the Increase in the lift of 

the valve. Only part of the oil flows in the pressure line of the en¬ 

gine (curve 2), and an ever-increasing quantity of oil begins to flow 

through the reducing valve (the region cross-hatched with vertical 

lines). In a given case at a nominal rotational speed of the rotor, 

about half of the quantity flowing through the pump is recirculated 

through the reducing valve, which is determined by the given margin 

in its capacity. 

Upon ascent to an altitude where because of the decrease in de¬ 

livery coefficient the output of the oil pump decreases (curve 1, Fig. 

172, b), the quantity of oil recirculated through the reducing valve 

(in Fig. 172, b cross-hatched by vertical lines) decreases. In this 

case, the pressure after the pump (curve 3) decreases somewhat. Upon 

reaching some altitude H^,, called the critical altitude, the delivery 

of the pump falls enough that all the oil is directed into the engine 

with the valve closed. Beginning with this height, the reducing valve 

ramains completely colsed, and the oil pressure and its circulation 
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through the engine (curve 2) begin to decrease at a faster rate than 

It had on approaching the critical altitude. 

Pig. 171. Dlagi'an showing Incorporation of reducing 
and check valves In the manifold and design. 1) 
Seat of the reducing valve; 2) disk valve; 3) spring; 
4) regulating screw: 5) check valve; 6) spring; a) 
outlet from pump; b) inlet to pump. 

With an Increase in the capacity margin of the pressure oil 

pump, the altitude-capability of the lubrication system of the GTD 

(gas-turbine engine] (see curves l1, 2't 3’) increases. 

The work of the reducing valve and the oil pressure at the pump 

outlet depend on the oil temperature. With an increase tn oil temper¬ 

ature, its viscosity decreases and the circulation of oil through the 

engine increases. Decrease in recirculation of oil through the valve 

leads In turn to a drop in oil pressure. In cold oil, conversely. 
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Pig. 172. For an analysis of the opera¬ 
tion of a reducing valve (parameters 
with primes refer to Increased pump capa 
city, a) Dependence of pump capacity 
(curve 1), oil circulation through the 
engine (curve 2), pressure at outlet of 

i pressure pump (curve 3) and amount of 
reducln«-valve lift (curve 4) on rpm n 
of QTD [gas-turbine engine] rotor; b)~ 
dependence of same parameters on flight 
altitude H; c) dependence of height h 
of valve lift and pressure Pyyj^ at pump 
outlet on quantity of oil QrIc recircula¬ 

ted by reducing valve. 

recirculation through the reducing valve and pressure Increase (Fig. 

172, e). 

On Installation of an oil filter 5 (see Fig. 167) after the 

pressure pump, when reducing valve 13 maintains the pressure constant 

after pump 16, any change In the resistance of the filter, e.g., when 

It Is clogged, will be reflected in the oil circulation to the engine. 

In systems In which reducing valve 8 (see Fig. 166) Is Installed after 

the high pressure filter 7, change In the resistance of the filter has 
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no effect on the oil feed to the engine. 

A shutoff valve 5 Is Installed on the side of the oil outlet 

from the pump (see Fig. 171) or of a high-pressure filter (Fig. 173) 

to prevent oil backflow from the reservoir Into the oil cavities of 

the engine. This backflow occurs In an engine that Is shut down, 

under the pressure of the oil level In the reservoir (when the level 

at which the reservoir Is Installed Is higher than the level at which 

the pump Is Installed). Spring 6 of the check valve Is set at a pres¬ 

sure of 0.2 - 0.5 kg/cm2, exceeding the pressure of the oil level at 

the Inlet to the oil pump. During operation of the engine, the shutoff 

valve is opened under the pressure developed by the pump, and all the 

oil flows through the pump into the engine system. 

Oil filters are Intended to rid the oil of solid particles produced 

by coking and the decomposition of the oil, wear of parts and their 

corrosion, and also of the solid particles which enter Into the lubri¬ 

cation system fron the atmosphere during engine operation. 

Filters may be located both in the pressure line, and also in the 

suction line. In the pressure line, filters may be located either a- 

head of the pump (low-pressure filter 4, see Fig. 166), or behind the 

pump (high-pressure filter 7)» In the suction line, filters are also 

located either ahead of or behind the pump. 

When filters are installed in the suction line, solid particles 

in the oil are collected directly upon outlet from the engine, which 

prevents clogging the oil radiator, the reservoir, and the pressure 

oil pump. However, when the filter is installed in that manner, the 

required oil pressure at the outlet from the suction pump is increased. 

Less widely used in GTD [gas-turbine engines] are the plate 

(slit) filters (Fig. 173, a) and most widely used are the assembled 

filters, consisting of grid filtering elements (Fig. 173, b), which 
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Fig. 173. Design of filters, a) Plate (silt) type; b) grid fllter-ele-
‘ S d) cylindrical gi __

on wire surface; 2) cover; 3) safety valve; 4) spring; 5'

roent assembly; c) disk type: projection 
shutoff

valve; 6) shutoff valve spring; 7) grid filtering element of the as­

sembled filter; 8) filtering element of the plate filter; 9) per­

forated stem; 10 and 11) Inlet and outlet corrugated separators; 12) 
grid; A) diaphragm; B) oil outlet: C) oil Inlet; D) oil Inlet to fil­

ter; E) oil outlet from filter; F) section along

results from the effort to Increase the Interval between Inspection

of filters. The time between Inspection of the assembled filters Is

substantially greater: In comparison with the simple grid cylindrical

filters (see Fig. 173. d), 3 - 5 times longer; In comparison with the

disk type (Fig. 173, c), about 1.5-2 times as long. This Is explained

by the fact that the useful area of the assembled filter, for the same

dimension. Is greater by a factor of about 7 than the cylindrical and

greater by a factor of about I.5 than the disk grid filter.

The filtering elements of assembled grid filters are fabricated
2

of brass or steel wire with a mesh of 225 to 5000 per cm . The sup-
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2 
porting grids have a mesh of 30 - 40 per cm . 

The slit filters are fabricated of wire of a special crosssection 

the slits are formed by projections 1 situated on the surface of the 

wire. 

To prevent the failure of the filtering grid in case it becomes 

closed, the filters are generally fitted with safety valves 3 (Fig. 

173, b) providing a bypass for the oil around the filter. Spring 4 

of the safety valve creates tension corresponding to the opening pres- 

sure of 1.3 - 1-5 kg/cm . 

Filters are mounted and installed in the system so that they can 

be removed easily for cleaning, without draining the oil from the sys¬ 

tem and without removing other accessories. For example, to remove 

the filtei shown in Fig. 173, b it is enough to remove only cover 2. 

Gas separators are installed for purification of the oil from gases. 

The less the oil is saturated with gases, the less it foams, the more 

effective its cooling in the radiator, and the more reliable the lub¬ 

rication and the high-altitude capability of the system. 

The simplest gas separator is a trough; it is installed in the 

oil reservoir (see 12 in Fig. 166) or in the oil sump (see 16 in Fif. 

168). When a thin layer of foamy oil enters the trough, the bubbles 

burst because of surface tension and the gases are released from the 

oil. Such gas separators are used in the case of limited oil circu¬ 

lation and negligible gas content in the oil. 

For great oil circulation and considerable gas content in the 

oil, the centrifugal gas separators are used. 

The design of a centrifugal gas separator is shown in Fig. 174. 

Rotor 2, consisting of a cylinder with radial partitions, is spun at 

a speed of 30 - 40 m/sec. Under the action of centrifugal forces, 

the oil Is thrown to the periphery and is drained off into the rad la- 
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tor (reservoir). Gases separated out near the rotational axis are 

released to the atmosphere through the hollow center of the shaft 3» 

through a system of breathers. 

A 

/ ' 

' B 

Pig. I74. Design of a centrifugal gas separator 
(on the right,-the safety-valve unit). 1) Bearing 
cup; 2) rotor; 3) shaft; 4) diaphragm; 5) cover; 

6) safety valve; A) gas outlet; B) oil Inlet; C) 
oil outlet. 

In order to prevent the Induction of unheated oil (on GTD [gas- 

turbine engine] startup) safety valves 6 (Pig. 174, b) are Installed 

In the system of breathers through apertures for gas exhaust, because 

of the great resistance at the outlet from the gas separator. The 

valves are opened to permit the escape of the gases under the action 

of the centrifugal forces of the rollers, upon reaching a preset ro¬ 

tational speed. 

To avoid an excessive pressure Increase In the lubrication cavi¬ 

ties of the housings and the oil reservoir due to heating, oil vapor¬ 

ization, and the bursting of the gases through the labyrinth seals, 

the Inner cavities of the housings, and the reservoir are connected 

with the atmosphere through a system of breathers. In this system of 

breathers, gas motion always proceeds from the Inner cavities to the 

atmosphere. Because of the vaporization and atomization of the oil 

upon rotation of the parts, saturation of the air cavities by vapors 
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and droplets of oil takes place, and this leads to an Increase In 

discharge [flow] through the breather system. In order to decrease 

the discharge of oil Into the atmosphere, centrifugal breathers (Fig. 

175) are Installed In the breather system, and these In design and 

principle of operation are analogous to centrifugal gas separators. 

The channels and ducts of the suction manifold should exhibit low 

hydraulic resistance. This Is achieved by selecting the appropriate 

channel diameters for the condition that the speed of the oil should 

be maintained within the limits O.3 - 1*0 m/sec and by a possible de¬ 

crease In the length of the suction manifold. 

Fig. 175. Design of a centrifugal breather, l) Con¬ 
necting pipe for discharge of gases; 2) cover; 3) 
bearing; 4) rotor; 5) shaft; 6) bushing of the ring- 
holder; 7) spring gear drive; A) oll-alr emulsion 
Inlet; B) oil outlet; C) gas outlet. 

Ihe speed of oil flow In the pressure ducts Is set higher, In 

the limits 1.5-3 m/sec. The drainage ducts have diameters of 15 - 

30 mm. Oil ducts are made of steel or aluminum alloys. In order to 

eliminate vibration of the ducts, they are held fast by yokes and 

special clamps (Fig. 176), Installed at Intervals of 30 - 40 outside 

tube diameters. 
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Fig. 176. Types of fasteners for 
attachment of oil ducts. 

The connection of the ducts is shown in Fig. 177* In order to 

avoid thermal stresses either flexible connections are provided 

(Fig. 177, a), or they are provided with appropriate bends. Sealing 

in flexible connections is insured by use of rubber rings. 

Oil feed to the bearings is accomplished by Jet and centrifugal 

nozzles, and also through holes located in rings (see Figs. 159# d 

and e; Fig. I60, g). Centrifugal nozzles 11 (see Fig. I66) atomize 

the oil, and this impairs heat removal from the bearing and increas¬ 

es the saturation of the oil with gases. In case of the use of Jet 

nozzles, the nozzle axis is set at an angle of 10 - 20° to the shaft 

axis and in such a manner that the oil shall impinge on the clearance 

between the Inside ring and the bearing separator. With the Jet noz¬ 

zle set up in this manner, the amount of oil getting through between 

the rollers (balls) to the other side of the bearing without striking 

parts of the bearing is reduced. 

In order to avoid heating and foaming of the oil upon impact 

with the lubricated surface, its speed at the nozzle outlet should 

not exceed 20 - 25 m/sec. 
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Plg. 177* Typical connections of oll 
lines, a) Flexible coupling; b) rigid 
coupling; 1) section through AA. 



Part six 

PROPELLER HUBS AND REDUCTION GEARS OF TVD [TURBOPROP ENGINES] 

Chapter 13 

HUBS OF VARIABLE PITCH PROPELLERS (VISh) 

Thrust In TVD [turboprop engines Is generated mainly by the 

propeller, driven from a common or separate turbine of the engine. 

The propeller consists of blades and a hub. The blades of a variable- 

pitch propeller may be rotated freely about their axes by use of a 

special mechanism for changing the propeller pitch. Change in pro¬ 

peller pitch Is necessary for changing the power absorbed by the 

propeller, and for regulating the rpm. Increase in propeller pitch, 

that is increase in the setting angle of the bladec, leads to an In¬ 

crease In the power absorbed by the propeller, and vice versa. 

1. LOADS ACTING ON THE BLADES AND HUB OF A PROPELLER. ARRANGEMENTS 

OF MECHANISMS FOR CHANGING PROPELLER PITCH. 

As a propeller turns, each element oí the blade Is subject to 

an aerodynamic and centrifugal force (Fig. 178), Paer and Ftsb» The 

aerodynamic forces acting on the propeller blade elements cause blade 

bending, and are transmitted through the mounting to the propeller 

hub. The sum of the axial components of the aerodynamic forces PQö„ „ 

of all the blades constitutes the thrust P of the propeller, and the 

sum of the moments due to the circumferential components of these 

forces P ^ relative to the rotational axis of the propeller 
ae r. oxr 

constitutes the reaction moment of the propeller, equal to the torque 
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Mt of the turbine, transmitted to the propeller shaft from the engine. 

t The centrifugal forces cause tensile stresses In the blades and are 

transmitted through the mounting to the propeller hub, where they are 

added vectorlally and cancel out. Besides this, the centrifugal forces 

of the blades create a twisting moment, which tends to twist the blade 

so as to decrease the pitch of a variable-pitch propeller [VISh]. This 

moment Is absorbed by the mechanism for changing the propeller pitch. 

Besides the loads listed for the case of a rotating propeller, there 

are also the unbalanced centrifugal forces due to propeller disbalance, 

and the gyroscopic moment of the propeller, due to aircraft maneuvers, 

when the rotational axis of the propeller Is turned In space. The 

gyroscopic moment bends the propeller shaft. 

In modern aviation engines variable-pitch propellers are most 

widely used with a hydraulic mechanism for blade rotation. In the 

pitch-change system of a hydraulic VISh there Is always a pump and 

hydraulic motor (servomotor). The pump Is most often of the gear type 

and Is usually combined with a propeller speed regulator In a single 

assembly. The hydraulic motor turning the blades Is located directly 

In the propeller hub. 

The hydraulic motors (servomotors) used are either of the pis¬ 

ton type, or geared type. The use of a piston servomotor requires 

an additional apparatus for transforming the translational motion 

of the piston to the rotational motion of the blades. Such an ap¬ 

paratus us usually a crank-and-llnk (parts 3, 4 and 5 In Fig. 179, a) 

or crankgear (parts 5 and 8 In Fig. 179, c) mechanism. 

Hydraulic servomotors may be of single or double-sides action. 

If a single-sided servomotor Is present In a VISh system, the 

propeller may have either a direct or a reverse control circuit. 

A propeller for which fine pitch Is achieved by the centrifugal 
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Pig. 178. Diagram of the forces 
and moments acting on a propel¬ 
ler blade and hub. 1) Propeller 
rotational axis. 

forces of the blades and coarse pitch by a force developed in the 

hydraulic servomotor is known as a reverse control-circuit propeller. 

A diagram of the mechanism used to change the setting of blades in 

such a propeller is shown in Fig. 179» a. 

A prop Her with a direct control circuit is the name applied to a 

propeller in which the setting of the blades to fine pitch is ac¬ 

complished by means of a hydraulic servomotor, and for coarse pitch, 

by the centrifugal forces of special counterweights carried on the 

butt end of each blade. A diagram of the mechanism for changing the 

setting of the blades in such a propeller is shown in Fig. 179» b. 

In a propeller with a double-sided servomotor the setting of the 
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blades for fine and coarse pitch is accomplished by means of the hy¬ 

draulic servomotor. A diagram of the mechanism for setting the blades 

of the propeller with double-sides action is shown m Fig. 179# c* 

In case the hydraulic system of a reverse-circuit propeller is 

not in good working order, the centrifugal forces of the blades al¬ 

ways set them at ground [minimum] pitch, determined by the position 

of the minimum pitch stop. Excessive unloading of the propeller (set¬ 

ting at too fine a pitch) may cause overspeeding of the engine and 

revolutions in excess of the maximum permissible rpm. Furthermore, 

a greatly underloaded propeller develops thrust insufficient to main¬ 

tain flight. • 

A propeller with a direct circuit does not have this deficiency. 

In case the hydraulic system is out of order, in the direct-circuit 

propeller the centrifugal forces of the counterweights set the blades 

in the position of maximum pitch, determined by the position of the 

coarse pitch stop. The power required by the propeller at the given 

rpm exceeds the power developed by the engine, and the engine slows 

down. In this case, however, a substantial decrease in thruse may oc¬ 

cur, accompanied in the single-shaft TVD [turboprop engine] by an in¬ 

crease in the temperature of the gases ahead of the turbine. Among 

the shortcomings of a direct-circuit propeller is its increased weight 

due to the presence of heavy counterweights. 

Double-sided propellers are outstanding because of their extreme 

reliability. Inasmuch as when th propeller is set for fine pitch, the 

moment developed by the servomechanism is always reinforced by the 

moment of the centrifugal forces from the blades, the oil pressure 

may be lower than when the setting is for coarse pitch, when the mo¬ 

ment from the centrifugal forces counteracts the servomechanism. To 

set the propeller for fine pitch, oil is often used from the main 
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Fig* 179* Diagrams of variable-pitch 
propellers, a) Propeller with reverse 
circuit: b) propeller with direct cir¬ 
cuit; c) propeller with double-sided 
servomotor; 1) cylinder; 2) piston; 
3) cross-arm; 4) "biscuit"; 5) blade 
pin; 6) blade; f) counterweight; 8) 
connecting rod; A) oil; B) to coarse 
pitch; C) to fine pitch. 

- 320 - 



engine line at a pressure of 6 - 8 kg/cm2, which Is fed constantly 

Into one of the servomotor cavities and acts on one side of the pis¬ 

ton. However, for setting the propeller for coarse pitch In this case, 

oil from a special pump at a pressure of 20 - 50 kg/cm2 Is used. Such 

pressure on one side of the piston Is quite sufficient to overcome 

the forces acting on the other side of the piston and consisting of 

the sum of the forces arising by action of the oil pressure from the 

main oil line, and to overcome the forces due to the moments of the 

centrifugal forces of the blades. 

To prevent setting the propeller at fine pitch in „ase the oil 

pressure falls, the system often includes a hydraulic locator for fixing 

the blade angle. This locator generally consists of an oil-pressure 

operated valve. In case the oil pressure falls, the valve closes under 

the action of a spring, and closing the servomotor cavity, fixes the 

propeller blades at the chosen setting angle. The centrifugal forces 

of the blades are not able to turn the propeller to fine pitch, since 

the oil outlet from the servomotor is closed. Such a device may be 

used also on propellers with reverse circuits. 

Propellers with hydraulic control are outstanding in simplicity 

of design, compactness of mechanism, convenience in control and regu¬ 

lation, and also because of high reliability in operation. Such ad¬ 

vantages of the hydraulic propellers in comparison with other types 

results in especially extensive use of propellers with hydraulic con¬ 

trols. 

2. DESIGN OF PROPELLER HUBS. 

The propeller hubs sustains substantial loads, so that it should 

exhibit adequate strength and rigidity. For this purpose, the hub 

housing is made of alloy steel and has a complex configuration. 

The design of the attachment of blades to the hub should insure free 
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rotation of the blades with a mechanism for clianglng the propeller 

pitch. Roller bearings are usually used in the attaclunent of blades 

to the hub. The mechanism for changing the propeller pitch should dev¬ 

elop sufficient force to turn the blades, at a speed of 3 - 7 degrees 

per second. A propeller on a multi-engine aircraft, further, should 

also permit feathering of the blades to decrease the aerodynamic re¬ 

sistance of the propeller in case one of the engines fails in flight 

or is shut down at the pilot's discretion. To insure reliability of 

propeller operation at low temperatures of the surrounding medium, 

many designs provide for the in-flight heating of the hub. 

Propeller blades are usually attached to the hub by means of a 

threaded key. In this case (Fig. l80) the centrifugal forces of blade 

1 is transmitted through thread 2 to cup 3, and through the supporting 

roller bearing 4 to housing 5 of the hub. The force of thrust, the 

circumferential force, and the bending moment of the blade are also 

transmitted to cup 3 and through support bearings 6 to housing 5* Col¬ 

lar 7 insures reliable retention of the blade in the cup and trans¬ 

mission of the torque from the blade to the cup due to the friction 

between them. Hubs with threaded blade attachment ensure rapid re¬ 

placement of blades and portability of the propeller in the partially 

dismantled state. 

Figure l8l shows a structural diagram of a VISh with threaded at¬ 

tachment of blade 9 to cup 8. The cup is connected with housing 7 of 

the propeller hub by use of three rings of ball support-thrust bearings. 

The bearings do not have rings, the races for the balls being made di¬ 

rectly on the surface of cup 8 and housing 7- All the forces from the 

propeller blade are transmitted to the housing through these bearings. 

Hub housings for propellers may be split (see Fig. l8o) or unspllt 

(see Fig. l8l). 
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Fig. 180. Structural diagram of the hub of an AV - 
5L - 24 propeller, l) Blade; 2) thread; 3) cup; 4) 
support roller bearing: 5) hub housing; 6) support 
bearings; 7) collar; Ö) lock bolts; 9) reduction 
gear shaft; 10) nut; 11 and 12) fore and aft cen¬ 
tering cones; 13) splines; 14) cylinder; lb) pis¬ 
ton; 16) cross-arm; 17) oil ducts of the VISh. 

Connection of the parts of a split propeller housing is accom¬ 

plished by lock bolts 8 (see Fig. I80). Attachment of the hub of such 

a propeller to shaft 9 of the propeller (to the shaft of the engine 

reduction gear is accomplished by use of nut 10, and also the fore 

and aft centering cones 11 and 12. The spllned connection I3 of the 

I 
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shaft and hub serve to transmit torque from the engine to the propel¬ 

ler. 

The propeller hub with an unspllt housing (see Fig. l8l) Is at¬ 

tached to the shaft by use of end splines 13 and dowels 15» The dowels 

transit thrust and bending moment from the propeller hub to the pro¬ 

peller shaft. The end splines, situated on the rear face of the hub 

housing and the forward face of the shaft flange, Insure centering 

of the propeller relative to the reduction gear shaft and transmission 

of torque. 

The piston hydraulic servomotor (see Fig. l8l) consists of cyl¬ 

inder 1, piston 2, and a crankgear mechanism for transfoimatlon of 

the translational motion of the piston Into rotational motion of the 

propeller blades. Piston 2 and cylinder 1 are fabricated from alumi¬ 

num alloy. Cylinder 1 Is attached to housing 7 of the hub by use of 

a nut. Piston 2 has a central hole for oil feed and Is fitted with 

sealing cuffs. 

Along with the servonechanlsm, an oil duct for feeding oil Is al¬ 

so located Inside the propeller hub. 

In order for the oil not to congeal In the hub during prolonged 

flight In one regime under conditions of reduced temperature, many 

propeller designs, provide for oil circulation to heat the hub. In 

this case a Jet Is Installed between the high- and low-pressure cavi¬ 

ties to meter the quantity of circulating oil. 

In many propeller hubs there are valves Insuring the permanence 

of the blade-angle settings In case of a fall In the pressure of the 

oil fed to the servomotor, as well as centrifugal valves to maintain 

the angular setting of the blades In the case of an Increase In rpm 

above the permissible limit (see Fig. l8l). 

Coaxial propellers are widely used on turboprop engines of high 
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Fig. l8l. Structural diagram of the hub of the AV - 68I propeller. 
1) Cylinder; 2) platón; 3) centrifugal propeller pitch stop; 4) cross- 
arm; 5) connecting rod; 6) pin; 7) hub housing; 8) cup; 9) blade; 10) 
collar; 11) nut; 12) ball bearing; 13) splines; l4) propeller shaft; 
15) dowel; 16) valve of pitch stop; 1?) cup pin. 



power, and these exhibit substantial advantages in comparison with 

. single propellers. The diameters of coaxial propellers for the same 

power absorption is less than with a single propeller, which makes 

it possible to decrease the required height of the aircraft landing 

gear. When coaxial propellers are used, the magnitude of the reaction 

moment which constantly acts on the aircraft is significantly reduced 

and the action of the gyroscopic moment due to aircraft maneuvering 

is nearly entirely eliminated. Coaxial propellers consist of a com¬ 

bination of two propellers located in tandem, turning in opposite di¬ 

rections. In this case, the forward propeller has no substantial de¬ 

sign features as compared to a conventional s'ingle propeller. In the 

design of the rear propeller, provision must be made for passing the 

shaft of the forward propeller through the hub of the rear propellet. 

Therefore, the cylinder and piston of the rear propeller servomotor 

are made annular in shape. 



Chapter 14 

REDUCTION GEARS FOR TURBOPROP ENGINES 

1. GENERAL INFORMATION 

Depending on power and engine design, the gas turbines of TVD 

[turboprop engines] usually run at speeds ranging from 7000 to 16,000 

rpm, while the propellers attached to these engines run at 700 to 1200 

rpra. Propeller speed and size Is dictated by the conditions that per¬ 

mit a propeller of given power to run with minimum losses. Reduction 

gears used with TVD are designed to transfer power from turbine to 

propeller with a reduction in speed. 

The gear ratio i of a reduction gear is defined as the ratio of 

the propeller speed n^ to the turbine-shaft speed n^, l.e., 1 = h^/n^. 

On TVD in service, reduction-gear ratios run from l/8 to l/l6. 

Tractor or pusher propellers may be used with TVD. At the present 

time, tractor propellers are most commonly used with TVD. Here the re¬ 

duction gear is either located in the front section of the eng aie 

ahead of the compressor so as to form a single structure, or at some 

distance from the engine (offset reduction gear). 

The reduction gear should be made as small as possible so as to 

reduce its weight and the hydraulic losses at the compressor intake. 

With high-power turboprop engines, this attempt to reduce size and 

weight of reduction gears makes It necessary to place the maximum 

amount of stress on the main reduction-gear elements, so that they 

must be made from high-grade steels with a high degree of precision. 

In order to carry off the considerable amounts of heat evolved in 
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a reduction gear owing to power losses to friction, TVD reduction 

geara are provided with oil systems in which the oil flows are several 

times greater than the amounts of oil pumped through the oil systems 

of turbojet engines. 

As a rule, hydraulically actuated variable-pitch propellers (VISh) 
» 

are used in conjunction with TVD; they are controlled with the aid of 

oil supplied to the VISh through a system of oil lines and oil dis¬ 

tributors. The considerable oil pressure in VISh control systems makes 

it necessary to use special oil seals, especially betv/een stationary 

and rotating reduction-gear elements. 

When the engine is in operation, the structural elements of a re¬ 

duction gear are subject to: 

— a torsional moment that loads the shafts and gears of the re¬ 

ducer; 

— propeller thrust, which exerts a tensile force on the propeller 

shafts which is transmitted through a thrust bearing to the reduction- 

gear housing; 

— propeller inertial forces that appear during maneuvers or when 

the aircraft lands (these forces bend the shafts and load the bearings 

and housing of the reduction gear); 

— gyroscopic propeller moments, appearing during maneuvering of 

the aircraft (the gyroscopic moment due to a single propeller bends 

the shaft and is transmitted through the bearings to the reduction- 

gear housing; the loads on reduction-gear structural elements due to 

gyroscopic moments associated with coaxial propellers depend on the 

arrangement of the stress-bearing system of the propeller hubs and the 

reduction gear); 

— a transverse force due to the oblique slipstream produced when 

the aircraft flight Involves sideslip. This force bends the shafts and 
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loads the reduction-gear bearings. 

2. TYPES AND KINEMATIC ARRANGEMENTS OF TVD REDUCTION GEARS 

On the basis of the relative positions of the propeller and en¬ 

gine shafts, TVD reduction gears may be classified as coaxial, where 

the shaft axes coincide, and as offset, where the propeller-shaft axis 

Is displaced with respect to the turbine-shaft axis. Reduction gears 

with offset shafts are used basically In coupled TVD (paired engines) 

to transmit power from the two engines to the common propellers, and 

In TVD using offset reduction gears. As a rule, reduction gears for 

coupled TVD are made up of simple gear trains. 

Planetary gearing is used In coaxial TVD reduction gears; at high 

reductions, such gearing offers advantages over simple gearing with 

respect to weight and size. In certain cases, a TVD reduction gear may 

be made In the form of a combination of simple and planetary gearing. 

Planetary reduction gear with simple planet gears to drive a sin¬ 

gle propeller (Fig. 182). The drive pinion is connected to the en¬ 

gine turbine; It turns at a speed nt. Drive pinion z1 engages the 

satellite gears z2, which turn on shafts in the satellite carrier 

(cage); the satellite carrier is connected to the propeller shaft. 

When the reduction gear turns, the satellite gears z2 roll along the 

stationary gear z^ and rotate, carrying along the satellite carrier 

and propeller shaft at a speed ny. The gear ratio for such a planetary 

reduction gear will equal 

The dimensions of the drive pinion z^ are limited by conditions 

of strength, and thus for given dimensions (of gear z^), it is diffi¬ 

cult to obtain high reductions with a simple planetary reduction gear. 

Planetary reduction gear with compound satellite gears to drlve a 
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single propeller (Pig. I83). In contrast to the preceding reductlon- 

. gear arrangement. In this case the satellite ¿ears are of the compound 

type, with two gears of different diameter on a common shaft. The 

large-díameter gear engages the drive pinion while the small- 

dlameter gear engages the stationary gear z^. 

Pig. 182. Planetary reduction gear with simple 
sàtelllte gears to drive a single propeller. 

The gear ratio of a planetary reduction gear using compound satel¬ 

lites Is determined from the formula 

/«—i-. (18) 
+ *1*1 

Comparing these two arrangements, we can see that for Identical 

dimensions of the drive pinion Zp and exactly Identical over-all di¬ 

mensions of the reduction gear, the arrangement using the compound 

satellite gears enables us to obtain a higher reduction (provided that 

*2 ^ *3^' than wiiere an ordinary planetary gear Is used with simple 

satellites. It Is clear that for a given gear ratio and over-all reduc¬ 

tion-gear dimensions, the diameter of drive pinion z^ in the compound- 

satellite arrangement will be greater than where the device uses simple 
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Fig. 183. Planetary re¬ 
duction gea" using com¬ 
pound satellites to 
drive a single propel¬ 
ler. 

»atellites; as a consequence, the peripheral 

force on the teeth of gear will be less. 

Closed differential reduction gear 

with simple satellites to drive single 

propeller (Fig. 184). The drive pinion z1 

engages the satellite gears z2. The gears 

z2, as In a planetary reduction gear, turn 

on shafts of the satellite carrier, which 

is connected to the propeller shaft. In 

contrast to the reduction gears discussed 

previously, in this case gear z^ is not 

stationary, but rotates in a direction op¬ 

posite to that in which the propeller shaft 

turns, as it is connected to this shaft by a simple intermediate gear 

train, consisting of the gear z^, which turns together with the pro¬ 

peller shaft, the idler z^, and the gear z^, which turns together with 

gear z^. 

The intermediate gearing need not be of the simple form as in the 

example given, but can be planetary gearing made up of either spur or 

bevel gears. The gear ratio of the reduction gear under consideration 

is found from the formula 

, , 3 , ÍÜ* 
*1 *i*i 

(19) 

By comparing Formulas (17), (l8), and (I9), for calculating the 

gear ratios of the systems Just discussed, we can see that the differ¬ 

ential closed reduction gear can yield a higher reduction for the same 

dimensions than a planetary reduction gear using simple or compound 

satellite gears. In the differential closed reduction gear (see Fig. 

16*0, the engine torque is transmitted to the propeller shaft in two 

- 331 - 



Pig. 184. Differential closed re¬ 
duction gear for driving 3ingle 
propeller. 1) Torquemeter. 

ways: from gear z, through satellite gear Zp, the satellite-gear shaft 
I 

and satellite carrier to the propeller shaft, as well as from gear z^ 

through satellite gear z^, gears z^, z^, z^, and z^ to the propeller 

shaft. ^ 

Where the gear ratios and dimensions of a differential closed re¬ 

duction gear and a planetary reduction gear are the same, it is pos¬ 

sible to increase the diameter of gear z^ in the former while reducing 

the dimensions of satellite Zg# thereby reducing the peripheral mesh¬ 

ing forces and the load absorbed by the satellite-gear bearings. 

Differential reduction gear uslnr simple satellite gears to drive 

two coaxial contrarotating propellers (Pig. 185). Drive pinion z^ en¬ 

gages the satellite gears z2. The satellites z2 roll along gear z^, 

turning the satellite carrier and shaft of the front propeller in the 

- 33? - 



Fig. I85. Differential reduction gear 
using simple satellites to drive two 
coaxial propellers. 

direction of rotation of the drive pinion z1 at speed r^, while simul¬ 

taneously turning gear and the shaft of the back propeller in the 

opposite direction at speed nz. 

For a constant turbine speed nt at the reduction gear, the speed 

of each of the propellers will depend on the blade angle. Thus, for 

example, when the load on the back propeller is lightened (the blade 

angle reduced), its speed will increase, while the speed of the front 

propeller will be reduced for a constant turbine speed, and vice versa. 

With variable-pitch front and back propellers, given Identical 

speeds are maintained by controlling each of them with the aid of a 

separate centrifugal governor, rotated by its own propeller and holding 

the speed constant by changing the blade angle. 

The gear ratio of such a differential reduction gear will equal, 

where the propellers turn at the same speed, 

*• 1 l «U 

■ +«.- 

(20) 

In a differential reduction gear, the propeller torques remain 
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constant regardless of speed providing the engine turbine torque Mt Is 

constant; here the torque of the front propeller will be greater than 

that of the rear propeller by an amount Thus, at equal propeller 

speeds, the power developed by the front propeller will be greater 

than the power developed by the back propeller. 

Por a differential transmission driving two coaxial propellers, 

the reduction-gear housing will be loaded by the torque Imposed by the 

transmission. The difference In the torques equaling -M^, io balanced 

by the drive-shaft torque, and the supports (attachment fittings) of 

the engine will receive only the torque due to the nozzle-box assem¬ 

blies of the turbine driving the propeller. * 

Differential reduction gear using compound satellites to drive 

two coaxial contrarotating propellers (Fig. 186). In this reduction 

gear using compound satellites to 
drive coaxial propellers. 

gear, which also Is kinematically Indeterminate, the satellite gears 

are of the compound type, with gears of different diameters. The large- 

diameter goar z2 engages the drive pinion z^, while the small-diameter 

gear z^ engages gear z^. In the compound satellite shown in the figure, 
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the large gear z- la split and located on the edges of the amall- 

dlameter gear z,. Gear zx la also of the split type. This type of 

transmission ensures symmetric loading of a satellite and reduces the 

nonuniform loading of transmission teeth owing to skewing of the gear 

shafts. For Identical propeller speeds, the gear ratio of a compound- 

oatelllte differential reduction gear Is found from the formula 

*<« A» _ 1 l — 
"t I + 2 JV« 

*1*1 

(21) 

Differential reduction gears using simple satellites permit 

greater speed reduction to be obtained than do planetary gears consist¬ 

ing of the same gear elements; this Is 

even more true where compound satellites 

are used. 

Symmetric differential planetary 

reduction gear for driving two coaxial 

propellers (Pig. 1Ö7). Here, In contrast 

to a differential reduction gear with 

simple satellites, the shaft of the rear 

propeller Is connected to gear with 

the aid of planetary gearing consisting 

of gears z^, z^, and z^. 

Hie gear ratio of such a reduction 

gear, where the propellers turn at the 

Pig. 187. Symmetric dif¬ 
ferential planetary re¬ 
duction gear for driving 
coaxial propellers. 

same speeds and the diameters of symmetric gears are the same, Is de¬ 

termined from the formula 
i l »■ 

«* ('♦s 
(22) 

A still greater speed reduction can be obtained with a symmetric 

differential planetary reduction gear than with a differential reduc- 
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tion gear, with Identical transmission dimensions and drive-pinion di¬ 

ameters. ' 

Owing to the symmetry of the gearing, the peripheral forces on 

the. teeth of all gears will be the same. The propeller torques will 

also be of equal magnitude. In the given case, the reduction-gear hous¬ 

ing will be loaded by the torque from gear which is balanced by 

the torque of the turbine nozzle-box assembly. Thus the supports of a 

TVD using this type of transmission will not be loaded by any torque. 

3. CONSTRUCTION OP BASIC REDUCTION-GEAR ELEMENTS 

The basic structural elements of a TVD reduction gear are the 

housing, gears, shafts, satellite carriers, and bearings. 

The housings of reduction gears are usually cast from magnesium 

or aluminum alloys, and consist of several parts Joined together by 

studs or bolts. A reduction-gear housing should be sufficiently strong 

and rigid, since it carries forces of considerable magnitude, trans¬ 

mitted from the propeller, shafts, and other rotating parts of the re¬ 

duction gear. The stiffness of this housing greatly affects the operat¬ 

ing effectiveness of the reduction-gear gearing and bearings. Housing 

stiffness is increased by making the walls conical or spherical, using 

reinforcing ribs. Joining separate parts of the housing by braces, 

rods, and similar stress-absorbing elements to form a single rigid box- 

like structure. Here proper location of housing structural Joints and 

the type.of stress-carrying connections between the reduction-gear 

housing and the engine housing are of great importance. As a rule, the 

reduction-gear housing carries the variable-pitch propeller speed gov¬ 

ernor, oil pumps, propeller-control elements, the elements used to mon¬ 

itor operation of propellers and reduction gear, and certain aircraft 

accessory units. 

As an example, let us consider the housing of the reduction gear 
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Fig. 180. Construction of reduction gear for Al-t t^urboprop engine 
(for diagram of reduction gear, see Pig. 10<4): 1) propeller shaft; 2) 
reduction-gear front cover; 3) front propeller-shaft bearing, >*) main 
housing; 5; partition; 6) propeller-shaft rear bearing; 7) reduction- 
gear shaft; 0) spider; 9) internal gear of intermediate link gearing: 
10) Idler of link gearing; 11) drive pinion of link gearing; 12) hous­
ing of link Intermediate gearing; 13) torquemeter lever-mechanism gear; 
lU) boss (spllned connector); 15) Internal gear; 16) satellite; 17) 
satellite carrier; 18) rear reduction-gear bearing; 19) drive-pinion 
teeth; 20) reduction-gear drive shaft; 21) rear-bearing housing; 22) 
flange.
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Bhown in Pig. 188. The reduction-gear 

housing consists of two parts: the 

main housing and the rear-bearing 

housing 21. The main housing 4 is cast 

from magnesium alloy and has the shape 

of a truncated cone. The front of the 

main housing and the transverse parti¬ 

tion 5 have cutouts for the bushings 

of propeller-shaft bearings 3 and 6. 

The rear-bearing housing 21 of the re¬ 

duction gear is spherical in shape and, 

together with the main housing, is at¬ 

tached by flange 22 to the compressor 

housing. 

Hie gears carry the heaviest loads 

of all the structural elements of TVD 

reduction gearing. They are made of 

high-grade steels and are precision machined. Snail-diameter gears of 

simple form are usually carburized, while large-díameter gears of com¬ 

plex shape are nitrided, since the gears deform less in nitriding than 

in carburizing, owing to the lower temperature to which they are heated. 

Spur gears with straight ground teeth are most frequently used in TVD 

reduction gears. Occasionally, reduction gears using helical gears are 

encountered. 

Gears with long teeth are very sensitive to axial skewing, which 

leads to large maldistribution of the load along the length of the 

teeth, nonuniform wear, and premature failure. Gear-shaft skewing may 

be reduced, for example, by symmetric loading of satellites with re¬ 

spect to the vertical axis of symmetry. It is for Just this purpose 
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Pig. 189. Splined coupling 
between drive pinion and 
shaft: 1) shaft; 2) drive 
pinion; 3) involute splines; 
4) clamp rings for axial 
positioning of gear. 

Pig. 190. Construction of 
compound satellite gear 
with split (twin) large 
gear: 1) satellite shaft; 
2) small gear; 3) large 
gear; 4) splines; 5) pin; 
0) nut. 



that the reduction gear shown in Pig. 186 is provided with a drive pin¬ 

ion and large satellite gears of compound type. The construction of 

the drive pinion in this reduction gear is shown in Pig. I89, and the 

satellite gear in Fig. I90. 

Drive pinions of TVD reduction gears are usually small in diam¬ 

eter. The drive-pinion teeth may he integral with the shaft or huh, or 

may he connected to them hy pins, flanges, or splines (see Figs. I88, 

189, and 191). Centering of a gear tightly fitted onto the shaft is 

accomplished either along the side 

surfaces of involute splines or, with 

square splines (see Fig. 191)# with 

the aid of special centering cones. 

Where splines are used to connect these 

parts, there may also be radial play 

(see Figs. I88 and I89), which makes 

it possible to have automatic position¬ 

ing of the gear during operation of 

the reduction gear so as to equalize 

the load on the teeth of the satellites 

engaged with it. 

Multielement compound satellites, 

as a rule, are not made as integral 

structures so as to permit the teeth 

of each gear to be polished. Here the 

small-diameter gear is made integral with the satellite shaft, while 

the remaining gears are press-fitted onto the shaft and connected hy 

splines (Fig. 192) or pins (Pig. 190). The three gears of the satellite 

(see Fig. 190) are connected together by axial pins 5, and in accord¬ 

ance with the reduction-gear assembly conditions, are installed on the 
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Pig. 191. Attachment of 
drive pinion to shaft: 1) 
shaft; 2) drive oinion; 3) 
splines; 4 and 5; front and 
rear centering cones; 6) 
nut. 

Pig. 192. Construction of 
compound satellite. 



Piß. I93. Splined connection of large internal gear to hub: 1) internal 
gear; 2) spline connection; 3) hub; 4) spline; 5) wire rings for axial 
positioning of parts. 

common shaft 1. The hub of the center gear basically operates in tor¬ 

sion« while the transverse loads are taken up by the shaft, which 

works only in bending. 

Large Internal gears (see Pigs. I88, 193» and 194) are connected 

to coupling elements with the aid of involute splines with large radial 

gaps (0.1-0.2 mm), as a rule, which provide a certain degree of radial 

freedom for the gears. Such a design, together with the self-position¬ 

ing feature of the drive pinion, provides more uniform distribution of 

the power transmitted among the satellites. Here, if the reduction 

gear has only three satellites, only one third of the total power will 

be transmitted to each of them. 

Satellite carriers of TVD reduction gears are loaded by the cen¬ 

trifugal forces of the satellite gears and their shafts, as well as by 

forces that appear where the gears mesh. A satellite carrier will also 

absorb other loads if it is connected into the reduction-gear shaft 

stress-carrying system. Satellite carriers have a complicated box-like 

structure. Hie cage may be one-piece (see Pigs. I88 and 194) or split, 

depending on the method used to install the satellites in the cage. 

The cag? of a satellite carrier is integral with the shaft (see Pig. 

I88), or attached to it by splines or flanges. 

