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FOREWORD 

This report is the second and final report on this program, and 
summarizes thrust chamber assemblies using LF2/N2H4 blend propellents. The 
first report, AFRPL-TR-67-52, describes the design philosophy of the initial 
components. The work was accomplished by the Aerojet-General Corporation, 
Liquid Rocket Operations, Sacramento, California, under Contract F04611-67-C- 
0003 for the Air Force Rocket Propulsion Laboratory, Edwards AFB, California. 
The report spans the complete contractual period from 1 September 1966 through 
19 August 1968.  The Air Force Project Engineer was Mr. L. Tepe, RPRRE. 

The principal contributors to this project were: 

Mr. C. W. Williams, Program Manager 
Mr. R. C. Schindler, Project Engineering Manager 
Mr. H. V. Kiser, Project Engineer 
Messrs. D. L. Kors and L. B. Bassham, Performance Analysis 
Messrs. J. M. McBride and R. A. Hewitt, Stability Analysis 
Messrs. L. Schoenman and R. W. Michel, Thermal Analysis 
Messrs. G. R. James and P. J. Krusi, Structural Analysis 
Messrs. R. S. Simonsen and G. W. Hooper, Test Facilities 

This report contains data items which are unclassified when singularly 
presented; however, should they be collectively presented, such items can 
compromise a classified data set as per Air Force Regulation 205-1, 
para. 3-5.b.(4). 

This technical report has been reviewed and is approved. 

L. Tepe, RPRRE 
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ABSTRACT 

The "Development and Demonstration of Ablative Thrust Chamber Assemblies 
Using LF2/N2H4 Blend Propellents," Contract F04611-67-C-0003, was a comprehen- 
sive exploratory development effort which Included the design, fabrication, 
and testing of Injectors, ablative thrust chambers, and a radiation-cooled 
divergent nozzle extension. It was conducted in three phases over a 25 
month period. The design study was accomplished In Phase I while Phases II 
and III consisted of evaluations of thrust chamber assemblies which utilized 
non-damped and acoustically-damped injectors, respectively. 

A single injector body configuration was used throughout the program. 
It incorporated triplet-type elements in a flat-faced, nickel body without 
baffles.  Injector durability was demonstrated with a single unit which 
accumulated over 8A6 sec of testing.  It was determined that maximum perfor- 
mance could be achieved with stable operation by using acoustic resonators 
built into the chamber wall. 
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Two different composite ablative chamber configurations were evaluated. 
One had a precharred fibrous graphite throat insert with uncharred ablative 
materials both upstream and downstream of the throat.    The other had a 
precharred fibrous graphite liner which extended from the injector to a 
station downstream of the throat.    The latter configuration failed during 
testing as a result of local buckling of the liner.    A throat Insert design 
unit was tested six times at vacuum conditions for a total duration of 
605 sec.    An acoustic resonator was incorporated in a second throat insert 
chamber configuration and tested three times for a duration of 160 sec. 

.! 

0 
1 A radiation-cooled columblum nozzle was tested at vacuum conditions 

for an accumulated duration of 233 sec. This nozzle was used to evaluate 
three different t >rmal barrier coatings. 

The forty . ists conducted in the program provided verification of the 
analytical methods applied in the chamber design, supplemented existing 
technology, and provided previously unavailable materials information. This 
demonstration of the two ablative chamber designs provided ample evidence 
that adequate technology is available to develop space engines using an 
interhalogen oxldizer. 
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NOMENCLATURE 

2 
^element Injector area of spray fen, in. 

2 
A.    . Injector area of fuel rich spray fan. In. 

2 
Af Area of acoustic liner face surface,  ft 

2 Af^ Area at which frozen chemical composition occurs. In. 
2 

A Area of acoustic liner orifice cross section, ft 
0 2 A Area of combustion chamber throat,  In. 

A Pressure sensitive coefficient vn 
a Thermal expansion coefficient.  In./In. aF 

B Rate of change of equilibrium composition 
Kinetic rate of change In composition 

BL Boundary layer 

Boundary layer loss 

Boiling point 

British thermal unit 

Speed of sound, ft/sec 

Characteristic exhaust velocity, ft/sec 

Curvature - Divergence 

Curvature divergence loss 

Dl Fluoro Acetylene 

Chlorine trlfluorlde 

Cyanide 

Carbon nonoxlde 

Specific heat, pressure Btu/lbm 0F 

Stagnation chamber gas speed of sound, ft/sec 

Combustion Stability Monitor 

Acoustic liner orifice diameter, ft 

Fuel orifice diameter, ft 

Modulus of elasticity, psl 

Base of natural logarithm 

Energy release efficiency 

Energy release loss 
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NOMENCLATURE (cont.) 
1 

0F 

F 
o 

F 
V 
FCN 

FFC 

FS 

FS1 
FS2 

FT 

f 

fl 
fo 
GF2 

8 
3 

gr/cm 

H 
pq 

effective 

Hf 

HF 
reference 

H20 

h 

fusion 
ID 

INJ 

I 
■P 

I 
■P meas 

■P (O/F) 

,p(0/F)v 

-1 

Degree farenhelt 

Force function, Ibf 

Thrust vacuum, lb 

Fluorine cyanide 

Fuel film cooling 

Factor of safety 

Fire switch on 

Fire switch off 

Feet 

Coefficient of friction 

Frequency, sec 

Acoustic liner resonant frequency without mean gas flow, sec 

Gaseous fluorine 
2 

Gravitational constant, 32 ft/sec 

Grams per cubic centimeter 

Normalizing factor in eigenfunction expansion 

Heat of formation of combustion species at resulting 
combustion value 

Heat of formation of combustion species at reference value 

Hydrogen fluoride 

Water 

Index denoting solutions in the radial direction 

Heat of fusion,  Btu/lbm 

Inside diameter 

Injector 

Specific Impulse, lb-sec/lbm 

Specific Impulse calculated from thrust and propellent weight 
flow measurements, sec 

Specific Impulse at valve mixture ratio, lb-sec/lbm 
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NOMENCLATURE  (cont.) 

Specific Impulse predicted, Ib-sec/lbm 

One dimensional isentroplc expanslonal specific impulse at 
valve mixture ratio 

One dimensional specific Impulse at vaporized propellant 

In. 

|                          in.3 

Inch 

Cubic Inch 

;• 

Bessel function of the first kind of order v 

V-1. Indicates an imaginary number 

1                          kal Thousands of pounds per square Inch 

k Thermal conductivity, Btu/ln. sec 0F 

1  1                        ^ Spring constant, Ibf/ft 

1 Backing distance of acoustic liner cavity, ft 

I                    LQ Length of quarter wave tube, ft 

| 
Chamber characteristic length. In. 

r          LF2 Liquid fluorine 

■                            LN2 Liquid nitrogen 

•                            I Effective length of orifice, ft 

1                             lb Pound 

Ibf Pounds force 

[                          Ibm Pounds mass 

\-   m                         Mc Mean chamber Mach number at entrance to nozzle 

f                           MHF-3 Mixed hydrazine fuel 3 

Mod Modification 

T                            MMH Monomethyl hydrazine 
1                           MP 

t 
Melting point 

Mixture ratio 

i                           MM) Mixture ratio distribution loss 

J   ■                           ** Margin of ssfety 

i                                                       B Mass, Ibm ssc /ft 
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N2H4 Hydrazlne 

OD Outside diameter 

ODIE One dimensional Insentroplc expension 

One dimensional kinetic 

NOMENCLATURE  (con«.) 