In the design shown in Pig. 194, a one-piece satellite-carrier 

- 340 - 

4 



Pig. 194. Satellite carrier and large gear of reduction gear (a di¬ 

agram of the reduction gear la shown In Pig. I85): 1) satellite car¬ 
rier; 2) satellite shaft; 3) radial bulk; 4) flange of front propeller 
shaft; 5) shaft of front propeller; 6) gear z^; 7) flange of rear pro¬ 
peller shaft. 

cage Is connected to the cylindrical shaft flange with the aid of 

radial bolts, for reasons of production technology. 

Shafts of TVD reduction gears are made from high-grade alloy 

steels. All loads from the reduction-gear pinions and from the propel- 
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Fig. 195. Stress-carrying 
system of coaxial propel¬ 
lers, with Inside shaft 
loaded by bending and tor¬ 
sional moments: 1) front 
propeller; 2) front pro¬ 
peller shaft radial bear¬ 
ing; 3) rear propeller; 4) 
rear propeller shaft 
radial-thrust bearing; 5) 
front propeller shaft; 6) 
rear propeller shaft; 7) 
rear propeller shaft 
radial bearing; 8) front 
propeller shaft radial- 
thrust bearing. 

lers are transmitted to the shafts. At 

the end of the shaft, axial splines 

(see Fig. 180) or a flange and box 

splines (see Figs. I8I and I88) are 

used to attach the propeller hub. Coax¬ 

ial propellers are usually attached to 

a flange on the outside shaft of the 

rear propeller. 

Ball and roller bearings are used 

for the shafts; ball bearings simul¬ 

taneously transmit propeller thrust to 

the reduction-gear housing. In the re¬ 

duction-gear design shown in Fig. I88, 

the front roller bearing is a radial 

bearing, while the rear ball bearing is 

a radial-thrust bearing that absorbs 

the propeller thrust. 

Stress-cariying systems for pro¬ 

peller shafts are determined by the number and location of the bearings 

and by the nature of the applied loads. 

Basically, two types of stress-carrying systems are used for the 

shaft of a single propeller. Where the first arrangement is used, all 

loads from the propeller (thrust forces, inertial forces, gyroscopic 

moment, etc.) are absorbed by the propeller shaft and transmitted 

through the bearings to the reduction-gear housing; In this case, the 

ball bearing absorbing the propeller thrust may either be placed near 

the propeller (see Fig. 182), or following the radial roller bearing 

(see Figs. 184 and I88). In the latter case, the bearing loads are dis¬ 

tributed more uniformly, but the propeller shaft will turn out to be 
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loaded by the propeller thrust for Its entire length. 
. 

f . Where the second arrangement Is used (see Fig. I83), the propeller 

loads are transmitted to the propeller shaft and the attached satellite 

carrier, which has a second bearing at Its rear. Such a stress-carrying 

system makes It possible to Increase the distance between the propel- 
« 

ler-shaft bearings and thus Improve bearing operating conditions. The 

satellite carrier must be made stlffer and stronger, however. 

The stress-carrying systems for the shafts of coaxial propellers 

are determined to a considerable extent by the methods used to mount 

and interconnect their hubs, i.e., the propeller stress-carrying sys¬ 

tem. In the shaft stress-carrying system for*the reduction gear shown 

Fig. 196. Stress-carrying system for coaxial propellers in which the 
inside shaft is loaded by a torsional moment alone: 1) front propeller; 
2) front propeller shaft radial-thrust bearing; 3) front propeller 
shaft; 4) rear propeller; 5) front propeller shaft radial bearing; 6) 
splines used to transmit torsional moment; 7) flange used to attach 
propeller hub to reduction-gear shaft; 8) reduction-gear shaft; 9) 
front propeller drive shaft; 10) reduction-gear bearings. 

schematically in Fig. 195, each of the shafts is loaded by a bending 

moment due to its own propeller. Including the gyroscopic moment. As a 

result, the reduction gear is considerably heavier. We can see that a 

more sensible propeller stress-carrying system is one in which all 



loads from the front propeller« except for the torsional moment« are 

transmitted to the rear propeller hub and then to the outside shaft of 

the rear propeller. Here the Inside shaft Is used only to transmit 

torque to the hub of the front propeller. In this stress-carrying sys¬ 

tem« the gyroscopic moments of the contrarotating propellers will can¬ 

cel where the speeds and moments of inertia of the propellers are the 

same« and will not be transmitted to the reduction-gear shafts. Figure 

196 gives schematic diagram of such a stress-carrying system. 

4. TORQUEMETERS (IKM) 

Mechanisms for torque measurement (IKM) are usually included in 

the TVD reduct ion-gear structure, and can perform the following func¬ 

tions: 

- measurement of engine torque for indication and simultaneous 

limitation of TVD takeoff power; 

— torque measurement for indication and limitation of engine power 

during flight at low altitudes and high speeds, which is especially 
* 

Important for high-altitude TVD In which power is limited by reduction- 

gear strength; 

— torque measurement for determination of engine power at cruising 

speeds to permit the pilot to maintain a given flight regime; 

- providing input to the automatic propeller feathering mechanism 

under emergency conditions or where the engine is shut down in flight. 

Figure 197 shows the basic arrangement of a lever-type hydraulic 

IKM for a turboprop engine using a planetary reduction gear. The torque 

Mjq, acting on the stationary gear of the reduction gear is balanced by 

the moment created by the oil-pressure forces on the piston of the IKM 

hydraulic cylinders. When engine torque rises, the pistons are pushed 

into the hydraulic cylinders, covering the oil-discharge apertures, 

resulting in an increase in the oil pressure within the hydraulic sys- 



Pig. 197. Diagram of lever-type hydraulic 
IKM: 1) planetary reduction gear (for dia¬ 
gram of reduction gear, see Pig. 182); 2) 
piston; 3) hydraulic cylinder; 4) oil pump; 
5) pressure gauge; 6) oil inlet; 7) oil 
drain. 

tem. The oil pressure in the measuring line of the IKM hydraulic sys¬ 

tems is directly proportional to the engine torque, and is measured by 

a pressure gauge or indicator of any type, installed in the cockpit 

near the pilot. The pressure-gauge scale may be calibrated In units 

measuring engine torque (for example, in kg), or directly in TVD power 

units, i.e., in horsepower, provided engine speed remains constant un- 0 

der all operating conditions. 

It is piso possible to measure engine torque using a hydraulic 

system to balance the torque of a fixed reduction-gear member with the 

aid of a special ball Joint connecting the fixed gear to the reduction- 

gear housing. The basic arrangement of a ball-type hydraulic IKM is 

shown in Pig. 198. The torque of the fixed gear is taken up by balls 

acted on by normal forces N due to the peripheral forces T. Then the 

axial forces P appear at the balls, and are balanced by the oil-prcs- 
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of the balancing oil pressure is automatically maintained by the piston 

itself« which increases or reduces the amount of oil taken from the 

cavity of hydraulic cylinder 3 through the discharge vent 8 when equi- 

Flg. 198. Ball-type hydraulic DM: 1) reduction-gear fixed gear; 2) 
piston; 3) hydraulic cylinder; 4) ball; 5) oil pump; 6) pressure gauge; 
7) oil inlet; 8) oil-discharge vents. 

librium is upset. Thus« the oil pressure in the hydraulic system is 

proportional to the engine torque« and is set automatically* as in the 

case of a lever-type hydraulic IKM mechanism. It should be noted that 

the calibration curve for a ball-type IKM may change with increased 

work hardening or wear of the surfaces in contact with the balls* ow- 

ing to the high contact stresses. 

The lever- and ball-type IKM systems Just discussed can only be 

used with reduction gears having a fixed gear (for example, for the 

reduction gears shown in Figs. 182, I83, and 187), or with some other 

fixed element ffor example, the housing of the idlers in the reduc¬ 

tion gear shown in Fig. 184). In open-link differential reduction 

gears, torsion-type torquemeters may be used with hydraulic or elec- 
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measuring the angular defonoation of a twisted shaft. 
. 

trioal systems f< 

Figure 199 shows a torsion-type IKM using a hydraulic system to 

measure the torque. The drive shaft 1 of the reduction gear Is con¬ 

nected by splines 2 to the TVD rotor, and carries torque to drive pin¬ 

ion 3« which Is Integral with the shaft. The torsion angle of this 

shaft is directly proportional to the transmitted torque. Rie inside 

shaft 4 is connected at the right end to the main shaft with the aid 

of the radial pins 3* The left end of shaft 4 carries the disk 6 of a 

hydraulic valve which cl jes the oil outlet from housing 7# press- 

fitted into the main s aft. As the engine torque Increases, the angle 

Fi«. 199. Torsion-type IKM: 1) reduction-gear drive shaft; 2) splines; 
3) drive olnion; 4) shaft; 5) pin; 6) hydraulic-valve disk; f) valve 
housing; o) valve seat; 9) bearing; 10) oil supply; 11) oil discharge; 
12) IKM valve. 

through which the main shaft is twisted will also increase, and the 

gap between the disk and seat 8 of the hydraulic valve will be reduced. 

Then the flow of oil out of the valve cavity will be reduced, and the 

oil pressure will Increase. Oil is supplied to the hydraulic valve 

from a special pump with constant throughput; thus the oil pressure in 

the line is proportional to the engine torque. 
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. GENERAL INFORMATION 

Fuel-supply systems for gas turbine engines are designed to sup¬ 

ply fuel to the combustion chambers. In the general case, the engine 

is provided with three fuel-supply systems: starting^ main, and after¬ 

burner systems. 

-Starting fuel system is designed to supply fuel to the main 

combustion chambers when the engine is started. The starting system is 

automatically cut out after the starting process has been completed. 

pc In fuel system supplies fuel to the main combustion chambers 

throughout the entire period of operation of the engine. 

The afterburner fuel system supplies fuel to the afterburners 

when they are on. 

The main fuel system Includes: the high-pressure main pump, fuel 

injectors, fuel booster pumps, fine and coarse filters, oil-fuel and 

fuel-air radiators, control and regulating elements for the fuel feed 

rate, lines and monitoring-measuring Instruments (pressure gauges, 
■f'j 

flow meters, etc.). 

Ihe main fuel pump 6 (Fig. 200) supplies fuel to the Injectors 

under the pressure needed for good atomization. 

The fuel injectors 2, 4, and 12 introduce fuel into the chambers, 

providing a suitable fuel-air mixture for combustion and uniform dis¬ 

tribution of the mixture over the chamber volume. 

Fuel booster pumps 15 and 18 create the pressure needed to over¬ 

come the hydraulic resistance of lines and elements of the engine fuel- 

supply system located before the main fuel pump, as well as the pres- 
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sure needed to overoome the phenomenon of cavitation at main-pump in- 

takes (for more on this subject, see Chapter 1$, the section headed 

"Piston Pumps"). The pumps 18 are Installed directly In the tanks, and 

pump 13 on the engine. 

The filters 9 and 19 for rough filtering are Installed In the 

fuel system ahead of the main puaps, while the fine filters 8 and 10 

are Installed ahead of Injectors, nozzles, and valves are designed to 

screen out solid particles and Ice. 

The oil-fuel radiator 14 Is normally used to cool the oil by means 

of fuel, since air cooling of oil requires the Installation of an oll- 

air radiator, which produces additional drag. Where fuel temperature 

Is high, however. It Is not only Impossible to use an oil-fuel radiator 

to cool the oil, but It also becomes necessary to cool the fuel In a 

fuel-air radiator. The air In a fuel-air radiator Is taken from a re¬ 

frigeration system. 

Control and regulating elements of the fuel supply system consist 

of shut-off valves 17 and stop (fire) valves 16 Inserted Into the air¬ 

craft fuel-supply system, automatic fuel feed-rate regulators, throttle 

valves 7, and stopcocks 5$ designed to shut off the engine. 





Fig. 200. Fuel-supply system: 1) Return valve; 2) starting fuel syt 
tern injector; 3) starting spark plug; 4) main fuel Injector; 5) stop¬ 
cock; 6) main fuel pump; 7) throttle valve; 8 and 10) fine filters; 
9 and 19) coarse filters: 11) afterburner fuel pump; 12) afterburner 
fuel system Injector; 13) fuel-transfer valve; 14) oil-fuel radiator; 
19 and 18) booster pumps; 16) stop valve; 17) shut-off valve; 20) 
starting fuel pump; 21) starting fuel tank; 22) starting fuel system; 
23) main fuel system; 24) fuel tanks; 25) oil Inlet; 26) afterburner 
fuel system. 
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Fuel pumps for present-day gas turbine engines should possess 

nyiimiiB throughput In the 10,000-20,000 kg/hr range at maximum outlet 

pressure (depending on type of Injector) of up to 40-150 kg/cm [27]. 

Fuel-supply systems may employ piston, gear, or centrifugal pumps. 

Each of these pump types has Its own advantages and disadvantages that 

determine possible regions of application. 

Piston pumps are the most common variety. The basic advantages of 

these pumps are the possibility of using high fuel pressures and of 

regulating fuel flow rate for constant speed. 

Piston pumps are more complicated to manufacture than the other 

types of pump. They are very sensitive to corrosion, mechanical Impuri¬ 

ties, coke and gum, fuel water content, and to high ambient tempera¬ 

tures. All of these factors Increase the friction forces between pis¬ 

tons and rotors, which may lead to seizing of the pistons and pump 

failure. 

Piston pumps may be used as main pumps In engine fuel-supply sys- 

terns requiring fuel pressures In the 80 to 150 kg/cm range. 

Pear p*”"ps are very simple In construction and. In addition, are 

fairly Insensitive to the grade of fuel used or Its water content, to 

fue? and ambient temperatures. Gear pumps have 4.5-2 times the through¬ 

put of piston pumps of the same size and weight. Gear pumps are also 

very reliable In service. 
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Together with these advantages, gear pumps have the following 

basic drawbacks: difficulty of providing more than 50-60 kg/cm of 

fuel pressure at the outlet and of ensuring constant throughput when 

engine speed changes. Clear pumps are provided with fuel-transfer sys- 

terns for operation under conditions of reduced fuel flow rates. Fuel 
• 

transfer increases the amount of power expended to drive the pump and 

causes a rise in the temperature of the pump and the fuel circulating 

in i 

in the lines. 

Gear pumps have come into use- as main pumps in fuel-supply sys¬ 

tems using pressures of up to 50-60 kg/cm^, as well as in starting 
. .*« 

systems and fuel-supply systems for turbostarters. 

Centrifugal pumps are characterized by the possibility of obtain¬ 

ing very high throughput with small si»e and weight. Centrifugal-type 

pumps are the least sensitive to the quality of fuel employed. 

Centrifugal pumps are mainly used as booster pumps, but can also 
, 

be used as main pumps in fuel-supply systems for engines requiring 

fuel flow rates exceeding 8000-10,000 kg/hr and pressures ahead of in- 

Jectors in the 50 to 70 kg/cm range [27]. 

2. PISTON PUMPS 

A piston pump (Pig. 201) has a rotor 13 whose circumference has 

openings for the pistons 6; the openings are inclined with respect to 

the axis of rotation. The end of the rotor presses against the dis¬ 

tributor valve 1, which has Intake and pressure ports 15 and 16, which 

communicate with the corresponding lines. The spherical end of the pis¬ 

ton rests in an oblique disk 8. By means of piston 14, the Inclined 

plate may be set at various angles to the plane of the distributor 

valve, turning about shaft 7. 

In the position shown in the diagram, piston a is at the lower 

dead point — the minimum distance from the distributor valve. The rotor 
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vent lies over the material between the Intake and pressure ports (in 

the diagram, the valve has been arbitrarily turned). When the rotor 

turns out of this position, the piston slides along the Inclined disk, 

executes a translational motion, and moves away from the valve. The 

rotor port communicates with the valve intake port. As the piston 
% 

moves, a vacuum Is created under it, and the free volume is filled 

with fuel from the intake line. 

After a half revolution, the piston reaches the top dead spot 

(piston b in the diagram), and is at the maximum distance from the 

valve. As rotation continues, the piston moves toward the lower dead 

point and expels fuel through the valve presâure port. 

In one revolution of the pump rotor, the piston supplies a volume 

of fuel to the pressure line equal to the volume between the top and 

bottom dead points. Ulis volume is proportional to the piston stroke 

and Its diameter. 

The piston is 14-15 mm in diameter. The piston stroke depends on 

the angle of inclination of the disk. The greater the angle of inclina 

tlon of the disk to the plane of the valve, the longer the piston 

stroke (Pig. 202). In pump designs in use, the piston stroke is 15-25 

an. 

Pump throughput is determined by the amount of fuel supplied by 

one piston, the number of pistons, and the pump rotor speed. As a rule 

there Is an odd number of pistons: 5# 7, 9, or 11. The most common 

types of pump use seven or nine pistons. 

Hie following considerations dictate the choice of an odd number 

of pistons. The amount of fuel supplied by the piston is proportional 

to the speed of reciprocating motion, which changes with the angle of 

rotation of the pump rotor (Fig. 203). The fuel feed rate of a piston 

is at a minimum when the piston is near the top or bottom dead points. 
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Fig. 2C1. Plunger-type i\iel pump for VK-IA engine: a and b) Dlatons;
I) distributor valve; 2) copper-graphite friction bearing; 3) guide; 
4) ring groove; 5) spring; 6; piston; 7) shaft of inclined disk; 8) 
inclined disk; 9) inclined-disk bearing; 10) Inclined-disk housing;
II) roller bearing; 12) inclined borings; 13) rotor; 14) piston; 15 
and l6) Intake and pressure ports; 17) diagram of pump.
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Pump throughput is made up of the amounts of fuel supplied by the in¬ 

dividual pistons and, as we can see from Pig. 203, this will also vary 

with the rotor angle of rotation. The uneven fuel feed rate also causes 

fuel-pressure pulsations at the pump outlet, leading to pulsating com¬ 

bustion of the fuel In the chambers. Peed-rate pulsations will be re¬ 

duced as the number of pump pistons Increases. With an even number of 

pistons, however, supply-rate pulsations will be greater than with an 

odd number of pistons, even where there is one less piston in the odd- 

number set. This is explained by the fact that with an even number of 

pistons, the two diametrically opposed pistons will simultaneously 

have minimum supply rates (points A In Pig. 203). With an odd number 

of pistons, when one piston Is producing a zero feed rate, the other 

pistons, located over the pressure port, will supply fuel at a rate 

that Is considerably different from zero. 

Cavitation may appear during operation of a piston pump owing to 

the vacuum at the pump inlet. By cavitation we mean the liberation of 

air (or fuel vapors) dissolved In the fuel when the fuel pressure 

drops. As a result of cavitation, not all of 

the volume freed by the piston will be filled 

with fuel, but part of the volume will be oc¬ 

cupied by air and fuel vapors, and the pimp 

throughput will decrease. This phenomenon ap¬ 

pears with especial strength in high-altitude 

flights, where the drop in atmospheric pres¬ 

sure reduces the pressure in the fuel tanks. 

---«Tf* 

Pig. 202. Piston 
strotos S as a func 
tlon of disk angle 
of Inclination q>* 

In order to prevent cavitation, it is necessary to add booster pumps 
S) 

to maintain the pressure at 1.3 to 3-6 kg/cm at piston-pump inlets. 

Pie pistons used in pumps are thin-walled cylinders. The central 

boro of the piston contains a spring 5 with guide 3 (see Pig. 201). 
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Fig. 203. Fuel feed rate 
Q as a function of pump- 
rotor angle of rotation 

a. l) Q, cmVsec; 2) 
total feed rate; 3) feed 
rate due to one piston. 

Fig. 204. Diagram showing 
forces and moments acting 
on piston and lncllned) 
disk: Pt) force due to 

fuel pressure; P ) 

spring force; P.; Iner¬ 

tial force; PtB) centrif¬ 

ugal force; P^) component 

of centrifugal force 
along piston axis; Pg) 

component of centrifugal 
force perpendicular to 
piston axis; R) force ex¬ 
erted by piston on In¬ 
clined disk; Msh) moment 

acting on disk. 

Figure 204 gives a diagram of the forces 

acting on a piston. The force due to 

fuel pressure will take on two constant 

values In turn over the course of a sin¬ 

gle revolution: when the piston communl- 
« 

cates with the Intake line. It equals 

roughly 3 kg and Is directed toward the 

distributing valve, since the pressure 

In the pump housing Is greater than the 

pressure In the Intake line; when It com¬ 

municates with*the pressure line, the 

force due to fuel pressure reaches 100- 

I80 kg and Is directed toward the In¬ 

clined disk. 

During the nonuniform reciprocating 

motion of the piston, an Inertial force 

of 5-7 kg appears, which tends to pull 

the piston away from the Inclined plate 

for about half of the Intake and pres¬ 

sure strokes, while tending to press the 

piston against the plate for the rest of 

the time. Since during the Intake stroke, 

the piston can move away from the In¬ 

clined plate, the spring force Is so 

chosen as to exceed the fuel-pressure 

force and Inertial force during Intake. 

fin pump designs In use, the spring forces 

are IO-I5 kg. 

Rotation of the piston together with the rotor causes a centrlfu- 
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gal force reaching 150-200 Vçg. Wils force may be resolved Into two com¬ 

ponents, one directed along the piston axis and the other perpendicular 

to this axis. The force acting along the piston axis helps to press 

the piston against the Inclined plate and to overcome the force of 

friction which appears basically owing to the second centrifugal-force 

component. The frJctlon force depends on the surface finish of the rub¬ 

bing surfaces and the materials of which they are made. In order to 

reduce friction, the pistons are lapped In the rotor openings. 

The rotors are made of aluminum bronze or steel. By using bronze. 

It Is possible to Improve heat exchange between rotor and fuel, and 

also to reduce the friction force between piston and rotor. Steel ro¬ 

tors are used where strength requirements dictate. Where steel rotors 

are used, bronze bushings are press-fitted to act as piston guides In 

order to reduce friction. Several ring grooves 4 (see Pig. 201) are 

made in the guides or In the piston channels. The grooves are designed 

to remove solid particles appearing in the clearance between rotor and 

piston and also to equalize fuel pressure over the piston circumference. 

Biere is fuel In the gap between rotor and piston, and if its pressure 

is not equalized along the circumference, the piston will fit eccen¬ 

trically Into the channel, press against one side, and will operate 
« 

without lubrication, thus increasing friction forces. 

In the space between the ports under the piston, the rotor has 

obli<me borings 12, which connect the space within the rotor bore, 

which communicates with the Intake line, and the pump-housing cavity. 

Biese borings act as a centrifugal pump and are designed to increase 

the pressure within the housing. The excess pressure In the housing 
J 

over the pressure In the intake line helps to press the rotor against 

the distributor valve. This reduces fuel leakage through the end gap 

between rotor and distributor valve. 
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The distributor valve ie made of steel or bronze; to reduce fric¬ 

tion between the rotor and valve, they should be made of different ma¬ 

terials. The end of the distributor valve facing the rotor acts as a 

thrust bearing for the rotor. 

The rotor radial supports are the roller bearing 11 and copper- 
% 

graphite Journal bearing 2. In some designs, the copper-graphite bear¬ 

ing Is replaced by a roller bearing. 

The Inclined disk acts as a combination thrust and radial bearing. 

The second race of bearing 9 Is press-fitted Into housing 10 of the 

Inclined disk. Thus, when the pump operates, the inclined disk is also 

forced to rotate by the piston friction forcés. Since the points of 

contact between the pistons and the inclined disk are located at dif¬ 

ferent distances from the rotor axis of rotation and, consequently, 

they move at different circumferential velocities, and since the pis¬ 

ton friction force against the disk varies (with the rotor angle of 

rotation), the Inclined disk does not turn uniformly, but slips with 

respect to the piston. As a result, while such pumps are operating, 

the points of contact between the pistons and disk will change, which 

facilitates uniform wear of the disk surface. 

The pistons exert forces on the disk that create a moment with 

respect to the disk axis of rotation (see Fig. 204). In pump designs 

in use, this moment is so directed as to tend tc turn the Inclined 

disk to the zero angle. A force of 60-70 kg is required to maintain 

the disk in a given position. 

3. STRUCTURAL FEATURES OF GEAR-TYPE FUEL PUMPS 

The main operating feature of gear-type fuel pumps that distin¬ 

guishes them from similar oil pumps lies in the fact that they must 

provide considerably greater flow rates and fuel pressures with little 

pulsation. 
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Pig. 205. (tear-type fuel pump with 
"floating" end bushings: 1) boring; 
2) end bushing; 3) cavity; 4) piston. 

In order to reduce flow pulsations, the gears In such fuel pumps 

must have larger numbers of teeth than corresponding oil pumps, despite 

the fact that an Increase In the number of teeth Increases pymp size. 

In the gear-type fuel-pump designs In use, the gears have 10-17 teeth. 

At high fuel pressures at gear-pump outlets, considerable leakage 

la obaerved through the radial and especially through end gaps. Leakage 

la eapeclally severe where the pump housings are not very stiff. Fuel 

reaching the gap bends the housings, leading to a still greater In¬ 

crease In the gap. Huts fuel pumps are characterized by massive hous- 

Inga, which are sometimes spherical or even provided with ribs. 

Hie most effective method of reducing leakage through end gaps is 

the utilization of so-called "floating" end bushings 2 (Fig. 205). The 

bushings are located between the housing and the gears. Fuel is sup¬ 

plied from the pressure line through borings 1 to the space 3 between 

the piston 4 and the bushing. Hie force due to the fuel pressure 

presses the pistons against the housing and the bushings to the gear 

faces. In order to reduce wear, bronze facings are used on the ends of 
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these bushings. 

Since the loads on gear-type fuel pumps are high, the shafts are 

supported in most cases by needle bearings. Journal-type bearings are 

used in starting-system pumps or booster pumps. The bearings are usu¬ 

ally lubricated by the fuel, supplied from the end gaps. 

4. CENTRIFUGAL FUEL PUMPS 

In a centrifugal pump (Fig. 206), fuel from the inlet duct 1 is 

supplied to the rotating impeller 2. Running through the impeller chan¬ 

nels, the fuel is thrown out at high pressure ani speed into the scroll 

Fig. 206. Centrifugal pump: 1) 
inlet duct; 2) Impeller; 3) 
scroll. 

3. The pump Impeller may have radial vanes or vanes bending away from 

the direction of rotation. Such swept-back vanes are the most commonly 

used type. 

Impellers in common use may be open, haIf-shrouded (see Fig. 206), 

or shrouded (Fig. 207). Shrouded impellers are especially difficult to 

manufacture. 

Impellers are loaded by high axial forces appearing owing to fuel 

pressure. In order to reduce the pressure behind the Impeller, holes 5 

are drilled in the wheel hubs, through which fuel is transferred to 

the intake side. In order to reduce this flow, slit-type seals 6 a.'3 

used for the Impeller. 

- 361 - 



Pig. 207. Centrifugal pump with 
shrouded impeller: 1) pump shaft; 2) 
bushing; 3) ball bearing; 4) axial 
Impeller; 5) port; 6) seal; 7) screw. 

Impeller shafts usually turn In rolling-friction bearings. If the 

pump is driven by the engine rotor, the ball bearing nearest to the 

drive mechanism is lubricated with oil supplied from the engine drive 

housing. Ball bearing 3 1b lubricated by fuel, which is also used to 

cool the pump shaft 1. Fuel passing through bearing 3 arrives in the 

helical channels under bushing 2 and then goes through the radial and 

axial borings in the shaft body, emerging on the intake side. 

As with other types of pump, centrifugal pumps tend toward cavita¬ 

tion. In order to reduce cavitation, it is necessary to increase the 

pressure ahead of the pump inlet, and in certain cases, an axial Im¬ 

peller 4 is installed at the centrifugal-pump inlet. The axial Impeller 

has a design throughput that is two to three times greater than that 

of the centrifugal impeller. 
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Chapter 16 

FUEL JETS 

1. TYPES OF FUEL JETS, CHARACTERISTICS, AND POSSIBLE REGIONS OF 
APPLICATION 

Fuel may be introduced into a chamber in vapor or liquid form, 

and vaporizing or atomizing nozzles are used for this purpose, respec¬ 

tively. 

Vaporizing nozzles (Fig. 208) are simple in design and easy to 

manufacture, since high precision is not required. 

From the nozzle 1, fuel is supplied under slight pressure to U- 

shaped vaporizing tubes located in the combustion chamber. Entering 

the tubes, the fuel is heated, vaporized, and mixed with air. A rich 

fuel-air mixture is formed with an air- 

fuel ratio a = O.25-O.30, and is then 

directed into the combustion chamber. 

Vaporizing Jets are not widely 

used owing to several inherent dicadvan- 

tages associated chiefly with difficul¬ 

ties in final installation and adjust¬ 

ment. 

Atomizing nozzles supply a Jet of fuel to the combustion chamber 

which is then broken up into fine drops, i.e., atomized. High combus¬ 

tion efficiency, stable combustion, and reliable starting requires the 

atomizing Jets to furnish an optimum combination of fuel atomization 

fineness and Jet shape, which is fundamentally determined by the cone 

2 

Fig. 208. Vaporizing fuel 
Jet: 1) Jet; 2) vaporizing 
tube. 



angle, called the flair angle. Atomization Increases the fuel-air con¬ 

tact surface, aids In mixture Ignition and complete combustion. Exces¬ 

sively fine atomization reduces combustion stability with lean mix¬ 

tures, since rapid vaporization of the fine drops produces a uniform 

air-fuel mixture with a narrower range of Ignition than a nonuniform 

mixture. Coarse atomization also Impairs combustion efficiency. 

It Is especially favorable to have under all engine operating 

conditions drops of various sizes with a mean diameter of the order of 

70-100 \i and the following flair angles*. In starting the engine, upon 

Ignition, 60-70°, at the end of the starting period, and with low flow 

rates, 100-120°, and in rated operation, 80-90°. 

Jets operating from a single manifold should provide identical 

fuel flow rates under all operating conditions. The fuel flow rate 

should also remain stable under variations in fuel temperature and vis¬ 

cosity. 

Atomizing nozzles may be of the Jet or centrifugal type. 

Jet Injectors (Pig. 209) use a cylindrical nozzle; the fuel leaves 

the nozzle with a small flair angle. Jet injectors are not In common 

use, as they do not provide good fuel atomization 

and distribution over the chamber volume with accept¬ 

able fuel pressures ahead of the Injector. 

Centrifugal Injectors, which may be of the vari¬ 

able or fixed types, are the most widely used. 

Plxed centrifugal Injectors are used in starting and afterburner 

fuel-supply systems. 

Variable centrifugal Injectors are used for the chambers of en¬ 

gines requiring a broad range of fuel flow rates. 

2. FIXED CENTRIFUQAL INJECTORS 

A fixed centrifugal injector (Pig. 210) has a swirl chamber 4, 
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Pig. 209. Jet 
fuel nozzle. 
1) Fuel inlet. 



inozzle 3, and Intake duct 2 placed tangentially with respect to the 

swirl chamber. Fuel is supplied by the pump under pressure to the tan- 

gential inlet duct« from which it goes to the swirl chamber. In the 

: swirl chamber, the fuel moves in a spiral trajectory from the periphery 

Fig. 210. Operation of fixed cen¬ 
trifugal injector: 1) fuel cone; 
2) inlet duct; 3) nozzle; 4) swirl 
chamber; 5) fuel inlet. 

to the center. As it moves to the center, the fuel velocity rises and 

the pressure drops. As they leave the nozzle, the fuel particles move 

in straight lines foming a hollow cone 1. The center part of the noz¬ 

zle and swirl chamber are filled with turbulent air. The boundary of 

the air vortex lies on the swirl-chamber radius where the fuel pressure 

drops to a value equaling the pressure of the air in the combustion 

chamber. The cone of fuel leaving the injector has a vertex angle a, 

which is also called the flair angle. 

The flail* angle depends solely on injector geometry, and is con¬ 

stant under all conditions in a fixed-delivery injector. 

The injector throughput depends on the geometry and, in particular, 

on the diameter of the nozzle, radius of the swirl chamber, and total 

area of the tangential inlet ducts, as well as on the pressure of the 

fuel ahead of the injector. The rate of flow through the injector in- 
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Pig. 211. Fixed cen¬ 
trifugal Injector. 1) 
Section through AA. 

Pig. 212. Plow rate Q 
through fixed Injector 
as a function of the 
fuel pressure pf ahead 

of the injector. 

creases with rising prer ure and Increasing 

area of nozzle euu Inlet ducts. An increase 

in swirl-chamber radius leads to a reduction 

in fuel flow rate. This may be explained by 

the fact that with a large chamber radius, 

the fuel is whirled more vigorously, fuel 

pressure falls more abruptly, the air-vortex 

boundary lies on a larger radius, and the 

diameter of the nozzle cross section 

through which the fuel flows is decreased. 

The quality of fuel atomization depends 

on the difference between the fuel pressure 

at the injector inlet and the air pressure 

in the combustion chamber. Experiments have 

shown that with a pressure drop less than 

3-4 kg/cm2, the fuel leaves the Jet as a 

bubble that is not well dispersed into 

drops. As a result, it becomes necessary to limit the minimum fuel 

pressure ahead of the injectors. 

As the engine operates under various conditions, the amount of 

fuel needed in the combustion chambers will vary. In a fixed injector, 

the fuel flow rate is varied by changing the fuel pressure ahead of 

the injector. In practice, owing to a variation in pressure from the 

minimum to the maximum permissible values will change the flow rate by 

s factor of 4 to 5 with fixed injectors. 

Such a flow-rate variation is quite satisfactory for starting in¬ 

jectors and afterburner injectors, but is not adequate for main-chamber 

injectors. 

Ulus fixed injectors are usually used for starting (Fig. 211) or 
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in afterburner chambers. Centrifugal injectors are very simple in de- 

. Blsn. 

Figure 212 gives the characteristic curve for a fixed centrifugal 

injector; it shows the way in which fuel flow rate depends on the pres¬ 

sure ahead of the injector. 
« 

3. VARIABLE CENTRIFUGAL INJECTORS 

The range of fuel flow rates is increased in comparison with fixed 

injectors by using variable injectors. Variable injectors may be clas¬ 

sified as two-nozzle, duplex, and bypass types. 

ffejwa 0opcy*Kii 

Fig. 213. Two-nozzle iniector: 1) main manifold; 2) auxiliary manifold; 
3) distributing valve; 4) conical swirler; 5) swirler disk; 6) swirler- 
disk channels; 7) swirl chamber; 8) auxiliary nozzle; 9) main nozzle; 
10) diagram of injector; 11) section through AA. 

A two-nozzle Injector (Fig. 213) consists of two concentric fixed 

nozzles. The inside (auxiliary) nozzle is supplied directly from an 
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auxiliary manifold 2 which is connected to the fuel pump. The fuel is 

swirled in the conical swirler which has a screw thread, and enters 

the combustion chamber through the small-diameter auxiliary nozzle 8. 

The fuel flow rate through the auxiliary nozzle changes as the pressure 

ahead of the injector rises, as with a fixed injector (Fig. 2lh). 

The main manifold 1 (see Fig. 213) is separated from the auxUirry 

manifold by the distributor 3. The valve spring is so adjusted that 

the valve opens at some specific pressure, equaling 10-15 Kg/cm . With 

the distributor valve open, the fuel flows into the main manifold, 

through channels 6 in the swirler disk 5 to the swirl chamber 7, and 

through the large-diameter main nozzle 9 to the combustion chamber. As 

Fig. 214. Fuel flow rate Q as a func¬ 
tion of pressure p^ ahead of two- 

nozzle injector. 1) Total flow rate; 
2) main nozzle; 3) auxiliary nozzle. 

a reault, after the distributor valve opens, fuel is supplied to the 

combustion chamber through two nozzles. The fuel sprays mix to form 

one cocmon spray. Figure 214 shows the curve for the total fuel flow 

rote through the injector. With a two-nozzle injector, it is possible 

to obtain a ratio of maximum to minimum flow rates of 15 to 20, with 

acceptable umximum fuel pressures ahead of the injector. 

Two-nozzle injectors are used in the main combustion chambers of 
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The duplex Injector (Pig. 215) has one nozzle 4 and two swirl 

chambers 1 and 3 separated by a diaphragm 2. With distributor valve 7 

closed, fuel from the pump flows through the auxiliary manifold 8 and 

4 CxtMa tpopcym 12 

* J 

Pig. 215. Duplex Injector; 1 and 3) swirl chambers; 2) diaphragm; 4) 
nozzle; 5 and 6) tangential channels; 7) distributor valve; 6) auxil¬ 
iary manifold; 9) main manifold; 10) from main manifold; 11) from 
auxiliary manifold; 12) diagram of Injector; 13) to cooling-air supply. 

tangential channels 5 into the auxiliary swirl chamber and then to tne 

combustion chamber. When the distributor valve opens, which happens, 

as In the case of two-nozzle injectors, at pressures of IO-I5 kg/cm , 

fuel is also delivered through the main manifold 9, and then through 

the tangential channel 6 in swirl chamber 1 where they eddy out through 

a hole in diaphragm 2. The fuel streams are mixed in the chamber 3, and 

they then emerge as a single spray through nozzle 4. The characteris¬ 

tic curve for such injectors is similar to that shown in Pig. 214. 

With duplex injectors, a ratio of maximum flow rate to minimum flow 

369 - 



rate of 20 to 30 ic obtained with fuel 

pressures at the pumps not exceeding 50- 

60 kg/cm . 

A considerably broader range of 

flow-rate variation may be obtained with 

a bypass injector of the sort shown in 

Pig. 216. Fuel is supplied by the puinp 

at maximum throughput and maximum pres¬ 

sure; it flows through the tangential 

channels 1 into a swirl chamber. From 

the swirl chamber, the fuel can flow through the bypass channel 2 and 

distributor valve 3 back to the pump intake. With the distributor 

valve completely open, all of the fuel reaching the swirl chamber is 

returned. As the distributor valve closes, more and more of the fuel 

Is sent to the combustion chamber, and when it is completely closed, 

all of the fuel reaching the injector is sprayed into the chamber. A 

feature of such injectors is the possibility of obtaining very low 

fuel flow rates through the nozzle. In a bypass injector at low flow 

rates, atomization quality is still satisfactory, as the nozzle oper¬ 

ates at maximum differential pressure. 

Owing to the possibility of obtaining very low fuel flow rates, 

the total range of flow-rate variation is 1.5 to 2 times greater than 

the flow-rate ranges available with other types of injectors. 

Pig. 216. Bypass injector: 
1) tangential channel; 2) 
bypass channel; 3) dis¬ 
tributor valve; Q^) flow 

through nozzle; Qp) by¬ 

passed fuel; Q) total 
fuel flow. 1) 
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Part Eight 

AUTOMATIC CONTROL SYSTEMS 

Chapter 17 
» 

GENERAL INFORMATION 
• • 

1. AUTOMATION OF PRESENT-DAY GAS-TURBINE ENGINES 

As we have already mentioned, the modern aircraft gas-turbine en¬ 

gine Is provided with fairly complicated automatic control and regu¬ 

lating systems as well as with individual automatic devices. This makes 

control of the engine considerably easier and increases its operating 

reliability. Even during initial development of turbojet engines, it 

was necessary to connect automatic devices into the fuel-supply system. 

Manual control of a fuel system using a pump driven by the engine rocor 

through direct manipulation of the pump control devices proved to be 

impossible owing to the instability of TRD operation over a wide range 

of rotor speeds. The first attempt to remove this Instability involved 

the incorporation of automatic regulators into the fuel-feed system to 

ensure steady delivery of fuel to the engine when the control lever 

was in a fixed position. But even with constant fuel feed, as flight 

altitude and speed change, engine operation as characterized by rotor 

speed does not remain constant, and in order to keep the engine from 

changing operating regime, a special correcting device was added to 

fuel systems of many engines that automatically change the fuel feed 

as a function of the air pressure at the compressor inlet; this device 

is called a barostat or barostatic regulator. 

A characteristic feature of a barostat is the fact that it does 

not maintain the engine speed selected by the pilot with the required 

degree of accuracy. This made it necessary to connect an automatic 
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overspeed governor Into the fuel supply system; the need to maintain 

naxlmum speed with high accuracy Is dictated by the need to ensure en¬ 

gine operating reliability together with the maximum possible thrust. 

Bie additional need to ensure accurate maintenance of a given 

speed over the entire operating range of a TPD led to the replacement 

of the automatic overspeed governor on many engines with a universal 

speed regulator, and control of the engine in a given range was reduced 

to changing the setting of this regulator. 

To avoid too high a fuel-feed rate to the engine during accelera¬ 

tion from one operating mode to another, in the initial stages of de¬ 

velopment of TRD, a maximum rate of control-lever advance was estab¬ 

lished. On the one hand, this complicated engine control and on the 

other did not sufficiently ensure that an optimum acceleration pattern 

could be chosen. The darker of engine failure owing to surging or over¬ 

heating appeared. At present, all TRD are provided with automatic ac¬ 

celerators, which automatically limit the fuel feed rate during engine- 

rotor acceleration. 

An automatic fuel startir^; device is introduced into the fuel- 

supply system for starting and for increased reliability. Automatic 

fuel-pressure limiters are used to prevent overloading of pumps and 

lines. In high-speed low-altitude flights at low temperature, an ex¬ 

treme engine overload is possible. In this connection, either an auto¬ 

matic limiter for the engine fuel supply is installed, or an air- 

pressure limiter is introduced at the compressor output. To prevent 

high-altitude flameouts, and extinction of the flame in an abrupt 

throttling down, an automatic device is provided that limits the min- 

iimim fuel pressure ahead of the injectors. 

With constant rotor speed, in a TRD using a fixed-area nozzle, 

the temperature of the gas ahead of the nozzle diaphragm of the tur- 
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bine, T*2 (see Pig* 1)* may assume the maximum permissible value. In 

. this case. It will become necessary to use an automatic limiting device 

for the temperature T*^, which will act on the fuel supply to the en¬ 

gine. 

In connection with the substantial Increase In the flight-speed 

range of aircraft using TED, It Is Impossible to keep the rotor speed 

constant owing not only to the variation In T*^# but also owing to the 

substantial variation in compressor efficiency and the danger of surg¬ 

ing. The speed-regulation system is therefore sometimes supplemented 

by an automatic speed-regulator setting corrector that operates on the 

basis of the temperature T*jj of the decelerated air at the compressor 

intake, usually so as to maintain the maximum possible value of the 

so-called reference speed, which equals the ratio 

In addition to these automatic devices, the fuel-supply system is 

occasionally provided with automatic limiters for the dynamic pressure, 

flight-speed regulators, and devices for automatic ejection of fuel 

during firing [27]. 

Compressors of present-day single-rotor TED are also provided with 

automatic devices In the systems used to control variable blades Jn 

gulde-vane assemblies and In air bypass systems, which are used to 

eliminate surging and Increase compressor efficiency where the engine 

operates in other than design modes. 

Automatic devices for bypassing compressor air close or open the 

bypass ports with the aid of valves or bands, depending on the engine 

rotor speed or the degree to which the air pressure In the compressor 

Increases. Automatic compressor-blade rotating devices change the 

angles of blades in guide and straightening vanes, in continuous or 

stepwise fashion, depending on compressor operating conditions [27]. 