Pressure interaction Index of Crocco theory 

DDK 
O/F Oxidizer to fuel ratio 

p Pressure, lb/in. 

pc 
Chamber pressure, psia 

PCRF Critical pressure of fuel, psi 

PCRO Critical pressure of oxidizer, psi 

Pf 
Pressure at which frozen chemical composition occurs, psi 

V Fuel manifold pressure, psia 

Local injector acoustic pressure oscillation, psi 

Pvh 
Axial dependant factor of perturbation pressure 

P/N Part number 

PoJ Oxidizer manifold pressure, psia 

PPM Parts per million 

psi Pouncis per square Inch 

0R Degree Rankine 

R Radial dependant factor of perturbation pressure 

R1 First derivitive of R 

R" Second derivitive of R 

vh 
r 

Same as R except v and h Identify acoustic mode 

Radial distance from centerline of chamber, ft 

rl 
Damping constant lb-sec/ft 

r
c 

Radius of chamber, ft 

Svh'V 
Separation constants 

sec aecond 

S/N Serial number 

SPL Sound pressure level in decibels, dB 
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NOMENCLATURE (cont.) 

Admittance coefficient 

Temperature of gas in acoustic liner cavity, "R 

Bulk temperature, 8F 

Temperature of gas in combustion chamber, eR 

First tangential acoustic mode of the chamber 

Second tangential acoustic mode of the chamber 

Time, sec 

Acoustic liner orifice thickness, ft 

Axial dependent factor of perturbation axial velocity 

Mean chamber gas velocity, ft/sec 

Nondimensionalized mean chamber gas velocity, TC- 

Nondimensional axial perturbation of gas velocity 
3 

Volume of acoustic liner cavity, ft 

Velocity, ft/sec 
3 

Volume of acoustic liner orifice, ft 

Injector oxidizer orifice velocity, ft/sec 

Injector fuel orifice velocity, ft/sec 

Fuel flow rate, lb/sec 

Oxidizer flow rate, lb/sec 

Total propellent flowrate, Ibm/sec 

Vaporized propellents flowrate, Ibm/sec 

Distance in x direction, ft 

Velocity in x direction, ft/sec 
2 

Acceleration, ft/sec 

Nondimensional Holmholtz resonator admittance 

Nondimensional intrinsic combustion admittance 

Bessel function of the second order of v 

Axial length, inch 
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CONFIDENTIAL 

SECTION I 

INTRODUCTION 

This 25-month program was entitled "Development and Demonstration of 
Ablative Thrust Chamber Assemblies Using LF2/N2H4 Blend Propellants" 
(Contract F04611-67-C-0003). Its major objective was to demonstrate the per- 
formance capability of a pressure-fed ablative thrust chamber assembly using 
the Indicated propellent combination for possible use In an uprated Transtage 
vehicle. 

The development effort was accomplished In three phases. Phase I 
Included the analytical activities needed to design hardware that would be 
tested during the ensuing two phases. In Phase II, the designs were refined, 
the components fabricated, and component testing was accomplished at both 
sea level and simulated altitude conditions. Phase III was originally designed 
to demonstrate performance of the Injector, chamber,.and nozzle assembly. 
Problems developed, during Phase II, resulting In a redirection of Phase III 
to investigate acoustic liner durability and the achieveraer.L of Improved 
performance and dynamic stability. 

The success of the program was dependent upon the development and demon- 
stration of technology which would provide solutions for each of the following 
development problems: 

- Injector and thrust chamber durability 
- Performance 
- Stability 

The thrust chamber assemblies tested during this program provided ade- 
quate demonstrations of technical maturity In each of these areas. 

Current analytical technology was applied for the performance, stability, 
and thermal design of the units tested.    Testing was designed to serve a three- 
fold purpose In addition to a successful thrust chamber assembly demonstration. 
The test results permitted verification of the analytical methods, provided 
data to fill existing technology voids, and provided previously unavailable 
materials Information.    Suitable Instrumentation was utilized throughout the 
test program to obtain thermal and stability data as well as to provide the 
specific test objective Information. 
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SECTION II 

SUMMARY 

(U)   The capabilities of advanced thrust chamber assembly designs for use In 
upper stage propulsion systems were Investigated In this Fluorine Thrust Chamber 
Assembly program within the constraints of the propellents selected and the 
requirement for ablative thrust chambers.  All of the thrust chamber assemblies 
In this effort were designed to satisfy both the envelope and duty cycle 
requirements of the Transtage Engine. 

(U)   In view of the development nature of the program, appropriate hardware 
was designed to permit an evaluation of Injectors before they were tested In 
ablative chambers designed for extended duration capability. Uncooled steel 
thrust chambers were used to obtain performance, stability, and thermal data. 
One of these units Included acoustic dampers as well as the Instrumentation 
needed to measure damper cavity pressures and temperatures. 

(U)   After Injectors had been tested with successful results In the uncooled 
chambers, they were tested In a thrust chamber having a water-cooled throat. 
The upstream portion of this chamber contained either an ablative or a graphite 
liner. This water-cooled hardware permitted Injector evaluation tests of 
longer duration while providing materials compatibility data. 

(U)   Problems had been anticipated and were experienced In trying to optimize 
system performance, stability, compatibility and Injector durability. These 
were largely overcome as follows: 

(U)       - Injector durability was attained at the outset by 
using nickel as the Injector material; however, 
unanticipated problems were encountered In fabri- 
cating nickel parts. 

(U)       - Stability proved to be a more significant problem 
than was anticipated.  It was decided to make Injec- 
tor pattern changes rather than to use baffles to 
obtain stable operation. This resulted In a trade- 
off between performance and stability, but maximum 
performance was obtained after the acoustic dampers 
were Introduced. 

2 
(C)       - Although the first Injector (S/N T ) achieved the 

design performance level. It was unstable during 
repeated tests. Pattern changes were undertaken 
on subsequent unstable units to Improve stability, 
but they resulted In a reduced performance level. 
Injector S/N 7, which was designed to operate with 
acoustic dampers, exceeded the contract performance 
goal. 
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(C) - This Injector attained an altitude performance 
of 372.7 sec and an ability to recover from 
perturbations that were 1.6 times the chamber 
pressure (Induced by a 20-graln pulse gun). 

(U)   Thrust chamber durability was found to be very good despite the reduction 
In Injector compatibility caused by pattern changes made to achieve stable 
operation. 

(U)   Two thrust chamber design concepts were evolved. The first design 
Included a "hard" throat Insert of precharred fibrous graphite (AGCarb-101), 
which demonstrated good durability. This material was utilized as the full- 
length "hard" liner of the second thrust chamber design. Two of the throat 
Insert designs were built; one was Intended for sea-level tests while the 
other was configured for use with a radiation-cooled columblum nozzle extension 
which was tested at simulated altitude conditions. An acoustic resonator was 
evaluated In the sea-level thrust chamber with the hard throat. 

(U)   The radlatIon-cooled columblum nozzle, which extended from an area ratio 
of 7.5:1 to 9.5:1 was coated with three different chemical barriers covering 
separate sections. This permitted a coating evaluation to be accomplished 
while altitude performance data were obtained for the purpose of assessing 
kinetic losses. 

(U)   Forty test firing were made during the course of the program. Ten of 
these were at simulated vacuum conditions while the remaining 30 were made at 
sea level. The longest single test duration was 202.8 sec which was performed 
at vacuum conditions (ablative chamber S/N 002 with the AGCarb-101 throat 
insert). 

(U)   Two of three different ablative thrust chamber assemblies were success- 
fully demonstrated. The first (ablative chamber S/N 002 with Injector S/N 2, 
Mod 3) was that which existed at the end of the Phase II testing while the 
second design (ablative chamber S/N 001 with injector S/N 7) was test evaluated 
during Phase III Iteration. The following is a summary of both designs in 
context with the contractual requirements: 

(O 

Thrust, lb 

Specific Impulse, sec 

Duration Capability, sec 

Stability Characteristics 

Thrust Chamber Assemblies 
Phase II 

Required Demonstrated 

7000 7000 

370 356.4 

600 605 

Inherently 
Stable 

Inherently 
Stable 

Phase III 
Required  Demonstrated 

7000 

370 

600 

7000 

372.7 

160 

Dynamically Dynamically 
Stable    Stable 
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tlve thrust chambers utilizing graphitic materials. 