The possibility of changing the exhaust-nozzle throat area permits 
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both limiting and regulation of the temperature T' independent of 

speed« to increase economy of a TRD operating under other than design 

conditions and to produce maximum possible thrust in all flight re¬ 

gimes. In this case, is regulated by an automatic temperature con¬ 

trol. 

Two-rotor TRD have a speed regulator on one rotor and usually an 

automatic speed governor on the other rotor [27]. 

An engine with an afterburner is provided with an Installation 

for automatic adjustment of the fuel feed rate to the afterburner, in 

addition to the nozzle-flap control mechanism. 

Turboprop engines have, in addition to the automatic devices used 

with a TRD, automatic regulating devices for the angles at which the 

propeller blades are set, and various types of automatic governors 

that ensure reliable operation of propellers and the reduction gearing. 

This far from complete list of automatic governors, regulators, 

and operating components of various GTD control systems shows clearly 

that the modern GTD is an engine that is automatic to a high degree. 

Hie quality of the automatic devices and their operating characteris¬ 

tics to a considerable degree determine engine reliability and the 

combat effectiveness of the entire flying craft. 

2. SOME FUNDAMENTAL DEFINITIONS AND CONCEPTS OF AUTOMATIC DEVICES 

The problem of studying automatic devices in general and auto¬ 

matic devices designed for gas-turbine engines in particular is simpli¬ 

fied by the fact that the principles of design and operation Involved 

are general in nature. Automatic devices are usually made up of sepa¬ 

rate elements which may be classified fairly simply as to function, 

operating principle, construction, form of energy used, type of working 

fluid used, dynamic and static properties, etc. 

Automatic systems are classified on the basis of operating prin- 

- 374 - 



clple into open-loop and closed-loop systems. 

An open-loop automatic system Is characterized by the fact that 

the process of system operation does not depend directly on the results 

of its action. An example of such a system Is the automatic control 

system for the exhaust-hozzle flaps; this system opens or closes the 

flaps when the afterburner Is on or off. Here the Initial source of 
• • 

the action Is the force applied by the human controlling the engine 

[27 J. 

An automatic closed-loop system Is characterized by the fact that 

the process of system operation depends directly on the result of the 

action taken. Such systems include automatic*computing devices and 

automatic control systems. 

An_automatic control system (SAR) can automatically, without human 

intervention, maintain a constant prescribed value of any controlled 

variable (parameter) or can vary it as desired. 

In the first case, we have an automatic stabilization system. It 

is clear that, for example, a control system that maintains a pre¬ 

scribed engine speed constant is an automatic stabilization system. 

If the system does not maintain the controlled variable constant, 

but changes it in accordance with some prescribed law, the system Is 

called a program control system. The law governing the variation in 

the controlled variable may be given as a function of time (time-pat¬ 

tern control system) or as a function of some other quantity. Thus, 

for example, engine-rotor speed niay be regulated in accordance with 

the prescribed law, depending on the temperature T*n at the compressor 

intake. 

TTiere are also the so-called automatic servosystems. in which a 

given controlled variable changes continuously and arbitrarily with 

time. The servosystem operates so that the controlled variable exactly 
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follows the prescribed quantity. Prom this It follows that the servo- 

system differs from the program control system only In the way In which 

the controlled variable Is specified. 

An automatic control system consists of the system under control 

(the regulated object) and the regulator. 

The controlled system is the object In which the process to be 

controlled occurs. Thus, for example, a TRD or TVD will be such a con¬ 

trolled system. 

The variables characterizing the process taking place In the con¬ 

trolled system which are at the same time themselves regulated (for 

example, held constant or varied in accordance with a prescribed law), 

are called the controlled variables or controlled parameters (in an 

engine, for example, this will be the rotor speed, temperature T*^, 

degree of compressor temperature rise, oil pressure in lubrication 

system, etc.). Ttie factor which forms the basis for acting on the 

process occurring in the controlled system so as to maintain the pre¬ 

scribed value of the controlled parameter is called the regulating 

factor (In a TOD, for example, the regulating factor Is the fuel feed 

rate). 

The process occurring In the controlled system may be affected as 

Well by disturbances (for a TRD, these will be variations In ambient 

pressure and temperature, flight speed, a change in the geometric 

parameters of the engine blading, etc.). The task of the control system 

la to maintain the controlled parameter constant or to vary it in de¬ 

sired fashion in the presence of disturbances. 

The regulator is an automatic device that acts through the regu¬ 

lating factor on the controlled system during the control process so 

as to make the controlled parameter equal to the prescribed value. 

The regulator automatically eliminates the consequences of dis- 
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turbances as they affect the prescribed value of the controlled param¬ 

eter. 

There are two fundamental principles of control: control based on 

the deviation of the controlled parameter from the prescribed value, 

and control based on the disturbance. 
% 

In control based on deviation the so-called sensing element of 

the regulator directly measures the controlled parameter, compares It 

with the prescribed value, and in the presence of a deviation either 

directly or through Intermediate devices of the regulator causes the 

final control element to move so as to eliminate the deviation that 

has appeared. The deviation of the controlled parameter from the given 

value plays the role of the input signal to the regulator, while the 

movement of the final control element is the output signal. Thus, for 

example, in a speed regulator, the input signal Is the departure of 

the speed from the given value, while the output signal is the motion 

of the fuel-system final control element that changes the rate at 

which fuel is fed to the engine. 

It should be noted that the output signal of a regulator acts as 

the input signal for the controlled process, while the output signal 

from the controlled process is the input signal to the regulator. Thus, 

a control system operating on the prinsiple of deviation is a closed- 

loop system and comes Into play as soon as the controlled parameter 

departs from the prescribed value. 

The principle of deviation is also called the principle of I.I. 

Polzunov; this scientist was the first (1765) to use this principle In 

an automatic water-level regulator for a steam boiler. 

Although during the control process, the controlled parameter 

will deviate from the prescribed value, after the control process has 

terminated (under static conditions), such deviations may be reduced 

- 377 - 



to arbitrarily small values. The high control accuracy yielded has 

brought the principle of deviation into wide use. 

In control based on the disturbance, the regulator sensing element 

does not measure the controlled parameter, but the disturbances them¬ 

selves) the regulator then acts directly or through intermediate de¬ 

vices on the final control element so as to compensate for the dis¬ 

turbances and maintain the prescribed value of the controlled param¬ 

eter. Thus, in the case given the regulator input signal is a disturb¬ 

ing influence on the controlled system, and we have an open-loop con¬ 

trol system. This improves control-system dynamic properties, but in 

practice, it is very difficult to provide the required static accuracy 

of control with such a system owing to the complex nature of a dis¬ 

turbance and possible variations in the parameters of the regulator 

itself. This principle is therefore used only where a very high de< ee 

of control accuracy is not demanded. It is also used in combination 

with the principle of deviation. 

The value of the controlled parameter is specified either by the 

human controlling the engine (controlled system), or by a computer 

with the aid of the regulator adjustment mechanism. 

All automatic control systems are classified as direct or indirect 

systems. 

A direct automatic control system is a system in which the sensing 

element acts directly on the final control element with no additional 

source of energy and, consequently, with no Intermediate elements. 

An Indirect automatic control system is a system in which the 

sensing element does not act directly on the final control element, 

but operates through special amplifying and conversion elements to 

which energy is supplied from an outside source. Such a system is em¬ 

ployed, as a rule, where the energy of the sensing element is insuffi- 
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cient to drive the final control element or where it 1b necessary to 

obtain system dynamic and static properties that cannot be obtained 

with a direct system. 

All automatic control systems may be classified on the basis of 

operation into continuous and intermittent systems. 

A continuous system is a system in which a continuous process in 
• # 

all control-system elements corresponds to a continuous variation in 

the controlled variable. 

An intermittent system is a system in which a continuous variation 

in the input signal corresponds to a discontinuous application of the 

output quantity in at least one control-system element. Intermittent 

systems Include relay and pulse systems. 

An automatic control system is characterized by its dynamic and 

static properties. 

The dynamic properties are the system properties exhibited during 

the process of regulation and characterized by the magnitude and dura¬ 

tion of the deviation of the controlled variable from the prescribed 

value. 

The static errors of a system, conversely, appear after the con¬ 

trol process has been concluded and are evaluated in terms of the de¬ 

viation of the value of the controlled parameter from the prescribed 

value after the control process initiated by a disturbance has been 

concluded. 

In order to obtain the required dynamic and static properties, we 

must not only design the sensing element and amplifying devices appro¬ 

priately, but must also introduce additional special elements with 

suitable intercoupling. 

Here we must concern ourselves with certain general considerations 

bearing directly on the subsequent discussion of automatic control sys- 
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teme for gas-turbine engines. 

Wie state of an operating engine lo called its operating regime. 

Wie operating regime of an engine Is characterized by several param¬ 

eters of the gasdynamlcal process taking place in the engine, which in 

turn determines the thermal and dynamic loads on engine structural ele¬ 

ments. 

Under given external conditions, the parameters of the gasdynaml¬ 

cal process are determined by the dimensions, shape, and relative posi¬ 

tions of the engine structural elements forming the air-gas flow area 

and. In addition, by the fuel supply rate (flow rate) and the size of 

the load taken off the engine rotor. Wie parameters of the gasdynam- 

ical process are Interdependent. For a TRD In which the geometric 

parameters of the gas-air flow area remain unchanged (called a TRD 

with fixed geometry) and constant rotor load (due to the drive fur¬ 

nished for various units), the parameters of the gasdynamlcal process 

will be determined solely by the fuel feed rate Gt. In this case, an 

aircraft WID represents a system with one degree of freedom; specifica¬ 

tion of one of the process parameters will determine all the rest. 

Regulation of the engine rotor regime reduces to controlling one of 

Its parameters, which in this case is taken as the controlled param¬ 

eter. Here the fuel feed rate acts as the controlling factor which is 

varied in order to vary the controlled parameter and the entire operat¬ 

ing regime of the engine. An engine with one degree of freedom has one 

controlled parameter and one controlling factor. 

A TRD with variable geometry (with rotatable guide vanes and com¬ 

pressor stator blades, rotatable turbine nozzle blades, variable-area 

exhaust nozzle, etc.) has several degrees of freedom, and the gasdy¬ 

namlcal process in such a TRD will be determined not only by the fuel 

feed rate, but also by the variable geometric quantities (angles at 
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which rotatable blades are set, nozzle throat area, etc.)# which act 

as additional (in the case given, geometric) control factors. For a 

TVD, in addition, the angle at which the blades of the VISh (variable- 

pitch propeller) are set is a controlling factor. 

In a variable-geometry engine, as the number of controlling fac- 
« 

tors goes up, the number of independent controlled parameters also in¬ 

creases. In controlling an engine, the specification of engine operat¬ 

ing regime reduces to specification of several controlled parameters. 

In this case, the engine represents a system with many degrees of free¬ 

dom, equal to the number of independent controlled parameters and, cor¬ 

respondingly, to the number of controlling factors. Here, naturally, 

engine control and design will be more complicated, but it then becomes 

possible to improve its characteristics. 

When external conditions change, the engine is subject to the ac¬ 

tion of disturbances, which at a given value cause the controlling 

factors to change the controlled parameters, and together with them 

the entire complex of parameters characterizing the gasdynamical proc¬ 

ess and engine thermal and dynamic loads. It thus becomes necessary to 

provide for engine regulation (manually or automatically) in accordance 

with one (with one controlling factor) or several parameters (corres¬ 

ponding to the number of controlling factors). The uncontrolled param¬ 

eters take on specific values that depend on the controlled parameters 

and the external conditions. 

Since with a variation in external conditions, the relationship 

among the engine operating-regime parameters will vary, for a pre¬ 

scribed value of a controlled parameter, the remaining parameters may 

take on values that are Impermissible (for reasons of strength, engine 

operating reliability, process stability, etc.). It may thus become 

necessary to limit one or several of these parameters. When any of the 
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engine procesa parameters are limited, the value of the controlled 

parameter will vary owing to the relationshipa among the engine param¬ 

eters. Parameters on which a limitation is imposed are called re¬ 

stricted parameters. 

Por each actual engine type, the controlled parameters are se¬ 

lected and a control program specified; by the control program, we 

mean the law governing the variation in the controlled parameters un¬ 

der a variation in external conditions, or where the amount of thrust 

or power developed by the engine is to be controlled (throttling con¬ 

trol program). In practice, it sometimes becomes necessary to specify 

a program for varying the controlled parameter as a function of time 

(time programing) or as a function of some other parameter (parameter 

programing). 

With the engine running wide open, the control program is con¬ 

sidered to be optimum if under given external conditions the engine 

develops maximum thrust. A throttling control program is considered 

optimum if when this program is operative the minimum possible specific 

fuel consumption is realized. 

The control program in many ways determines the efficiency of en¬ 

gine operation. Control programs are selected on the basis of careful 

study of engine characteristics and construction. 

Where there is automatic regulation of some engine parameter, a 

regulator is always installed. The regulator and engine form a control 

system. An engine may have several automatic-control systems, corres¬ 

ponding to the number of controlled parameters (controlling factors). 

Automatic-control system nomenclature Is based on the controlled param¬ 

eter (automatic engine-speed control system, control system for tem¬ 

perature ahead of turbine nozzle-box assembly, etc.) or on the con¬ 

trolling factor (fuel feed-rate control system, exhaust-nozzle control 
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Byatem, etc.)« 

An automatic control syatem ia deaigned with allowance for the 

atatic-accuracy requirementa for keeping to the given control program 

with acceptable dynamic propertiea. In the moat general caae the crea¬ 

tion of aome given automatic control ayatem involves the following 

baaic atagea: 
• . 

- a atudy of the atatic characterlatica of the engine (exhibited 

in ateady regimes), making it possible to select controlled parameters 

for the corresponding controlling factors, and to designate the con¬ 

trol program; 

- determination of the dynamic engine properties (exhibited in 

transient regimes), or, in other words, study of the engine as a con¬ 

trolled process; 

- analysis of possible methods of implementing the TRD control 

program chosen, with given dynamic properties; 

- development of tactical and technical specifications for the 

control systems pertaining to statical and dynamical control accuracy, 

operating reliability, size, weight, structural simplicity, manufac¬ 

turing technology, etc.; 

- synthesis of the control system, investigation of the statical 

and dynamical properties of system elements and of the system as a 

whole ; 

- design and manufacture of control-system units; 

- carrying out of experimental test-stand and flight studies and 

final development of the control system. 

At the present time, the creation of new control systems is made 

somewhat easier by the existence of a large body of practical experi¬ 

ence in the design, manufacture, and operation of many gas-turbine en¬ 

gines manufactured on a production basis. The control-system designer 
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has at his disposal excellent methods from the modern theory of auto¬ 

matic control and from experimental studies. In the majority of cases, 

difficulties in control-system design are caused by a lack of knowledge 

of the actual statical and dynamical properties of newly designed gas- 

turbine engines, which have a broad range of operating regimes. 

- 384 - 



Chapter 18 

CONTROL PROGRAMS FOR TURBOJET ENGINES. 
REQUIRED AND AVAILABLE FUEL FLOW RATES. 
OPERATING STABILITY OF TURBOJET ENGINES 

1. CONTROL PROGRAMS FOR TURBOJET ENGINES 

Control programs for TRD [turbojet engines] determine the nature 

of the variation In the controlled parameters under various snglne 

operating regimes and aircraft flight regimes so as to produce the de¬ 

sired values of thrust and specific fuel consumption. 

A control program must provide: 

- the possibility of very simple technical Implementation of the 

selected program by an automatic control system; 

- the possibility of the most efficient utilization of the engine 

on the basis of the gas temperature ahead of the turbine nozzle-box 

assembly and engine-rotor speed, with a simultaneous guarantee of re¬ 

liable operation In terms of the conditions governing the thermal and 

dynamic loads on parts; 

- surge-free operation of the engine under substantial variations 

In external conditions or rapid transition from one engine operating 

regime to another. 

There are two basic types of control programs for single-rotor 

and two-rotor TRD: 

- control programs that do not require a change In the geometry 

of the engine air-gas flow area; 

- control programs whose Implementation requires variation of the 
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geometry of the engine air-gas flow area. 

Programa of the first type which do not require changes in the 

flow areas of engine flow passages permit both the engine and its con¬ 

trol system to be structurally simpler. 

The utilization of programs of the second type, whose implementa¬ 

tion requires variation in flow areas of the flow passage, for example, 

in the turbine nozzle-box assembly area, the nozzle exhaust area, etc., 

inevitably entail structural complication of the engine. 

Control programs for single-rotor TRD with fixed flow-passage 

geometry. In single-rotor TRD with fixed flow-passage geometry, v/hen 

the external conditions remain constant, i.e., the flight altitude and 

speed remain the same, all engine parameters are interrelated and 

specified when one of them is given, such as the engine-rotor speed, 

gas temperature ahead of the turbine nozzle-box assembly, engine 

thrust, etc. 

3*ie parameter that permits the engine to be controlled most simply 

from the technical viewpoint is chosen as the controlled parameter. 

This condition is best satisfied by the engine rotor speed, which is 

explained by the following reasons. 

The rotor speed uniquely determines the engine operating regime 

and characterizes its dynamic loading. Very accurate speed measurements 

may be made with the aid of fast-response instruments. 

It is difficult to measure, for example, the gas temperature ahead 

of the turbine nozzle-box assembly with the required accuracy owing to 

the nonuniformity of the temperature field ahead of the turbine and 

the lack of fast-responding measuring devices that will operate reli¬ 

ably at high temperatures. Inaccurate temperature measurement may lead 

to large variations in developed engine thrust. In addition, under 

given external conditions, the gas temperature ahead of the turbine 

. 386 - 



nozzle-box assembly, as we shall show, does not uniquely determine the 

engine operating regime or the thrust developed by it. 

The only possible controlling factor for an engine with fixed 

geonetry Is the fuel-feed rate. 

Figure 217 shows the way In which the fuel feed rate, gas tempera¬ 

ture ahead of the turbine nozzle-box assembly, thrust, and specific 

fuel consumption depend on the rotor speed of an engine with fixed 

flow-passage geometry under constant external conditions. To each value 

of the controlling factor there correspond specific values of the con¬ 

trolled parameter - the rotor speed - as well as of the gas temperature 

ahead of the turbine nozzle-box assembly, specific fuel consumption, 

and thrust. 

As we can see from the figure, a prescribed gas temperature ahead 

of the nozzle-box assembly, for example, will not uniquely deter¬ 

mine the remaining parameters since it corresponds to operating regimes 

at points a and c with different speeds. 

The thrust will drop below its maximum value owing to a simul¬ 

taneous reduction in both the gas temperature ahead of the turbine noz¬ 

zle-box assembly and the speed. This aids in reducing the thermal and 

uynamic loads on engine parts in low-thrust regimes, and enables the 

engine to operate over long periods of time. 

A drawback in engines using fixed flow-passage geometry is the 

impossibility in most cases of obtaining a prescribed thrust with an 

optimum relationship among the gasdynamical parameters of the engine, 

which corresponds to the minimum possible specific fuel consumption. 

As an example, we have shown in Fig. 217 (by the dashed curves) 

the possible relationships between thrust and specific fuel consump¬ 

tion that may be obtained when the nozzle throat area is varied, pro¬ 

vided the optimum relatlor.ohip among gasdynamical parameters is main- 
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tained. In such regimes, It Is possible to gain a very substantial ad¬ 

vantage with respect to specific fuel consunción over an engine 

using fixed geometry. 

When the external conditions change, the relationship among engine 

parameters will vary. For the best engine efficiency with respect to 

thrust and to prevent dynamic overloading of parts, it is desirable to 

keep engine rotor speed constant under all flight conditions. 

Pig. 217. Thrust P, specific fuel consumption Cp, fuel flow rate Qt, 

and gas temperature T*^ ahead of turbine nozzle-box assembly as func¬ 

tions of rotor speed n of TRD with fixed flow-passage geometry, con¬ 
stant external conditions. 

If the rotor speed drops when the external conditions vary, the 

result will be that the engine will not operate at maximum thrust ef¬ 

ficiency. On the other hand, an increase in the speed, especially with 

the engine running wide open or nearly wide open, may lead to imper- 
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miBsible (from the viewpoint of strength) increases in dynamic loads 

on parts. 

The practical possibility of using a control program with constant 

engine rotor speed is determined by engine efficiency with respect to 

the gas temperature ahead of the turbine nozzle-box assembly, the 
% 

degree to which absence of engine thermal-stress overloading is guaran¬ 

teed, and the degree to which surge operation is precluded. 

The variation in gas temperature ahead of the turbine nozzle-box 

assembly is affected in present-day engines only by the stagnation 

temperature at the engine intake. The stagnation temperature at the 

engine Intake is determined by the ambient temperature, which depends 

on the flight altitude as well as on the flight Mach number, which de¬ 

pends on the flight speed. Thus, variations in flight speed and alti¬ 

tude, which affect the stagnation temperature at the engine intake, 

cause the gas temperature ahead of the nozzle-box assembly to vary. 

rotor speed n as functions of stagnation temperature T*N at engine in¬ 

take. 1Hl^max) Maximum permissible gas temperature; T*Jtaax and 

maximum and minimum possible air temperatures at engine intake, re¬ 
spectively; T*n1) value of T*N below which speed is restricted. 1) For. 

At constant flight altitude, the stagnation temperature at the 

engine intake will rise with increasing flight speed. At constant 

flight speed, the stagnation temperature at the engine intake will 

drop with increasing flight altitude to a height H = 11 km, and then 

will remain constant. 
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Wie pOBolble variation ln the relationahip between gas temperature 

ahead of the turbine nozzle-box assembly and the stagnation temperature 

at the engine intake is shown in Pig. 218 for present-day engines. In 

the first case (Fig. 2l8a), a change in external conditions with con¬ 

stant engine speed leads to a very slight variation in the gas tempera¬ 

ture ahead of the turbine nozz3»-box assembly. In practice, this means 

that it is possible to hold rotor speed constant for all flight speeds 

and altitudes with engines characterized by such a variation in gas 

temperature ahead of the turbine nozzle-box assembly under various 

flight conditions. Here the engine will be operating as efficiently as 

possible with respect to both speed and gas temperature ahead of tur¬ 

bine nozzle-box assembly. 

In the second case, shown in Pig. 2l8b, when the speed is held 

constant, we observe a quite considerable variation in gas temperature 

ahead of the turbine nozzle-box assembly with variations in flight re¬ 

gime. In certain flight regimes, the gas temperature ahead of the tur¬ 

bine nozzle-box assembly may exceed the maximum permissible value al¬ 

lowed by mechanical-element strength conditions. This indicates that 

for such engines it is not possible to use a control program requiring 

constant rotor speed in all flight regimes. 

In order to keep the gas temperature ahead of the nozzle-box as¬ 

sembly from increasing above the maximum permissible value, it is nec¬ 

essary to reduce the fuel-feed rate. A reduction in fuel-feed rate 

leads to a drop in gas temperature and at the same time to reduced 

speed. 

If it is desirable to prevent the gas temperature ahead of the 

turbine nozzle-box assembly from exceeding a maximum permissible value, 

as shown by the dashed line in Pig. 2l8b, it is necessary in these 

flight regimes to decrease rotor speed. As we can see from the figure, 
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rotor speed Is related in definite fashion to the stagnation tempera¬ 

ture at the engine Intake. 

As a consequence, for certain engines the conditions ensuring re¬ 

liable operation and full efficiency with respect to the gas tempera¬ 

ture ahead of the turbine nozzle-box assembly, It Is necessary to use 

a combination control program: in flight re¬ 

gimes corresponding to high stagnation tem¬ 

peratures at the engine Intake, the rotor 

speed Is held constant and the gas tempera¬ 

ture ahead of the turbine nozzle-box assembly 

_ .. . will vary slightly,'and In the remaining 
Fig. 219* Nozzle * o* *> 

throat area P8, gas night regimes, the gas temperature may be 

temperatuie T*^ 

ahead of turbine 
nozzle-box assembly, 
and fuel flow rate 
0t as functions of 

rotor speed n with 
optimum TRD control 
program. 

held constant while the rotor speed will drop. 

The utilization of a combination control 

program complicates the automatic control sys¬ 

tem for the engine. 

Control programs for single-rotor TRD 

with variable flow-passage geometry. Regulation with the aid of Just 

one controlling factor - the fuel flow rate - as we have already men¬ 

tioned In many cases does not permit full utilization of engine poten¬ 

tial. Additional control factors may be gained by varying the areas of 

flow-passage cross sections, for example, the turbine nozzle-assembly 

area and the exhaust-nozzle throat area. Wiih a convergent exhaust 

nozzle, the throat area is the same as the exhaust area. 

The least complication is Introduced Into engine construction and 

the control system when we vary the exhaust-nozzle throat area, and 

this is most frequently done In practice. 

Nozzle throat-area control provides the following advantages: 

- optimum or nearly optimum variation In specific fuel consumption 

- 391 



under changing flight regimes; 

— reduced power drawn by engine starter and reduced gas tempera¬ 

ture ahead of turbine nozzle-box assembly during starting and In opera¬ 

tion at low throttle settings; 

- maximum engine efficiency with respect to gas temperature ahead 

of turbine nozzle-box assembly In all flight regimes. 

Figure 219 shows the variations In fuel consumption, gas tempera¬ 

ture ahead of turbine nozzle-box assembly, and nozzle throat area with 

speed, corresponding to an optimum control program with external con¬ 

ditions remaining unchanged. 

As we can see from the figure, a quite definite nozzle throat 

area F corresponds to each speed. When the external conditions cliange, 

the optimum control program will also change. 

In the majority of designs In use, simpler control programs have 

been selected. 

Fig. 220. Thrust P and nozzle throat area Fb as functions of rotor 

speed n with different control programs (the variation In thrust, fol- 
1owing”an optimum law, Is shown by the dashed line), n^) Rotor speed 

at cruising speed; n^g and nmax) rotor speed at low throttle setting 

and full throttle, respectively. 

Special cases of variable-area nozzle application are shown In 

Fig. 220. 

For the thrust to vary In accordance with a nearly optimum law, 

the control program shown in Fig. 220a Is used In the speed range from 

cruising to maximum speeds. In this case, the nozzle throat area varies 

- 392 - 



only over this speed range. 

As is shown In Pig. 220b, a stepwise change In nozzle area can 

provide a nearly optimum relationship of parameters over the entire 

speed range. 

A stepwise change In nozzle area may be used, for example, to 

ease engine starting conditions (Pig. 220c). The nozzle area Increases 

In regimes close to Idle running speed. This Increases the pressure 

drop at the turbine, eases engine starting, and at the same time some¬ 

what reduces the gas temperature ahead of the turbine In steady opera¬ 

tion at low throttle settings. In all other regimes, the nozzle area 

remains unchanged and corresponds to the design wide-open regime. 

As we have already shown, where a combination control program is 

used, in many flight regimes engines with fixed flow-passage geometry 

require that the speed be reduced In order to limit the rise In gas 

temperature ahead of the turbine nozzle-box assembly. Here the engine 

operates with considerable inefficiency with respect to speed. 

Engine speed inefficiency may be reduced by changing the nozzle 

area while the gas temperature ahead of the turbine nozzle-box assembly 

is held constant. 

Peatures of control programs for two-rotor TRD (2, 27). A two- 

rotor TRD has high- and low-pressure compressors each of which can 

turn at its own speed. With the flow-passage geometry fixed, the con¬ 

trolling factor in a two-rotor engine is the fuel feed rate alone. It 

is thus possible to control Just one parameter, while the others will 

be established by the interaction of the engine process parameters. 

Just as with the single-rotor TRD, the controlled parameter is 

not the gas temperature ahead of the turbine nozzle-box assembly, but 

the rotor speed of the high- or low-pressure compressor. 

If the speed of the low-pressure rotor is taken as the controlled 
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Pig. 221. Oas temperature T#^, relative speeds of high-pressure rotor 

rL *= n /n and of hlgh-preseure rotor ñ = as functions 

Ü? .lr temperature T*H. a) With conatant/b) wTth"^ restriction 

« 1; T*^) value of temperature T*N for which nn = ny = 1. 

parameter and Is maintained constant under changes in flight regime, 

the gas temperature ahead of the turbine nozzle-box assembly and the 

high-pressure rotor speed will not be constant. 

If the flight speed increases or flight altitude decreases (vihere 

H < 11 to)# which corresponds to an increase in the stagnation tempera¬ 

ture at the engine intake, there will be an increase in the angle of 

attack at the blades of the low-pressure compressor stages, and more 

driving power will be needed. Consequently, in order to hold the speed 

of the low-pressure rotor constant, it is necessary to increase the 

gas temperature ahead of the turbine nozzle-box assembly (Pig. 221a). 

At the same time, there will be an increase in the speed of the high- 

pressure compressor rotor. 

Ihe speed of the high-pressure rotor and the gas temperature ahead 

of the turbine nozzle-box assembly may rise above permissible limits. 

Thus# when, for example, the maximum permissible rotor speed is reached 

for the high-pressure compressor, the rate of fuel flow to the engine 

Is limited, resulting in a drop in the gas temperature ahead of the 

turbine nozzle-box assembly and a reduction in the speed of the low- 

pressure rotor (Pig. 221b). 
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If the speed of the high-pressure compressor rotor remains con¬ 

stant under a change In flight regime, this will cause a change In the 

gas temperature ahead of the turbine nozzle-box assembly and In the 

speed of the low-pressure rotor. 

When the stagnation temperature increases at the engine intake, 
« 

the temperature of the air at the high-pressure compressor Intake will 

rise, and if its speed is held constant, the drive power required will 

decrease and, consequently, so will the gas temperature ahead of the 

turbine nozzle-box assembly, which will in turn cause a drop in low- 

pressure compressor rotor speed (Pig. 222a). In other words, at low 

stagnation temperatures at the engine intake,* the low-pressure com¬ 

pressor rotor speed and the gas temperature nay rise above permissible 

values. 

pig. 222. Oas temperature T*^ and relative speeds of low-pressure 

rotor nn and high-pressure rotor nv as functions of temperature T*^. 

a) With ny constant; b) with restriction nn = 1. 

If the low-pressure compressor rotor speed is restricted at low 

air temperatures by reducing the fuel flow rate, the high-pressure 

compressor rotor speed and gas temperature will change as shown in 

Pig. 222b. 

Thus, where su h control programs are in use, full engine effi¬ 

ciency with respect to gas temperature and speed will not be developed 

in a two-rotor engine in individual operating regimes. 
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By using a variable-area nozzle, It Is possibly to obtain an op¬ 

timum relationship between the speeds of both rotors when the flight 

regime changes, l.e., the engine can be used more efficiently with re¬ 

spect to speed. Here the speed of the high-pressure rotor is usually 

controlled by the fuel feed rate, and the speed of the low-pressure 

rotor by a change In nozzle-area variation, since variation of the 

pressure drop In turbines primarily affects the variation in turbxne 

speed for the low-pressure rotor. The gas temperature ahead of the 

nozzle-box assembly is not regulated at all, and its increase may be 

restricted by changing the fuel feed rate for different regimes. 

Fully efficient utilization of an engine with respect to speed 

and gas temperature is possible only by the introduction of a third 

controlling factor, for example, by varying the area of the turbine 

nozzle-box assembly or the angular setting of the compressor guide- 

vane assembly, which is not done in practice owing to the considerable 

complication in engine structure as the control system that results. 

2. REQUIRED FUEL FLOW RATES 

In the most common TRD control program, i.e., where the geometry 

of the flow passage remains fixed, the required engine operating re¬ 

gime (thrust, specific fuel consumption) is established in accordance 

with speed by changing the fuel feed rate. Figure 223 shows the curve 

of required engine fuel feed rates where a fixed-area nozzle is used; 

the flight regime is constant. Itils curve is the line of steady engine.* 

operating regimes. 

Steady engine operation is the name given to the regime in which 

the rotor speed is constant. Here the torque developed by the engine 

turbine equals the torque absorbed by the compressor, and the rate of 

fuel flow to the combustion chamber of the engine equals the fuel flow 

rate required for operation at the given speed. 



ca Thus, for example, for a speed and 

fuel flow rate Qtl (Pig. 223), the engine 

will be In steady operation, with the tur¬ 

bine torque and compressor torque equal. 

If at this same speed, the fuel flow rate 
« 

Is Increased by an amount AGtl In compar¬ 

ison with that needed, the Increase In gas 

temperature ahead of the turbine nozzle- 

box assembly will result In an Increase In 

turbine power and, consequently, the tur¬ 

bine torque will* become larger than the 

compressor torque. As a result, the engine 

will go Into unsteady operation, ttie excess 

turbine torque will cause the engine rotor 

to accelerate. The compressor torque will then Increase. Finally, at 

some speed ng, the turbine torque will become equal to the compressor 

torque, and the fuel flow rate will correspond to a new steady op¬ 

erating regime. The higher the excess fuel flow rate at a given speed, 

the greater will be the excess torque at the turbine and the more rap¬ 

idly the engine rotor will accelerate to the new steady speed, which 

will also be higher. 

If at speed n'^ the fuel flow rate Is 0^, l.e.. It Is less than 

needed for a given engine operating regime, the gas temperature ahead 

of the nozzle-box assembly will drop, resulting In decreased turbine 

torque, which In this case will become less than the compressor torque. 

This causes the engine rotor to decelerate, reducing the torque needed 

to turn the compressor and, finally, at a speed n^ below the Initial 

speed, a new engine operating regime will be established. In which the 

fuel flow rate will equal the required rate. 

Fig. 223. Influence of 
fuel feed rate on TRD 
rotor speed. 0^) Fuel 
feed rate; n) rotor 
speed; AGtl «= AGt2) 
fuel feed-rate Incre¬ 
ments; and Arig) 
speed Increments, a) 
Acceleration zone; b) 
deceleration zone. 
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Consequently, the curve of required fuel flov rates represents a 

boundary dividing the engine-rotor acceleration zone from the engine- 

rotor deceleration zone. If at a given rotor speed the fuel flow rate 

lies above the line of steady operation, the engine rotor will speed 

up. If the fuel flow rate lies below the steady-operation line, the 

rotor will slow down. This property of the required fuel flow-rate 

curve Is norrcally used In analyzing the stability of an engine-opera¬ 

tion regijn*. 

lÄt, for example, the fuel flow rate Increase by an amount 

In a steady operating regime with rotor speed n^. Then, as we have al¬ 

ready discussed, the engine will accelerate to a new steady regime at 

speed rig# i.e., the speed will Increase by an amount An^. As we can 

see from Pig. 223, if the fuel supply rate is increased by AG^ In a 

steady regime for which the speed is greater than n,, there will be 

a further acceleration and engine speed will increase by An^. The quan¬ 

tity Ang will be less than Anr It follows from this that an identical 

excess fuel supply rate will cause greater engine-rotor acceleration 

at low speeds than at high speeds. This also means that in order to 

increase rotor speed by a given amount, less of an excess fuel supply 

rate is needed at low speeds than at high speeds. 

Fig. 224. Required fuel flow rate 
at various rotor speeds n. a) 

As a function of flight altitude 
H; b) as a function of flight 
speed C. 
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Pig. 225. Required fuel flow rate 
Gt as a function of rotor speed n. 

aj At various flight altitudes H; 
b) at various flight speeds C. 

To keep the rotor speed constant with increasing flight altitude, 

it is necessary to reduce the fuel flow rate* while at increasing 

flight speeds, the feed rate must be increased in accordance with the 

reduction in the weight flow rate of air. The variation in the required 

fuel flow-rate curves as a function of flight altitude and speed for 

various constant engine-rotor speeds is shown in Pig. 224. Using these 

curves, it is possible to plot required fuel flow-rate curves as a 

function of rotor speed at various flight altitudes and speeds (Pig. 

Examining the required fuel flow-rate curves for various flight, 

regimes, we may conclude that with the fuel flow rate unchanged, an 

increase or decrease in flight speed or altitude will lead to a reduc¬ 

tion 5n engine rotor speed. 

As we know, control programs for the majority of engines provide 

for maintaining rotor speed constant under variations in flight alti¬ 

tude and speed. It is therefore necessary to vary the fuel feed rate 

in order to hold a given rotor speed under changing flight conditions. 

If at some speed nQ (Fig. 225a), the flight altitude increases 

from H0 to then in order to keep the rotor speed nQ unchanged, the 

fuel feed rate must be reduced by an amount If the fuel feed 
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pate Oto were held constant, this would lead to an Increase In rotor 

speed of Anj. Similarly, as we can see fror looking at Fig. 225b, in 

order to hold rotor ppeed constant while the flight speed changes from 

Cq to Cp we must Increase the fuel feed rate by an amount ^ 

fuel feed rate 0t0 were held constant with Increasing flight speed, 

there would be an accompanying drop An^ in rotor speed. 

It should be noted that at high rotor speeds, a change in flight 

speed and flight altitude by exactly the same amount would make it nec¬ 

essary to change fuel feed rate by more than would be the case at lower 

rotor speeds. 

3. AVAILABLE FUEL FEED RATES 

As we have already mentioned, gear-driven piston and gear pumps 

are used, in the main, to supply fuel to combustion chambers. 

Piston pumps are variable-throughput 

pumps, i.e., depending on the position of the 

inclined disk they provide various fuel feed 

rates at constant engine-rotor speed and, 

consequently, at constant pump-rotor speed. 

Figure 226 shows characteristic curves 

for a piston pump. The characteristic repre¬ 

sents the relationship between pump through¬ 

put and engine-rotor speed at various posi¬ 

tions of the inclined disk. The position of 

the inclined disk is indicated arbitrarily on 

the figure by the letter m. The same figure 

gives two curves showing the fuel feed rate 

required by the engine on which this pump is installed: at maximum 

speed in flight near the ground and at minimum speed in flight at max¬ 

imum altitude. The regimes selected correspond to cases of maximum and 
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flow rate as func¬ 

tions of rotor speed 
n with piston pump 
Installed on engine 

is the maximum 

angle at which the 
inclined disk can be 
located). 



minimum fuel flow rate requirements of the given engine. 

At the maximum angle of the Inclined disk and maximum rotor speed, 

the available fuel flow rate provided by the pump (point A on the char¬ 

acteristic curve), is higher than the fuel flow rate required, which 

corresponds to point B. The excess fuel represents spare pump through- 
« 

put. 

In order to provide for a given operating regime, for example, 

maximum speed, it is necessary to satisfy the relationship equating 

the available and required fuel flow rates. Then in order to ensure 

the operating regime that corresponds to point B on the required flow- 

rate characteristic, the inclined disk shoulti be set to position 

while In order to provide the regime corresponding to point C on the 

required flow-rate curve, the inclined disk should be set to position 

m^. 

It follows from this that when a variable-throughput piston fuel 

pump is installed on an engine, any engine operating regime may be ob¬ 

tained by setting the inclined disk to a 

position such that at the given engine- 

rotor speed, the fuel pump has an avail¬ 

able throughput matching that required 

by the engine. The role of the automatic 

regulator installed on the engine reduces, 

in the case of a piston pump, to setting 

the Inclined disk to the required posi¬ 

tion. 

The throughput of a gear pump is 

constant at constant gear speed. Figure 

Fig. 22?. Available fuel 
flow rate Gr from gear 

pump and required fuel 
flow rate Gp as functions 

of rotor speed n. 

22? shows the way in which gear-pump throughput depends on engine rotor 

speed. As in the case of the piston pump, the same figure gives two 
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curves for the required fu"! flow rete for 

the same flight regimes. At point A on the 

pump characteristic curve there is also the 

required extra throughput for maximum speed. 

Pig. 228. Fuel flow 
rates Gr available 

from gear pump with 
bypass valve and re 
quired fuel flow 
rates CL as func- 

P 
tions of rotor speed 
n. 

As we can see, in all engine operating 

regimes and all flight regimes, a gear fuel 

pump has an available throughput greater than 

that required, i.e., an excess fuel flow rate 

is available. The available and required fuel 

flow rates are matched with the aid of special 

bypass devices. 

The basic fuel-system diagram (see Pig. 200) shows the way in 

which the bypass valve is connected into a fuel-supply system using a 

gear pump. The bypass valve is connected In parallel to the injectors 

at the pressurized line. Depending on the position of the valve, a 

greater or smaller fraction of the fuel is bypassed from the pressur¬ 

ized line to the pump intake side. As a result, at constant pump 

throughput, it is possible to supply various quantities of fuel to the 

engine, depending on the position of the valve which, as for the in¬ 

clined disk, can be characterized by the quantity m. 

Characteristic curves for a gear pump with a bypass valve in 

various positions are shown in Fig. 228. To provide a steady engine 

operating regime at points A and B, respectively, on the required fuel 

flow-rate curves, it is necessary to set the bypass valve to the posi¬ 

tions ml and n^. Then for position m1, the amount of fuel bypassed to 

the intake side will be less than for position m^. 

The role of an automatic regulator installed on an engine using a 

gear fuel pump with a bypass valve reduces to setting the bypass valve 

to the position for which the available fuel flow rate equals the re- 
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qulred flow rate. 

A centrifugal pump la also characterized by the need to set a by¬ 

pass valve so as to match the required and available fuel flow rates. 

4. OPERATING STABILITY OF TRD USING FUEL PUMP WITHOUT AUTOMATIC REGULATOR 

Let us consider the reasons for which a turbojet engine cannot 
« 

operate without an automatic speed regulator. To do this, we analyze 

tha operating stability of a TRD using a gear-driven fuel pump without 

automatic regulator. 

The engine is required to operate stably in all operating regimes 

from Idle running to maximum speed and In all aircraft flight speeds 

and altitudes. • 

By stable operation, we mean the ability of an engine under given 

external conditions and constant throttle setting to maintain a given 

rotor speed in the course of time. 

Owing, for example, to pulsating delivery of fuel by the pump, 

intermittent variations in the parameters of the air at the engine in¬ 

take, or other factors, there may be random deviations in speed from 

the prescribed value. We agree to say that a stably operating engine 

has positive self-regulation. After elimination of the factor respon¬ 

sible for a random deviation, the speed will again return to the pre¬ 

scribed value. ^ 

An unstable engine, which has negative self-regulation, possesses 

the property that following a random deviation, the rotor speed will 

not return to the prescribed value in the course of time, but will in¬ 

crease or decrease. 

Finally, if under a random deviation in rotor speed, the speed 

takes on any value close to that prescribed, the engine will have zero 

celf-regulation in the given regime. 

Engine self-regulation, i.e., its ability to return to the initial 
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operating regime, depends on the nature 

of the relationship between the curves 

representing the required and available 

fuel flow rates with respect to the en¬ 

gine-rotor speed. 