3. Performance analysis methods allow sufficient accuracy In 
predicting Injector performance. 

4. Injector stability characteristics can be accurately predicted 
and should be heeded. 

CONFIDENTIAL 
(This page is Unclassified) 

SECTION III 

CONCLUSIONS AND RECOMMENDATIONS 

The demonstration of ablative thrust chamber assembly S/N 002 with 
Injector S/N 2, Mod 3, at the conclusion of Phase II and ablative thrust chamber 
S/N 001 with Injector S/N 7, at the conclusion of Phase III, provided ample 
evidence that Injector and thrust chamber technology Is available for develop- 
ment of space engines using an Interhalogen oxldlzer. The specific conclusions 
and recommendations, based upon the results from this program, follow. 

A.  CONCLUSIONS 

1. Thermal loads to the Injector face can be adequately predicted 
and acceptably measured. 

2. Existing heat transfer analytical methods and the available 
material property data are adequate for the design of abla- 
Miro   «-ViTiiof-   rViarahara   nlHIfz-tno   »ranhltlc  materials. 

: 

:: 

5. Injector patterns can be designed so that they provide desired 
performance and compatibility characteristics. 

6. The attainment of stable combustion In an Injector/chamber 
assembly can be divorced from Injector pattern design by 
utilizing acoustic dampers. 

7. Single and double peripheral raw acoustic resonators coupled 
with a common cavity perform well when they are properly 
tuned. 

8. The one-row resonator offers the better heat transfer 
characteristics. 

9. Paclllty technology Is sufficiently advanced so that the use 
of Interhalogen oxldlzers Imposes only minimal hazard, cost, 
and scheduling Impact upon development testing. 
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B.   RECOMMENDATIONS 

There are three general areas that merit further data compilation 
and/or development; high-temperature material properties, the acoustic reso- 
nator, and a flightweight, long-duration ablative chamber. Completion of 
these Items would provide a technological base suitable for Initiation of an 
engine development program. 

1. High-Temperature Material Properties 

Currently, the material suppliers provide only limited data, 
which makes It necessary to assume thermal and structural properties. Material 
characterizations usually are for flat stock. The effect of thermal and 
chemical environment upon specific materials normally are not available or 
predictable. These data must be deduced from test results rather than being 
measured under controlled conditions. 

It Is recommended that a program be undertaken to fill these 
technological voids by characterizing component materials In the anticipated 
environments (chemical and operating temperatures) using actual lay-up angles 
and cylindrical shapes. 

2. Improved Acoustic Resonator 

Orifice erosion was experienced with the acoustic resonators 
developed In this program as a result of both reclrculatlon through the 
resonator cavities and chemical attack of the resonator material. 

It Is recommended that an appropriate acoustic resonator 
Improvement program be undertaken to Improve resonator wall durability. Various 
potential solutions Include the use of film cooling to control chemistry at 
the resonator wall, the regenerative cooling of the wall, Incorporation of the 
resonator as an Integral part of the Injector, and baffling of resonator cavities 
to reduce reclrculatlon. 

3. Fllghtwelght, Long-Duration Ablative Chamber 

It Is recommended that a fllghtwelght ablative chamber test 
program be undertaken for the following purposes: 

- Verification of an Improved acoustic resonator 

- Verification of the capability of a thin-walled ablative 
chamber 

- Evaluation of an Improved throat Insert design 
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SECTION IV 

DESIGN AND FABRICATION 

Prudent selection of preliminary design concepts, the performance of 
associated analytical tasks, and the creation of detailed component designs 
to be fabricated and tested Is basic In a successfully conducted program. 
The design effort was directly concerned with the creation of detailed com- 
ponent designs for subsequent developmental testing during Phases II and III. 
The aprroach used in evolving these detailed designs Included a comprehensive 
survey of existing literature that was pertinent to the testing of fluorine 
ablative thrust chamber assembly components and the formulation of preliminary 
component designs. These preliminary designs were than analyzed in terms of 
thermodynamic, structural, and chemical compatibility requirements. Their 
interactions were identified and analyzed in context with a thrust chamber 
assembly as well as complete propulsion systems.  Because the achievement of 
the required thrust chamber assembly performance values was to be accomplished 
by iteration during component testing, all of the components were designed to 
collect meaningful data as well as to facilitate any necessary redesign should 
initial performance be less than desired.  The use of this development concept 
resulted in flight-type designs rather than those that were flight-weight. 