Let us consider the operation of 

an engine and fuel pump with rotor 

speed n^ (Pig. 229). To operate the en¬ 

gine at speed n^, it is necessary to 

set the final control element of the 

pump to position m^, so that the avail¬ 

able fuel flow rate 0trl equals the required flow rate 

An arbitrary decrease in rotor speed by a small amount An (sec¬ 

tion An in Pig. 229), leads to a situation in which the available rate 

of supply of fuel to the engine does not remain constant, but dimin¬ 

ishes. The required fuel-flow rate decreases still more, however, and 

then the engine-rotor speed will return to the given value n^ owing to 

the excess torque that appears owing to the excess fuel flow rate +AGt. 

Similarly, any random increase In speed by an amount An (section 

+An in Pig. 229), will lead to an increase in the available rate of 

fuel delivery to the engine. The required fuel flow rate for operation 

in a regime at speed n^ + An increases still more rapidly. Thus in 

this case the engine rotor speed will again return to the given value 

owing to the excess torque due to the rotor resistance to rotation. 

Tims, the engine operating regime corresponding to point 1 (Pig. 229), 

is stable and the engine possesses positive self-regulation. 

In like manner, we can see that at rotor speed n^, the engine op¬ 

erates unstably, with negative self-régulâtion. Thus, for example, 

when the final control element remains in the same position m^, a small 

- 404 - 

Pig. 229. Operating sta¬ 
bility of TRD without reg¬ 
ulator. 1) Line of steady 
engine operating regimes. 



decreaee in speed by an amount —An will stop the engine, while a small 

increase by +An will cause the engine rotor to accelerate from speed 
» 

On the required fuel-flow-rate curve, we can find the speed n^ 

that corresponds to zero engine self-regulation. At point 3 on the 

available fuel-flow-rate curve (with the final control element in posi¬ 

tion m ), there is contact with the curve for the required fuel flow 
nn 

rate. When the rotor speed varies slightly from the prescribed value 

n there will be no excess torque at the rotor and, consequently, the 

speed will not return to the prescribed value. The speed n^ corres¬ 

ponding to zero self-regulation is called thé limiting speed for the 

final-control-element position and is represented by n^. At a speed 

below n , a motor with a fuel pump not using a regulator cannot op- 
grm 

erate stably, i.e., it has negative self-régulâtion. To the right of 

point 3, there is a region of positive self-regulation, i.e., a region 

of stable engine operating regimes. 

Thus, the speed ngrin divides the line of steady operating regimes 

into two sections - stable operating regimes for an engine without 

regulator for which the final control element is in a fixed position 

and unstable operating regimes. 

The n depends on the characteristics of turbine arid compressor, 
grm 

and when the engine is running parked on the ground, the speed will 

range from where the lower values aPP1y t0 usln£ a 

centrifugal compressor. With the engine running idle, the speed will 

lie in the range (0-2-°-i|)ninax* wlth the lower valuea al8° »PP1/1«« to 

an engine with a centrifugal compressor. Thus present-day engines in 

the speed range of ngrm to n^ are characterized by negative self- 

regulation, so that stable engine operation cannot be used unless spe¬ 

cial regulators are employed. 
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Ab b consequence, in order to obtain stable operation of a TKD 

over this rotor-speed range, It Is absolutely necessary to Install an 

automatic regulator on the engine. In the speed range from ngrm to 

it is in principle possible to have stable engine operation where 

no special regulators are used, but only for the case in which external 

conditions remain unchanged, i.e., where flight speed and height remain 

constant. 

5. EFFECT OF FLIGHT SPEED AND ALTITUDE ON OPERATING STABILITY AND 
ROTOR SPEED OF TRD WITHOUT REGULATOR 

As the flight altitude and speed vary, there is a change In the 

way In which the required fuel-flow-rate curves change as a function 

of rotor speed. The characteristic curves for a fuel pump remain 

nearly unchanged in this case. Figure 230 

shows required fuel-flow-rate curves for al¬ 

titudes H0 < Hj < Hg, which show that as the 

flight altitude Increases, the limiting speed 

n_ incieaaes. 
grm 

Thus, a TRD without regulator, operating 

Fig. 230. Effect of stably under conditions at the ground at a 
flight altitude on ' 
stability region of rotor speed of let us say n0, may become un- 

TRD. 
stable at some altitude. As a consequence, as 

flight altitude Increases, the region of stable engine operation with 

respect to rotor speed Is narrowed. 

As flight speed increases, for example, from VQ to (Fig. 231), 

the region of stable operating regimes expands slightly. 

Let us now look at the effect of flight height and speed on the 

rotor speed of a TRD. 

It was shown earlier that in engine operating regimes above cruis¬ 

ing speed. In order to hold rotor speed constant it is necessary to 
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Fig. 23-1.. Effect of 
flight speed on sta¬ 
bility region of TED. 

reduce the rate at which fuel la supplied to 

the engine as flight altitude increases, and 

to increase the feed rate with increasing 

flight speed, in accordance with the variation 

in the weight flow rate of air. 

Figure 232 gives required fuel-flow-rate 

curves for altitudes and For operation 

at speed n^ at height the required fuel 

flow rate is Gtl, and the final control ele¬ 

ment should be in position At a greater 

altitude Hg, for the same speed n^ it is 

necessary to supply less fuel to the engine, 

i.e., the flow rate should not be Gtl, but 

0» ., To do this, the final control element 
V X 

should be moved from position m^ to position 

mg, with mg < mj. If the final control element 

is not reset in this manner, at a height Hg > H^, the rotor speed will 

Increase to a value ng determined by the point of intersection 2 c* 

the curves for the available and required fuel flow rates at height Hg. 

Thus, with increasing flight altitude and a fixed position of the 

final control element, the rotor speed for a TED without a regulator 

will rise. 

Fig. 232. Effect of 
flight altitude on 
rotor speed of TED. 

Using a similar argument, we can see that where the final control 

element remains in the position needed for operation at a given speed, 

an increase in flight speed will lead to a decrease In rotor speed. As 

a consequence, in order to keep rotor speed constant while flight speed 

and altitude vary, it is necessary to change the available rate at 

which fuel can be fed to the engine until it reaches the required val¬ 

ues by resetting the final control element. 
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Modern TRD carry automatic regulators that automatically maintain 

a given rotor speed for all flight speeds end altitudes. 

Speed regulators are subject to several requirements pertaining 

to the quality of the control process. While the engine rotor is ac¬ 

celerating, the regulator should not permit the maximum rotor speed to 

be exceeded by more than 2-3$ of the maximum value. If this is not the 

case, it is possible for turbine or compressor parts to fail. The ac¬ 

curacy with which it is necessary to maintain the maximum speed as al¬ 

titude and flight speed vary is high (within 0.3-0.5^), in view of the 

great effect that rotor speed has on the strength safety factor for 

turbine blades and on the magnitude of engine thrust. The prescribed 

speed should be restored as rapidly as possible during the control 

process. 

Wie basic component parts of a regulator are a sensing element to 

measure rotor speed and an amplifying device (servomotor), which is 

designed to set the final control element to the required position. 

Wie desired speed is set with the aid of a special regulator adjusting 

meciianlsm which is connected to the engine control in the cockpit. 

O • 
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Chapter 19 
« 

SENSING ELEMENTS AND SERVOMOTORS FOR SPEED REGULATORS 

1. BASIC TYPES OF SENS DIG ELEMENTS FOR REGULATORS WORKING ON THE PRIN¬ 
CIPIE OF DEVIATION 

The sensing element (detector) of a speed regulator is one of the 

most important parts of the regulator. It is designed to measure the 

rotor speed, and where this deviates from the prescribed value, to ac¬ 

tuate the regulator so as to eliminate this deviation. 

At present, centrifugal-pendulum and hydrocentrlfugal sensing 

elements are in very common use. 

Figure 233 shows the centrifugal pendulum of a sensing element. 

The centrifugal weights 1, which can turn about shafts 2, are rotated 

with the aid of shaft 3 which is linked kinematically with the engine 

rotor. The centrifugal forces that are then produced by the weights 

load valve 4 with a force C, transmitted with the aid of the pivoting 

pins 5; this force is directed along the axis of the sensing element. 

In the opposite direction, the valve is loaded by force F due to spring 

6, which acts on the valve through the ball bearing 7. 

Itie spring force depends on the position of coupling 8 of the ad¬ 

justing mechanism and the position of the valve. By moving coupling 8, 

it is possible to vary the initial force of the spring in order to ad¬ 

just the sensing element for the desired speed. All other conditions 

being equal, the position of the valve is determined by the magnitude 
# 

of the force C, which depends on the speed of the sensing-element shaft. 

If the sensing-element shaft is at rest, the centrifugal force C 
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will equal zero, and the valve will be held at the very top position 

by the initial spring force, as shown in Fig. 233» As the engine-rotor 

speed increases, the centrifugal force C due to the weights will in¬ 

crease. The valve will not move downward, however, until the centrifu¬ 

gal force C due to the weights exceeds the initial spring force. Let 

the speed corresponding to the point at which the valve begins to move 

be n .. When n > n „ . , the downward motion of the valve compresses 

the spring, increasing the spring force. To each steady spring force 

there will correspond a definite value of the force C and an equal 

value of the opposing spring force F, and also a definite position of 

the valve, specified by the coordinate y. Ihe valve can act directly 

as the final control element or as a controlling element for an inter¬ 

mediate mechanism (for example, a hydraulic servomotor, as shown in 

Pig. 233). 

Tttie slide valve takes up some position, specified by the coor¬ 

dinate yQ, as the initial (neutral) position. We let the rotor speed 

corresponding to this valve position be nQ, and call it the equilibrium 

speed. In this position, the valve has no effect on the position of 

the final regulating element. Thus, for example, where the valve acts 

as a hydraulic servomotor, in the equilibrium position, the valve 

flanges cover the working-fluid inlet and outlet channels in the servo¬ 

motor. 

It is quite clear that as the initial spring force Fpre<iV In¬ 

creases, the rotor speed at which the valve will be in the neutral po¬ 

sition will increase. 

Wie centrifugal force C produced by the weights and applied to 

tne axis of the sensing element, will depend on the speed and position 

of the weights, as determined by the magnitude of y (see Fig. 233), as 

well as on the structural parameters of the sensing element (its dimen- 
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Fig. 233. Basic diagram 
of centrifugal-pendulum 
eensing element, l) Cen¬ 
trifugal weights; 2) 
pivots; 3) shaft; 4) 
valve; 5) pivoting pins; 
6) spring; 7) hall bear¬ 
ing; 8) coupling; C) cen¬ 
trifugal force due to 
weights, acting along 
axis of sensing element; 
F) spring force; Pt3) 

centrifugal forces due to 
weights; h) coordinate of 
adjusting-coupling posi¬ 
tion; y0; coordinate cor¬ 

responding to neutral po¬ 
sition of valve; 9) to 
drain; 10) from pump; 11) 
to servomotor piston; 12) 
from servomotor piston. 

sions, the weight and shape of the 

weights, and the gear ratio between the 

engine rotor and the sensing-element 

shaft). 

Figures 234 and 235 show the approx- 

Imate variation in the force C as a func- 
• • 

tion of n and of £ for given sensing- 

element structural parameters. 

Hie spring force F depends on the 

position of the valve, as determined by 

the coordinate £, position h of the ad¬ 

justing-mechanism coupling (see Fig. 

233), and the spring stiffness k. This 

function is shown in Fig. 236. 

Figure 237 shows a diagram of a hy- 

drocentrifugal sensing element. Its 

drive shaft, linked kinematically with 

the engine rotor, actuates impeller 1, 

to which the working fluid (oil or fuel) 

is supplied. The pressure of the working 

fluid as it leaves the Impeller, which 

is proportional to the density of the 

fluid and the square of the speed, is 

applied to the bellows element 2. Hie 

force C due to the pressure of the work¬ 

ing fluid, appearing at the bellows, is 

balanced by the spring tension force F. 

As we can see from Fig. 238, the force C does not depend on £. 

In comparison with a centrifugal-pendulum sensing element, the 
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Fig* 23H. Cen¬ 
trifugal force 
C due to weights 
as a function 
of speed n. 

Fig. 235. Centrifu¬ 
gal force C due to 
weights as a func¬ 
tion of position of 
sensing-element rod 
(coordinate ¿). 

Fig. 236. Curves 
for sensing-element 
spring with various 
stiffnesses k and 
various positions 
of the adjusting 
mechanism (coor¬ 
dinate h). 

% 4 «*<«*<•« 

Fig. 237. Basic diagram 
of hydrocentrifugal sens¬ 
ing element. 1) Impeller; 
2) bellows; C) force due 
to pressure of fluid on 
bellows; F) spring tension 
force; 3) fluid inlet. 

hydrocentrifugal sensing element has the dls- 

Flg. 238. Force 
due to fluid 
pressure as a 
function of po¬ 
sition of rod 
of hydrocen- 
crlfugal sens¬ 
ing element for 
various rotor 
speeds. 

advantage that the equilibrium speed varies 

with variation in the working-fluid density 

when the initial spring force remains con¬ 

stant. A If decrease in the weight density in 

comparison with the initial value will lead 

to an increase of about 0.5$ in the equlllb- 
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Fig. 239. Set of char¬ 
acteristic curves for 
centrifugal sensing 
element. 
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Pig. 240. Static char¬ 
acteristics of sensing 
element. 

rium speed. It is thus necessary to readjust the regulator in going 

from winter to summer flying conditions and back again. Regulators us¬ 

ing hydrocentrifugal sensing elements offer many advantages, however, 

as we shall see below. 

If we have the curve showing the way in which C and P vary, we 

can construct the equilibrium (static) characteristic curve of the 

sensing element (calibration curve), which shows the relationship be¬ 

tween the position coordinate y of the rod and the speed n for a given 

value h of initial spring force in steady (static, equilibrium) opera¬ 

tion of the sensing element. To construct the calibration curve, we 

must combine the sets of curves for C and P (Pig. 239), and obtain the 

values of y and n for a given value of h at the points of intersection 

of the C and P curves. 

It is clear from the calibration curves for various values of h 

(Pig. 24o), that there is a specific rod displacement equaling Ay cor¬ 

responding to each deviation An of the speed from the prescribed value. 

2. FUNDAMENTAL PROPERTIES OP CENTRIFUGAL SENSING ELEMENTS 

Stability of sensing element. By sensing-element stability at a 

given speed, we mean its ability to maintain a given position in the 
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course of time, l.e., the ability of the sensing element to return to 

this position under random deviations from the prescribed position, 

following elimination of the factor producing the deviation. 

Factors causing random deviations of the sensing element from the 

Jolting of the engine, gravitational forces prescribed position may be 

produced by sensing-element moving parts when it changes position in 

flight, etc. 

Sensing-element stability depends on the mutual variation of the 

curves fof the centrifugal force C (Fig. 2^1) and the spring force F, 

depending on rod position (coordinate y) at constant sensing-element 

shaft speed. 

Thé figure shows typical possible cases of mutual variation in 

these curves. 

Thus, for example, if the sensing element is in steady operation, 

the spring force and centrifugal force will be equal, corresponding to 

the points of intersection of the F and C curves ii* Fig. 24la, b, and c. 

Hie stability of the sensing element will be different in each case, 

however. 

Fig. 241. The problem of sensing 
element stability. 

If the slope of the F curve is greater at the x axis than the 

slope of the C curve, the sensing element will be stable (Fig. 24la), 

as we can see without difficulty. When the sensing element departs 

from the equilibrium position, an excess restoring force F - C appears, 
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Pig. 242. Graph of a 
transient in a cen¬ 
trifugal sensing 
element with instan¬ 
taneous readjustment. 

which returns the element to the initial 

equilibrium position. The greater the slope 

of the F curve with respect to the C curve, 

the more stable the sensing element. 

If the slope of the P curve is less than 
« 

that of the C curve, the element equilibrium 
• . 

position will be unstable, since under a ran¬ 

dom deviation from equilibrium position there 

will appear an e> ess force C - P (Pig. 24lb), tending to force the 

eleirent still f irther from the equilibrium position and to establish 

it in one of the extreme positions. 

And, finally, if the slopes of the P and C curves are identical 

on some section, the equilibrium position of the sensing element will 

be neutral, as no excess force will appear during random deviations 

from the equilibrium position (Pig. 24lc). 

Only stable sensing elements are suitable as speed regulators for 

TRD rotors. 

The sensing element should not only be stable under random devia¬ 

tions from a prescribed position. Its equilibrium may also be upset 

when the adjustment mechanism is moved or when the shaft speed departs 

from a prescribed value. In this case, the sensing element should go 

to a new equilibrium position. 

A transient process in a sensing element will always be oscilla¬ 

tory in nature owing to the presence of the inertial forces due to its 

masses (the weights, slide valve, etc.). 

Figure 242 gives an example of a curve of slide-valve motion in 

the presence of a transient due to a random deviation of the valve 

from the equilibrium position by an amount dy0. The curve shows that 

in the course of time, the valve of a stable sensing element will 

- 415 - 

re- 



turn to the initial eeal lifer lum position after several oso Illations. 

Zt is desirable für the natural resonant frequency of the sensing 

element to fee as high as possible, and for the oscillations to fee 

damped as intensively as possible. If this is not the case, the quality 

of the automatic control system may fee severely Impaired. In order to 

increase the natural resonant frequency, the masses of the weights, 

valve, etc. are made as small as possible, and the reduction In the 

weight centrifugal force owing to the reduction In mass Is compensated 

fey Increasing the speed of rotation. The natural resonant frequency Is 

also increased fey an increase (acceptable) In spring stiffness. 

Pig. 243. The prob¬ 
lem of stability of 
a centrifugal-pen¬ 
dulum sensing ele¬ 
ment at various 
speeds. 

Pig. 244. Ihe prob¬ 
lem of stability of 
a hydrocentrifugal 
sensing element at 
various speeds. 

In order to Increase oscillation attenuation, the centrifugal 

weights are sometimes placed within a cavity filled with the working 

regulator fluid. 

As the speed Increases, the stability of a centrifugal-pendulum 

sensing element drops, since with Increasing n, the slope of the C 

curves (depending on y) become steeper (Increase) with respect to the 

X axis, and at some value of n may become greater than the slope of 

the spring-force curves (Fig. 243). In otner words, the sensing ele¬ 

ment, which Is stable at low speeds n1 and may lose stability at 
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high speeds n^ or n^. This hampers the design of a centrifugal regula¬ 

tor that will operate stably over a wide range of speed variation. 

The stability of a hydrocentrifugal sensing element does not de- 

pend on the speedf since the force C does not depend on the coordinate 

y, and at all speeds, the slope of the P lines will be greater than 

the slope of the C curves (Pig. 244). As a result, the range of auto- 
• . 

matlc operation for a regulator using a hydrocentrifugal sensing ele¬ 

ment Is somewhat greater than that of a centrifugal-pendulum element. 

Nonuniform operation of a sensing element. As we have already 

pointed out, a sensing element converts a speed deviation from a pre¬ 

scribed value Into displacement of a rod connected to a control valve 

or directly to the regulator final control element. 

A centrifugal sensing element has the property that for exactly 

the same departure of the speed from a prescribed value, the displace¬ 

ment of the rod will be less at low speeds than at high speeds. This 

nonuniform displacement of the rod at low and high speeds Is undeslr- 

able, as it affects the process of regulating the TRD rotor speed. 

The factor responsible for this nonuniform operation of the sens¬ 

ing element consists in the fact that the relative centrifugal force c 
rises sharply as the speed increases, while the spring force depends 

solely on the amount of spring defonnation (i.e., on the position of 

the rod — the coordinate y). 

Thus an Identical Increase in speed will cause a greater increase 

In the centrifugal force C at high speeds than at low speeds (see Pig. 

234), while since the centrifugal force C is balanced by the spring 

force, at higher speeds, equilibrium of the sensing element will occur 
1 I * 

at greater rod displacements than at low speeds. Conversely, an iden¬ 

tical displacement of the slide-valve rod during the control process 

will occuri at low speeds, in the presence of a larger departure of 
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the speed from the prescribed value than at higher speeds. 

This nonuniform operation of a centrifugal sensing element may be 

seen clearly from the calibration curve (see Pig. 240). 

Element sensitivity at low speeds may be Increased by reducing 

spring stiffness. In this case, however, at high speeds, the sensing 

element may become unstable, since the slope of the P lines will be 

less than the slope of the C curves or else small random departures of 

the speed from the prescribed value will lead to very large displace¬ 

ments of the valve rod and. In the final analysis, to an oscillatory 

transient. 

Thus In regulator designs In use, spring stiffness Is so chosen 

as to provide adequate sensitivity and stability of the sensing element 

at high speeds in the region of operating regimes. At low speeds, 

spring stiffness proves relatively high and as we have mentioned, 

greater speed departures from the prescribed values are required for 

small valve-rod displacements, i.e., during the control process, this 

element may not provide the required quality of regulation at low 

speeds. 

This is one of the reasons that centrifugal regulators in service 

have an automatic-operation range that is limited so that the regulator 

comes into service not at idle-running speed, but at a higher speed 

called the automatic governor-operation cut-in speed (KAR speed). 

The* automatic-operation range of a regulator using a hydrocen- 

trifugal sensing element is somewhat wider than for a centrifugal- 
. 

clement regulator, since the centrifugal force does not depend on the 

displacement of the valve rod and the stability of a hydrocentrifugal 

element does not depend on speed. Ihis type of sensing element also 

exhibits nonunlform operation, which is compensated somewhat by the 

use of a less stiff spring. 
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ilng-element zone of Ingens It Ivlty. jîfira -tilt calibration 

curves of Pig. 240, we can see that even where there is a very slight 

variation in the speed, the valve rod should move. Actually, this is 

not the case owing to the presence of dry-friction forces in a real 

sensing element, ttius the valve rod will not move within a certain 

range of speed variation, l.e.. It will not react to a change In speed. 

In the presence of dry-friction forces, the sensing element will not 

react to a speed change as long as the change AC In the centrifugal 

force remains less than the dry-friction force. Thus the dry friction 

forces reduce element sensitivity to speed changes. The insensitivity 

zone Ar^ = rig - nx in the n0 regime can be seen on the static charac¬ 

teristic curve (Pig. 245). 

The dry-friction forces have more effect at low speeds than at 

high speeds, i.e., as the speed decreases, the zone of insensitivity 

increases. In fact, in order to overcome the dry-friction force, a 

centrifugal-force increment AC 2 1b needed 

(Pig. 246); at high speeds such as rig, this in¬ 

crement AC is reached when the speed departs from 

the prescribed value (ng) by an amount Ang, while 

at a low speed n^, the same increment AC is 

reached with a speed departure from the prescribed 

value by an amount An1 which is larger than Ang. 

This is one of the reasons that the automatic- 

Pig. 245. Insen¬ 
sitivity zone of 
sensing element 
with respect to 
rotor speed. 

operation range of a speed governor is restricted. 

In order to reduce the effect of the friction forces, the cen- 

trifugal weights are driven at high speed; as a result, the required 

centrifugal-force increment and actuation of the valve occur at low 

departures of the speed from the prescribed value. In addition, ball 

bearings are used for the centrifugal weights. In order to reduce fric- 

- 419 - 

i 



- . 

also rotated at the same speed as the centrifugal 
I !¡jfl|¡iS 

weights. 

Fig. 246. Effect 
of dry-friction 
forces on sens¬ 
ing-element sen¬ 
sitivity. 

Pivoting pins are installed where the weights 

and valve slide come into contact. In regulator 

designs In service« the dry-friction forces ap¬ 

pearing at the sensing-element axis do not exceed 

10-15 g. 

The magnitudes of dry-friction forces are 

heavily affected by the nature of the fluid used 

as the regulator working fluid. By using oil in place of kerosene« we 

can reduce the danger of the appearance of dry-friction forces; this 

leads« however« to structural complications in the regulator owing to 

the need to use a special oil system« isolated from the regulator fuel 

chambers. 

Friction forces are lower In hydrocentrifugal sensing elements 

owing to the absence of centrifugal weights. 

3. SENSING ELEMENTS FOR REGULATORS PERFORMING THE CONTROL FUNCTION ON 
THE BASIS OF THE DISTURBANCE 

As we have already mentioned« in automatic-control systems using 

the principle of control in accordance with the disturbance (l.e.« the 

coiqpensation principle)« the regulator sensing elements record the 

change in the factors responsible for a variation in engine-rotor 

speed« and adjust the rate at which fuel is fed to the engine in ac¬ 

cordance with the selected control program. 

As a rule« sealed bellows capsules from which the air has been 

exhausted (aneroid elements) are used as sensing elements for the total 

air pressure at the engine Intake. Hie capsules are placed within a 

sealed housing within which the pressure to be measured appears. In 
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to Increase the 

several capsules 

unit (Pig. 247) 

Elements for sensing the difference 

(drop) between the total pressure and atmos¬ 

pheric pressure use corrugated tubes (bel- 
• 'i'| * j jii Í % 1--1, ¿¡h/ ‘if'PifÄi|i0hp|| 

lows). Ohe total pressure appears within the 

tube, while the surrounding atmospheric pres¬ 

sure is applied directly to the outside sur¬ 

face of the bellows (Fig. 248). 

Sensing elements for the stagnation tem¬ 

perature of the air at the engine Intake use 

the following types of thermometers: hydraulic, 

vapor-liquid, dilatometer, electrical, etc. 

Operation of a hydraulic thermometer i.o 

based on the ability of a liquid to change its 

volume when the temperature varies. 

Figure 249 shows a hydraulic thermometer 

using a bellows. The sealed chamber 1 contains 

Fig. 24?. Basic dia¬ 
gram of sensing ele¬ 
ment for total air 
pressure at engine 
intake. 1) To con¬ 
trol element. 

KynpaCwnatwy , 
MtMtHmy ^ 

Fig. 248. Basic cir¬ 
cuit of sensing ele¬ 
ment for air pres¬ 
sure drop. 1) To 
control element. 

a bellows 2, one end of which is welded to 

the chamber, with the free end attached to 

the control-element rod. The space between 

the bellows and the chamber wall is filled 

with a fluid (kerosene, oil, etc.). When the temperature Increases, 

the liquid expands, compressing the bellows, and thus moving the rod. 

In a vapor-liquid sensing element, the volume between the bellows 

and chamber wall is filled with a liquid having a low boiling point 

(ethyl chloride, methyl chloride, acetone, etc.). Boiling of the liquid 

causes a saturated vapor to form over the surface of the liquid; the 
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vapor pressure depends on the 

temper awure of the liquid. A 

change in air temperature 

causes a variation in the tem¬ 

perature of the liquid, results 
» 

in a change in the saturated 

vapor pressure, and, finally, 

causes the rod of the sensing 

element to move, producing a 

change in the rate at which 

fuel is fed to the engine. 

Operation of a dilatómeter 

sensing element is based on 

the ability of solids to change 

their linear dimensions under 

temperature variations. The 

element consists of a metal receiving tube 1 and a rod 2 pressed 

against the end of the tube by a spring 3 (Fig. 250). An increase in 

the temperatures of the tube and the rod, which are made from materials 

with different coefficients of linear expansion, causes the rod to 

move relative to the tube by an amount proportional to the variation 

in temperature. This displacement is transmitted to the regulator con¬ 

trol element. The tube is made from aluminum, which has a large coef¬ 

ficient of linear expansion, and the rod from invar, whose coefficient 

of linear expansion is very small. Such a combination raises element 

sensitivity and reduces the response-time lag caused by the air layer 

Fig. 249. Dia¬ 
gram of hy¬ 
draulic ther¬ 
mometer with 
bellows. 1) 
Sealed chamber; 
2) bellows; 3) 
to control ele¬ 
ment. 

Fig. 250. Dila¬ 
tometer tem¬ 
perature-sens- • 
ing element. 1) 
Metal tube; 2) 
rod; 3) spring; 
4) to control 
element. 

* between rod and tube. 

4. SERVOMOTORS USED WITH SPEED REGULATORS 

Speed-regulator designs in use widely employ hydraulic servomotors, 
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which act as amplifying or programed devices. 

Amplifying servomotors are used to move the final control element 

to a new position, since the forces required for this purpose may reach 

high values, considerably exceeding those developed by the sensing ele¬ 

ment. Servomotors of this group "amplify" signals received from the 

regulator sensing elements. 

Programed servomotors are made in accordance with the type of 

servo system in which the actuating element duplicates the motion of 

the control element in accordance with a specified temporal or kine¬ 

matic program. They are used in regulator-adJusting mechanisms to delay 

readjustment of the regulator to a higher speed when the control lever 

is moved rapidly, and also to move the final control element, which 

duplicates the motion of the control element connected to the sensing 

element in accordance with a specified kinematic program. For this 

purpose, proportional feedback, which may be hydraulic or mechanical, 

is introduced between the actuating and control elements. 

'The servomotor consists of an actuating element connected to the 
I 

final-control element or regulator adjusting mechanism, and a control 

element connected to the sensing element or regulator-adjusting lever. 

A servoplston is most frequently used as the actuating element, 

while the elements by which the sensing element controls operation of 

the actuating device are slide valves and other types of valves. 

Oil or kerosene may be used as the working fluid. Oil reduces the 

dry-friction forces and protects regulator parts against corrosion. 

The utilization of oil complicates system construction, however, as 

this makes it necessary to use a special oil pump with reduction valve. 

In addition, the viscosity of the oil, which affects regulator opera¬ 

tion, depends heavily on the temperature. 

Where kerosene is used as the working fluid, system construction 
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is simplified owing to the lack of a pump; another advantage of a kero¬ 

sene system is the fact that even at very low temperatures, kerosene 

has low viscosity. In addition to these advantap a kerosene system 

has the following drawbacks*, kerosene does not protect parts against 

corrosion, especially when it contains an admixture of water and, In 
« 

addition, the slight lubricating power of kerosene may cause dry fric¬ 

tion to appear. 

Let us consider the fundamental types and properties of servo¬ 

motors used for speed regulators. 

Hydraulic servomotor with slide valve and double-acting servopls- 

ton. In this servomotor, the control element Is a slide valve 1 (Fig. 

251), which is used to supply and withdraw the working fluid (fuel or 

oil) to or from the servopiston. 

The servopiston moves to either side owing to the energy of the 

fluid. The servopiston spring plays an auxiliary role, i.e., it deter¬ 

mines the initial position of the servopiston when the engine is not 

operating, that is, it holds the regulating element in the position in 

which the fuel feed rate is at a maximum. 

In the neutral position (see Fig. 25I), the slide-valve rings in 

this case completely cover (shut off) the channels through which liq¬ 

uid is supplied to the servopiston cylinder, and thus this is called a 

cutoff valve. 

When the slide valve moves out of the neutral position, the work¬ 

ing-fluid inlet is opened to one of the servomotor chambers, while the 

other is connected to a drain. Motion of the servopiston and, conse¬ 

quently, a variation in fuel feed rate will occur until the slide valve 

returns to the neutral position. Thus, displacement of the valve leads 

to a change in the position of the servopiston and the final control 

element. 
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Pig. 251. Hydraulic servomotor with cutoff valve and double-acting 
servoplston. 1) Slide valve; 2) servopiston; 3) constant-pressure 
valve; pump; 5) discharge nozzle; 6) valve spring; 7) servopiston 
spring; 8) to drain; 9) working-fluid outlet; 10) working-fluid inlet. 

For proper functioning of the control system, the servopiston is 

connected to the final control element so that as the speed increases, 

the final control element moves to reduce the fuel feed rate. 

At all equilibrium speeds, the slide valve of the speed-regulator 

system occupies a single unique neutral position, while to each equi¬ 

librium speed there corresponds a particular position of the servople¬ 

tón. In other words, with the Identical slide-valve neutral position, 

the servopiston may occupy various positions depending on the altitude, 

flight speed, and other factors. Such a servomotor is called a floating 

servomotor. 

A servomotor with a control slide valve has the following charac¬ 

teristic property: displacement of the servopiston during the control 

process is larger the greater the deviation of the slide valve from 

the neutral position and the greater the time during which the slide 

valve remains away from the neutral position, i.e., the greater the 

time-cross section product for admission of the working fluid to the 

servomotor. 
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The response of the servomotor, l.e., the amount of servopiaton 

displacement over a particular time interval depends on the servomotor 

structural characteristics: piston area, width of the port opened by 

the valve, rate at which the working fluid flows through the port and 

the stiffness of the servomotor spring. As piston area decreases and 
% 

port width and the rate at which the working fluid flows increase, 

servomotor response improves. 

The required servomotor response is provided by using a relatively 

high fuel pressure (10-25 kg/cm^) in the chamber between slide-valve 

rings; this provides the required rate of working-fluid flow through 

the port; a piston with fairly small area is also used for the same 

purpose. 

The possibility of increasing the pressure of the working fluid 

(fuel) in the chamber between slide rings is limited by the fact that 

in operation at high altitudes, the fuel pressure in the system will 

drop. 

Since the servopiston should develop a quite definite force in 

order to move the final control element, the dimensions of the piston 

and the working-fluid pressure should be so matched that the required 

force can be obtained at the piston. This places a limitation on the 

choice of minimum servomotor piston dimensions. 

In order to provide a constant response time for the servomotor 

in all engine operating regimes, the pressure of the working fluid in 

the cavity between slide-valve rings is held constant with the aid of 

the constant-pressure valve 3 (see Pig. 251). 

The valve operates by throttling down the pressure of the working 

fluid supplied by pump 4 and flowing through the valve nozzle 5. If 

the pressure in the chamber between valve rings increases and becomes 

higher than the pressure set by means of the tension on spring 6 of 
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Pig. 252. Hydraulic servomotor with continuous-flow slide valve and 
double-acting servopiston. l) Slide valve; 2) servopiston; 3) dis¬ 
charge nozzles; 4) servopiston spring; 5) to drain; 6) working-fluid 
inlet. 

the valve, the valve will move to the left so as to decrease the flow- 

passage area, restoring the predetermined pressure in the chamber be¬ 

tween valve rings. Conversely, when the pressure decreases, the valve 

moves to the right thus restoring the pressure in this chamber. 

The presence of the spring increases the servomotor response time, 

since more force on the part of the working fluid supplied is needed 

to move the piston. 

In present-day regulator designs, cutoff valves are used infre¬ 

quently. Usually, when the slide valve is in the neutral position, its 

rings do not completely cover the fluid inlet channels to the servo¬ 

piston cylinder, and fluid flows continuously from the intake to the 

drain through the gaps between the slide-valve rings and the ports, as 

well as through the nozzles 3, provided specially for this purpose 

(Fig. 232). Owing to the continuous flow of liquid through the slide 

valve, the liquid cannot solidify in the servomotor piston during ex¬ 

tended periods of operation in steady regimes at low temperatures, and 

the dry-friction forces between the rotating slide valve and the sleeve 

are reduced. 
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In the neutral position of the slide valve, the gaps between Its 

rings and the liquid intake ports are larger than the gaps on the liq¬ 

uid-outlet side, and this compensates for the leakage of liquid from 

the servomotor cavity through the nozzles 3 and the gaps between the 

piston rod and the housing. 

The presence of spring 4 in a servomotor with a constant-flow 

slide valve makes it a static device, i.e., to each position of the 

piston there corresponds a quite definite position of the slide valve. 

Actually, in order to keep the piston in the upper position, a higher 

working-fluid pressure is needed under the piston, with less pressure 

above it, so as to correspond with the increasing spring force; this 

can happen only when the slide-valve position is shifted further down¬ 

ward. As a consequence, there is a proportional relationship between 

the positions of the piston and the slide valve. This fact affects the 

precision with which the speed of the engine rotor is controlled. 

Among the drawbacks to hydraulic servomotors with a control slide 

valve, we must include the possibility for the appearance of dry fric¬ 

tion between the slide valve and sleeve and the substantial mass of 

the slide valve. These drawbacks are less apparent in a servomotor us¬ 

ing a valve-type control element. 

Hydraulic servomotor using valve-type control element. In this 

servomotor, the position of the servopiston 4 (Pig. 253) is controlled 

by a valve 3, whose position is set by the sensing element. The flow 

of working fluid into cavity A of the servomotor is restricted by noz- 

zle 1, and the flow to the drain by nozzle 2 and control valve 3. The 

pressure in cavity A depends on the amount of working fluid discharged 

through nozzle 2, while the pressure in cavity B equals the pressure 

of the liquid after the pump. 

The piston is acted on by the force due to the liquid pressure 
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Fig. 253. Hydraulic servomotor with valve-type control element. 1 and 
2) Nozzles; 3) control valve; 4) servoplston; A and B) cavities; 5) 
from pump; 6} to final control element. 

from cavities A and B and the resultant force due to the spring and 

the action of the final control element. When the piston is stationary, 

the sum of the forces acting on it will equal zero and the volume of 

cavity A will not vary, i.e., the rate at which liquid flows through 

nozzle 2 equals the rate at which liquid flows in through nozzle 1. 

Let us find the connection between the position of control valve 

3 and the position of servoplston 4. If the valve closes nozzle 2, the 

liquid pressures in cavities A and B will be equal, and since the ef¬ 

fective area of the piston on the side of cavity A is larger than on 

the other side, the forces due to fuel pressure and the spring will 

move the piston to the extreme left-hand position. 

If valve 3 rises slightly, piston equilibrium will be upset, since 

the flow rate through nozzle 2 will increase, the pressure in cavity A 

will decrease, and the pressure drop across the piston will rise, mov¬ 

ing the piston to the right so as to compress the spring; the volume 

of cavity A will then be decreased. Since the pressure drop across the 

piston is equal to the pressure drop at nozzle 1, the flow rate through 
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. nozzle 1 also Increases when the drop across the piston Increases. The 

flows through nozzles 1 and 2 are equalized when the change In the vol¬ 

ume A ceases, l.e., when the piston comes to occupy Its new equilibrium 

position. Then the pressure In chamber A will stabilize In accordance 

with the change of pressure In chamber B, and the resultant of the 

spring force and the effort from the regulating control and, consequent¬ 

ly, the sum of all forces acting on the piston, will return to zero. 

Thus, to each definite position of valve 3 there always corres¬ 

ponds a definite position of the servoplston. This type of servomotor 

is called a static servomotor. 

A drawback to this servomotor lies in the fact that the valve 

control element Is affected by the force due to the working-fluid Jet 

leaving nozzle 2. There Is almost no harmful effect due to dry-friction 

forces, however. 

Hydraulic servomotors In servosysterns.. Figure 25'* shows a struc¬ 

tural diagram for a servomotor In which the servoplston duplicates the 

motion of the control slide valve owing to proportional hydraulic feed¬ 

back. in this servomotor, the gear ratio between slide valve and servo- 

piston is unity. 

The servomotor has a servoplston 1 with hollow rod 2. within whlcn 

there la a control slide valve 3. a servoplston spring M, and a control 

. slide-valve spring 5. 

The servoplston Is connected to a throttle valve by cylinder 6. 

The position of the control slide valve Is set by the sensing element. 

Cavity A communicates with the discharge line. In servomotor cavity B, 

the working liquid is Introduced under pressure through nozzle 7; it 

sets up a force that can move the servoplston to the left. The servo- 

plston moves to the right under the force due to spring k. 
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Fig. 25JJ. Hydraulic servomotor with servopiston following position of 
control slide valve. 1) Servopiston; 2) hollow rod; 3) control slide 
rod; 4) servopiston spring; 5) control-slide-valve spring; 6) cylinder; 
7) nozzle; A and B) cavities; 8) to discharge; 9) to final control 
element; 10) working-fluid inlet to servopiston; 11) from sensing ele¬ 
ment. 

With the engine inoperative, in the absence of working-fluid pres¬ 

sure. the servopiston rests against a stop at the extreme right-hand 

position, owing to the spring force. In this case, there is no connec¬ 

tion between cavity B and cavity A and the discharge line. 

When the pressure of the working fluid increases in cavity B to a 

specific value, the servopiston moves to the left and is set to a posi¬ 

tion such that the radial holes in rod 2 of the servopiston coincide 

with a ring-shaped groove in the control slide valve, which.in turn 

coincides with radial holes in cylinder 6 and in rod 2 on the other 

side of the piston; as a result, cavity B is connected to cavity A. 

Then the forces due to the working-fluid pressure and the spring, which 

act on the servopiston, will equal each other. 

When the control slide valve moves to the left owing to the force 

produced by the sensing element, cavities B and A are disconnected, 

which increases the pressure of the working fluid in cavity B, and the 

servopiston moves so as to follow the slide valve, moving through 

roughly the sanie distance as the slide valve does. 

If the force transmitted from the sensing element to the slide 

- 431 - 



valve diminishes, the force due to spring 5 will move the slide valve 

to the right, increasing the discharge of working fluid from cavity B, 

while the flow of liquid into this cavity is limited by nozzle 7. As a 

result of this, the force due to spring 4 will cause the servopiston 

to follow to the right by about the same distance as the slide valve 
% 

moves. 

Thus, this entire system represents a servosyetem, in v/hich the 

servopiston follows the slide valve, and moves through a distance equal 

to about the distance through which the slide valve is displaced. The 

slight discrepancy between the positions of the slide valve and servo- 

piston is caused by the effect of the servopiston spring force, which 

depends on the amount of defonnation. Thus, in order to keep the servo¬ 

piston further to the left, it is necessary to have a higher pressure 

in cavity B than in cavity A, which is done by decreasing the area of 

the slots used to introduce liquid from cavity B into cavity A. 

The required servopiston rate of displacement is set by selecting 

nozzle 7 to have the necessary throughput. 
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Chapter 20 

CENTRIFUGAL SPEED REGULATORS FOR ROTORS 
OF GAS-TURBINE ENGINES 

1. DIRECT-ACTING SPEED REGULATOR 

In a centrifugal direct-acting speed regulator, the sensing ele¬ 

ment 1 (Fig. 255), driven by the engine rotor, is connected directly 

to the final control element, which may be a hydraulically balanced 

slide valve 2. 

The slide valve 2 has two rings; the left-hand one is a sealing 

ring, which the right-hand ring controls the bypassing of fuel through 

valve 6 from the high-pressure line ahead of the injectors to the in¬ 

let of pump 3 through duct 7. Duct 8 is used for discharge. 

The regulator is adjusted for the desired engine-rotor speed- with 

the aid of lever 4 of the adjusting mechanism. 

In steady operation, where the given rotor speed is constant, the 

available fuel flow rate through the injectors equals the flow rate 

required for operation of the engine at the prescribed rotor speed. 

Since the fuel-pump throughput is greater than the fuel flow rates re¬ 

quired in all engine operating regimes, in a steady regime, the slide 

valve control ring does not completely cover the fuel bypass port for 

duct 6, and the excess of fuel over the required quantity is bypassed 

through the resulting slit from the chamber following the pump to the 

pump intake chamber. 