Tables I and II are listings of the criteria applied in the analyses 
as well as the design of the liquid fluorine/hydrazine blend ablative thrust 
chamber assembly (TCA). 

A.  INJECTORS 

The program called for the development of an Injector that was 
stable, high performing, and compatible with an ablative chamber.  In addi- 
tion, the injector body, the injector/chamber Interface, and any propellent 
valve had to be maintained at acceptable temperatures during restart duty 
cycles. 

Recognizing the unlikelihood that the first Injector unit tested 
would satisfy all of the specified requirements, the basic design selected 
provided a capability for varying the orifice pattern while utilizing Identi- 
cal components up to the actual time that the orifices were drilled. 

A thermal accumulator was evolved to satisfy the temperature 
requirements for the restart duty cycles. 

1.  Material Selection 

Nickel 200 (nickel containing less than 1% impurities) was 
selected as the injector material because it exhibited high thermal conduc- 
tivity, strength at elevated teirperatures, compatibility with halogen 
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TABLE I 

ABLATIVE THRUST CHAMBER ASSEMBLY DESIGN CRITERIA  (U) 

(C) Propellants 

Thrust 

Chamber Pressure 

Duration Capability 
(Encompassing six starts) 

Feed Pressure (Valve Inlet): 

Fuel 

Oxldlzer 

Mixture Ratio (W /W£) o    f 
Outside Skin Temperature 

Propellent Weight Flow 

Specific Impulse 

Thrust Chamber Assembly: 

Length 

Nozzle Skirt Diameter 

LF2/N2H4 Blend* 

7000 - 8000 lb 

100 psia 

600 sec 

155 psia 

155 psia 

1.9:1 

600oF (maximum) 

18.94 lb/sec 

370 sec 

81.6-ln. (maximum) 

47.1-ln. (maximum) 

TABLE II 

DESIGN DUTY CYCLE 

(U) Firing Duration (sec) Off-Time (min) 

315 

9 240 

5 35 

61 14 

100 41 

110 10 

*BA 1014: Weight by Percentage, 66.7 N2H4, 24.0 MMH, and 9.3 H.O 
(4 moles N^, 1 mole MMH, and 1 mole H20). 
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oxldlzers, and resistance to fuel orifice "bellmouthing."    Table III Is a 
summary of candidate material characteristics, which provides a comparison 
of the significant properties of nickel,  aluminum,  and stainless steel. 

TABLE III 

MATFMAL SELECTION SUMMARY 

Candidate Materials 

Characteristics 
Stainless 

Aluminum Steel Nickel A 

700°? 1700oR 1700oF 

1000+oF 1400oF 2400oF 

Numerous Some None 

0.1 0.3 0.3 

1.00 0.66 5.00 

Excellent Good Fair 

20 40 40 

Maximum Material Operating Temperature 

Kindling Temperature In GF. 

Reported Fuel Orifice Erosion 
3 

Density,   lb/in. 

Cost, $/lb 

Machlnablllty 

Estimated Injector Weight,  lb 

The high kindling temperature and thermal conductivity of 
nickel plus experience from other programs were primary determinants for 
selecting nickel over aluminum and stainless steel.    Nickel had a history 
of successful use In Injectors,  chambers,  and nozzles that were subjected 
to both fluorine and CIF3 at chamber pressures reaching 1000 psla.    Further, 
nickel can be welded to Itself or  to stainless steel and It can be brazed. 

The overriding consideration in selecting Nickel 200 was the 
need for achieving an extended Injector duration capability early in the 
Phase II  test program with minimum development. 