Motion of the slide valve to the right away from the initial posi¬ 

tion leads to a reduction in the rate at which fuel is supplied to the 



< 

Fig* 255. Basic arrangement of automatic control system using direct- 
acting centrifugal speed regulator. 1) Sensing element (centrifugal 
weights); 2) slide valve; 3) pump; 4) control lever; 5) spring; b, 7, 
and 8) valves; 9) to discharge; 10) from tank; 11) to injectors. 

engine, while when the slide goes to the left, this rate will increase. 

lÆt us consider operation of the regulator in two typical cases: 

when it is readjusted for a new speed, and when flight speed or alti¬ 

tude change. * 

When the regulator is reset for a higher speed, it is necessary 

to use the adjustment mechanism to increase the compression of the 

sensing-element spring, which displaces the slide valve to the left; 

this reduces the amount of fuel bypassed to the pump intake side, and 

increases the amount of fuel supplied to the engine. As a result, the 

rotor speed rises, and the increasing centrifugal force due to the 

weights 1 causes the slide valve to return to the right, increasing 

the rate at which fuel is bypassed to the control ring of the slide 

valve. Thus the increase in speed is retarded, and at a certain speed 

higher than the initial value, the slide valve will take up a new 

equilibrium position. j 
When the flight speed or altitude change, the regulator must main- 

! 
tain the rotor speed constant. Thus, for example, where the flight al- f 
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titude increases while the position of the final control organ remains 

unchanged, the rotor speed will increase in comparison with the pre¬ 

scribed value. Here the regulator comes into play, since there is an 

increase in the centrifugal force due to the weights, and the final 

control element (slide valve) moves to the right, reducing the rate at 

which fuel is supplied tc the engine, thus halting the increase in 

rotor speed. 

It is easy to see that as flight speed or altitude vary, the rotor 

speed will not be held absolutely constant: as the flight altitude in¬ 

creases, it will rise somewhat, while it will decrease as the flight 

speed increases. Actually, if the flight altitude is increased, in or¬ 

der to maintain a prescribed constant speed, it Is necessary to in¬ 

crease the rate at which fuel is bypassed to the slide-valve control 

ring, i.e., at a greater flight altitude, the slide valve should be 

located further to the right than at the initial altitude. But since . 

the spring force will Increase in this case, it is only possible to 

maintain the slide valve in this new position if the centrifugal force 

of the weights increases, i.e., the shaft of the centrifugal regulator 

must turn at higher speed and, consequently, the engine rotor must 

turn faster. 

To each flight speed and altitude there should correspond a spe¬ 

cific position of the final control element and, consequently, a spe¬ 

cific rotor speed. In other words, after the conclusion of a transient 

caused by a change In flight speed or altitude, the regulator should 

exhibit a static error (residual nonuniformity of control), which will 

depend on the flight speed or altitude. Such regulators are called 

static regulators. 

A direct-acting speed regulator of the type under discussion will 

have limited application owing to the large static errors that appear 
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as flight speed and altitude Increase. Such regulators are usually em¬ 

ployed for low-power gas-turbine engines, for example. In turbostarters, 

to limit the maximum rotor speed. In this case, the regulator is made 

to operate in one regime, and no mechanism Is provided for adjustment 

from the cockpit. 

2. INDIRECT-ACTION SPEED REGULATOR WITH FLOATING SERVOMOTOR 

In an indirect-action speed regulator, the final control element 

1 (Fig. 256) Is set to the required position with the aid of a servo¬ 

motor, which consists of the servopiston 2 and control element (slide 

valve) 4, which is connected with the sensing element 5* 

In the example under consideration, in which the fuel-supply sys¬ 

tem uses a gear-type fuel pump 7, the role of the final control ele¬ 

ment is played by the fuel-bypass needle valve for ducts 13 and 14, 

through which fuel is bypassed from the injector lines to the pump In¬ 

put. In a fuel-supply system using a piston-type fuel pump, the servo- 

piston 2 is connected to the pump inclined disk. 

Hydraulic equilibrium of the final control element is achieved 

with the aid of piston 9* which is attached to the end of the needle 

valve, and the drain channel 12, which transfers fuel seeping through 

the gaps to the pump input. 

With the engine inoperative, the needle valve is held by spring 3 

in the very bottom position, so that its shaped section completely 

covers the fuel bypass port. Spring 8 forces slide valve 4 of the sens¬ 

ing element to move to the very top position; then servomotor chamber 

A is connected to the working-liquid supply channel, and cavity B to 

the discharge line. 

In the steady (equilibrium) regime, established by the preliminary 

tension of spring 8 with the aid of control lever 6, the slide valve 

is located at the neutral position, and its rings cover the ducts 
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Pig. 256. Basic arrangement of control system using indirect-action 
speed regulator with floating hydraulic servomotor, l) Final control 
element (fuel-bypass needle valve); 2) servopiston; 3 and 8J spring.;; 
k) slide valve; 5)) sensing element (centrifugal v/eights); 6) control 
lever; 7) pump; 9) piston; 10, 11, 12, 13. and 14) valves; A and B) 
servomotor chambers; 15) to discharge; l6) worldng-fluid inlet; 17) 
from tank. 

through which fluid is supplied to the servomotor; the final control 

element is set by the servomotor into a position such that the avail¬ 

able fuel feed rate equals the feed rate required for operation at the 

prescribed rotor speed. The difference betvreen the pump throughput at 

the prescribed speed and the required fuel flow rate is handled by by¬ 

passing the excess fuel through the bypass needle valve to the pump 

input. 

Let us look at operation of the regulator for a case in which, 
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for example, the flight altitude Increases. As the flight altitude In¬ 

creases, the speed of the engine rotor will Increase, provided the 

position of the final control element does not change. The regulator 

should change the speed to the prescribed value; to do this, Its final 

control element should move to a new position corresponding to a de¬ 

crease in the available rate at which fuel can be fed to the engine to 

a value that equals the feed rate required to keep the rotor speed 

constant at the higher flight altitude. 

The regulator comes into play as follows: as the speed Increases, 

the weights fly apart under the effect of the centrifugal forces; this 

compresses the spring, and the slide valve drops down. Thus, a depar¬ 

ture of rotor speed from the prescribed value is converted Into dis¬ 

placement of the slide valve, which opens channel 11 so as to admit 

fluid under the piston and channel 10 to remove it from the chamber 

above the piston. 

Hie rest of the control process may take place in various manners, 

depending on the servomotor response time. 

With a slowly responding servomotor, the piston will slowly move 

upward, increasing the amount of fuel bypassed by the needle valve; as 

a result, the amount by which the speed departs from the prescribed 

value will be reduced. Here the centrifugal force due to the weights 

will also begin to diminish, and then the force of the spring will 

begin to return the slide valve toward the neutral position. Since the 

piston speed is proportional to the slide-valve displacement, then as 

the slide valve nears the neutral position, the piston velocity will 

be reduced to zero. The control process is concluded when the slide 

valve stops in the neutral position. But this becomes possible when 

the rate at which fuel is supplied to the engine corresponds exactly 

to the rate required to maintain the prescribed rotor speed at the 
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given flight altitude. T^e speed at the beginning and end of the regu¬ 

lation process remains constant. Thus, the static error of the regu¬ 

lator (the residual control nonuniformity) equals zero. Since In the 

neutral position, the slide-valve rings close the fluid-inteke channel, 

the servomotor piston, together with the needle valve, will be held in 

the required new position. 

With a slow-respending servomotor, a transient process will take 

place without speed fluctuation, but the transient will last a very 

long time. 

Owing to the length of the transient, slow-responding servomotors 

are not used with speed regulators. 

With a fast-responding servomotor, transients are oscillatory in 

nature. As an example, let us consider the case of instantaneous read¬ 

justment from speed n0 to a speed n^ for which the final control ele¬ 

ment should occupy position (Fig. 257). Here the reset mechanism is 

transferred from position h0 to h^ which raises the slide valve to 

position y^^ (elevation of the slide valve corresponds to a minus sign, 

and thus y^ is measured downward). The slide valve closes the passage 

through which fluid is supplied to chamber A (Fig. 256), and the dis¬ 

charge passage through which fluid leaves chamber B of the servomotor. 

Thus the servopiston drops dovmward, reducing the amount of fuel trans¬ 

ferred through the bypass valve. Owing to the increase in the rate at 

which fuel is fed to the engine, the rotor speed will rise; this causes 

the centrifugal force due to th^ weights to increase; the spring force 

is overcome, and the slide valve is moved toward the neutral position. 

Where response time is short, the servopiston rapidly reaches the re¬ 

quired position m1 (point a11 in Fig. 257), such that the available 

fuel flow rate must equal the flow rate required for operation at speed 

n^, while owing to the inertia of the rotor, the speed has not yet 
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Pig. 257. Motion of control system using a speed 
regulator with floating servomotor during a tran¬ 
sient, where the servomotor Is of the fast-response 
type. 1) t, sec. 

reached the prescribed value n1 (point a1). Consequently, the slide 

valve does not reach Its neutral position y0 (point a111), and the 

control process therefore continues. Since the working fluid continues 

to be supplied to chamber A, the servoplston continues to move down¬ 

ward, which still further reduces the amount of fuel bypassed and In¬ 

creases the rate at which fuel Is fed to the engine. Finally, after a 

certain period of time, the speed reaches the prescribed value n1 
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(point b*), and as a consequence, the slide valve occupies the neutral 

position (point b111), which halts the delivery and removal of* fluid 

from the servomotor piston, thus halting the servopiston (point b**). 

With the servopiston in this position, however, the available rate at 

which fuel can be supplied to the engine is higher than the rate re- 

/ IV\ 
quired to maintain the speed n^ that has been reached (point b ). As 

a result, the rotor speed will continue to Increase above the pre¬ 

scribed value n^, and the slide valve will move downward away from the 

neutral position, now opening the duct so that fluid can be supplied 

to cavity B (see Fig. 256), and the fluid drained out of cavity A. The 

servopiston changes its direction of motion, the rate at which fuel is 

bypassed by the needle valve increaset. The rotor speed will still in¬ 

crease, however, while the slide valve will move downward away from 

the neutral position until the available fuel flow rate equals the re¬ 

quired rate for some speed greater than the prescribed speed (points 

c and c ). The curve for the required fuel flow rate Gt , given in 

Fig. 257, shows the fuel flow rate needed for steady operation of the 

engine at the rotor speed reached, and in general features, duplicates 

the law governing the variation of the speed during the transient. The 

curve for the available fuel flow rate G^r shows the actual rate at 

which fuel is supplied to the engine during the control process at any 

given time. Consequently, the difference between Gtr and G^ character¬ 

izes the amount by which the fuel feed rate is too large or too small 

during the control process at any given time; this difference causes 

the engine rotor to accelerate or decelerate. 

At time c, the excess fuel flow rate will equal zero. Thus the 

increase in speed will cease (point c1), and the slide valve will be 

located in the position furthest away from the neutral position (point 
TIT 

c ). Consequently, the control process wi31 continue, i.e., the 

- 441 - 



servoplaton will continue to move, increasing the amount of fuel by- 

passed by the needle valve, and moving through the position m1 that it 

should occupy in order to provide the required fuel rate of flow G 
w JL 

for the rotor speed n^. 

The speed begins to drop, since the available rate of fuel supply 

to the engine becomes than that required for operation at the rotor 

speed actually reached. At time d, the speed becomes equal to the pre¬ 

scribed value n1 (point d1), and thus the slide valve will be in the 

neutral position (point d111), which stops the motion of the servopis- 

ton (point d ). With this servopiston position and speed n^ however, 

the available fuel feed rate is less than that required for operation 

at speed n^ thus the speed continues to drop, the slide valve changes 

the direction of motion of the working fluid in the servomotor, so 

that the servopiston also changes its direction of motion, i.e., it 

begins to move toward position m1, so that the reduction in speed is 

retarded. At time e, the available flow rate is equal to the required 

flow rate (point e17), which halts the reduction in speed (point e1), 

and stops the slide valve in a position other than the neutral posi¬ 

tion (e111). 

This is the way in which the control system moves over one cycle 

of oscillation. At time e, the position of the control system is sim¬ 

ilar to its position at the initial time. In subsequent oscillation 

periods,.the system moves similarly, except that the amplitude is 

damped. At the end of the transient process, the speed will have the 

proscribed value, i.e., n^, the slide valve will be in the initial 

neutral position yx, while the servopiston will occupy the new required 

position nu. 

The duration of the transient may be slight, but the unacceptably 

large speed fluctuation makes the regulator unsuitable in this form 
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for controlling TRD [turbojet-engine] rotor speeds. 

In order to reduce the speed fluctuations while retaining the 

fast-response characteristic of the servomotor in a regulator of this 

type, we employ stabilizing devices that introduce proportional or 

elastic feedback between servopiston and slide valve. 

3. INDIRECT-ACTING SPEED REGULATOR WITH PROPORTIONAL FEEDBACK 

Figure 258 shows such a regulator. It differs from the regulator 

Just discussed in the presence of proportional-feedback elements be¬ 

tween servopiston and slide valve. The proportional-feedback elements 

are: the servopiston rod 15, two-arm proportional-feedback lever l6 

with pivot 18, the moving sleeve 17 with ports for admission of work¬ 

ing fluid to the servopiston, and spring 19, which sets the clearances 

between the proportional-feedback elements. 

If we examine the kinematic arrangement of the feedback elements, 

we see that the position of the moving sleeve depends on the position 

of the servopiston. When the servopiston moves downward, the movable 

sleeve moves upward, and vice versa. The sleeve moves less than the 

piston in accordance with the ratio of the feedback-lever arms I d/c. 

With the engine inoperative, spring 3 holds servopiston 2 and 

fuel-bypass needle valve 1 in the bottom positions, where the needle 

valve completely covers the fuel-bypass port between the injector line 

and the pump input. Owing to spring 19, moving sleeve 17 is in the 

very top position. Its v*pward travel is less, however, than that of 

slide-valve 4 under the action of spring 8. Thus chamber A of the 

servomotor Is connected by duct 10 to the supply line, and chamber B 

to the discharge line. 

In the steady (equilibrium) regime, owing to the given preliminary 

tension of the spring 8, the bypass valve is set by the servomotor to 

a position such that the available fuel flow rate to the engine equals 
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PIß» 258. tvBic diagram of Indirect speed-control system using servo¬ 
motor with proportional feedback. 1) Fuel-bypass needle valve; 2) 
aervoplaton; 3* Ô, and 19) sorlngs; 4) slide valve; 5) 
weights; 6) control lever; 7> pump; 9) piston; 10, 11, 12, 13* and 1 ) 
ducts; 15) servoplston rod; l6) feedback lever; 17) moving sleeve; 18) 
axis of rotation; A and B) servomotor chambers; 20) to discharge line; 
21) working-fluid Inlet; 22) from tank; 23) to Injectors. 

that required for operation at the prescribed rotor speed. The excess 

amount of fuel as supplied by the pump over and above the required 

flow rate for the given speed Is transferred by the bypass valve to 

the pump intake side. In accordance with this position of the bypass 

valve and the servoplston, which is connected to it, the moving sleeve 

• la also set with the aid of rod 15 and lever l6. In this regime, the 

slide valve will be In a position such that its ring covers the port 

In the sleeve. This acts as a hydraulic lock, which prevents the servo- 
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piston from moving while the engine is operating in the steady regime. 

Proportional-feedback elements are Introduced between the servo- 

piston and control slide valve in order to eliminate excessive speed 

variations during the control process where a fast-response servomotor 

is used, and in order to prevent undesirable oscillatory transient 

processes. 

In order to understand the way in which the regulator operates, 

let us consider the motion of the control-system elements during a 

transient (Fig. 259). Let the rotor speed at the initial time t, equal 

to zero, drop from n^ to n^. In accordance with its function, the regu¬ 

lator should restore the prescribed value Oq by resetting the final 

control element from position üIq to the new position 

Ihe regulator operates in the following manner: a decrease in 

speed from nQ to n-^ leads to a drop in the centrifugal force of the 

sensing-element weights, and, provided the initial spring tension re¬ 

mains unchanged, to motion of the slide valve owing to the spring force. 

The valve moves upward from the initial position yQ to position y^. 

The slide valve opens the port through which working fluid is supplied 

to cavity A and the port for draining fluid from cavity B (see Fig. 

258); as a result, the servopiston rapidly moves downward, reducing 

the amount of fuel transferred by the bypass valve. The motion of the 

servopiston is then retarded, however, owing to the fact that it per¬ 

mits the sleeve to move after the slide valve, which leads to a reduc¬ 

tion in the area of the slots through which the fluid passes, and a 

reduction in the speed at which the servopiston moves. 

A reduction in the amount of fuel transferred at the sleeve will 

increase the rotor speed, increase the centrifugal force due to the 

weights, and change the direction of motion of the slide valve, which 

begins to move toward the neutral position, in the direction counter 
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to the sleeve motion 

With a fast-responding servomoto”, at t'-e a (see Pig. ?59), the 

servoplston reaches the required position m1 (point a11); the control 

process does not conclude with this, however, since the speed has not 

reached the prescribed value n0 (point a1), and the slide valve Is not 

in the neutral position (point a™), so that It continues to connect 

cavity A of the servomotor with the working-fluid supply line, and 

cavity B to the discharge line. At this time, the height of the slot 

through which the fluid passes corresponds to the difference In the 

ordinate values of points a™ and a111. The servoplston thus moves 

through position m1. 

Owing to the contrary motion of slide valve and sleeve, at time f 

the port in the sleeve is covered by the slJde-valve rings (point fITI), 

so that the working-fluid supply and discharge lines to the servomotor 

are cut off; as a result, the servoplston comes to a sto, (point f11). 

As a consequence, the sleeve, which is connected to the servoplston, 

also comes to a stop (point f111), but the slide valve continues to 

move to the neutral position, since the rotor speed continues to ap¬ 

proach the prescribed value; at this time, the slide valve changes the 

direction of motion of the fluid in the servomotor: chamber A is con¬ 

nected to the discharge line and chamber B to the working-fluid supply 

line. Thus the servoplston and attached sleeve first stop and then 

change the direction of motion, moving toward the neutral position. 

The motion of the sleeve is now opposite in direction to that of the 

slide valve. At time e, the sleeve with its ports moves under the 

slide-valve rings, thus terminating the control process, since the in¬ 

crease in rotor speed also ends at the same time. 

looking at the graphs for the transient in the case of a regulator 

with proportional feedback, and comparing them with the similar graphs 
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Pig. 259. Motion of control system using servo¬ 
motor with proportional feedback during transient 
process. 1) t, sec. 

for a regulator without feedback, shown in Pig. 259 by the dashed 

lines, we see that a speed fluctuation during the control process is 

prevented by the fact that when the servopiston moves, the proportional- 

feedback lever and spring cause the moving sleeve to follow the slide 

valve so as to anticipate cutoff, which occurs not at time b (point 

b ), as in a regulator without a stabilizing device, but somewhat 

earlier - at time f (point f***). The servopiston thus remains in a 

position near to its required position m^, owing to which the speed 

smoothly approaches the required value without fluctuation (hunting). 
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A substantial drawback to this regulator lies In the fact that at 

the conclusion of a control process initiatec’ by a change in altitude 

or flight speed, the speed does not return to the prescribed value: 

when the regulator adjustment is unchanged, and the altitude decreases 

or flight speed increases, the rotor-speed value will be lower, and 
« 

vice versa. 

Actually, in order to maintain a prescribed speed at lower flight 

altitude, the servoplston must move downward, increasing the rate at 

which fuel is supplied to the engine, and must remain in this position. 

At the sane time, there is a change in the position of the sleeve, 

which leaves the initial neutral position, moving upward (see Fig. 

258). Since the control process ends at the instant at which the slide- 

valve rings close the sleeve port, in the new neutral position, both 

the slide valve and sleeve will be higher than in the initial situation. 

As a consequence, the sensing-element spring will be less comprersed, 

and sensing-element equilibrium can occur only at lower rotor speed. 

Thus, the introduction of proportional feedback reduces or com¬ 

pletely eliminates (as in the case considered above) the fluctuation 

in speed that occurs during the regulation process (owing to antici¬ 

pated cutoff of the supply of working fluid to the servopiston); at 

the same time, however, the indirect-acting speed regulator becomes a 

static (proportional) device. 

The.regulator static error depends on the arm ratio of the feed¬ 

back lever i = d/c (see Fig. 258). The error is greater the larger 

this ratio. As the quantity i diminishes, the tendency of the system 

to oscillation increases. In the limit, where i = 0, we have a regu¬ 

lator without feedback. 
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4. INDIRECT-ACTION SPEED REGULATOR WITH PROPORTIONAL-PUIS-INTEGRAI 
SLIDE-VALVE FEEDBACK 

In order to eliminate the static error (residual control nonuni¬ 

formity), it is necessary at the end of a control process initiated by 

a change in load (altitude or flight speed), for the moving sleeve to 

return to the same position as at the beginning of the control process. 

Fig. 260. Basic diagram of control system using speed regulator with 
proportional-plus-integral feedback slide valve. 1) Fuel-bypass needle 
valve; 2) servoplston; 3, 8, and 19) springs; 4) slide valve; 5) cen¬ 
trifugal weights; 6) control lever; 7) pump; 9) piston; 10, 11, 12, 
13, 14, 20, and 24) ducts; 15) rod of proportional-plus-integral pis¬ 
ton; lo) feedback lever; 17) moving sleeve; 18) axis of rotation; 21) 
proportional-plus-integral piston; 22) spring for proportional-plus- 
integral piston; 23) throttling element; A, B, and C) chambers; 25) 
to discharge line; 26) working-fluid supply line; 27) from tank; 28) 
to injectors. 

For this to be the case, the feedback between servopiston and 
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elide valve should not be proportional, but elastic (proportlonal-plus- 

Integral), l.e., here the feedback lever 16 (FÎ3. 260) Is connected 

not to the servoplston rod, as In a regulator with proportional feed¬ 

back, but with rod 15 of the proportional-plus-lntegral piston 21. At 

the same time, rod 15 of the proportlonal-plus-lntegral piston acts as 
« 

a slide valve, controlling the rate at which the working fluid Is fed 

to cavity B between the servoplston and the proportional-plus--Integral 

piston or the rate at which It Is drained out of this cavity. 

When the proportIona1-plus-Integi’al slide valve moves downward, 

the working fluid moves Into the chamber C between the pistons through 

duct 20, the ring groove of the slide valve, duct 24, the throttling 

element 23; when the proportlonal-plus-lntegral slide valve Is in the 

top position, its ring groove Joins this chamber to the discharge line. 

With the engine inoperative, the control slide valve 4 is held In 

the very top position by spring 8 of the sensing element, against the 

stop for the centrifugal weights. In this case, the slide-valve rings 

are so located with respect to the sleeve ports that cavity A above 

the proportlonal-plus-lntegral piston is connected to the working- 

fluid Intake duct, while cavity B under the servoplston is connected 

to the discharge line. The proportlonal-plus-lntegral piston and slide 

valve are held by the spring 22 of the proportional-plus-integral pis¬ 

ton in the very bottom position against the stop of the proportlonal- 

plus-lntegral slide valve; here the cavity C between the pistons is 

connected through the groove in the proportional-plus-lntegral slide 

valve with the working-fluid Intake duct. The moving sleeve Is shifted 

by Its spring to the very top position. 

The sleeve moves less than the proportional-plus-lntegral piston. 

In accordance with the arm ratio of the feedback lever 1 = d/c. 

The spring of the final control element itself holds the servo- 
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piston in the very bottom position, so 

that the needle valve connected with it 

completely covers the vent through 

which fuel is transferred from the in¬ 

jector line to the pump input. 

The regulator elements also occupy 

this position when the engine is first 

being started. 

When the engine leaves a steady 

operating regime, set by the initial 

tension of the sensing-element spring, 

the proportional-plus-integral piston 

is acted on by fuel-pressure forces so 

that it sets the elements of the pro¬ 

portional-plus-integral feedback device 

to the neutral position. In this posi¬ 

tion, the proportional-plus-integral 

slide valve lower ring disconnects the interpiston cavity C and the 

working-fluid supply line, while the upper ring isolates this cavity 

from the discharge line. The servopiston of the needle bypass valve 

holds it In a position such that the available rate of flow of the 

fuel to the engine equals the flow rate needed for operation at the 

given rotor speed. The rings of the control slide valve close the port 

in the sleeve, fixing the position of the servopiston and proportional 

plus-integral piston. 

As an example, let us consider the operation of a regulator where 

at the initial time, the speed of the rotor drops from n^ to n^ Then 

the centrifugal weights will move together, and the springs will lift 

the control slide valve upward to position y1 (Pig. 26l), so that the 
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Fig. 261. Motion of con¬ 
trol system with propor- 
tional-plus-integral feed¬ 
back during transient. 



Bilde valve will open the Inlet throu£h which worklnc fluid reaches 

chamber A (see Pig. 260), and chamber B will connected to the dis¬ 

charge line. At the first instant of time, both pistons, together with 

the volume of the interpiston chamber C will move downward at the same 

speed, while spring 19 forces the moving sleeve upward after the con¬ 

trol slide valve to early cutoff. Thus, at the Initial Instant of time, 

the regulator acts as a regulator with proportional feedback. 

At the next instant of time, "elasticity’' begins to appear in the 

feedback: the downward displacement of the propcrtional-plus-lntegral 

piston opens the duct through which working fluid is supplied to the 

Interpiston cavity; the volume of this cavity is increased, and as a 

result the servopiston moves downward somewhat more rapidly than the 

proportional-plus-integral piston. The increase in the rate at which 

fuel is supplied to the engine increases the rotor speed and moves the 

slide valve downward, against the direction of motion of the sleeve, 

owing to which the area for passage of fluid in the sleeve ports is 

decreased, the motion of the piston is slowed down, and both pistons 

stop in the cutoff position (see point a1^ in Fig. 26l): the servopis¬ 

ton in position a11 and the proportional-plus-integral piston in posi¬ 

tion a111. The speed at this time has still not yet reached the pre¬ 

scribed value n^ (point a*), and it continues to increase. Then the 

slide valve, continuing to move downward, connects chamber A (Fig. 260) 

with the discharge line, and chamber B with the working-fluid supply 

line. Here both pistons change their directions of motion; the propor¬ 

tional-plus -integral piston will now move toward the neutral position 

more rapidly than the servopiston, however, since working fluid con¬ 

tinues to arrive in the interpiston chamber C, while chamber A is con¬ 

nected to the discharge line. The supply of working fluid to the inter¬ 

piston chamber is cut off at the instant the proportional-plus-integral 
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piston with the proportional-plus-integral slide valve takes up its 

initial neutral position. Then the moving sleeve will also occupy its 

initial position. As a consequence, the control slide valve will also 

occupy its initial neutral position as soon as the rotor speed returns 

to the initial value. In accordance with decreasing altitude or in¬ 

creasing flight speed, the servopiston will take up a lower position. 

Thus, exactly the same neutral control-slide-valve position (and ex¬ 

actly the same prescribed rotor speed) can correspond to different 

positions of the servopiston, depending on the altitude and flight 

speed. As a consequence, the static regulation error becomes equal to 

zero, exactly as with floating regulators. 

The required rate of filling or emptying of the interpiston cham¬ 

ber during the control process is provided by the installation of a 

throttle element 23 (see Fig. 260), or some other resistance along the 

path of the motion of the working fluid. In the limiting case, in 

which the diameter of the throttle-element vents equals zero (infin¬ 

itely large hydraulic resistance), the regulator under discussion will 

become a speed regulator with proportional feedback. 

5. COHRECTED-SPEED REGULATOR FOR TRD ROTOR 

In addition to regulators that keep the physical rotor speed con¬ 

stant, turbojet engines also employ regulators that keep the corrected 

speed constant. The corrected speed ii given by the following expres¬ 

sion: ripr = n^/T^, where n is the physical rotor speed and T*j| is the 

stagnation temperature of the air at the compressor intake. 

This formula shows that if the temperature T*N varies, it is nec¬ 

essary to change the physical rotor speed in order to keep the cor¬ 

rected speed constant; this variation should be governed by the law 

n = const yï'V The simplest way of satisfying the required law govern¬ 

ing the variation in physical rotor speed is to Introduce an Influence 
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on the regulator adjustment mechanism that 1c associated with a gauge 

measuring the air temperature at the compressor Intake. 

Figure 262 shows one possible basic arrangement for an adjustment 

mechanism using a lever mechanism. The tension on spring 1 and, conse¬ 

quently, the prescribed speed depends on the position of control lever 

2 and the amount of deformation of the temperature element that meas¬ 

ures the temperature T*^. 

2 (cm puuaec ynpafasHu* 
— ÃÍ ¡¿omsjKM) 9 

Fig. 262. Possible basic arrangement of adjustment mechanism for cor- 
rected-speed regulator. 1) Spring; 2) control-lever rod; 3} thermom¬ 
eter-element rod; 4) cam; 5 and 7) stop screws; 6) lever; 6) roller; 
9) from engine control lever; 10) from gauge measuring T*N; 11) to con¬ 
trol slide valve cf speed regulator. 

Moving the control lever to the atop screw 5 adjusts the device 

for maximum corrected rotor speed. As the temperature Increases, the 

tension on spring 1 Increases, thereby Increasing the physical rotor 

speed. At a certain temperature, lever 6, which turns about roller 8, 

will reach the stop screw 7, and the spring tension will cease to de¬ 

pend on the temperature T*N; In this case, the physical speed will 

reach its maximum value. 
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Chapter 21 

CONSTANT FUEL FEED-RATE REGULATORS 

1. OPERATING STABILITY OF ENGINE USING GEAR-DRIVEN FUEL PUMP WITH 
CONSTANT RATE OF FUEL SUPPLY 

It has been shown in Chapter 19 that a wide-rance centrifugal- 

type speed regulator provides the required quality of automatic con¬ 

trol only in an engine operating-regime zone ranging from cruising to 

maximum speed, inclusive. In remaining operating regimes, the speed is 

controlled manually, which is possible if an engine with a gear-driven 

fuel pump has positive self-régulâtion in a given position of the en¬ 

gine control lever. A TRD with a gear-driven fuel pump not having a 

regulator has a region of unstable operation (as we have mentioned 

earlier) at a rotor speed close to the idle-running speed, owing to 

the fact that the fuel feed rate depends on the rotor speed. If, how¬ 

ever, a special regulator is used to keep the fuel feed rate independ¬ 

ent of the rotor speed for a given position of the control lever, an 

engine with an engine-driven fuel pump will operate stably in all re¬ 

gimes, including the idle-running regime. 

We shall analyze the operating stability of an engine using an 

engine-driven fuel pump with constant fuel feed rate that does not de¬ 

pend on rotor speed. 

As we can see from Fig. 263, when the rotor speed departs from 

the prescribed value nj with a constant fuel feed rate, the available 

and the required fuel feed rates will no longer be equal: the available 

fuel feed rate will remain constant while the required fuel feed rate 
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PIß. 263. The problem of oper¬ 
ating stability of a TRD (tur¬ 
bojet engine] using fuel pump 
with constant fuel feed rate. 

will change. 

If the rotor speed drops by a small amount ùn, the fuel feed rate 

required to operate the engine at a rotor speed equaling ni - An be¬ 

comes less than the available fuel feed rate; thus the excess fuel 

(see ■+AG. in the figure) supplied to the engine goes to increase the 

rotor speed to the prescribed value n-^. Under such conditions, the 

turbine torque exceeds the compressor torque, i.e., the rotor speed 

will return to the prescribed value n^ owing to the positive excess 

torque at the engine rotor. 

If, however, the rotor speed increases by a small amount An, the 

fuel feed rate required to operate the engine at speed n^ + An will 

become larger than the available feed rate. As a result of the inade¬ 

quacy of the fuel feed rate, therefore (see -AGt in the figure), the 

rotor speed will drop to the prescribed value ^ owing to the negative 

excess torque at the engine rotor. 

Thus, at L rotor speed n^ and constant fuel feed rate Gtrl» re¬ 

quired for the given regime, the engine will operate stably, i.e., it 

possesses positive self-regulation. 
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By a similar argument, we can see that the engine will also oper¬ 

ate stably with other constant fuel feed rates corresponding to oper¬ 

ating regimes lying on the ascending branch of the curve for the re¬ 

quired fuel feed rate. 

The boundary separating the regions of positive and negative en¬ 

gine self-regulation corresponds to the minimum required fuel feed 

rate (point 2). To the left of point 2, an engine with an engine-driven 

fuel pump and constant fuel feed rate will possess negative self- 

regulation. The rotor speed corresponding to point 2, is called 

limiting speed for constant fuel feed rate. Since < n^, an 

engine with pn engine-driven fuel pump and constant fuel feed rate 

wixl operate stably over the entire range of working speeds. 

In order to maintain the rate at which fuel is fed to the engine 

constant with a specific accuracy for a given position of the throttle 

valve, two types of regulator are used: regulators maintaining a con¬ 

stant pressure drop at the throttle valve or regulators maintaining a 

constant fuel pressure ahead of the throttle valve. 

With such regulators, the sensing element reacts to the pressure 

drop at the throttle valve or to a change in fuel pressure ahead of 

the valve, respectively. 

The sensing element may simultaneously act as a final control ele¬ 

ment as, for example, in a reducing valve, or can control the position 

of a final control element with the aid of a servomotor. In the first 

case we have a direct-acting regulator, and in the second case an in¬ 

direct regulator. A throttle valve is used to reset the regulator to 

another rotor speed. An increase in the area of the valve flow area 

with constant pressure drop across the valve (or constant pressure 

ahead of the valve) will lead to an increase in the fuel flow rate and 

the engine-rotor speed. 
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2. THROTTLE VALVES 

The throttle valve Is used to control the operation of an engine 

from the cockpit so as to change the engine operating regime. In the 

majority of fuel-supply systems, the throttle valve is also used as an 

engine shutoff valve. 

The basic element of a throttle valve is the matering element, 

which is positioned In the valve housing with the aid of the control 

lever. Here the metering element (a needle valve or rotary slide valve) 

is uiied to vary the fuel-flow area in the throttle valve in accordance 

with a specific law. This is done by introducing a shaped section at 

the metering element or by using specially shaped ports in the valve 

housing. The law governing the variation in flow area in the throttle 

valve is so chosen as to provide the required relationship between the 

valve throughput and the position of the valve control lever that will 

ensure that the required relationship will be obtained between the en¬ 

gine-rotor speed and the position of the valve lever. Where the system 

contains an automatic centrifugal speed regulator, appropriate shaping 

of the metering element may be used to provide a required transition 

from manual to automatic speed control. In this case, the throttle- 

valve control lever is connected not only to the metering element, but 

also to a coupling that goes to the mechanism that adjusts the cen¬ 

trifugal regulator for the desired engine-rotor speed. 

Throttle valves are classified into the following types: 

1) longitudinal adjustment of metering element; 

2) rotary adjustment of metering element about its own axis; 

3) longitudinal and rotary adjustment of metering element. 

The fundamental elements of the first type of throttle valve are: 

the adjustable needle 1 (Fig. 264) with a specially shaped end, a lever 

2 connected to shaft 7, which is attached to gear 3, which engages a 
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rack machined into the needle. 

Where a centrifugal speed regulator is used, the shaft usually 

bears an integral gear 8, which engages a rack cut into coupling 4 of 

the regulator adjusting mechanism. When the valve lever is moved, it 

produces a simultaneous longitudinal displacement of the throttle- 

valve needle and the adJusting-mechanism coupling. 

When the throttle-valve lever is set against the engine shut-down 

stop, the body of the needle covers all fuel-entry ports, and as a re¬ 

sult the supply of fuel from pump to injectors is halted. 

Fig. 264. Throttle valve with longitudinal adjustment of metering 
needle. 1) Needle; 2) lever; 3 and 8) gears; 4) coupling; 5) idling 
duct; 6) idling screw; 7) shaft; 9) stop screw; 10) to injector; 11) 
section through AB; 12) from pump; 13) section through CD. 

When the throttle-valve lever is set to the ”idle running" posl- 
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Fig. 265. Throttle valve with rotarv slide valve, n) "Idle-running" 
position; b) "full gas" position; Ij slide valve; bushing in slide- 
valve housing; 3) idling screw; 4) to injectors. 

tlon, the needle opens a path for the fuel ihrough the idle-running 

valve 5 alone. This fuel passage contains a regulating element - the 

idle-running screw 6, which is used to adjust the flow area and, con¬ 

sequently, the fuel flow rate and rotor speed when the engine Is run¬ 

ning idle. A reduction in flow area leads to a reduction In englne- 

rotor speed, and the reverse relationship also holds. 

When the valve control is turned further, the shaped portion of 

the needle opens the way for fuel to enter through the main valve port. 

The off and full-open positions of the valve lever are adjusted 

with the aid of stop screws 9 in the valve housing. 

A throttle valve with a rotary metering element (Fig. 265) has a 

slide valve 1 with specially shaped ducts or tapers, and ports In 

sleeve 2 of the slide-valve housing, which are arranged in a suitable 

fashion. 

In the engine-shutoff position, the slide valve completely covers 

the fuel-entry ports. In the "idle running" position of the valve, 

fuel is supplied only through the idling duct, v/hooe flow area Is ad¬ 

justed by the Idling screw 3. As the valve Is opened further, the flow 

area increases in accordance with the prescribed law. 

Figure 266 shows a throttle valve which can turn about its own 
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Fig. 266. Throttle valve wfth lon¬ 
gitudinal and rotary adjustment of 
metering element. 1 end 2) Rings; 
3) to control lever; 4) to dis¬ 
charge line; 3) inlet; 6) to in¬ 
jectors. 

axis and also move axially with respect to a stationary sleeve which 

has a rectangular port. By turning the valve about its own axis, the 

pilot can change the valve flow area when the engine operating regime 

changes. To do this, there is a specially shaped bevel on control ring 

1. Axial displacement of the valve is used to adjust the fuel feed 

rate when external conditions change (see Chapter 22 below, section 

"Fundamental Types of Indirect Speed-Control Systems and Their Proper¬ 

ties"). 

In the engine-shutoff position, the valve strikes a stop at the 

extreme left-hand position. Ring 2 ensures that the valve is in hy¬ 

draulic balance. 

3. REGUIiATORS HOIDING FUEL PRESSURE DROP ACROSS THROTTLE VALVE CONSTANT 

Direct-acting regulator. Figure 26? shows the basic arrangement 

of a regulator connected into a fuel-supply system using a gear pump. 

The regulator has a differential valve 1, spring 2, and spring 

screw 3. The differential valve acts as a sensing element; it responds 

to the pressure drop across the valve (i.e., to the difference in the 

pressures ahead of and behind the valve) and as a final control element 
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that transfers fuel from the line ahead of the throttle valve to the 

pump Intake. The value of pressure drop maint'i-rod by the valve is set 

by the initial tension on spring 2 with the aid of screw 3* The valve 

is thua acted on by the force Fpr due to the sprint; and the force due 

to the difference in fuel pressures before and after the valve. 

With the engine inoperative, the valve is pressed against a stop 

by the spring, and it closes the vent through which fuel is transferred 

from the line ahead of the throttle valve to the pnnp intake. 

As the rotor speeds up while the engine is being started, the 

fuel pressure drop across the valve rises to the value set by the 

spring tension. If the valve control lever is in the "idle rurll>irg,’ 

position, the prescribed pressure drop is reached at a certain rotor 

speed that is less than the idle-running speed. Until this speed is 

reached, all fuel delivered by the oscillating element of the pump 

will be sent to the engine through the throttle valve. 

As the rotor speed Increases further, the pump throughput and 

fuel pressure at the valve increase, and as a result the valve opens 

the fuel bypass vent between the pump outlet side and pump inlet side 

by the amount needed for the force due to fuel pressure at the pump 

and the spring force to be equal in each steady regime. 

As the rotor speed increases, the amount of fuel transferred in¬ 

creases, which increases the displacement of the valve, the spring- 

compression force and, consequently, the fuel pressure. Thus the pres¬ 

sure drop across the valve and the rate at which fuel is supplied to 

the engine will not remain absolutely constant, but will increase some- 

wliat. 

Thus, the direct-acting regulator under discussion possesses a 

residual control error, i.e., it is a static uevi.ee whose error rises 

as the amount of fuel bypassed Increases. This is undesirable, natu- 
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Fig. 267. Basic arrangement of direct-acting constant pressure-drop 
regulator. 1) Differential valve; 2) spring; 3) spring screw; 4) noz¬ 
zle; 5) pump; 6) throttle-valve lever; 7) throttle-valve needle; 8) 
injectors; 9) from tank. 

rally, as it affects engine operating stability. 

The regulation error may be reduced by decreasing spring stiff¬ 

ness and increasing the fuel bypass area, for example, by increasing 

the diameter of the valve. This will increase the tendency of the 

valve to go Into oscillation, however. Tims where large amounts of 

fuel must be bypassed, a regulator using a two-stage valve is used to 

maintain the fuel pressure drop across the valve constant; it takes 

the form of a combination of a valve 1 (Fig. 268) which holds the fuel 

pressure drop constant across the throttle valve, and a bypass valve 8. 

The bypass valve is acted on by the difference in fuel pressures 

before and after the constant-drop valve 1 (i.e., the difference in 

the fuel pressures after the pump and before the throttle valve), and 

the force due to spring 9. The bypass valve transfers excess fuel out 

of the high-pressure system and within this chamber maintains a pres¬ 

sure that exceeds the pressure ahead of the throttle valve by a con- 
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Fig. 268. Basic arrangement of direct-acting regulator with bypass 
valve used to hold oressure drop constant. 1) Cone tant-pressure-drop 
valve; 2) spring; 3) screw; 4 and 11) nozzles; 5) pump;*6) throttle- 
valve control lever; 7) valve needle; 8) bypass valve; 9) spring; 1C) 
screw; 12) from tank; 13) to injectors. 

stant amount adjusted by screw 10 of spring 9 on the bypass valve. The 

fuel pressure ahead of the throttle valve is in turn higher than the 

pressure after the valve (ahead of the injectors) by a constant amount 

adjusted with the aid of screw 3 and spring ? of constant-drop valve 1. 

Valve 1 operates by throttling the pressure of the fuel passing 

through the valve. If the pressure drop across the throttle valve rises 

in comparison with the pressure set by the tension of spring 2, the 

valve, acted on by this drop, moves so as to reduce the fuel flow area. 

Bie fuel that does not pass through the valve Is transferred from the 

line by valve 8 to the pump intake side. 

Thus, the constant-pressure-drop valve corrects the operation of 

the bypass valve, reducing the control error for the pressure drop 

across the valve; it cannot eliminate this error completely owing to 

the fact that this element itself possesses a definite static error. 

The pressure-drop control error is also reduced by the use of in- 
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direct regulators. 

Indirect regulator. Such a regulator In In Pig. ^69. The 

regulator has a differential valve 1, which responds to e change in 

the fuel pressure drop across the throttle valve, and which exerts 

control through the supply of working fluid tu chamber B ana th^ dis¬ 

charge of this fluid from chamber A in the servoplston cylinder; there 

is also a valve 2 to maintain the working-fluid pressure consta 

ahead of the servomotor, a nozzle 3 to control the discharg- of work¬ 

ing fluid from chamber B of the servopiston cylinder, a nozzle regulat¬ 

ing the flow of fluid into chamber A and, finally, a tliPottle-valve 

needle 8. 

Let us see how the regulator operates to maintain the fuel pres¬ 

sure drop across the throttle valve constant. 