Until recently,   the fuel orifice "bellmouthing" phenomenon 
(fuel orifice deteriorating at the discharge end resulting  in a "bellmouth" 
appearance) was the most formidlble obstacle to Injector long-duration capa- 
bility.     Aerojet-General conducted a pre-propcsal Investigation wherein 
Identical subscale aluminum, and nickel Injectors were tested at 100 psia 
using LF2 and BA1014 fuel.     It was demonstrated that fuel orifice "bellmouthing" 
did not occur with the use of nickel at the conditions imposed.    No diffi- 
culties were experienced in fabricating any of the subscale injector components 
although drilling of the fuel manifolds Into the Injector body became a 
problem with the full-scale components.    The data obtained from the subscale 
test program are Included as Appendix I. 
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Lithium, which has low weight, high specific heat, high 
latent heat of fusion, and a  low melting temperature, was selected as being 
most suitable for the thermal accumulator. Lithium is highly toxic and 
spontaneously combustible with water; therefore, the use of a lithium 
simulate was found to be desirable. The simulant selected was solder 
(ASTM B-32-60T), which was both low cost and low hazard. A detailed dis- 
cussion of the accumulator is provided in Section IV,A,4. 

2.  Description of Selected Design 

a. Injector Body 

A single irjector manifold design was selected for use 
throughout the entire program. This permitted early fabrication of the 
Injector bodies, manifold covers, and inlet lines, which was committed to 
assembly as new orifice patterns were selected. 

The basic injector is shown on Figure No. 1.  It was 
9.340-in. in diameter, flat-faced, and without baffles. The oxidlzer mani- 
fold inlet was located on the injector axis. Oxidlzer was flooded over the 
back surface of the injector and fed through axially-directed showerhead 
orifices. The fuel was fed from an annular manifold on the back surface of 
the injector through drilled holes into a peripheral manifold located at the 
injector face. This manifold then fed a network of distribution passages 
that were drilled parallel to the injector face with the fuel orifices inter- 
secting these passages. 

Heat-soak to the injector also was investigated because 
there was concern that radiation and conduction from the hot walls of the 
chamber liner during coast periods, following shutdown, would result in over- 
heating the injector. This could cause the blended hydrazine fuel to undergo 
monopropellant decomposition at restart. A thermal accumulator, which would 
accept the heat-soak from the thrust chamber following shutdown, was conceived 
to maintain the Injector and vatve at temperatures below the fuel decomposi- 
tion threshold. 

One injector, S/N 6, incorporated the thermal accumulator 
(see Figure No. 2), which consisted of a cavity at the back of the injector. 
This cavity was filled with solder that was confined by a steel cover-plate. 
Several chromel-alumel thermocouples were positioned in the cavity at various 
depths. 

b. Injector Patterns 

Three injector patterns were finalized at the outset of 
the program. The F-O-F triplet element was selected as the primary elan nt 
type in all three patterns. The triplet element provides good atomizatlon 
which results in high performance. The patterns were suited to the same 
drilled, manifold injector body. 
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Oxidizer Inlet 

Fuel   Inlet 
2 places 

/ 

Injector Recessed 
into Chamber 

: 

: 

: 

: 

:: 

:: 

Figure 1. Injector Body Configuration 
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All of the Injector patterns were designed to have a 
constant mixture ratio  (2.3) and flat radial mass density In the central  core 
to achieve good performance and chamber compatibility.     A mixture ratio of 
1.0 and a fuel-rich barrier were utilized near the chamber wall.    The designs 
were selected to provide a low gas side-wall temperature without chemically 
erosive, oxldlzer-rlch "cross-winds."    These criteria were consistent with 
minimum mixture ratio distribution (MRD) performance loss and good chamber 
compatibility as calculated by stream tube and compatibility analyses veri- 
fied by Apollo and Transtage testing. 

(1) Coarse Pattern 

The coarse pattern consisted of 158 elements  con- 
sltlng of 60 folded triplet peripheral elements,   10 pentads  (four-fuel-on- 
one-oxldlzer) and 88 In-line triplets  (see Figure No. 3).    The impingement 
heights on the In-line triplets were 0.25-ln.    Initially,  this pattern was 
expected to provide a high stability rating.    Subsequent testing showed  that 
a further reduction In element quantity was necessary to achieve stable 
operation. 