1. Operation of Regulator when Throttle Valve Moves to New Position In 
Order to Change Engine-Rotor Speed 

With the engine inoperative, there is no fuel pressure in the 

line, and therefore the servopiston la held by a spring In the position 

for which the angle of Inclination of the pump disk Is greatest. 

As the engine is started, when the throttle valve is in a posi¬ 

tion corresponding to idle running, the servopiston holds the disk at 

the maximum angle of inclination until there is a pressure drop across 

the valve that has the value established by the tension of the differ¬ 

ential-valve spring. This pressure drop is reached at a rotor speed 

below the idling rotor speed. 

As the speed increases further to a value corresponding to the 

Idle-running regime, the differential valve rises and moves the servo¬ 

piston to the right (see Pig. 269) decreaalr»g the angle of inclination 

of the plate. Thus the prescribed constant drop across the valve is 

maintained. 



In order to increase the rotor speed, it is sufficient to turn 

the throttle-valve control lever 5 so as to Increase the valve flow 

area. Initially, opening of the valve reduces the pressure drop across 

the valve and, as a consequence, the pressure under the differential 

valve is reduced; as a result, the spring forces this valve downward, 

and its lower ring cuts off the passage for liquid to chamber B, while 

the upper ring blocks the discharge line from chamber A. At the same 

time, the working fluid continues to flow out of chamber B through 

nozzle 3 and into chamber A through valve 2. Servopiston 9 thus moves 

to the left until the pressure drop across the valve is restored to 

the prescribed value. 

With a high-speed servomotor, the displacement of the servopiston 

and restoration of the prescribed pressure drop across the throttle 

valve occui s within a fairly short interval of time. The fuel pressure 

ahead of the injectors and the rate at which fuel is supplied to the 

engine will then increase. Thus the rotor speed will also rise. 

Hie increased rotor speed will in turn lead to an Increase in 

pump throughput and subsequent increase in the fuel pressure drop 

acrobs the throttle valve to a value exceeding that prescribed; this 

causes the differential valve to open, and the servopiston moves to 

the right, producing a corresponding reduction in the angle of inclina¬ 

tion of the disk so as to restore the prescribed pressure drop. 

2. Regulator Operation under Variations in Altitude and Plight Speed 
with PosTi ion of TaroIt le Valve-Unchangea 

If the throttle-valve control lever is set to a definite position 

while the aircraft altitude increases or flight speed decreases, the 

upsetting of the relationship between the available and required fuel 

flow rates causes the rotor to speed up, leading to an Increased pres¬ 

sure drop across the throttle valve and. consequently, across the dlf- 

- - 



ferential valve; this causes the latter valve to rise, ?nd the required 

reduction In fuel flow rate and restoration of r escribed pressure 

drop across the valve Is obtained with the aid of the servoplston. 

Hius, for all flight speeds and altitudes, as long as the setting of 

the throttle-valve lever is unchanged, the rate at which fuel is sup¬ 

plied to the engine will remain nearly constant. As a result, while 

the control of the throttle valve remains in the same position, the 

rotor speed will increase with increasing altitude or decreasing night 

speed. A given rotor speed can be maintained by the pilot only by mov¬ 

ing the throttle-valve control so as to reduce the valve flow area. 

A positive feature of a pressure-drop regulator is the fact that 

the rate at which fuel is fed to the engine does not depend on varia¬ 

tions in combustion-chamber pressure or variations in the hydraulic 

resistances of injectors or lines following the throttle valve (pro¬ 

duced, for example, by wear, injector clogging, etc.). A change in 

these factors during service will have no effect on the fuel flow rate. 

Thus, for example, "erosion” of flow ports in injectors will reduce 

the hydraulic pressure in the line and increase the rate at which fuel 

flows to the engine. However, since the fuel pressure ahead of the in¬ 

jectors will drop, the pressure-drop valve will come into play and pro¬ 

duce a corresponding drop in the fuel pressure ahead of the throttle 

valve, thus restoring the prescribed pressure drop. As a consequence, 

when the throttle valve is in the same position, the previous rate at 

which fuel is supplied to the engine will always be maintained to¬ 

gether with the previous rotor speed. 

4. REGULATOR HOLDING FUEL PRESSURE CONSTANT AHEAD OF THROTTLE VALVE 

The basic arrangement of such a regulator is shown in Pig. 270. 

The basic regulator elements are: the throttle-valve needle 1, 

servoplston 2, sensing element 3 (diaphragm with rod), which responds 
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to a change in the pressure of the fuel ahead of the throttle valve, 

a valve 4 with spring 6, lever 5, attached to elastic partition 7 and 

holding valve 4. The lever receives the force exerted by spring 6, the 

force due to the fuel pressure in the discharge line from chamber A of 

the servopiston cylinder, and the force due to the fuel pressure ahead 

of the throttle valve (behind the pump). 

By means of nozzles 9 and 10, as well as valve 4, the fuel pres¬ 

sure in chamber A of the servopiston cylinder may be varied within the 

required limits. Nozzle 9 is smaller in diameter than nozzle 10. If 

the pump oscillating element is not turning, there will be no fuel 

pressure beyond the pump. Valve 4 is forced by its own spring to close 

nozzle 10, while the servopiston spring holds the servopiston in the 

far left-hand position, i.e., in the position corresponding to maximum 

Inclination of the fuel-pump disk. When the engine is started, as the 

speed increases while the throttle-valve position remains unchanged, 

the pressure ahead of the valve will increase to a value determined by 

the tension on the spring of valve 4. A further increase in speed will 

lead first to an Increase in the pressure ahead of the valve and open¬ 

ing of nozzle 10 by valve 4; this will cause the servopiston to move 

to the right, reducing the inclination of the pump disk and restoring 

the prescribed fuel presiure ahead of the valve. 

1. Regulator operation with displacement of throttle valve to new 

position 1n order to change engine-rotor speed. 

In order to increase the rotor speed, it is sufficient to set the 

throttle valve to a new position. Then as a result of the control proc¬ 

ess, the regulator will set the position of the fuel-pump disk so as 

to increase the rate at which fuel is supplied to the required new 

va lue. 

In broad terms, the regulator will operate in the follqwlng se- 
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quence: a reduction In fuel pressure ahead of the throttle valve when 

It Is opened will be detected by sensing element 3# and as a result 

the force due to the fuel pressure, transmitted to lever 5 of the 

valve, will be reduced. The force produced by spring 6 will cause the 

valve to reduce the flow area of nozzle 10 and reduce the rate at which 

fuel flows from the servomotor chamber A. The Increase In pressure In 

this chamber will move the servoplston to the left, causing an Increase 

In the fuel feed rate; as a result, the fuel pressure ahead of the 

throttle valve will Increase. At the Instant the Initial pressure value 

Is restored. In approximation, the servoplston will stop since the 

force due to the fuel pressure will set valve 4 to approximately its 

Initial position. If during the control process the pressure ahead of 

the valve exceeds the prescribed value, the Increasing force due to 

the fuel pressure will raise valve 4 and Increase the rate at which 

fluid flows out of servomotor chamber A, resetting the servoplston to 

the position In which the pressure ahead of the valve equals roughly 

the prescribed value. Restoration of the initial fuel pressure with a 

large valve flow area provides the necessary fuel flow rate to operate 

the engine at increased rotor speed. 

Where the throttle valve Is closed down In order to reduce rotor 

speed, the regulator operates in the opposite sequence. 

2, Operation of regulator with variation In altitude and flight 

speed, throttle-valve position unchanged. 

When the flight altitude increases with the position of the throt¬ 

tle valve unchanged, the rotor speed and, consequently, the fuel pres¬ 

sure ahead of the throttle valve will increase at first. As a result, 

valve 4 is lifted, the servoplston reduces the Inclination of the disk, 

and the fuel pressure Is restored to roughly Its initial value. The 
t 

regulator thus provides a constant fuel flow rate for all flight speeds 
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and varíeme altitudes« while the required fuel feed rate varies. Thus 

with increasing altitude or decreasing flight speed, the rotor speed 

will increase. 

In the absence of special automatic devices for holding the rotor 

speed constant, this may be done manually by closing down the ttirottle 

valve. 

Regulators holding the fuel pressure ahead of the throttle valve 

constant have the following basic drawbacks: 

1) large pressure drop across the valve when the engine operates 

at low rotor speeds, causing excessive loading of fuel-pump elements; 

2) the rate at which fuel Is supplied to the engine and, conse¬ 

quently, the engine-rotor speed depend on the back pressure in the 

combustion chambers and on injector characteristics, which may vary 

during operation, for example, owing to wear on injectors, injector 

clogging, etc. Actually, "erosion" of tangential injector ducts will 

lead to a drop in the fuel pressure ahead of the injectors and in all 

other fuel-line cross sections. A drop in the fuel pressure ahead of 

the throttle valve will bring the regulator into operation; it reestab¬ 

lishes the fuel pressure ahead of the valve by shifting the pump to an 

increased fuel feed rate for the same position of the throttle lever. 

Plnally, large pressure drops across the throttle valve require small 

flow areas in order to provide the required fuel flow rates and, con¬ 

sequently, very accurate machining of the throttle-valve needle shape. 

lliese drawbacks, as we shall show below, are not present in regu¬ 

lators that hold the fuel pressure drop across the throttle valve con¬ 

stant. 

5. BLOCKING OP AUTOMATIC SPEED REGULA TOR WHERE CONSTANT FUEL-FEED RATI-’ 
REGULATOR IS OPERATING 

As we mentioned above, in Chapter 19, the section "Fundamental 
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Properties of Centrifugal Senalng Elementa," a centrifugal regulator 

automatically controla the rotor speed over a range extending from the 

speed at which automatic operation of the regulator begins, n # to 

the maximum speed n|nax, and over the range from n^ to nnar, the speed 

Is controlled manually with the aid of a regulator that holds the fuel 

pressure drop across the throttle valve constant. 

In existing turbojet engines, nnar amounts to 0.7 to 0.8 of the 

value of nmax. 

Hie regulator holding the fuel pressure drop constant across the 

throttle valve and the automatic speed governor are prevented from op¬ 

erating simultaneously by blocking one of the regulators when the other 

Is operating. 

It Is usual In present-day regulators to block the automatic speed 

regulator by preliminary compression of the sensing-element spring [11]. 

The blocking mechanism (Pig. 271) consists of an Inside cylinder 

1 and adjusting screw 3 (the screw adjusts the point at which the speed 

regulator begins automatic operation). Cylinder 1 Is located In an out¬ 

side cylinder 2, which has a rack connected with a gear 5 cn the lever 

10. of throttle-valve needle 6. The spring 4 of the regulator sensing- 

element adjustment mechanism rests In the Inside cylinder 1. Owing to 

preliminary tension on the spring, for all speeds from Idle running to 

the beginning of automatic operation of the regulator, the control 

slide valve of the centrifugal regulator Is In a position somewhat 

away from the neutral position (Pig. 271a), since the centrifugal force 

due to the weights Is Inadequate at such speeds to overcome the force 

of the spring and to set the slide valve to the neutral position. 

As a result, the working fluid is supplied to chamber A under pis¬ 

ton 11 and Is taken out of chamber B of the Inclined-disk servoplston. 

The force due to fuel pressure and to the spring holds piston 11 
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fluid enters through the annular groove in slide valve 8 and throttle 
■ 

element 9 into the interpiston chamber C. As a result, the servopiston HP 
tends to force the disk into the position of maximum angle of inclina¬ 

tion; this is opposed, however, by the constant-pressure-drop valve, 

which releases working fluid from the interpiston chamber and opens 

the passage for taking working fluid into chamber B under the servo- 

piston, thus holding the pump disk in the position that provides the 

prescribed pressure drop across the valve. 

When the throttle-valve lever is moved in the manual-control zone, 

the pressure drop across the valve in steady regimes remains constant 

owing to the operation of pressure-drop valve 12. Here the force due 

to preliminary tension of the centrifugal-regulator spring does not 

change owing to the presence of a gap A between the inside and outside 

cylinders. The gap between the cylinders is completely taken up when 

the^throttle-valve lever is in the position corresponding to the be¬ 

ginning of automatic regulator operation (Fig. 271b). In this position, 

an amount of fuel reaches the engine through the throttle valve such 

that the rotor speed reaches the value nnar and the centrifugal force 

produced by the weights sets the control slide valve to the neutral 

position, having overcome the spring force; piston 11 sets the feed¬ 

back elements to the neutral position as well. Further opening of the 

throttle valve leads to readjustment of the automatic regulator to a 

higher rotor speed (i.e., produces Increased tension in the regulator¬ 

adjusting spring). 

Thus, owing to the preliminary tension of the sensing-element 

spring, the constant-pressure-drop valve controls the position of the 

inclined-disk servopiston over the speed range from n^ to nnar# and 

the centrifugal speed regulator controls the position of the fuel-pump 



rani 

Haro the valve malxitali 

out of operation and has no erreo 

valve la dlaconnected owing to the fact that when the throttle-valve 

lever noves through the position corresponding to an angle of rotation 

6 . there Is a sharp Increase In the valve flòw area owing to the 
nar 

notches provided and the Increased taper at the end of the shaped sec¬ 

tion of the throttle-valve needle. As a result, the pressure drop 

across the valve Is lower than that for which the valve spring is set, 

and its spring holds the valve against the stop over the entire range 

of centrifugal-regulator automatic operation. Despite the decrease in 

pressure drop, the increased flow-section areas in the valve provides 

the increase in fuel flow rate through the throttle valve needed for 

operation at higher rotor speed in the zone of automatic centrifugal- 

regulator operation. 

In adjusting the speed at which automatic regulator operation 

coanences, it is necessary to match the position of the throttle-valve 

netdle to the position of the inside and outside cylinders: when a 

sharp Increase in valve flow area begins, the outside cylinder should 

affect the position of the inside cylinder. Various designs are used 

to make this possible in regulators presently used. 

Thus, for example, an element for adjusting the speed at which 

automatic operation begins may be designed as follows. Shaft 1 (Pig. 

272), carrying gear 5, is connected by a rack to the external cylinder 

2; the shaft carries gear 3, which engages the rack on throttle-valve 

needle 4. Die shafts are connected together by coupling 6. One end of 

the coupling is connected by splines to the inside shaft 1; the other 

end Is connected through worm gear 7 to the outside shaft 9. Through 

this connection, rotation of worm gear 7 turns the outside shaft with 
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Fig. 272. Unit for adjusting speed-regulator blocking mechanism. 1) 
Inside shaft; 2) outside cylinder; 3 and 5) gear teeth; 4) throttle- 
valve needle; 6) coupling; 7) worm gear; 8} Inside cylinder; 9) out¬ 
side shaft; 10) to control slide valve. 

respect to the Inside shaft, so that the required relationship may be 

obtained between the positions of the valve needle and the outside 

cylinder. 
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Chapter 22 

INDIRECT SPEED-CONTROL SYSTÈMS 

1. FUNDAMENTAL TYPES OF INDIRECT SPEED-CONTROL SYSTEMS AND THEIR 
PROPERTIES 

In indirect speed-control systems, the regulator sensing elements 

measure the stagnation pressure and stagnation temperature at the en¬ 

gine intake; these quantities determine the required fuel feed rate. 

In accordance with the variation in these parameters, the regulators 

correct the fuel supply rate so as to prevent the speed from departing 

from the prescribed value. Frequently, in order to simplify the control 

system, only the variation in total pressure is measured; this, however. 

leads to inaccurate regulation. 

The fuel feed rate is corrected by action of the sensing element 

through a servomotor on the position of the throttle valve, with a 

constant pressure drop across the valve, or action on the fuel pres¬ 

sure ahead of the valve, which has constant flow area. 

Figure 2?3 shows the basic arrangement of a system using the first 

method. The system consists of a gear fuel pump 1, throttle valve 2, 

which is set by servomotor 3, a valve 4 to maintain constant pressure 

drop across the valve, a bypass valve 5# and detectors 6 and 7 for the 

total pressure and air temperature at the engine intake. 

Signals are transmitted from the detectors with the aid of lever 

8 to the control slide valve 9, which determines the position of the 

servopiston 10 and the attached throttle valve 2. Thus, for example, 

when the air temperature increases, detector 7 (a hydraulic-type tem- 
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tur« detector) Moves its rod to the left« lever 8 turns about s 
EJ 

pivot on s rod connected to the aneroid capsules of detector 6 (a 

total-pressure detector of the diaphragm type)« and also moves control 

slide valve 9 to the left« causing the servoplston to move to the left 

and reducing the flow area of the throttle valve. Thus with a constant 

pressure drop across the valve« the rate at which fuel Is fed to the 

engine will decrease. 

When the temperature decreases« the system operates In the reverse 

order. 

If the air pressure Increases« the aneroid capsules of detector 6 

are compressed« the aneroid-capsule rod moves to the left owing to the 

force produced by spring 12; at the same time« spring 11 moves the 

slide valve to the right« causing lever 8 to turn about the rod of the 

thermometer of detector 7 as a pivot. The servoplston then moves after 

a elide valve« thus Increasing the flow area In the valve and« conse¬ 

quently« the fuel flow rate as well. 

Vhen the pressure decreases« the system operates In reverse order. 

Figure 274 shows the basic arrangement of' a system In which the 

fuel feed rate Is corrected by changing the fuel pressure ahead of the 

throttle valve. 

The sensing element« which responds to variations In flight speed 

and altitude Is a set of aneroid capsules 7 In a barostat located In a 

special chamber to which the total pressure at the engine Intake Is 
. 

applied. 

Aa the air pressure changes« the effective force at the aneroid 

capsules changes; this force Is transmitted to a lever and« conse¬ 

quently« It affects the position of control valve 4. 

There are two possible cases of system operation. 

1. The air pressure Increases (flight altitude decreases or air- 



craft flight speed Increases). In this case/ the aneroid 

cosipressed and« consequently, apply less force to the lever, which 
■ 

turns and constricts the noaale with the aid of valve 4» As a result. 

the servoplston moves to the left, thus Increasing the rate at which 

fuel Is fed to the engine; as a result, the fuel pressure ahead of the "m 

valve Increases and, consequently, the force due to the fuel pressure 

rises; this force Is transmitted to lever 5 toy the diaphragm 10 and 

rod 3. This force sets the valve to roughly the Initial position (the 

valve does not return exactly to the initial position owing to the 

servomotor static error). 

2. The air pressure is reduced (flight altitude increases or air¬ 

craft flight speed decreases). In this case, the aneroid elements ex¬ 

pend and the force with which they press against the lever Increases. 

Then the equilibrium of the lever Is upset and It turns around the 

pivot, causing the fuel to flow through the nozzle In larger quantities. 

The servoplston moves to the right, causing pump throughput to decrease; 

then the fuel pressure behind the pump and the force due to the fuel 

pressure, which acts on lever 5# will also decrease. Ihe decrease In 

this force will cause the valve to return nearly to Its Initial posi¬ 

tion (It will not return to It exactly), causing the servoplston to 
« • 

cease Its movement. 

In both of the cases considered, the engine-rotor speed Is not 

maintained exactly owing to the fact that the actual barostat charac¬ 

teristic curve differs from that needed to ensure constant rotor speed 

for different aircraft flight speeds. 

The barostat characteristic Is the name given to the relationship 

between the fuel pressure behind the pump (ahead of the throttle valve), 

p , and the air pressure at the Intake side, p#jj (Pig. 275)» 
nas 

During operation. It may become necessary to match the required 
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and actual baroatat characterlatlca so as to bring the law governing 

the change in apeed with altitude close to the desired law. This is 

done by changing the position of the actual barostat characteristic 

with respect to the required characteristic. The slope of the actual 

characteristic may be changed by varying the ratio of arms c and d of 

lever 5 (see Pig. 27^); the design provides for this to be done by 

moving the rod of diaphragm 3 in the eccentric bushing 1. An increase 

Pig. 275. Barostat 
characteristics. 1) 
Actual barostat 
characteristic; 2) 
required barostat 
characteristic. 

in the ratio c/d leads to an increase in the 

slope of the actual characteristic, an in¬ 

crease in the fuel pressure ahead of the 

throttle valve, and in the rotor speed, both 

when the engine is operating on the ground 

and under high-altitude conditions. The ac¬ 

tual barostat characteristic may be lowered 

by increasing the force of the aneroid ele¬ 

ment and decreasing the spring-tension force. 

Wie spring-tension force and the preliminary 

Pig. 276. Variation 
in speed with flight 
altitude for linear 
actual barostat 
characteristic. 1) 

"aadan* 

compression of the aneroid element are changed 

with the aid of special adjusting screws 2 

and 8. The actual and required barostat char- 

acterlstlcs intersect at only two points (see 

Pig. 275). This means that there are only two 

values of p*^ and, consequently, two altitudes 

and Hg (Pig* 276) for which the speed will 

equal the prescribed value. 

At intermediate altitudes, with the posi¬ 

tion of the throttle valve unchanged, the rotor speed will exceed the 

prescribed value. In order to hold to the desired speed, the pilot 

should use the throttle-valve control lever to introduce an appropriate 

. 483 - 



correction. 

A rotor maximum-speed governor is used to keep the speed from ex¬ 

ceeding the maximum permissible value. 

2. ROTOR MAXIMUM-SPEED GOVERNORS IN INDIRECT CONTROL SYSTEMS 

A rotor maximum-speed governor Is a regulator with a fixed adjust¬ 

ment of the sensing element. Governor sensing elements may be of the 

centrifugal, pendulum, or hydrocentrifugal types, while they use stand¬ 

ard valves or slide valves as control elements. 

Governor using a centrlfugal-pendulim sensing element and slide- 

valve control element. This governor differs from the centrifugal speed 

regulate? discussed above only in the fixed adjustment of spring 5 

(see Pig. 255)# whose tension Is so adjusted as to limit the maximum 

permissible engine-rotor speed. If the rotor exceeds the prescribed 

maximum speed, the slide valve will move to the left, the rate at which 

fuel is transferred from the injector line to the pump input will in¬ 

crease, and the rotor speed will drop to the prescribed limiting value. 

Governor using hydrocentrifugal sensing element and control valve 

(Pig. 277). This type of governor uses a hemisphere valve 1, located 

on lever 3 with axis of rotation 8, and exerting control by opening or 

closing nozzle 2. Nozzle 2 is connected through a duct to chamber A of 

the servopiston cylinder. At all speeds below the speed at which the 

governor comes into play, valve 1 closes nozzle 2 owing to the presence 

of spring 4 and of the gap between the valve lever and the stop for 

elastic diaphragm 5, which is pulled upward by spring 6. Fuel is sent 

into the chamber above the diaphragm, which acts as the sensing element, 

through port 11; the fuel is under the pressure set up In the chamber 

of the oscillating element owing to the action of centrifugal forces 

when the fuel passes through the inclined radial holes 9 into the os¬ 

cillating element of the fuel pump. The force exerted by fuel pressure 

- 484 - 



. xxre/!Mp* 
*y npoHf! 

12 

K cruinaßv 
xwrrw 

tapocmm 
13 

Plg. ¿77. Basic arrangement of rotor maximum-speed governor using hy¬ 
drocentrifugal sensing element. 1) Hemisphere valve; 2) nozzle; 3) 
lever; 4 and 6) springs; 5) elastic diaphragm; 7) adjusting screw; 8) 
axis of rotation; 9) radial holes; 10) duct; 11) port; A and B) cham¬ 
bers; 12) to throttle valve; 13) to barostat discharge nozzle; 14) 
from tank; 15) fuel leakage. 

is a function of the square of the rotor speed. The fuel pressure at 

the pump inlet acts from below on the diaphragm. 

When the maximum rotor speed is reached, the fuel pressure in the 

chamber above the diaphragm increases to the point at which the dia¬ 

phragm bends and its stop presses against the lever, turning it and 

opening nozzle 2. When this happens, the resultant force exerted by 

springs 4 and 6 is overcome. Fuel flows out from chamber A of the 

servomotor through the open nozzle 2; as a result, the servoplston 

moves to the right, reducing the fuel flow rate and thus counteracting 

the increase in speed over the maximum value. The maximum speed is de¬ 

termined by the compression of spring 6, which is adjusted by screw 7. 

Operation of the governor shown in Pig. 277 is affected by the 

force due to fuel pressure at the outlet from nozzle 2, applied to the 

lever of the hemisphere valve, by the leakage of fuel from the high- 

pressure line into the rotating-unit chamber, which is connected with 
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Pig. 278. Basic arrangement of maximum-speed governor using hydrocen¬ 
trifugal sensing element and compensating device. 1) Hemisphere valve: 
2) nozzle; 3) lever: 4 and 6) springs; elastic diaphragm; 7 and 11) 
adjusting screws; 8) axis of rotation; 9) rod; 10) eccentric sleeve; 
12} port; 13) from pump; 14) to throttle valve. 

the chamber above the governor diaphragm, and by the specific gravity 

of the fuel (fuel leakage is shown by the dash-dot arrows). 

Let us examine the effect of each factor on the maximum speed 

separately. 

When the governor is in operation, the magnitude of the force due 

to fuel pressure at the outlet will vary owing to variation in fuel 

pressure in the line beyond the pump, and will depend on the amount by 

which the governor valve is lifted. 

A decrease in the fuel pressure beyond the pump, for example, 

with an increase in flight altitude, will lead to a corresponding re¬ 

duction in the pressure in chamber A of the servomotor cylinder and a 

reduction in the force due to the fuel pressure at the outlet. As a 

result, for the governor valve to go into governor operation, the pres¬ 

sure of the fuel against the governor diaphragm must be high; this 

pressure depends on the rotor speed. As a consequence, as the flight 

altitude Increases, the maximum engine-rotor speed will increase. 

In order to reduce this undesirable effect, lever 3 of the gov- 
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ernor is loaded by a second fuel-pressure force applied on the other 

side of the lever pivot 8 (Fig. 278). Rod 9 of this compensating de- 

vice is located in an eccentric bushing 10, which is used with adjust¬ 

ing screw 11 to change arm i along which the compensating force is ap¬ 

plied and thus to adjust the maximum rotor speed when the engine oper¬ 

ates under h!gh-altitude conditions. As this arm is shortened, the 

compensation effect decreases, leading to an increase in the maximum 

speed as the flight altitude increases. 

An increase in n?nax with increasing altitude will also be aided 

by a decrease in the fuel pressure above the governor diaphragm; this 

occurs as a result of decreased leakage of fuel from the high-pressure 

line, where the fuel pressure drops as the flight altitude increases. 

The direction of fuel leakage in the pump oscillating-unit gap is 

shown in Fig. 277 by the dash-dot arrows. The fuel pressure in the in¬ 

clined-flight chamber, which acts on the diaphragm, is made up of a 

pressure that depends on the rotor speed and a pressure caused by flow 

of fuel through the gaps from the high-pressure line to the supply 

line. As the flight altitude increases, the second pressure component 

decreases, and it is thus possible to bring the governor into play 

only when the first pressure component is of higher value, i.e., when 

the rotor speed is higher, since the spring force which must be over¬ 

come remains constant. 

An increase in fuel specific gravity (for example, with a decrease 

in fuel temperature) leads to a reduction in the rotor maximum speed 

when the governor adjustment remains unchanged, since the fuel-pressure 

force that must be exerted on the diaphragm in order to overcome the 

spring force and bring the governor into play will be reached at a 

speed that is lower the greater the density of the fluid. 

Governor w1th hydrocentrifugal senslng element and control slide 
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F1«. 279* Maximum-speed governor using hydrocentrifugal sensing element 
and control slide valve. 1) Slide valve; 2) servopiston; 3, 4, 8, and 
11) springs; 5) duct; 6 and 7) adjusting screws; 9) cam; 10) lever; 
12) throttle valve; A and B) chambers; 13) discharge; 14) supply of 
liquid under pressure depending on speed; 15) supply of fluid; 16) 
fuel intake; 17) fuel outlet. 

valve (Fig. 279). 

The slide valve 1, which controls the supply of working fluid to 

servopiston 2, Is loaded by the forces due to springs 3 and 4 and the 

force produced by the pressure of the fuel supplied through duct 5. 

Wils force depends on the rotor spesd. The Initial spring tension Is 

set by the adjusting screws C and 7; screw 6 adjusts the maximal speed 

for which the governor Is set. 

At all speeds below the maximum speed the slide valve Is In a 

position somewhat below the neutral position, so that It connects cham¬ 

ber B of the servopiston cylinder with the discharge line. The servo¬ 

piston Is held against a stop at the very bottom position by spring 8. 

Cam 9 controls the position of throttle v?.’ve 12; the cam is attached 

to the shaft of engine control lever 10. The valve lever is held In 

i 
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contact with the cam by the tension of spring 11. 

„ the maximum speed Is exceeded, the elide valve la moved upward 

away from the neutral position by the Increasing force produced by the 

pressure of the working fluid; the slide valve opens the passage 

through which working fluid enters chamber B, closes down the throttle 

valve, and reduces the rate at which fuel Is supplied to the engine. 



Chapter 23 
% 

AUTOMATIZATION OF FUEL SUPPLY DURING 

ACCELERATION OF TURBOJET-ENGINE ROTORS 

Turbojet englues [TRD] are required to have good pickup, l.e., 

when the control lever la moved the engine must go rapidly from one 

operating regime to another, especially from the Idle-running regime 

to maximum speed, which la of great Importance In a rapid aircraft 

takeoff run. 

Engine acceleration Is evaluated in terms of the minimum possible 

time required for the engine to go from minimum to maximum thrust. 

The acceleration time depends on the method used to throttle down 

the thrust and on the rotor moment of inertia. 

One of the most widely employed throttling methods involves varia- 
/ 

tlon of the rate at which fuel is fed to the engine with constant ex¬ 

haust-nozzle throat area. In this case, a variation in fuel feed rate 

causes a change in the amount by which the turbine torque exceeds the 

compressor torque, and a change in rotor speed. 

Another method of throttling thrust consists in changing the ex¬ 

haust-nozzle critical area while holding the rotor speed constant. In 

order to increase engine thrust, it is necessary to reduce the area of 

the throat section, which increases the turbine back pressure and re¬ 

duces the speed. The speed regulator maintains the speed constant by 

increasing the rate at which fuel is fed to the engine, causing the 

engine thrust to increase. This method does not permit heavy thrust 

throttling, and is thus used only in combination with the first method. 
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Por TRD, acceleration tljne under ground condltlona la 8-15 aec. 

With increasing altitude and decreasing flight speed, the acceleration 

time changes owing to a reduction in the excess torque at the engine 

rotor and an increase in rotor speed in the idle-running regime. A re¬ 

duction in the excess torque causes an increase in acceleration time, 

while an increase in idling speed reduces the acceleration range and, 

consequently, decreases the acceleration time. The resultont action of 

all factors may increase the acceleration time or keep it constant in 

comparison with the acceleration time under ground conditions. 

Acceleration of an engine rotor to a new speed can only occur 

where the available fuel feed rate is greater than the required feed 

rate for the given speed. When the system ie readjusted to the higher 

speed, an extreme increase in fuel feed rate may occur, exceeding the 

value permissible for the acceleration process. Ofie resulting excessive 

change in the gas temperature ahead of 

the turbine may present a danger to the 

engine, since it can lead to overheating 

of the turbine or surge operation of the 

engine. As the speed rises and the rate 

at which air is supplied to the combus¬ 

tion chamber increases, the temperature 

* 

Pig. 280. Fuel feed rate 
in steady regimes and 
maximum feed rate during 
engine-rotor acceleration f th^ ahead of the turblne will de- 
aa functiona of rotor w v 
speed under ground and 
high-altitude conditions. 
1) Desired variation in 
fuel feed rate during ac¬ 
celeration (H = 0); 2) 

value. A sharp increase in the rate at 

which fuel Is fed to the engine during 

rotor acceleration will lead to an over¬ 

rich mixture, impairing combustion sta¬ 

bility and shutting down the engine. 

crease smoothly to a new equilibrium 

°t izb. pred0* 
In order to keep these things from 
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happening, fuel feed rates are limited during engine-rotor accelera¬ 

tion to maximum permissible values. The boundary of the maximum per¬ 

missible fuel feed rates during acceleration at various rotor speeds 

has been established experimentally and is shown in Fig. 280 for ground 

conditions (subscript zero) and high-altitude conditions (subscript N) 
% 

in acceleration. With increasing flight altitude, the excess fuel 

n — 0 , — Q,, supplied to the engine, will become 
at izb.pred ut razg.pred ut' 
less in accordance with the decreased air feed rate. 

The acceleration time will be least where the fuel feed rate dur¬ 

ing acceleration equals or is somewhat less than the maximum permis¬ 

sible value (see the dashed line in Fig. 280). During acceleration, 

the fuel feed rate may be adjusted manually to follow a desired (op¬ 

timum) law of variation by moving the control lever at a particular 

speed, which requires a pilot with considerable skill in handling the 

controls, and which distracts the pilot's attention from other flight 

functions. Turbojet engines are therefore provided with special auto¬ 

matic acceleration devices, which automatically limit the fuel feed 

rate during acceleration when the regulator is rapidly reset. 

The operation of an automatic acceleration device may be based on 

various principles; the following types of devices are most commonly 

used at present, however. 

1. a device limiting the fuel pressure ahead of the injectors, 

which responds to a difference in the air pressures behind and ahead 
« 

of the compressor, and which is called a pneumatic automatic accelera¬ 

tion control. 

2. A time-based device that limits the rate at which the speed 

regulator can be reset, called an automatic hydraulic acceleration 

retarder. 

3. A rotor-speed based device that limits the rate at which the 
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fuel flow-rate regulator can be reset, called an automatic tachometer 

acceleration control. 

4. A time-based device limiting the Increase In fuel pressure 

ahead of the Injectors. 

1. AUTOMATIC PNEUMATIC ACCELERATION CONTROLS 

Automatic pneumatic acceleration controls used at the present 

time restrict the rate at which fuel Is fed to the engine during ac¬ 

celeration in accordance with the variation In the air flow rate, since 

the relationship between the fuel feed rate and air flow rate deter¬ 

mines the gas temperature ahead of the turbine and the nature of the 

mixture. 

The rate at which fuel is fed to an engine is determined, all 

other conditions being equal, by the fuel pressure ahead of the injec¬ 

tors. The air flow rate depends on the air pressure drop at the com- 

|i Dm dpoar/* 
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Fig. 28l. Direct-acting 
automatic acceleration 
control, l) Elastic dia¬ 
phragm; 2) spring; 3) 
slide valve; A and B) 
chambers; 4) from throt¬ 
tle valve; 5) to Inlec- 
tors; 6) pf pred; 7) to 

pump Intake. 

pressor. Therefore, in order to restrict 

the rate at which fuel is fed to an en¬ 

gine during acceleration, we need only 

restrict the air pressure ahead of the 

injectors in accordance with the varia¬ 

tion in air-pressure drop at the com¬ 

pressor. 

Figure 281 shows a very simple di¬ 

rect-acting automatic acceleration con¬ 

trol used with a gear pump and connected 

into the fuel-supply system. The auto¬ 

matic device has an elastic diaphragm 1, 

spring 2, and slide valve 3. The air pressure due to the compressor is 

applied to chamber A, while chamber B is connected to the atmosphere. 

In steady operation, the force due to the spring and the force due to 
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the air-pressure drop will exceed the 

force produced the fuel pressure 

ahead of the injectors. The slide valve 

will therefore shut off the fuel-dis¬ 

charge duct leading from the chamber 
% 

ahead of the injectors to the pump Intake. 

If during engine-rotor acceleration, 

the pressure ahead of the injectors rises 

more rapidly than is permissible on the 

basis of the air pressure drop at the 

compressor, the slide valve will move 

and open the passageway through which 

part of the fuel can be discharged to 

the fuel-pump intake. 

In an automatic indirect acceleration controller connected into a 

system with a centrifugal regulator (Fig. 282), the slide valve 3 con¬ 

trols the discharge of fuel from the inclined-disk servomotor, thus 

affecting the rate at which pump throughput increases during engine 

acceleration. 

These very simple automatic acceleration controls do not provide 

an optimum fuel feed rate during acceleration of an engine rotor. In 

order to bring the fuel feed rate close to the desired pattern, it is 

necessary to change the spring tension and air pressure in chamber A; 

to do this, it is sufficient to install a nozzle 4 at the inlet to 

chamber A and a nozzle 5 at its outlet (see Fig. 282). Then the air 

pressure in chamber A will be less than the pressure after the compres¬ 

sor and greater than atmospheric pressure. As the spring force or area 

of Intake nozzle 4 increase, as well as when the area of the outlet 

(scavenging) nozzle 5 decreases, the available fuel flow rate will in- 
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Fig. 282. Indirect auto¬ 
matic acceleration con¬ 
trol, regulating air 
pressure drop across dia¬ 
phragm. 1) Elastic dia¬ 
phragm; 2) spring; 3) 
slide valve; 4 and 5) re¬ 
stricting nozzles; A and 
B) chambers; 6) from 
servomotor; 7) to dis¬ 
charge line. 



crease during acceleration. The actual characteristic of such an auto¬ 

matic acceleration control differs from the desired characteristic, 

however. For a better match between the actual characteristic and the 

desired characteristic, the intake-nozzle area is changed in accordance 

Fig. 283. Automatic acceleration control using variable adjustment 
based on pressure drop at the compressor, with altitude correction. 1 
and 6) Elastic diaphragms; 2, 7, and 8) springs; 3) slide valve; 4) 
specially shaped needle; 5) nozzle; 9) lever; 10) slide valve; 11 end 
12) scavenging nozzles; 13) aneroid unit; A and B) chambers; 14) from 
servomotor; 15) to discharge line. 

with the change in the air pressure drop at the compressor with the 

aid of a specially shaped needle 4 (Fig. 283), attached to an elastic 

diaphragm 6 whose position depends on the pressure drop. A suitable 

choice of the shape of needle 4, as well as of the tension force and 

stiffness of the spring will provide an optimum rate of fuel feed to 

the engine during rotor acceleration under ground conditions. With in 

creasing flight altitude, the actual adjustment of the automatic de¬ 

vice begins to depart from the required adjustment, since the excess 

fuel supplied to the engine during acceleration must be reduced (see 



Pig. 28o). With increasing flight altitude, the limit of maximum per¬ 

missible fuel feed rates drops downward and its slope becomes less. 

The automatic acceleration control should be appropriately readjusted. 

An aneroid unit 13 (see Fig. 283) is used as the sensing element 

responding to variations in atmospheric pressure; as this element ex- 
% 

pands, the resultant force of the springs loading the diaphragm will 

drop and the scavenging nozzles 11 and 12 will open at specific alti¬ 

tudes. 

An important feature of this automatic device is the need for pro¬ 

viding exactly the required adjustment of the device for operation at 

high altitudes, since the adjustment tolerances (automatic-device er¬ 

rors) become commensurate with the required excess amounts of fuel 

during engine acceleration at high altitudes. Thus engine acceleration 

at high altitudes is hampered or becomes altogether impossible if the 

error of the automatic device is equal to or greater than the required 

excess amount of fuel and is opposite in sign. 

Certain systems use devices that retard the mechanical resetting 

of speed regulators to provide satisfactory engine acceleration at 

high altitudes. Even here, it is impossible to do without an automatic 

acceleration control of the type discussed, since where a centrifugal 

regulator is used, there is a zone of manual speed regulation in which 

a hydraulic retarder will not operate, and engine-rotor acceleration 

is governed by an automatic acceleration control. 

2. AUTOMATIC HYDRAULIC-RETARDER ACCELERATION CONTROLS 

A hydraalle-retarder automatic acceleration control is a hydraulic 

servomotor working in a time-programed servosystern. It Is a component 

of the mechanism that resets the centrifugal regulator to the desired 

engine-rotor speed. 

The operation of a hydraulic-retarder automatic acceleration con- 
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trol is essential^ as follows: when the engine control lever is moved 

rapidly, a special servomechanism readjusts the speed-governor springs 

from values corresponding to the speed at which the regulator comes 

into automatic operation to values corresponding to maximum speed over 

a specific time interval. 

The basic elements of the servomotor are a single-acting servo- 

piston 1 (Fig. 284), which acts through a two-arm lever 2 on a spring 

3 of the centrifugal-pendulum sensing element, and a control element - 

the hemisphere valve 4, mounted in housing 5* Rod 6 is attached to the 

servopiston; it has holes that connect chamber A of the servopiston 

cylinder to the discharge line. Working fluid is sent into chamber A 

under constant pressure through duct 17 and tlirottle unit 7; it flows 

out through nozzle 18 in rod 6. The fuel-pressure force exerted on the 

servopiston is balanced by the forces due to springs 8 and 3, and de¬ 

pends on the amount of fluid discharged from chamber A through nozzle 

18. The amount of fluid discharged in turn depends on the position of 

valve 4. 

Spring 9 and moving plate 10 are installed on housing 5 of valve 

4; nut 11, which turns in cylinder 12 acts on the moving plate; through 

a rack cut into the cylinder 12 and gear teeth 13, the cylinder is con¬ 

nected to lever 14 of the throttle valve. 

With the engine inoperative, when the throttle-valve lever is in 

the shutoff position, there is a gap between nut 11 and plate 10; the 

servopiston and valve 4, together with housing 5 of the valve, will be 

pressed against stop screw 15 by the forces due to springs 8 and 3; 

screw 15 adjusts the point at which automatic operation of the cen¬ 

trifugal regulator begins (for a further discussion of this, see Chap- 

ler 21, section "Blocking of Automatic Speed Ctovernor in Operating 

Regimes of Constant Fuel-Feed-Rate Regulator"). This gap is taken up 
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when the valve control lever la In a position corresponding to the 

angle as In the case considered in this section. 

Pig. 284. Basic arrangement of hydraulic retarder, l) Servooiston; 2) 
two-arm lever; 3» 8, and 9) springs; 4) hemisphere valve; S) housing; 
6) rod; 7) throttle element; 10) moving plate; 11) nut; 12) cylinder; 
13) gear; 14) throttle-valve lever; 15) adjusting screw; 16) rod; 17) 
duct; 18) nozzle; A) chamber; 19) working-fluid intake. 

When the control lever is rapidly moved toward increasing speed 

from nnar to n > n^j,, plate 10 will move rapidly, compressing spring 

9, owing to which valve 4 will rapidly cover nozzle 18. The outflow of 

fluid from chamber A through nozzle 18 ceases, while this chamber con¬ 

tinues to receive fluid arriving from the system through throttle ele¬ 

ment 7. The servopiston moves slowly to the right at a rate depending 
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on the rate at which fuel flows through the throttle unit and on the 

aervopiston area. Through lever 2 and rod 16, the piston resets spring 

3 of the regulator. 

As the servopiston moves to the right, spring 9 straightens out 

and causes valve A to follow the servopiston. When the servopiston has 

moved to the right by about the amount by which spring 9 was initially 

compressed, it ceases to move, since nozzle 18 has opened, which causes 

the pressure in chamber A to drop to the value at which the fuel- 

pressure force balances the resultant force produced by springs 8 and 3- 

In order to make the process of ei^ine-rotor acceleration auto¬ 

matic over a speed-variation range of n^ to an additional auto¬ 

matic pneumatic acceleration control is inserted into an automatic 

control system using a centrifugal regulator. 

3. AUTOMATIC TACHOMETER ACCELERATION CONTROLS 

An automatic tachometer acceleration control operates on the prin¬ 

ciple that the required excess fuel feed rates during engine-rotor ac¬ 

celeration are provided in accordance with the speed that has actually 

been reached during acceleration. 

The main element of the automatic device is a hydraulic servomotor, 

which consists of a slide valve 1 (Fig. 285), servopiston 2, and me¬ 

chanical proportional feedback elements: gear 3, shaft 4, and cam 5» 

The slide valve 1 acts as the sensing and control element. It re¬ 

ceives the forces due to springs 6 and 7, as well as the force due to 

the pressure of the working fluid, which is applied to the chamber con¬ 

taining spring 6, and which depends on the engine-rotor speed. 

The servopiston is loaded by the force due to spring 8 and the 

force due to the pressure of the liquid supplied to the servopiston- 

cylinder chamber through nozzle 9, which determines the rate at which 

chamber A fills and, consequently, the rate at which the servopiston 
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Pig. 285. Basic arrangement of automatic tachometer acceleration con¬ 
trol. 1) Slide valve; 2) servopiston; 3) gear: 4) shaft; 5 and I3) 
cams; 6, 7, 8, and 14} springs; 9) nozzle; 10| rod; 11) throttle valve; 
12} control lever; 15) valve control lever; a) cavity; 16} fuel intake; 
17) fuel outlet; 18) fluid intake; I9) discharge line; 20) supply of 
fluid under pressure depending on speed. 

moves. Fluid flows out of chamber A at a rate that depends on the posi¬ 

tion of slide valve 1. 

Rod 10, which is connected to the servopiston, is a movable stop, 

which limits the amount by which throttle valve 11 is opened. 

The throttle valve is controlled with the aid of control lever 12, 

cam 13, and spring 14. When the control lever is turned toward increas¬ 

ing engine speed, cam I3 engages valve lever 15, so that the valve is 

opened by the force of spring 14. Cam 13 provides the required rela¬ 

tionship between the valve position and the required fuel flow rates 

in steady engine operating regimes. 

When the engine is running idle, the valve lever 15 rests against 

the stop of cam 13, while there is a gap between the servopiston rod 

10 and valve lever I5. Spring 14 causes lever 15 to turn through the 
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gap until it reaches the stop on rod 10; this provides a specific ini¬ 

tial excess rate of fuel feed to the engine, leading to an Increase in 

rotor speed. The increase in speed increases the pressure of the work¬ 

ing fluid in the cylinder chamber of slide valve 1, and moves the slide 

valve so as to reduce the rate at which fluid flows out of chamber A 

of the servopiston cylinder. The servopiston moves downward, permitting 

the throttle valve to open, thus increasing the supply of fuel to the 

engine. 

At the same time, the feedback elements cause the servopiston to 

move slide valve 1 downward, so that the servopiston ceases to move. 

Then the forces produced by springs 6 and 7 increase in accordance 

with the increasing force due to fuel pressure, which acts on the 

slide valve. 

The amount by which the servopiston moves downward depends on the 

gear ratio in the feedback loop. In accordance with the prescribed pro¬ 

gram, to each speed actually reached during the acceleration process, 

there should correspond a definite position of the servopiston. Ttils 

correspondence is provided by the shape of the feedback cam 5« 

After the engine-rotor acceleration process has concluded, lever 

15 rests against the stop on cam 13; rod 10 then has no effect on the 

position of the valve. 

The advantage of an automatic tachometer acceleration control 

lies in the fact that it permits fairly simple governing of the re¬ 

quired fuel feed rate during acceleration in accordance with an op¬ 

timum program. 

4. TIME-PROGRAMED DEVICE RESTRICTING THE FUEL-PRESSURE INCREASE AHEAD 
OF INJECTORS 

A time-base device restricting the fuel pressure ahead of the in¬ 

jectors is a time-programed adjusting device. 
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Pig. 286. Device restricting increase in fuel pressure ahead of injec¬ 
tors. l) Slide valve; 2} spring; 3) piston; 4 and 5) ducts; 6) throt¬ 
tle unit; A) chamber; 7) from inclined-disk servomotor; 8) from pump; 
9) to ART and injectors; 10) to discharge line. 

Slide valve 1 (Pig. 286) is at the same time a sensing and control 

element for the servomotor. On the left, the fuel pressure ahead of 

the automatic fuel distributor (ART) acts on the slide valve, while on 

the right it receives the force due to spring 3, which is subject to 

variable adjustment through the motion of piston 3* 

In steady regimes, as well as when the control lever is moved 

slightly or smoothly, so that the fuel pressure ahead of the ART re¬ 

mains below the limiting value, the slide valve closes duct 4, and 

does not interfere with the operation of the fuel flow-rate regulator. 

Under sharp and sizeable movements of the control lever, where the 

fuel pressure ahead of the ART tends to exceed the limiting value, the 

slide valve moves somewhat to the right, thus reducing the speed with 

which the inclined-disk servopiston moves, and reducing the rate of 

Increase of the fuel pressure. 

The restrictlng-device readjustment piston 3 moves to the left 

and Increases the tension on the spring since chamber A fills owing to 

the Increase in fuel pressure ahead of the ART and the opening of duct 

5. The rate at which this chamber fills is the decisive factor deter- 
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mining the time performance characteristic of the restricting device. 

For given design parameters, the choice of the restricting-device 

time characteristic (its adjustment) is made by changing the hydraulic 

resistance of throttle element 6. 

This device (as with the automatic hydraulic-retarder acceleration 

control) requires correction for external conditions, which Involves 

design complications. 



Chapter 24 

ADDITIONAL AUTOMATIC DEVICES IN FUEL-SUPPLY SYSTEM 

FOR MAIN COMBUSTION CHAMBERS 

The additional automatic devices used in the fuel-supply system 

for the main combustion chambers include: devices limiting the minimum 

fuel pressure ahead of the injectors, maximum permissible fuel-pressure 

limiters and maximum pump throughput limiters, devices limiting the 

maximum air pressure after the compressor, automatic devices (valves) 

for releasing fuel when a Jet projectile is fired [27]. 

1. AUTOMATIC DEVICES LIMITING THE MINIMUM FUEL PRESSURE AHEAD OF INJECTORS 

As the flight altitude increases and aircraft oeed decreases, the 

required rate of fuel supply to the engine for constant rotor speed is 

reduced by decreasing the fuel pressure ahead of the injectors. 

When running idle at high altitudes, as well as when the control 

lever Is pulled back sharply, the fuel pressure ahead of the injectors 

may drop belew the minimum permissible value based on conditions for 

good fuel atomization, impairing combustion stability and leading to 

engine shutdown. The minimum permissible fuel pressures ahead of the 

injectors that will provide combustion stability without flame inter¬ 

ruption and extinction are determined experimentally for each actual 

engine type, and will vary slightly as a function of altitude and 

flight speed. 

In order to keep the fuel pressure from dropping below the minimum 

permissible value, automatic limiting devices are used for the minimum 

fuel pressure ahead of the injectors; they are direct-acting or indirect 
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minimum-pressure valves. 

A direct-acting minimum-pressure fuel valve opens a parallel pas¬ 

sage for fuel that runs directly from a chamber ahead of the throttle 

valve to a chamber after the valve when the fuel pressure following 

the valve (ahead of the injectors) drops below the minimum permissible 

va lue. 

Figure 28? shows the basic arrangement of a valve connected into 

a system with a barostat. Valve 2 moves within the throttle-valve hous¬ 

ing in guide sleeve 8, and is loaded by the force produced by the dif¬ 

ference in the fuel pressures before and after the valve. The valve 

Fig. 287. Direct-acting minimum-fuel-pressure valve (ahead of injec¬ 
tors). 1 and 5) Adjusting screws; 2) valve; 3) diaphragm; 4) spring; 
6) nozzle; 7) sleeve; 8) guide sleeve; 9) from pump; 10) to injectors. 

sensing element is the diaphragm 3, which receives the force produced 

by the difference in fuel pressures before the injectors and at the 

discharge line, as well as the force produced by spring 4, whose ten¬ 

sion determines the minimum permissible fuel pressure ahead of the in¬ 

jectors; the spring tension is regulated by screw 5* 

On the ground, with the throttle-valve lever set against the idle- 

running stop, the fuel pressure ahead of the injectors is greater than 
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Fig. 288. Variation in minimum fuel pressure ahead of Injectors and 
Idle-running rotor speed with flight altitude in the presence of a 
direct-acting minimum-pressure valve. 

the minimum permissible value. The force due to this pressure then 

bends diaphragm 3 downward, and valve 2 closes the parallel passage 

for fuel to the injectors. Fuel can go to the injectors only through 

the idling duct, whose area in sleeve 7 is adjusted by screw 1, and 

through the small slot in the valve. As the flight altitude increases 

with the control lever against the idling stop, the fuel pressure 

ahead of the injectors will drop owing to the operation of the baro- 

atat regulator, which maintains the rotor speed n^ (Fig. 288) nearly 

constant up to the altitude at which valve Hvjq comes into play. Thus 

the total force due to fuel pressure on valve 2 (see Fig. 287) and 

diaphragm 3 of the valve will be reduced, and at a certain flight al¬ 

titude Hvlcl, the valve will be forced by spring 4 to open the addi¬ 

tional passageway for fuel through holes drilled in guide sleeve 8, 

preventing a reduction in fuel pressure ahead of the injectors. 

After the valve has come into play, the fuel pressure ahead of 

the injectors will not remain constant as the altitude Increases, but 

will rise somewhat (see Fig. 288), owing to the fact that the direct- 

acting valve admits more fuel to the injectors than is required. The 

speed will then Increase to a maximum value nmax at an altitude Hpot 
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called the engine celling. 

The regulating elernentb of the 

valve are {see Fig. 287) screw 5, spring 
4, and nozzle 6. In order to Increase 

the maximum fuel pressure ahead of the 

nozzles at high altitudes (l.e., In or¬ 

der to reduce the altitude at which the 

valve Is actuated), It Is necessary to 

turn screw 5 of spring 4. If, In addi¬ 

tion, It Is necessary to provide a 

smaller variation In fuel pressure with 

altitude, the nozzle diameter should be 

reduced as this will reduce the supply 

of fuel to the Injectors. 

An Increase In the maximum fuel pressure ahead of the Injectors 

as the flight altitude Increases will lead to a reduction In engine 

celling. For this reason. Indirect minimum fuel-pressure valves are 

more commonly used. Uiey act on the position of the final control ele¬ 

ment with the aid of a servomotor. Figure 289 shows a valve connected 

Into an automatic control system with a centrifugal speed regulator 

and a constant-fuel-feed-rate regulator. 

The sensing element of this valve is diaphragm 2; the pressure of 

the fuel ahead of the injectors Is applied to one side of this dia¬ 

phragm, and the pressure of the fuel at the pump Intake to the other. 

If the fuel pressure ahead of the Injectors Is higher than the minimum 

permitted value, the force due to the difference In fuel pressures on 

the two sides of the membrane will be greater than the force produced 

by spring 3# and the valve will rest against the stop In the lowest 

position. Here the ring of slide valve 1 will cut off duct 5 through 

Fig. 290. Variation in 
speed with flight altitude 
In the presence of a con¬ 
stant fuel-pressure-drop 
valve on throttle valve, 
a centrifugal speed regu¬ 
lator, and a minimum fuel- 
pressure valve ahead of 
the injectors. 1) With 
valve; 2) without valve. 



Vhich working fluid is supplied to the servomotor, which is controlled 

completely by the constant-fuel-feed-rate regulator or the centrifugal 

speed regulator. 

With the control lever at the idle-running stop, as the flight 

-J altitude Increases, the regulador holding the fuel feed rate constant 

comes into operation! this maintains the fuel pressure ahead of the 

injectors constant. As a result, the rotor speed during idling rises 

to a value corresponding to the point at which automatic operation of 

the centrifugal regulator begins (Fig. 290). With a further Increase 

in flight altitude, the rotor speed remains constant and equal to n^j, 

owing to the decreased inclination of the pump disk produced by the 

centrifugal regulator. The fuel pressure ahead of the injectors is re- 
I 

duoed, and may reach an impermissibly low value. When the pressure 

drops below the minimum permissible value, as set by the tension of 

spring 3 (see Fig. 289) with the aid of screw 4, the minimum fuel- 

pressure valve comes into operation, since diaphragm 2 is bent upward 

by the force produced by spring 3- Slide valve 1 opens the channel 

through which working fluid enters chamber A of the servomotor; as a 

result, the supply of fuel to the injectors is Increased, and the fuel 

pressure ahead of the injectors is restored (to the minimum permissible 

value). With Increasing flight altitude, the constant fuel pressure 

ahead of the injectors causes the rotor speed to rise to the maximum 

permissible value at the engine ceiling. Thus, after the valve has 

come into operation, its effect on the position of the final control 

element counteracts that due to the centrifugal regulator; when the 

minimum-pressure valve operates, it has a greater effect on the servo- 

piston position than does the centrifugal regulator, which tends to 

maintain the speed nnar constant, i.e., the speed for which the sens¬ 

ing-element spring in the regulator has been adjusted. 
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2. DEVICES LIMITING THE MAXIMUM FUEL PRESSURE AND MAXIMUM THROUGHPUT 
OP PUMPS IN FUEL-SUPPLY SYSTEMS. DEVICES LIMITING MAXIMUM AIR PRES¬ 
SURE AFTER THE COMPRESSOR. AUTOMATIC DEVICES TOR RELEASING FUEL 
DURING FIRING [27] 

When the throttle valve closes a line rapidly, and also during 

high-speed flight at low altitudes and low ambient temperatures, where 

the required fuel feed rate rises sharply, it Is possible for the fuel 

pressure to rise above the maximum value permitted If damage to the 

pump and fuel-line elements is to be prevented. 

In order to limit the maximum pressure of the fuel In fuel-supply 

systems, special automatic limiting devices are used. In most cases, 

such a limiting device is a direct-acting reducing valve that detects 

either the absolute fuel pressure ahead of the throttle valve or the 

pressure drop across this valve, and which transfers fuel from the 

pump outlet to its intake. 

Very frequently, the maximum rate at which fuel is fed to the en¬ 

gine is restricted by using a stop to arrest the motion of the piston- 

pump inclined disk. 

In systems providing for limitation of the maximum air pressure 

after the compressor, the limitation Is carried out by automatically 

restricting the rate at which fuel is fed to the engine. 

An automatic device (valve) for releasing fuel during firing re¬ 

duces the supply of fuel to the engine when an aircraft fires Jet pro¬ 

jectiles, or cannon located near the compressor intake device are 

fired, since penetration of powder-produced gases within the TRD may 

cause a flameout. Oases entering the engine at high temperature will 

reduce the relative rotor speed and air flow rate. While the rate at 

which fuel is supplied to the engine remains nearly unchanged, the 

temperature of the gases ahead of the turbine will rise, leading to 

unstable compressor operation (surging). In addition, penetration of 
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powder-produced gases to the combustion chamber will Impair the proc¬ 

ess of fuel combustion. These factors can also cause engine flameout. 

The fuel-release valve control interlocks with the fire control. 

During firing, the release valve readjusts the speed regulator to a 

lower speed, thus reducing the rate at which fuel is fed to the engine 

[27]. 
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Chapter 25 

AUTOMATIC CONTROL SYSTEMS PGR AFTERBURNERS 

[17, 18, 19, and 27] 

1. GENERAL INFORMATION 

As we know, the most common method for augmenting the thrust of a 

TRD [turbojet engine] Is combustion of additional fuel In a special 

afterburner behind the engine turbine. The condition requiring the op¬ 

eration of the engine turbocompressor to remain constant when the af¬ 

terburner Is turned on dictates ah Increase In the nozzle throat area; 

this Increase must be the larger the more the gases In the afterburner 

are heated and, consequently, the greater the degree of thrust aug¬ 

mentation. If after the afterburner has been cut In, the Increased 

nozzle throat area remains constant, the afterburner Is called a fixed- 

geometry afterburner. There Is only one regulating factor for such an 

afterburner, the rate G^ at which fuel Is fed to It. If with the af¬ 

terburner on, it Is possible to change the nozzle throat area In steps 

or smoothly, the afterburner is called a variable afterburner; In ad¬ 

dition to Gtf, there Is one more regulating factor with such a burner - 

the nozzle throat area FB^. 

In a fixed-geometry afterburner, 1.e., a burner having one regu¬ 

lating factor (Gtf)# there Is Just one corresponding control parameter. 

As the control parameter, we may use the gas temperature ahead of the 

turbine, T*y Since when the afterburner Is on, the engine Is required 

to deliver maximum thrust, we should take as the control program the 

condition T#.. *= const. There will be the following relationship be- ^max 



tween the controlling factor Gu. and the controlling parameter T* ! as 

Gtf increases, there will be an increase in the temperature T*j. of the 

afterburner gases, so that if the condition PBf = const is satisfied, 

there will be an Increase in the gas pressure following the turbine 

and a drop in the gas pressure drop at the turbine; this will cause 

the engine rotor speed to decrease. Where there is a rotor-speed regu¬ 

lator operating on the deviation-control principle, this speed reduc¬ 

tion will be eliminated by an increase in the rate at which fuel is 

fed to the main combustion chambers and by an increase in the gas tem¬ 

perature ahead of the turbine. When the fuel feed rate Gtf drops, the 

entire process is reversed. Thus we can see that an increase in Gtf 

leads to an increase in the temperature T*y An increase in the tem¬ 

perature T*2 may be eliminated by reducing the rate at which fuel is 

fed to the afterburner. 

As the controlled variable, we may use the gas temperature T*f in 

the afterburner. Here the relationship between and G^ is self- 

evident: an increase in Gtf leads to an increase in T*f. It is also 

clear that an increase in T*f may be eliminated by reducing dtf. With 

a control program T*f mx = const, the temperature T*3 will in general 

not remain constant, which is a drawback to this choice of controlled 

variable. 

We may also use the gas temperature T*^ at the turbine outlet as 

the controlled variable. It is lower than T*^ and T#f, and may be meas 

ured with great accuracy. Where the control program T*itinax = const is 

selected, however, we are still left with the drawback mentioned, i.e. 

there is some change in the temperature when the air temperature 

at the compressor intake varies. 

The difficulties involved in measuring the temperatures T*^, T*^, 

and T*^ make it necessary to seek other controlled variables that can 
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be measured with reliable fast-responding devices. Such a parameter 

may be the ratio of the air pressure p*2 after the compressor to the 

pressure of the gases after the turbine, p*^. Investigations have 

shown that this ratio p*2/P#4 remains nearly constant when the turbo¬ 

compressor is running at top speed, no matter how the external engine 

operating conditions change. This makes It possible to use the simple 

control program p*/p*^ = const. The following relationship holds be¬ 

tween p*2/P% and °tf: as Qtf lncreases* the ratio P*2^p*4 decreases 

owing to the Increase In p*^ caused by the Increase In temperature T#f. 

It Is clear that In order to prevent the ratio p*2/P*ij from dropping 

below a prescribed value, It Is necessary to reduce the rate at which 

fuel Is supplied to the afterburner. 

Where a variable-geometry afterburner Is used, one of the con¬ 

trolled variables may be T*^ T*4# or P#2/p*4* The other controlled 

variable may be the temperature T#^. Implementing one of the programs 

T^-jmax = con8t> T*4,nax = const, or (P*2/P%)max = const by varyln&' 

for example, the rate at which fuel is supplied to the afterburner, we 

can hold T*f constant by changing the nozzle throat area or vary It in 

order to change the degree of thrust augmentation and thus the engine 

thrust with the afterburner on. 

Fuel may be fed to the afterburner by fixed centrifugal injectors. 

Afterburner fuel pumps will usually be of the piston or gear types, 

driven by the engine rotor. A special cycle valve 1 is usually in¬ 

stalled between the Injector assembly and the pump (see Fig. 293). 

With given Injector characteristics, this valve makes it possible to 

obtain the desired relationship between the rate at which fuel flows 

through the entire injector assembly and the fuel pressure pnf after 

the pump (Fig. 291). The fuel pressure pnf is higher than the fuel 

pressure p^. ahead of the injectors; the difference pnf - pf depends on 
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pig. 291. Fuel pressure after 
pump and ahead of afterburner 
manifold nozzles as a function 
of fuel flow rate. 

the shape of the valve and the characteristic of spring 2 (see Pig. 

293). To permit the rate at which fuel flows Into the afterburner to 

be regulated, the fuel pump Is provided with a control element: an In¬ 

clined disk (for a piston pump) or bypass valve (for a gear pump). The 

afterburner fuel pump usually has a valve 3 that Is used to turn the 

afterburner on and off. The motion of valve 3 is time-programed to en¬ 

sure that the delivery of fuel when the afterburner Is turned on fol¬ 

lows the law required by the conditions that ensure reliable after¬ 

burner starting. In order to avoid a severe disturbing effect on the 

turbocompressor when the afterburner Is turned on and off, the fuel 

feed rate Is matched appropriately to the nozzle-flap aperture when 

the afterburner Is turned on or off. 

Open, or closed-loop control systems may be used for afterburners. 

2. OPEN-LOOP AUTOMATIC CONTROL SYSTEMS FOR AFTERBURNER FUEL DELIVERY 

In the general case, In order to provide a desired afterburner 

control program (for example, T*^max - const), the rate at which fuel 

Is fed to the afterburner with F8f = const Is a function of external 

parameters - the pressure and temperature of the air at the compressor 
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Intake. It turna out that the required rate of fuel supply to the af¬ 

terburner Is directly proportional to the stagnation pressure p*^ at 

the compressor Intake, while it Is a more complicated function of the 

air temperature T*^. We shall only note that as the temperature 

rises, the required rate of fuel supply to the afterburner will de¬ 

crease, as shown In Fi/j. 292. Thus open-loop systems In general should 

correct the rate at which fuel Is fed to the afterburner In accordance 

with the pressure p*^ and the temperature T*^. The majority of systems 

In use, however, only use correction based on p*^ for some average 

value of the T*^ vs. p*^ relationship. This simplifies the control sys¬ 

tem, but leads to errors In maintaining the desired control program, 

when the temperature T*N begins to depart from the theoretical value 

for a given p*^. It is clear that when the temperature T*N goes up and 

the air flow rate drops, such a system 

will supply more fuel to the afterburner 

than is needed, resulting ultimately in 

an Increase In the temperature T*y In 

order to avoid turbine failure, this 

possible temperature rise must be taken 

into account when the design tempera- 
Plg. 292. Required rate of 
supply of fuel to after¬ 
burner as a function of 
air parameters at com¬ 
pressor intake. 

ture T*2 1b found with the afterburner 

in operation. Conversely, when the tem¬ 

perature T*n is lowered, there will be 

some drop In the temperature T*^ ®nd the full potential of the TRD af¬ 

terburner system will not be used. 

The open-loop afterburner fuel-supply control system shown In Fig. 

293 is a servosystem whose input variable is the air pressure p#^ at 

the compressor intake and whose output variable is the fuel pressure 

p^f at the afterburner-pump outlet. In principle, this system is slm- 
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Pig. 294. Required charac¬ 
teristic for open-loop af¬ 
terburner control system. 

• liar to the Indirect speed-control sys¬ 

tem examined before (see Chapter 22, 

section "Fundamental Types of Indirect 

Speed-Control Systems and Their Proper¬ 

ties"). In system design, the basic re¬ 

lationships are the fuel flow rate re¬ 

quired by the condition that the desired 

afterburner control program be main¬ 

tained as a function of the air pressure 

p*^ (Pig* 294), and the characteristic 

curve for the Injector assembly (Pig. 

295). These two relationships make It 

possible to find the required regulator 

characteristic connecting the fuel pres¬ 

sure at the pump outlet, p^, and the 

air pressure p*^ at the compressor In¬ 

take (Pig. 296). By a suitable choice 

of shape for valve 1 (see Pig. 293) and 

of Its spring 2 It Is possible to make 

the required regulator characteristic 

linear, l.e., the relationship between 

p^ and p*^ will be one of direct pro¬ 

portion. This greatly simplifies the 

implementation of the required charac¬ 

teristic by appropriate choice of the 

following regulator parameters: dimen¬ 

sions of the aneroid element 4, tension 

of spring 5, arm ratio of lever 6, dimensions of diaphragm 7, etc. 

Wie regulator operates In the following manner. When, for example, 
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Pig. 295* Characteristic 
curve for afterburner In¬ 
jector unit. 

Pig. 296. Required charac¬ 
teristic of afterburner 
fuel feed-rate regulator. 



the pressure p*^ increases, the aneroid element is compressed, the 

lever turns, and somewhat reduces the flow area of nozzle 8. The flow 

of fuel through the nozzle is reduced, which increases the pressure in 

chamber B so that servopiston 9 moves to the left, increasing the angle 

of inclination of the disk. Pump throughput then increases along with 

the fuel pressure pnf and the rate at which fuel is fed to the after¬ 

burner. The piston stops moving when the increasing pressure p^ causes 

lever 6 to turn and open the nozzle Just enough to compensate for the 

effect of the increase in p*^ When the pressure p*^ decreases, the 

regulator will operate in exactly the opposite manner. 

When the afterburner is on, the regulator acts in the following 

fashion: valve 3 is opened with the aid of a special electric motor. 

Biere is no connection between this valve and the engine control lever, 

and it can occupy only two extreme positions. In this case, with the 

nozzle flaps in a fixed position, with the afterburner on, engine 

thrust can only be controlled by changing the rotor speed, l.e., by 

changing the rate at which fuel is supplied to the main combustion 

chamber, since the rate at which fuel is supplied to the afterburner 

will remain constant and Independent of the rotor speed. Bils method 

of thrust control with the afterburner on is uneconomical, since a TRD 

with afterburner makes better use of the fuel delivered to the main 

chambers, where the air pressure is high, than of fuel introduced Into 

the afterburner. In throttllr« down engine thrust, it is thus desirable 

to reduce the rate at which fuel is supplied to the afterburner, rather 

than the main chamber feed rate, ftils is impossible, however, with the 

control method described. 

An open-loop afterburner fuel-supply control system may sometimes 

take the form of a servosystem in which the input variable is p*^ and 

the output variable the quantity m, which characterizes the position 
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of the fuel-pump final control element (Pig. 297). 

The static characteristic of such a regulator is the curve (Fig. 

298) representing the position of the pump final control element (in 

this case, the inclined-disk servopiston) as a function of the air 

pressure at the compressor intake. In order to find the required regu¬ 

lator characteristic, we use the curve showing the required fuel feed 

rate as a function of the air pressure p^ (see Pig. 29^) and the fuel- 

pump characteristic (Pig. 299). The required regulator characteristic 

is provided by proper selection of the 

shape of cam 5 (see Fig. 297) in the 

mechanical feedback loop. 

m 

This system operates as follows. 

Under an increase, for example, in the 

pressure the aneroid element is 

compressed, causing valve 3 to close. 

The reduction in the rate at which fuel 

flows out of nozzle 4 increases the fuel 

pressure in the right-hand chamber of 

the servopiston. The latter begins to 

move to the left, increasing the rate at 

which fuel is supplied to the afterburner 

(the coordinate m increases here). As 

the servopiston moves to the left, the 

roller of lever 6 moves along cam 5. The 

Pig. 298. Static charac¬ 
teristic for afterburner 
fuel-supply regulator. 

K-■——— m 

Fig. 299. Characteristic 
of afterburner fuel pump. upward motion of the latter results in 

the same displacement of the stop of spring 10 together with valve 3. 

Here the flow of fuel out through nozzle 4 Increases to the point that 

the servopiston stops in some definite position. As a consequence, a 

larger fuel feed rate and a larger value of the coordinate m will cor- 
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respond to the higher pressure p«^. 

Since in this control system, the coordJ:iate of the fuel-pump 

final control element depends on the pressure p^ and not on the speed, 

when the engine is throttled down with the afterburner on by readjust¬ 

ment of the speed regulator there will occur together with a reduction 

in rotor speed a decrease in the rate at which fuel is supplied to the 

afterburner. This advantage of the given control system distinguishes 

it favorably from that considered previously. 

When an open-loop control system is used for the afterburner, a 

change in nozzle throat crea with the afterburner on will affect the 

operation of the engine turbocompressor in exactly the same way as 

when the afterburner is off, i.e., an increase in PBf leads to a drop 

in the temperature while thé converse is also true. 

3. CLOSED-LOOP AFTERBURNER FUEL-SUPPLY CONTROL SYSTEMS 

Wie unacceptably large static error, as well as the fact that the 

operation of open-loop control systems does not depend on the opera¬ 

tion and condition of the engine itself has led to the appearance of 

closed-loop fuel-supply control systems. In a closed-loop system, the 

rate at which fuel is fed to the afterburner is controlled on the 

basis of a variable that depends on afterburner operation. When the 

controlled variable is held constant, its control system acts as an 

automatic-stabilization system. 

Figure 300 shows the block diagram of a closed-loop fuel-supply 

control system in which the temperature T*^ 18 the controlled variable. 

The regulator has a detector for the temperature T*^, and when this 

temperature departs from the prescribed value, the regulator changes 

the fuel feed rate. If, for example, with an increase in flight alti¬ 

tude the temperature T*^ rises, the regulator moves the fuel-pump final 

control element so as to reduce the rate at which fuel is fed to the 
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Pig. SOO. Block diagram of closed-loop afterburner control system us¬ 
ing temperature T*y l) Regulator; 2) fuel pump; 3) control lever; 4) 
Gtf regulator sensing element; 5) servomotor. 

afterburner; It continues to operate until the deviation from the pre¬ 

scribed temperature T*^ has been eliminated. During the control proc¬ 

ess, the speed regulator comes into play to eliminate speed deviations 

from the prescribed value produced by fluctuations In the temperature 

T*, and the pressure drop at the turbine. This is a typical case of 

the interaction of two closed-loop control systems, effected through 

the engine. 

We may also use the gas temperature at the turbine outlet or 

the afterburner temperature T*f as the control parameter. The diffi¬ 

culties involved in creating closed-loop gas-temperature control sys¬ 

tems limit the application of such an afterburner control method, how¬ 

ever. Fewer difficulties appear in designing closed-loop systems in 

which the ratio p^p*^ of the air pressure following the compressor 

to the gas pressure behind the turbine is taken as the controlled vari¬ 

able [27]. A block diagram of such a control system is shown in Pig. 

301. This system has a sensing element that responds to a deviation of 

the ratio from theoretical maximum value (P^^P^max' 

sensing element acts on the fuel feed rate 0tf (through a servomotor) 
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bo that when the ratio increases, the fuel feed rate will be 

increased, while when the ratio decreases, the feed rate decreases as 

much as is needed to eliminate the error in the ratio p^/p*^ that has 

appeared. 

Pig. 301. Block diagram of closed-loop afterburner control system us¬ 
ing P*2/p*4« !) Regulator; 2) fuel pump; 3) control lever; 4) 0tf reg¬ 

ulator sensing element; 5) servomotor. 

Figure 302 shows the basic arrangement of a lever-type sensing 

element. Identical aneroid elements 1 and 2, located in chambers A and 

B, are connected to the ends of a lever 3« Gas at the pressure p*^ is 

supplied to chamber A, and air at the pressure p*2 to chamber B. Arms 

a and b of the lever are so chosen that their ratio will equal the 

prescribed value of (PV^^Vmax* If the actual value of P#2/p*4 e^18 

the lever an<i attached servomotor control element will 

be in the neutral position. For the system to function properly, an 

increase in the ratio p^p*^ should cause the servomotor control ele¬ 

ment to move so as to increase the rate at which fuel is supplied to 

the afterburner, while a drop in P*2/p*4 should cause a corresponding 

displacement of the servomotor control element so as to reduce the 

fuel feed rate. 

Figure 303 shows a diagram of a pneumatic sensing element. Air 
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from the compreesor Is supplied to chamber A above the diaphragm 

through nozzle 1 at pressure p*2; It leaves this chamber through noz- 

zle 2 and goes to the atmosphere. Here a certain pressure px, less 

I * 

W) 

H jwai/r»Auft»)r 4 ' 
pttwny cv*o*aniata 

regulator?'"^and*^^ÃneroId*elemen 18^3)lewr; A and 

B) chambers; 4) to servomotor control element. 

than p*2, is set up above the diaphragm. If the pressure ratio p,/px 

is below the critical value at nozzle 2, Px will not depend on the 

pressure pN but will be proportional to p«2. By proper selection of 

nozzles 1 and J, It Is possible to make the pressure Px equal to pres- 

sure at the maxljnura steady operating 

speed of the turbocompressor. Gas at pres¬ 

sure p*4 la applied to cavity B under the 

diaphragm. The diaphragm Is connected to 

the control element for the servomotor of 

the afterburner fuel feed-rate regulator. 

This control element may either be a slide 

valve or a valve similar to that used In 

the control system shown In Pig. 297. 

If the actual pressure p*^ In chamber 

B equals the prescribed value, l.e., px = P^max* 

be in the equilibrium neutral position and the control element will 

exert no effect on the servomotor. On the other hand. If, for example. 

3 K ynpaim<om*9 
ceptOMoñopa 

Fig. 303. Basic ar¬ 
rangement of pneumatic 
sensing element for 
P*2/P#4 = con8t regu" 
lator. 1 and 2) Noz¬ 
zles; A and B) cham¬ 
bers; 3) to servomotor 
control element. 

- 525 - 



the rate at which fuel ia supplied to the afterburner becomes greater 

than the required rate owing to an increase in flight altitude or a 

decrease in nozzle throat area, the pressure p*^ in chamber B will ex¬ 

ceed the pressure in chamber A, the diaphragm will bend upward and 

move the servomotor control element, decreasing the fuel feed rate and, 

consequently, decreasing the pressure p*^ until the prescribed value 

of the ratio (P*2/P#4)max 18 restored. 

K Kpavy 8Kj\Kwenua 
(popcawa u tpopcynm/i 
(popcamnovi MMepti 

\ Ms monyiuenoto 
ácuta 

Pig. 304. Basic arrangement of closed-loop afterburner control system 
using P#2/p*4» the syBtem employs an open-loop fuel feed-rate limiter 
using p*y 1) Discharge line; ») to pump inclined disk; 3) fuel pump; 
4) to valve to turn on afterburner system and afterburner injectors; 
5) from fuel tank. 
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In evaluating the operating characteristics of closed-loop after¬ 

burner control systems, we should remember that if fuel combustion ef¬ 

ficiency is impaired for any reason and the temperature is reduced, 

the regulator, in increasing the fuel feed rate, may so enrich the mix¬ 

ture as to extinguish the flame in the afterburner. This is especially 

probable in high-altitude flights. In order to eliminate this effect, 

some afterburner fuel-supply systems supplement the closed-loop con¬ 

trol of the ratio P^P*^ with open-loop regulation as shown in Pig. 

304. Here the open-loop regulator is adjusted for a somewhat greater 

fuel feed rate than is required by the condition (D#2^^*4^max ~ conflt» 

and in normal afterburner operation, the regulator is inoperative. It 

comes into play as a fuel feed-rate limiter when the afterburner com¬ 

bustion process becomes degraded. 

Where a closed-loop control system of the (P*2/P#4)max = c00** 

type is used with a TRD afterburner system, the thrust may be throttled 

down when the afterburr ' on by reducing the rotor speed. Here in 

addition to the drop 1 -e at which fuel is fed to the main cham¬ 

bers, there is also a decrease in the rate at which fuel is fed to the 

afterburner to the degree required to maintain the prescribed ratio 

p*£/p#2j constant. 

A very substantial advantage of a closed-loop afterburner control 

system based on p^p*^ is the fact that turbocompressor operation 

does not depend on the nozzle throat area. A variation in the latter 

affects only the temperature T*f and the rate at which fuel is sup¬ 

plied to the afterburner. This property of a closed-loop control sys¬ 

tem is used to control engine thrust with the afterburner on; here the 

nozzle flaps are the control elements: in order to reduce thrust, the 

flaps are closed, while they are opened to increase thrust. 

Since when a TRD with afterburner is throttled by closing the 
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flaps the rotor speed and temperature T*^ remain constant, and the 

thrust is reduced solely owing to the reduced rate at which fuel is 
f 

fed to the afterburner, this throttling method is the most economical 

of all the methods discussed above. 

O 
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part Nine 

STARTING SYSTEMS FOR GAS-TURBINE ENGINES 

yH 

Chapter 26 

STARTERS 

1. GENERAL INFORMATION ON STARTING SYSTEMS. TYPES OF STARTERS 

Rapid and reliable atartlne of the engine la one of the chief 

conditions for ensuring the combat effectiveness of an aircraft. 

Starting of a OTD (gas-turbine engine] is usually taken to mean 

the process during which the engine goes from the stationary state 

(state of rest) to a state of steady Independent operation. 

Steady Independent operation of a OTD Is possible only at speeds 

for which the turbine power Is adequate to turn the engine rotor and 

the temperature of the gases ahead of the turbine does not exceed the 

maximum permissible value. 

The minimum speed for steady Independent operation of a OTD under 

given external conditions will depend on the starting characteristics 

of the engine. By the starting characteristics of a OTD, we usually 

mean the relationships between the power Np needed to turn the rotor, 

the power Nt developed by the turbine, and the speed during the start¬ 

ing process where the gas temperature T»3 ahead of the turbine follows 

a given law. 

Figure 305 shows a sample starting characteristic for a TRD. It 

is clear from the figure that even where T*3 = T*3max, the minimum 

speed il for independent TRD operation is fairly high. At speeds below 

the equilibrium speeds (n < n,,). the engine cannot operate Independ¬ 

ently; It Is therefore necessary to have a constant source of power 

(starter) In order to start a TRD; the starter must be able to turn 
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Piß. 305. Starting characteria 
tica of TRD. 

the engine rotor at leaat until a apeed n = rij, ia reached. It ia im¬ 

possible to disconnect the starter at these speeds, since a slight im¬ 

pairment of engine operating conditions appearing, for example, through 

the action of a wind blowing from the aircraft tail, an increase in 

losses at the engine intake and exhaust sections, unstable compressor 0 
operation, etc. may cause the power developed by the turbine at n = riy 

to drop below the power needed to turn the rotor, and the engine will 

stall. 
As a rule, the speed rig at which the starter cuts out is a speed 

such that the turbine power is sufficient to bring the engine reliably 

to the idle-running speed. 

The idle-running speed n^ is selected on the basis of the condi¬ 

tion that will provide minimum thrust with reliable and stable engine 
» 

operation. Here, in order to provide the necessary acceleration, the 

gas temperature ahead of the turbine should be less than the maximum 

permissible value. 

The speeds r^, r^, and n^, as well as the speed nx at which the 

turbine begins to create a positive torque will depend on many factors | 
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(the type of engine, the efficiencies of compressor and turbine, the 

gas temperature ahead of the turbine during starting, and the ambient 

temperature) and will be different for different types of engine. 

Processing of statistical data indicates, however, that for the major¬ 

ity of engines of the same type the ratios of these speeds to the max¬ 

imum speed n1/nmax, etc’* i«®** the relative speeds, will 

vary over small ranges (see the table). 

Taa 
1 
Alarm«« Vw 

2 TPfl C OCCBUM KOM- 

npeccopoM . . . . 
3 TPÀ c UeKTpOÖOKHUM 
. EOMnpCCCOpOM . . 

4 TBA C OCfBUM BOM- 

npeccbpoM . . . . 

0,(»-0,U 

0,06—0,09 

0,06-0,11 

0,11-0,15 

0,06-0,11 

0,11-0,15 

0,2-0,33 

0,13-0,15 

0,3-0,4 

0,28-0,38 

0,2-0,23 

0,6-0,8 

1) Type of engine; 2) TRD with axial compres¬ 
sor; 3) TRD with centrifugal compressor; 4) 
TVD (turboprop engine] with axial compressor. 

In accordance with what we have said, the entire starting process 

may be divided into three fundamental stages (see Pig. 305)* 

The first stage extends from time n = 0 (the starter is connected 

to the engine rotor) to time n = n^ (ignition of the fuel in. the com¬ 

bustion chamber and commencement of turbine operation). In this stage, 

the starter alone turns the rotor. 

The second stage occupies the period from time n = (commence¬ 

ment of turbine operation) to time n = (starter dropout). IXiring 

this stage, the rotor is turned by the starter and engine turbine to¬ 

gether. 

The third stage extends from time n = (starter dropout) to the 

instant at which the engine arrives at idling speed. During this stage, 

the rotor is turned by the engine turbine alone. 

Starting systems are provided to start QTD. The starting system 
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satisfy the following basic requlrenentss 
......'. „ ‘ - --• • ------ - 

It mast provide reliable automatic starting of the engine on 

the ground and in the air for all operating altitudes and flight speeds; 

- It should provide independent starting with low starting-system 

weight and sise; 

- It should be simple and safe to operate and have high operating 

reliability; 

- it should satisfy the required flying and mechanical conditions 

for duration of the starting period. 

Starting systems for GTD Include the following basic elements: 

the starter« ignition devices to create the initial flame site for ig¬ 

nition of the fuel in the combustion chambers« and fuel regulators to 

control the rate at which fuel is supplied to the combustion chamber 

during the starting process. 

In addition« the starting system contains electrical systems that 

make the entire starting process automatic« as well as power sources 

for the starter. 

The starter is an engine designed to turn the QTD rotor during 
j 

the starting process. In accordance with the specifications for start- 

1¾ systems« the starter should be simple in construction« should de¬ 

velop the highest possible power with small size and low weight« should 

be safe to handle« have high operating reliability« and should provide 

for multiple starts. 

Starters used for present-day QTD may be classified into the fol¬ 

lowing basic types: electrical turbine, and rotary. 

Turbine starters are in turn classified as gasturbine, compressed- 

sir, powder, vapor, and turborocket starters, and rotary starters as 

compressed-air, gas, and hydraulic starters. 

In some cases« systems employing no starter are used to start low- 
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power OTD. 

2. ELECTRICAL STARTERS 

An electrical starter is a direct-current electric notor powered 

by an on-board or airport storage battery with a rated voltage of 24- 
* 

28 V. 

m addition to electrical starters, electrical starter-generators 

are also widely employed with present-day erglnes. 

The starter-generator Is an electrical machine that operates as a 

starter during the starting process, and then switches to generator 

operation and subsequently acts as a source of direct current for the 

aircraft. By combining the starter and generator Into one unit, we are 

able to reduce the weight of power-plant elements by an amount nearly 

equal to the weight of a starter. The required electrical characteris¬ 

tics of a starter generator in the starter and generator modes can be 

obtained by connecting into the starter-generator drive train an auto¬ 

matic two-speed transmission or by connecting an additional winding 

Into the electrical circuit of the starter-generator that is autom*tic- 

ally switched as we go from one operating mode to another. Hie first 

method is most commonly used at this time. Here the two-speed trans¬ 

mission automatically provides different gear ratios in the starter 

and generator modes. As a rule iBt = (3-4)igeni where i6t » nBt^ndv 

and *gen = nger/ndv* 

In order to increase the efficiency with which the storage bat¬ 

teries are used, starting systems are sometimes used in which the bat¬ 

teries are switched from parallel to series connection (24-48 v system). 

The utilization of a 24-48 v starting system increases starter 

power during the last stage in which the engine is turned over, but It 

leads to rapid discharge of the storage batteries and reduces the num¬ 

ber of repeated starts that can be made without recharging the storage 
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engine-rotor turnover durlr« the starting process. The electrical 

starting system easily makes it possible to provide a fully automatic 

starting cycle. 

Olie main drawbacks to the electrical starting system are the 

great weight of the storage batteries, which amount to 120-180# of the 

weight of the starter, and their drop in capacity as the ambient tem¬ 

perature drops. 

The welght-to-power ratios of electrical starting systems used 

with present-day OTD are 5-8 kg/hp, and they basically depend on the 

type and number of storage batteries. A reduction In the weight-to- 

power ratio by a reduction in the number of batteries of the same type 

will lead to rapid discharge of the batteries and a reduction in the 

number of repeated starts available. 

Ihe possibilities of an electrical starting system may be expanded 

by using a new type of storage battery that possesses high capacity 

per unit weight as compared with the lead storage batteries in current 

use, and also by using auxiliary on-board turbogenerator units. 

3. GAS-TURBINE STARTERS 

A gas-turbine starter is a small gas-turbine engine whose basic 

elements are: a compressor (usually centrifugal), combustion chamber, 

gas turbine, reduction gear, coupling to engine shaft, as well as fuel- 

supply and automatic-control systems. An electrical starter is used to 

start the starter itself. When in operation, the starter turbine de¬ 

velops more power than is needed to drive the compressor and other 

elements of the starter. This excess power is transmitted through a 

reduction gear to the shaft of the main engine, which is turned over. 

Thus, a gas-turbine starter is similar in operating principle to a 



the basis of brief intermittent operation of the engine during the 

starting proeess only. 

Second, the structural shapes and arrangement of elements are 

chosen so as to provide the maximum possible power with small size and 

low weight. Here efficiency is of secondary Importance. 

Third, gas-turbine starters use simplified automatic control sys¬ 

tems that provide only for acceleration and operation of the starter 

in one working regime. 

Fourth, certain types of gas-turbine starters employ an open lub¬ 

rication system in which fuel (kerosene) is used as the lubricant. 

Figure 306 shows the arrangement of a single-spool gas-turbine 

starter. 

/ 

1 

Fig. 306. Diagram of single-spool gas- 
turbine starter. 1) Starter drive shaft; 
2) hydraulic clutch; 3) shaft of starter 
turbocompressor; 4) electrical starter. 

A single-stage centrifugal compressor with intake on one side is 

Installed on the starter. Such a compressor is simple in construction 



combustion chamber Is hook- : t Jr 

and provides s nonml combustion process with short length. The 

turtocompressor rotor is doubly supported. Journal bearings are used 

as the supports« which helps to reduce the starter diameter. 

order to reduce the length of the starting process« provision 
% 

is made for starting the starter Itself and bringing it up to working 

speed while under no load« l.e.« it Is brought up to speed before the 

starter rotor engages the engine rotor. Measures are also taken to re¬ 

duce the dynamic loading at the Instant of engagement. In the arrange¬ 

ment shown In Fig. 306« these functions are performed by a hydraulic 

clutch that is mounted In the reduction-gear structure. 

Whllë the gas-turbine starter Is being started and accelerated« 

no oil is supplied to the hydraulic clutch and the starter« discon¬ 

nected from the engine« rapidly reaches Its design operating speed. 

When the starter turbocompressor speed Is close to the maximum value« 

a special regulator fills the hydraulic 

clutch with oll« so that the hydraulic 

clutch begins to transmit torque to the 

shaft of the engine to be started« turning 

it over. 

Two-spool gas-turbine starters have 

also found application (they use a free 

Fig. 307. Diagram of 
two-spool gas-turbine 
starter. 

turbine). Figure 307 shows one such starter. Here the gas-turbine 

starter has two turbines placed one after the other; the first drives 

the compressor and the second turns the rotor of the engine being 

started. There is no mechanical connection between the turbines. Thus 

when the starter is started« its turbocompressor rapidly reaches work¬ 

ing speed and then runs as a gas generator for the second turbine. 

Qas-turblne starters may develop considerable power with compara- 
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tiy#ly snail sis* and low weight of the starting systea; 

easily provide autonomous starting with a nearly unlimited n über 
'.. " ..1,11. 1111 1,1 '^ ....'t!; If ,!lllii.... ••"L '■ 

stàrtse 

nie Kelsht-to-power ratios of modem starting systems using gas- 

turbine starters are 1.3-1.8 kg/hp* while for the starters themselves 

the ratios range from 0.6 to 1.1 kg^P* 

We should take note of the following drawbacks to starting sys¬ 

tems using gas-turbine starters: first, the gas-turbine starter itself 

is complicated in construction as compared with other types of starters 

and, as a consequence, it is less reliable; second, the time required 

to start the GTD is fairly long, since in this case it also includes 

the time needed to start and accelerate the gas-turbine starter itself. 

For modern gas-turbine starters of 100-200 hp, this time amounts to 

15-20 sec. 

4. POWDER TURBOSTARTERS 

In powder turbostarters, the turbine operates on gases generated 

by powders. Figure 308 shows the arrangement of a powder starter. 

The powder charge is located in a thin-walled cartridge. Nitro- 

base powder is ordinarily used for the charge, with special added sub¬ 

stances for flegmatisation, which retard the rate of charge combustion. 

Powder ignited by an electrical charge is usually used for ignition. 

The gases evolved during combustion of the powder charge are directed 

against the blades 6 of the gas-turbine rotor; after passing through 

the turbine, the powder gases are exhausted to the atmosphere. The 

power developed by the turbine Is transmitted through a reduction gear 

and clutch to the rotor of the engine to be started. 

The tenqperature of the gases evolved by powders depend on the com 

position of the powder charge and reach l600-1700°C. Ihe weight of pow 

der In one charge is chosen on the basis of calculations for a single 
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starting, ths cartridge Bust be recharged. To pro- 

vide for Multiple starts, sos» powder-turbos tar ter designs have sev¬ 

eral cartridges or multlcharge cartridges of the revolver type (with a 

rotating drum). A characteristic feature of powder-turbostarter opera¬ 

tion is the fact that once the powder has started to burn, combustion 
% 

cannot be stopped until It is complete. Bras if the engine to be 
. 

started reaches the starter dropout speed before powder combustion has 

ceased, the turbine speed may exceed the maximum permissible value ow¬ 

ing to the sharp decrease in load. In order to avoid unacceptable tur¬ 

bine acceleration, special regulators are Installed that halt the sup¬ 

ply of gas to the turbine when the started engine reaches the starter- 

dropout speed. The powder gases are then exhausted outside through 

special protective vents. 

A basic advantage of powder turbostarters Is the fact that they 

can create a high starting Impulse that considerably reduces the time 

needed to start a TRD. 

In addition, a starting system using a powder turbostarter is 

small In size and light In weight (the welght-to-power ratio of powder 

turbostarters Is 0.1-0.15 kg/hp), and In addition, there Is a consider¬ 

able reduction In airport-equipment costs. 

Together with thobe advantages, powder turbostarters have the fol¬ 

lowing substantial disadvantages that prevent them from coming Into 

wide use. 

First, the powder gases cause extensive carbon deposition on the 

turbostarter flow-passage elements, contributing to rapid degradation 

of Its characteristics during service. 

Second, the use of powder charges as an energy source Involves 

the danger of explosion. At low negative temperatures (below -40°C), 

the powder charge often cracks.» which during starting leads to an In- 



orease in the combustion surface and may cause an explosion. 

Third, as the ambient temperature decreases, the energy of the 

powder charge will be reduced, which reduces the available starter 

Pig. 308. Arrangement of powder turbostarter. 1) IXictj 2) powder vents; 
3) holes In diaphragm; 4) diaphragm; 3) stop diaphragm with ports; 6) 
turbine-rotor blades; 7) reduction gear, 1 » 5; o) shaft; 9) multiple- 
disk clutch; 10) elastic ring; 11) oil and gas seals; 12) exhaust duct; 
13) disk for releasing gas at excess pressure; 14) port for discharg¬ 
ing excess gas flow under emergency conditions; 13) lock cap with 
locking ratchet (to reload. It Is necessary to unscrew the cap and In¬ 
sert the cartridge); 16] cartridge; 17) electrical contact; lo) drain 
vent for engine oil; 19) vent for oil supplied from engine; 20) oll- 
fllllng orifice; 2l) exhaust-gas vents; A and B) cartridge cylinders. 

« 

power, while at the same time the power required for starting rises, 

ftius In winter and In summer and under various climatic conditions It 

Is necessary to use different powders and cartridges of various powers. 

This, naturally, complicates the operation of powder turbostarters. 
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syitti tod ooobustlon-ohamber Ignition system that will provide normal 

combustion for 2-3 seo after starting. 
if 

5* VAPOR AND TOHBOROCKBT STARTERS [27] 

The turbine of a vapor starter uses vapor obtained by the decom¬ 

position of hydrogen peroxide. 

Figure 309 shows a vapor starter. The hydrogen peroxide (H^Óg) is 

supplied from tank 2 to the vapor generator with the aid of compressed 

air delivered to the tank from cylinder 1. In the vapor generator« the 

hydrogen peroxide Is decomposed In the presence of a liquid or solid 

MS« 309. Vapor starter. 1) Air cyl¬ 
inder; 2) tank with hydrogen perox¬ 
ide; 3) vapor generator with solid 
catalyst; 4) turbine; 5) reduction 
gear; 0) clutch. 

catalyst; a considerable amount of heat Is then evolved. When the per¬ 

oxide decomposes« a mixture of hot water vapor and oxygen Is formed - 

a gas-vapor mixture; this Is used as the working fluid for the turbine 

4. The torque developed by the turbine Is transmitted through reduc- 

tlon gear 3 and clutch 6 to the engine shaft. 

A starting system using a vapor starter Is extremely Inconvenient 

to operate« since hydrogen peroxide presents the danger of explosion 

and has a high freezing point (-10°C at 9# concentration). In addi¬ 

tion, where hydrogen peroxide Is used as a fuel, the decomposition tem¬ 

perature Is fairly low (400-500°C for an 80# concentration); as a 
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fuel In the peroxide deecapoeltlon products or by using other nono¬ 

propellant fuels as the working fluids that give higher decomposition- 
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product temperat\irea. 

Starters In which the turbine uses the decomposition products of 

monopropellant fuels or the combustion products of a combustible and 
« 

oxidizer are usually called turborocket starters. This is an arbitrary 

designation and is used since the proc¬ 

ess by which the working fluid is ob¬ 

tained in the starters is similar to 

the process occurring in ZhRD [liquid- 

fueled rocket engine] chambers. 

Hie starting system will be simpler 

if a monopropellant is used. Isopropyl 

nitrate, hydrazine, etc. may be used as 
- 

the fuel. 

Figure 310 shows an over-all view of a turborocket starter using 

isopropyl nitrate, while Fig. 311 shows a starting system employing 

this starter [27]. 

To start the engine, an electrical circuit is closed to ignite a 

small powder charge in a cartridge set in drum 3# which is located at 

an easily accessible point. The powder gases pass through duct 11 to 

the starter combustion chamber. Since the pressure of the powder gases 

is low, the turbine will begin to turn smoothly. The gases leave the 

chamber through duct 12 and go to cylinder 7j the gas forces isopropyl 

nitrate out of the cylinder into the combustion chamber, where the 

heat from the powder gases causes the isopropyl nitrate to decompose 
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Fig. 310. Over-all view of 
turborocket starter. 
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Pig. 311* Starting system using turborocket starter, l) Power from 
storage battery (24 v, 0.5 amp)# 2) cockpit switch] 3) drum with three 
cartridges; 4) Inlet for fuel from tank; 5) bypass valve; 6) return 
valve; 7) cylinder with fuel; 8) turbostarter; 9) control box; 10) 
fuel lines; 11 and 12) gas-supply lines. 

(burn). The chamber pressure Increases« leading to an increased fuel- 

supply rate« which Increases the. speed and power of the turbine. 

After starting« the piston of cylinder 7 is returned by a spring 

to Its Initial position; this pulls out a new portion of Isopropyl 

nitrate from the tank through the return valve 6 for the next starting 

cycle. When the cylinder Is pressed all the way over to the left« the 

capacity of cylinder 7 corresponds to the amount of Isopropyl nitrate 

needed for one start cycle. 

The basic advantage of turborocket starters Is their ability to 

develop high power with small size and weight. 

6. OTOER TYPES OP STARTER 

Compressed-air turbostarters. In compressed-air turbostarters, 

the turbine uses compressed air supplied from cylinders or from a gas- 

turbine generator. Figure 312a shows the basic arrangement of a com¬ 

pressed-air turbostarter with air supplied from cylinders. The advan¬ 

tages of this arrangement are structural simplicity« low weight and 

small size of the starter Itself. 

A basic disadvantage to this system is the large amount of air 
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consumed, which In practical terms means 

the starting process is not self-contained. 

This difficulty may be eased by heat¬ 

ing the compressed air as shown in Fig. 

312b. Even here, however, considerable 

amounts of air are needed and, consequently, 

the air cylinders must be large and heavy, 

thus complicating the design of a self- 

contained starting system. 

Multiengined aircraft may use an 

auxiliary gas-turbine engine as a source 

of power for compressed-air turbostarters 

the auxiliary turbine is installed on 

board the aircraft. Here compressed air is 

taken off the auxiliary GTD (Fig. 313) and 

supplied through lines to the compressed- 

air turbines Installed on the engines to 

be started. Where needed, compressed air 

may be heated in a special chamber. 

It is advantageous to use this starting system in that the QTP 

may also be used on board the aircraft to power emergency-system units, 

for engine heating at very low ambient temperatures, and to meet other 

needs. 

Compressed-air turbostarters supplied by an auxiliary GTD clearly 

will find their widest use on board heavy supersonic aircraft, where 

independent drive is used for accessory units in order to provide nor¬ 

mal temperature conditions (an auxiliary GTD is used). Here during en¬ 

gine starting, the auxiliary GTD may be used as an air generator, which 

makes it possible to reduce the weight of the entire power plant. 
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Fig. 312. Compressed- 
air starters, a) With¬ 
out heater; b) with air 
heater. 1) Compressed- 
air cylinder; 2) reduc¬ 
ing valve; 3) inlet for 
connecting airport cyl¬ 
inder; 4) second-stage 
reducing valve; 5) ac¬ 
cumulator; 6) nozzle; 
7) turbine; o) fuel 
tank; 9) injector; 10) 
combustion chamber. 



Pig. 313» Basic arrangement for starting multiengine aircraft with the 
aid of auxiliary GTD. 1) Aircraft GTD; 2) starter turbine; 3) auxiliary 
OTD; 4) compressor; 5 and 6) combustion chambers; 7) electrical starter 
of auxiliary GTD; 8) stop valves; 9) intake for supply of compressed 
air from constant source (the same intake may be used to take com¬ 
pressed air from the auxiliary GTD); 10) return valve. 

Pig. 314. Rotary compressed-air starter, 
a) Starter operation; b) torque genera¬ 
tion; 1) starter housing; 2) rotors; 3) 
gears; A, B, and C) chambers. 

Compressed-air rotary starters. In a rotary-type starter, as in a 

compressed-air turbine, the energy of compressed air is used to start 

the engine. Figure 314a shows a compressed-air rotary starter. Two 

rotors 2 mechanically linked by gears 3 turn within a housing 1 whose 

inside surfaces are precision-machined. The rotors are metal cylinders 

with figure-eight cross sections. 

Air under pressure p1 enters chamber A of the starter and creates 

a torque at one or both rotors, depending on their positions. Pig- 
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ure 3l4b illustrates torque generation. The air pressure causes the 

rotors to turn continuously, and high-pressure air moves to the low- 

pressure side. The gear mechanism produces a resultant torque at the 

starter drive shaft which is transmitted to the GTD shaft through a 

reduction gear and coupling mechanism. 

An advantage of the compressed-air rotary starter over compressed- 

air turbostarters is structural simplicity and small size. In order to 

obtain the same power, 20-30# more air must be used than in a com¬ 

pressed-air turbostarter, however. 

Starting systems using no starting motor. In starting systems us¬ 

ing no starting motor, the engine rotor is turned by the engine's own 
if 

turbine. As a rule, compressed air supplied through special nozzles to 

the turbine moving blades is used as the working fluid. Thus, for ex¬ 

ample, in the starting system shown in Pig. 315a* compressed air sup¬ 

plied to the moving blades of turbine 1 through nozzles 2 mounted 
• • 

among the blades of the main nozzle-box assembly 3* b,»*****"' 

Pig. 315» Arrangement for supplying air to 
moving blades of GTD turbine during starting. 
1) Turbine; 2) nozzles; 3) nozzle-box as¬ 
sembly; 4) annular channel; 5) ring; 6) re¬ 
turn valve; 7) intakes. 



V
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Figure 315b shows another arrangement for supplying air to the 

moving blades. In this arrangement, air from a cylinder or other source 

Is fed through return valve 6 to two Intakes 7 mounted on the outside 

housing of the turbine and through oblique holes In the housing to the 

moving turbine blades. 

Fig. 316. Cartridge starter. 
1) Blades of GTD turbine; 2) | 
powder generator. 

Structural and operating simplicity are the main advantages of a 

starting system that does not use a starting motor. Owing to the low 

efficiency of the turbine, however, the Initial turnover requires a 

large amount of air for each start cycle. Starting systems not using 

starting motors are thus used only for low-power GTD at present. 

The air consumption may be reduced by heating the air before it 

Is supplied to the turbine, but this greatly complicates the design 

and operation of the starting system. 

In addition to compressed air, powder-generated gases may be used 

for the working fluid. The basic arrangement for a no-motor starting 

system using a powder generator Is shown In Fig. 316. This system has 
i 

received almost no practical application. 
I f 
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7. REDUCTION GEARS. COUPLING MECHANISMS. TRANSMISSION STRUCTURAL ELE¬ 
MENTS 

Reduction gears. On the basis of acceptable efficiencies, maximum 

speeds of starter motors range from 25-40 thousand rpm for turbostart- 

ers, 12-14 thousand rpm for rotary starters, to 5-6 thousand rpm for 

electrical starters. Rotor speeds of GTD at starter dropout are 1200 

Pig. 317. Ratchet-type centrifugal 
clutch. 1) Driven portion of clutch; 
2) dog axis; 3) dog; 4) spring; 5) 
driving portion of clutch; 6) stop; 7) 
angular tooth. 

to 2000 rpm for TRD and 2000-4000 rpm for TVD. Thus a reduction gear 

is Installed between the starter-motor shaft and the starter output 

shaft in order to reduce the output-shaft speed to a value below the 

starter-motor speed. 

Por turbostarters, the reduction-gear ratio is 0.04-0.15, for 

rotary starters, O.IO-O.30, and for electrical starters, 0.3-0.4. 

Per turbine and rotary starters, the reduction gear is usually 

made in the form of a unit attached structurally to the starter motor. 

In electric starters, the reduction gear may be separate and may be 

contained in the GTD drive box. 

Types and mechanical arrangements of starter reduction gears and 

their basic structural elements are similar to those found in TVD re¬ 

duction gears. 
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Coupling mechanisms. Coupling mechanisms provide a power link be¬ 

tween the starter rotor and engine rotor during the start cycle. As a 

rule* ratchet and roller clutches are used as the coupling mechanism. 

At present two types of ratchet clutch are in wide use: centrifugal 

and axial clutches. 

A centrifv.al ratchet clutch (Fig. 317) consists of driving and 

driven sections. The driving section 5 of a ratchet clutch is turned 

by the starter and has angled (oblique) teeth 7 on the Inside of its 

rim. The driven section 1 of a ratchet clutch, which is connected to 

Fig. 318. Operation of a centrifugal ratchet clutch, a) Dogs engaged: 
b) dogs in intermediate position; c) dogs disengaged. 

the engine rotor, takes the form of a housing with an annular groove 

in which dogs 3 are mounted on pivots 2. As a rule, three dogs are 

used, ttie dogs are free to turn on the pivots and aro at all times 

pressed by springs 4 into a position in which the driven and driving 

parts of the clutches are engaged when torque is transmitted from the 

•tarter to the engine. Spring elasticity is so chosen that at a speed 

close to the starter-dropout speed, the heavier part of the dog lifts 

owing to the moment caused by centrifugal force, turning the dog about 

pivot 2 until it reaches stop 6 and takes up the position shown in Fig. 

318c. Ohe dogs can disengage only when the starter is off, since the 

peripheral force acting on the dogs when the starter is running keep 

them in engagement. By an appropriate choice of spring elasticity, it 
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is possible to ensure rapid dog disengagement when the speed of the 

driven section becomes greater than that of the drive section. This 

protects the dogs against damage while they are becoming disengaged. 

A basic drawback to a ratchet clutch is the possibility of large 

impact loads on its elements at the instant of engagement. Shock en¬ 

gagement can occur if the dogs occupy the position shown in Fig. 3l8b 

with respect to the teeth at the instant of starter actuation. 

It is especially dangerous from the viewpoint of shock loading of 

ratchet-clutch parts to repeat the start cycle while the engine rotor 

is turning. In this case, the way in which the ratchet clutch engages 

will depend on the relative positions of dogs and teeth at the instant 

at which the speeds of the driven and driving portions of the clutch 

become equal. If the dogs are directly under the ratchet teeth, as 

shown in Fig. 318a, there will be smooth engagement with no shock 

loading. It is also possible for the driven and driving parts of the 

clutch to reach the same speed when the position shown in Fig. 318b 

occurs. ¡ 

In the time required for the driving part of the clutch to over¬ 

take the driven part (reaching the next tooth), the speed of the 

starter, which is running at this instant without load, will increase 

rapidly, while the speed of the engine, which is turning with decelera¬ 

tion will drop. Thus at the instant of engagement, the difference in 

the angular velocities of the driving and driven parts of the clutch 

will cause a shock. 

The case is also possible in which the starter is cut in at an 

engine-rotor speed such that the centrifugal force on the dogs over¬ 

comes spring elasticity and the dogs become disengaged (Fig. 3l8c). In 

this case, the starter will rapidly reach the maximum no-load speed 

and will turn at this speed until the starting-system control mechanism 
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disconnects it. If during this time the engine rotor speed drops so 

much that the dogs begin to move, the ratchet clutch will engage with 

a large difference in angular velocities, i.e., with a severe clash. 

Shock engagement of the starter 

with the engine rotor cannot be permit¬ 

ted, as this can lead to failure of 

either the clutch or the drive mechanism. 

Thus where a ratchet clutch is used, the 

engine cannot be restarted until it has 

Fig* SIS* Shock engage¬ 
ment of ratchet clutch in 
interrupted starting. 1) 
Speed at which dogs 
change position; 2) con¬ 
trol-mechanism operating 
cycle. 

come to a full stop. 

The starter drive mechanism can 

also fail where owing to surging or an 

increase in gas temperature above normal 

values the start cycle is interrupted by a halt in fuel supply. If the 

ratchet clutch is already disengaged (the dogs are not engaged), and 

the starting-system control mechanism has as yet not completed a cycle 

of operation, the starter will run up to the maximum no-load speed. 

The engine-rotor speed will begin to drop, and at the speed at which 

the dogs change position (Fig. 319) the moving dogs will clash with 

the teeth of the clutch driving section which is turning at the no- 

load speed. 

In order to eliminate excessive loads on drive-mechanism elements 

when the clutch engages, various design methods are employed. In elec¬ 

trical starting systems, the starting current at the instant the 

starter is turned on is limited by connecting an additional starting 

resistance into the electrical circuit. In starting systems using tur¬ 

bostarters, friction clutches are introduced into the drive mechanism. 

In addition to the centrifugal ratchet clutch, axial ratchet 

clutches are also used (they use an axial ratchet wheel). The construc- 

. 550 - 



Pig. 32^. Axial ratchet clutch. 
1) Drive ratchet of clutch; 2) 
shaft; 3) threads; 4) clutch 
housing; 5) felt ring; 6) 
spring; 7) driven ratchet 
clutch. 

tion of such a clutch is shown in Fig. 320. 

Ihe drive ratchet 1 of the clutch is connected to shaft 2 by the 

triple square thread 3» Shaft 2 is turned by the starter. Pelt ring 5 

at all times presses spring 6 against the driving ratchet, creating a 

friction moment when it turns. Hie driven ratchet 7 is connected 

through a transmission to the engine rotor. 

At the initial instant of starting, shaft 2 is turned by the 

starter. Owing to the braking effect of felt ring 5# the drive ratchet 

1 advances along the triple thread and engages driven ratchet 7. 

When the engine is operating and the starter 

is disconnected, the drive ratchet drops out of 

engagement with the angle teeth of the driven rat¬ 

chet and comes to a stop. 

Ratchet clutches with an axial ratchet pos¬ 

sess the same disadvantages as centrifugal ratchet 

clutches, i.e., large impact loads may appear at 

the Instant of engagement. 

Roller clutches. In contrast to ratchet clutches, roller clutches 

-i 

Pig. 321. Opera¬ 
tion of roller 
clutch. 
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Piß« 322. Construction of roller clutch. 1) Cage; 
2) clutch sprocket; 3) spring; 4) view along BB; 
5) view along arrow A. 

automatically ensure smooth engagement of the shafts. When there is 

constant contrct between a roller and the working surfaces at points A 

and B (Pig. 321), engagement occurs gradually, as soon as the angular 

velocity exceeds the angular velocity (in the absence of slip¬ 

ping). Constant contact between the roller and the working surfaces 

may be provided by the structure through the installation of a spiral 

spring (Pig. 322), one end of which rests against the cage 1 and the 

other against sprocket wheel 2. This spring at all times tends to bend 

the cage with respect to the sprocket so as to Jam the rollers. 

ttie basic drawback to the roller clutch is the fact that its ele- 
# 

ments wear rapidly since they run continuously when the clutch is dis¬ 

engaged. Since after the start cycle has finished the starter does not 

operate, the driven clutch element turns at high speed relative to the 

drive element for the entire time that the engine is running. This 

leads to rapid wear of roller-clutch parts and, as a consequence, to 

failure. 

Thus roller clutches are used as coupling mechanisms only where 

the clutch runs briefly when disconnected. Thus, for example, it is 

used In a drive mechanism from an electrical starter to a gas-turbine 

starter or in a two-speed transmission with a starter-generator. 
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Two-speed transmissions» Two-speed transmissions, as we have al¬ 

ready said, are used In starter-generator drive mechanisms. Hie mechan¬ 

ical arrangement of one type of two-speed transmission Is shown In Pig. 

323. The transmission Includes two free-running clutches, a ratchet 

clutch 1 and roller clutch 2, as well as a friction clutch 3 designed 

to reduce dynamic loading. 

Pig* 323. Mechanical arrangement of two-speed transmission for starter- 
generator drive mechanism. 1) Ratchet clutch; 2) roller clutch; 3) 
friction clutch; 4, 5» 6» and 7) gears; 8) roller-clutch sprocket; 9) 
outer race of roller clutch; 10) shaft; 11) to starter-generator; 12) 
to engine. 

In the starter mode, the torque from the starter Is transmitted 

through friction clutch 3 and gears 4 and 3 to the drive section of 

ratchet clutch 1; the torque Is transmitted from the drive section of 

the ratchet clutch through dogs 3 (see Pig. 317) to the driven section 

of the ratchet clutch and through gears 6 (see Pig. 323) and 7 to 

shaft 10, which connects the two-speed transmission to the engine gear 

box. Here the free-running roller clutch Is disconnected, since 

sprocket 8, which Is an Integral part of gear 7, turns at a speed less 
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than that of the outer race 9* which 1b connected by splines to gear 4, 

and the rollers are not Jammed. The gear ratio In starter mode will 

equal 

*•*= — ' - • 

*• *4 

where 1^ Is the gear ratio of the engine gear box. 

When the starter is disconnected, its speed and the speed at which 

outer race 9 of the free-running roller clutch turns will decrease, 

and the speed of sprocket 8 will increase as the engine turns over ow¬ 

ing to the appearance of excess torque at the turbine. As soon as this 

speed exceeds the speed of the outer race, the free-running clutch 

rollers will be Jammed, and the rotor of the starter-generator and 

shaft 10 will then begin to turn at the same speed. At this instant 

the ratchet clutch drops out, and the starter-generator goes over to 

the generator mode. Torque will be transmitted from the engine to the 

starter-generator through the free-running roller clutch and the fric¬ 

tion clutch. 

The gear ratio in generator operation will equal the gear ratio 
I 

of the engine gear box, i.e., igen = i^. 

Hydraulic clutch. A hydraulic clutch consists of a drive portion, 

the pump 1 (Pig. 324), and a driven portion, the turbine 2; they are 

not rigidly linked. The hydraulic-clutch pump is driven through a gear 

transmission by the shaft of the starter turbocompressor, while the 

turbine is connected by the same transmission to the shaft of the en¬ 

gine to be started. The inside toroidal chamber formed between the 

pump and the turbine is divided by radial baffles 3» which are con¬ 

nected together by rings 4 (at the impeller) and 5 (at the turbine). 

The hydraulic clutch is filled with oil which is circulated in 

each section while the clutch is in operation in the directions shown 
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Pig. 324. Hydraulic clutch. 1) Drive section of hydraulic clutch 
(pump); 2) driven section of hydraulic pump (turbine); 3) radial baf¬ 
fles; 4 and 5) rings; 6) oil ducts; 7) oll-dlscharge vents; 8) view of 
turbine without blades, reduced scale. 

by the arrows. This circulation Is maintained by the difference In oil 

centrifugal forces In the drive (pump) and driven (turbine) sections 

which Is produced by the difference In angular velocities. Ihe angular 

velocity of pump rotation will always be greater than the angular ve¬ 

locity of turbine rotation. 

ïhe circulating oil acts on the radial baffles 3 of turbine 2 and 

produces a torque on the driven section of the hydraulic clutch equal 

to the torque transmitted by the hydraulic clutch to the shaft of the 

engine to be started. 

Ihe magnitude of torque transmitted by the clutch depends on the 

amount of oil circulating (on the degree to which the Inside clutch 

chamber Is filled with oil) and on the speed at which the oil circu¬ 

lates In the chamber, which in turn depends on the difference In the 
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angular velocities of the pump and turbine. The more oil that circu¬ 

lates and the greater the difference between the angular velocities of 

pump and turbine, the greater will be the torque transmitted by the 

hydraulic clutch. 



Chapter 27 

IGNITION EQUIPMENT 

1. STARTING IGNITERS 

The majority of preaent-day GTD use starting igniters as ignition 

equipment. A starting igniter (Pig. 325) includes a spark plug 1, 

starting injector 2, and chamber 3* Vents 4 are drilled through the 

chamber walls. Air is supplied through these vents to the starting- 

fuel combustion zone. The length of the chamber and the number of vents 

Is so chosen that the fuel supplied to the starting igniter burns 

partly within the Igniter chamber and partly in the main combustion 

chamber. As a result, a flame is formed that ensures reliable ignition 

of the main fuel. The number of igniters installed on an engine depends 

on the engine dimensions, type of combustion chamber, and usually 

equals 2 to 8. 

In can-type and cannular combustion chambers, the flame is con¬ 

ducted from one flame tube to another through connecting ducts. Two 

igniters are usually installed in annular chambers, and to improve 

propagation of the flame throughout the entire chamber, additional 

starting injectors are sometimes provided. The point of installation 

of a starting igniter in the combustion chamber Is so chosen that the 

flame reaches the flow reversal zones and heats the fresh mixture 

throughout the entire stabilization zone. 

In order to ensure stable combustion of the starting fuel, various 

types of stabilizing devices are Installed in the igniter chambers. 

Figure 326 shows a starting igniter that has a stabilizing device 
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Pig. 325. Starting igniter, l) Spark plug) 
2) starting injector; 3) chamber; k) air 
vents; 5) filter; 6) electromagnetic valve. 

Fig. 326. Starting Igniter with awirler. 1) Air 
vents; 2) annular chamber; 3) tangential slots; 
4) spark plug; 5) starting injector; 6) section 
through aa. 



in the form of a swlrler. As we can see from this figure, air passes 

from the combustion chamber through vents 1 in the housing to the an¬ 

nular chamber 2 formed by the housing and the swlrler. Prom the annular 

chamber, the air enters the igniter chamber through tangential slots 3 

(see the section through aa), cut in the swlrler. The resulting eddy¬ 

ing of the air helps to improve mixture formation in the igniter cham¬ 

ber and to provide stable ignition of the starting fuel. Owing to the 

low rate of motion of the air through the swlrler slots, however, the 
" 

I resulting vortex strength is inadequate to produce good flame stabil¬ 

ization. 

I 

I 

Pig. 327. Starting igniter with baffle- 
type stabilizing device. 1) Air vents; 
2) deflector (baffle); 3) spark plug; 4) 
starting injector; 5) spark conductor. 

Starting Igniters with a baffle-type stabilizing device are fre¬ 

quently used in engines. Figure 327 shows such an Igniter. Air from 

the combustion chamber enters the Igniter through vents 1 in the hous¬ 

ing and is directed by deflector 2, made in the form of a baffle, to 

the ignition zone, as shown by the arrows in Fig. 327. This motion of 

the air provides good conditions for mixture formation and, in addi¬ 

tion, creates a flow-reversal zone that ensures a constant supply of 



gas to the zone in which the starting fuel is mixed with the air. 

It is also possible to design a starting igniter with a stabiliz¬ 

ing device that «takes the form of a combination of a baffle-type sta¬ 

bilizer and a swirler. Such an igniter design provides better combus¬ 

tion stabilization for the starting fuel than the igniters described 

above. 

Starting igniters either use the same fuel as the main engine, 

i.e., kerosene, or else they use gasoline. In the latter case, the 

greater volatility of the gasoline improves the starting characteris¬ 

tics of the igniter, especially at low ambient cemperatures and high 

altitudes. 

Fuel is supplied to the starting injectors with the aid of the 

starting fuel system (see Fig. 200). It includes the starting-fuel 

tank, usually installed aboard the aircraft, the starting-fuel pump 20, 

driven by an electric motor, a starting-fuel manifold with starting 

Injectors 2 and return valve 1. 

The starting-fuel system operates only during a start cycle. When 

the engine is started, at the same time as the ignition is turned on, 

the starting-fuel-purap electric motor is turned on. Fuel is delivered 

by the pump through the return valve to the igniter injectors. After 

ignition has occurred in the main chambers, the supply of starting 

fuel is cut off together with the power to the spark plugs. 

TCie return valve closes the fuel line, eliminating the possibility 

of fuel flowing out of the fuel tank through gaps in the gear pump to 

the starting manifold. While the engine is in operation, this valve 

prevents compressed air from the combustion chamber from reaching the 

starting-fuel line. 

Hhe normal working fuel pressure ahead of the starting injectors 

is 1.6-2.2 kg/cra , and it is maintained within this range by a reducing 
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valve Installed on the fuel pump. 

Where the Igniter uses kerosene, the starting pump takes fuel di¬ 

rectly from the line that supplies the main pumps. 

Starting igniters provide reliable ignition for combustion cham¬ 

bers when the engine is started on the ground and in flight. As the 

start cycle is initiated at higher altitudes, the starting character¬ 

istics become poorer. This is explained by the fact that the formation 

and development of the starting flame in the starting igniter depends 

on the temperature, pressure, and velocity of the air in the combustion 

chamber, as well as on the strength of the spark discharge. 

As we know, an inoperative engine will rotate by Itself in flight. 

Here the air pressure and temperature in the combustion chamber will 

differ little from the pressure and temperature of the outside air, 

while the velocity of the air in the chamber will be considerably 

greater than the velocity observed during test-stand starts. As a con¬ 

sequence, as the altitude at which a start is attempted increases, the 

operating conditions of the igniter become worse. The low air pressure 

impairs mixture-formation conditions, while the low temperature and 

high stream velocity increase the amount of heat taken from the start¬ 

ing flame. In addition, owing to the reduced air density, the energy 

of the spark discharge decreases. Thus, as the altitude goes up, the 

amount of heat obtained in the starting flame is reduced. And if we 

take account of the fact that conditions for stable combustion in the 

main chamber also are degraded as the altitude increases, we see that 

starting of an engine at altitudes exceeding 8-10 km is an unreliable 

operation. 

A marked improvement in the high-altitude performance of a start¬ 

ing igniter and, therefore, a considerable increase in the reliable- 

starting altitude may be gained by supplying additional oxygen to the 
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fuel-aIr mixture In the combustión chamber [27]. 

An Improvement In the hlgh-altltude performance of a starting Ig¬ 

niter Is also gained If we Increase the spark power. 

2. OTHER TYPES OF IGNITION DEVICES 

In addition to starting Igniters, other types of Igniting devices 

are used for the main combustion chambers. Thus, for example, the fuel 

Is frequently Ignited from a syark plug Installed directly In the main 

combustion chamber. 

In this case, reliable fuel Ignition during a hlgh-altltude start 

may be provided by the use of an Ignition system with a hlgh-power 

spark. 
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Chapter 28 

AUTOMATIC STARTING-FUEL SUPPLY SYSTEMS 

1. THE NEED FOR AUTOMATIC FUEL SUPPLY DURING STARTING 

The fuel feed rate required during engine starting Is limited by 

the maximum permissible gas temperatures, as well as by the conditions 

that must be satisfied to ensure reliable Ignition and stable combus¬ 

tion of the fuel. The latter Is especially Important In a hlgh-altltude 

start, where the chamber mixture-composition 

tolerance range narrows sharply and a mixture 

that Is slightly too rich will cause the 

flame to go out. 

nie optimum maximum permissible flow 

rate and the way In which It changes with 

rotor speed depend on the starting character¬ 

istics of the engine. Figure 328 shows a sample curve (below) for the 

maximum permissible fuel feed rate when an engine Is started. Itie 

speed n^ corresponds to the beginning of fuel supply. 

If the engine control system Is provided with a fuel flow-rate 

control and the throttle valve Is set to the Idling position when the 

engine Is started. In the absence of a special automatic device, the 

actual supply of fuel during the starting process (top curve) will be¬ 

gin at a speed nQ at which the fuel pressure developed by the pump 

opens the distributor valve Installed ahead of the Injectors. At speed 

rig, the constant flow-rate control comes Into play. 

By comparing the two curves, we see that In order to ensure normal 

Fig. 328. Fuel feed 
rate during engine 
starting. 



starting It la necessary to eliminate the excess supply of fuel indi¬ 

cated by the hatched area. Hie excess fuel supply may be eliminated 

manually or automatically. As a rule, with manual control the throttle 

valve or stop cock will begin to be opened smoothly only when the 

rotor speed reaches a value near n^. With manual control, however, it 

is difficult to ensure reliable starting and it is even more difficult 

to bring the engine up to Idling speed rapidly. This shows that it is 

necessary to use an automatic fuel supply system in starting. 

2. AUTOMATIC STARTINO-PUEL CONTROLS (TAZ) 

In designing automatic devices to control the fuel feed rate in 

starting, it is usual to employ either variation of the fuel feed rate 

as a function of rotor speed or variation of the fuel feed rate in 

proportion to the air flow rate. It is clear that in the latter case, 

the automatic device will change the fuel feed rate not only with 

rotor speed but also with external conditions (p*N and T*N) thus en¬ 

suring that a given gas temperature ahead of the turbine will be main¬ 

tained during the start cycle when external conditions vary. This is a 

fundamental advantage of automatic devices that control the fuel feed 

rate in proportion to the air flow rate over automatic devices con¬ 

trolling the fuel feed rate on the basis of rotor speed; this is why 

the former type of control is widely used on engines. 

. The air pressure behind the compressor or following one of its 

stages may be used as a measure of the air flow rate with an accuracy 

sufficient for the purpose at hand, tfils lact is also usually employed 

when automatic devices are designed to control the fuel flow rate dur¬ 

ing starting, i.e., when automatic fuel starting controls (TAZ) are 

designed. 

Hie basic arrangement of a TAZ with a sensing element that meas¬ 

ures the all* pressure behind the compressor is shown in Fig. 329» 



I 

Pig. 329. Basic arrangement of automatic starting-fuel control. 1) 
Distributor valve; 2) diaphragm; 3) valve; 4 and 8) springs; 5) fuel 
nozzle; 6) scavenging nozzle: 7 and 9) valves; A end B) chambers; 10) 
to second-stage Injector; 11) to first-stage Injector. 

The automatic starting-fuel control Includes a v<:lve 3 connected 

to a diaphragm 2, a fuel nozzle 5, scavenging nozzle 6, and spring 4. 

The diaphragm separates chambers A and B. Chamber A receives the pres¬ 

sure of the air after the compressor, and chamber B communicates with 

the atmosphere. On one side, valve 3 le acted on by the forces due to 

the fuel pressure In the duct ahead of distributor valve 1 and the 

force due to spring 8, and on the othev side by the force due to spring 

4 and the force that appears owing to the differential air pressure 

across the diaphragm, which Is proportional to the air pressure Pg be¬ 

hind the compressor. 

In all steady engine operating regimes, the force due to spring 4 

together with the force that appears at the diaphragm owing to the 

difference In pressures on Its two sides will be greater than the sum 

of the force due to spring 8 and the force due to the fuel pressure on 

valve 3* Thus the latter will completely close duct 9* When the engine 

Is not running, duct 9 will also be completely closed, since the force 
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due to spring 4 is greater than that due to spring 8. 

When the engine is started, the fuel pressure opens valve 3# 

which causes fuel to be transferred from the high-pressure line to the 

pump intake through duct 7, thus limiting the rate at which fuel is 

fed through distributor valve 1 to the combustion chamber. 
« 

As the engine-rotor speed increases and the air pressure behind 

the compressor rises, valve 3 will close down duct 9< thus decreasing 

the amount of fuel transferred and, consequently, increasing the rate 

at which fuel is fed to the engine. At a speed somewhat below idling 

speed, the air pressure in chamber A will rise to the point that valve 

3 closes altogether and the TAZ drops out of service. 

By a suitable choice of the dimensions of nozzle 6, valve 3» and 

diaphragm 2, as well as of the stiffnesses of springs 4 and 8, it is 

possible to provide a TAZ performance characteristic that will match 

the required characteristic very well. 

In order to limit the amount of fuel bypassed during high-altitude 

starts, where the air pressure behind the compressor is low, a nozzle 

5 is installed ahead of valve 3; its flow area is chosen so as to pro¬ 

vide high-altitude engine starting. 
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