(2) Intermediate Pattern 

(3) Fine Pattern 

The fine pattern consisted of 298 elements, all of 
which were In-line triplets except for the peripheral folded triplets. This 
pattern was selected because It offered a high performance potential as well 
as the best predicted chamber compatibility. The Impingement heights of the 
in-line triplets were staggered at 0.268-ln. and 1.0-ln. The folded triplet 
impingement height was also 0.268-ln. 

: 

The intermediate pattern was made up of  213 ele- 
ments,  all of which were In-line triplets except  for the peripheral elements 
and the 10 pentads  (see Figure No.  4).    The impingement heights on the in-line 
triplet elements were staggered at 0.268-ln. and  1.0-ln.  while the pentads 
were 0.280-ln. high. 

:i 

o 
A course pattern injector (S/N 2)  and an inter- 

mediate pattern Injector   (S/N T2) were fabricated.    It was decided to delay _ 
manufacture of a fine pattern design until  the results of tests with injectors 
S/N 2 and S/N T2 could be evaluated.    S/N T2 injector was made from aluminum                          ■ 
to avoid delays caused by difficulties experienced in drilling the fuel feed 
passages in the nickel units.    There was a high incidence of unstable opera- 
tion as discussed in Section VI,A with both of these units.    This along with 
concurrent problems in drilling nickel injector blanks led to the decision to 
modify the pattern of Injector S/N 2 rather than fabricate new units at  the                            f» 
time. 

D 
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Figure 3.    Injector S/N 2,  158-Element Pattern 
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Figure 4.    Injector S/B I2,  215-Eleiiient Pattern 
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The 158-element pattern drilled  In Injector S/N 2 
was modified three times.    Emphasis was  placed upon stability attainment;  the 
number of pattern elements was reduced in each modification. 

The first modification consisted of reducing  the 
number of  elements to 98.    There were 68 core triplets and 30 long-impinging 
(2.0-in.), unlike-doublet elements at the periphery.    This pattern, which was 
designated as S/N 2, Mod 1 proved  to be unstable. 

The second modification consisted of eliminating the 
30 very long-impinging unlike-doublet elements.     This resulted in the 68-element 
design, designated as  S/N 2, Mod 2.    It was stable in all tests;   however,  it 
exceeded the design pressure drop requirements. 

The pattern in the third modification was the same 
as that of S/N 2, Mod  2 except the orifice diameters were enlarged to reduce 
the injector pressure drop, which had increased as the result of reducing the 
number of elements in the previous modifications.    Fuel film-cooling orifices 
were added in selected areas at the periphery to correct the oxidizer burn 
spots noted on a steel chamber following  testing with the previous version. 
This coolant flow was approximately 2%.     The third modification,  designated 
S/N 2, Mod 3, is shown on Figure No. 5 and was  stable on all tests. 

Chamber streaking occurred with the injector  S/N 2, 
Mod 3 pattern.    Therefore, another  68 element pattern was designed to overcome 
this poor combustion chamber compatibility while retaining  the stability and 
performance characteristics of S/N 2, Mod 3.    This pattern,  which is shown on 
Figure No.   6, was similar to that of S/N 2, Mod  3 except for the long-impinging 
elements which were situated closer toward the center of the pattern.    Also, 
it had 10Z fuel film-cooling.    The pattern was used for injector S/N 6. 

An all-new pattern was designed for injector  S/N 7, 
which was evaluated during the Phase 111 testing.    This design was directed 
toward attaining an altitude specific impulse of 370 sec and eliminating  thrust 
chamber streaking.    Stability had a minimal pattern influence because it was 
expected that damping would be provided by a separate acoustic resonator array 
on the chamber wall. 

In the design of S/N 7, triplet-type elements were 
used to avoid the possibility of introducing new, unpredictable Influences 
upon performance stability and compatibility with an element type change. 
Therefore,  only the number of elements,   their size, and their location were 
major variables. 

A uniform mixture ratio and propellent distribution 
over the injector face along with a uniform weight flow per element were con- 
sidered as being the most suitable design.    This would result in minimal gas 
dynamic forces acting upon the chamber wall while avoiding a concentration of 
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Figure 5.    Injector S/N 2,  Mod 3,   68-Element Pattern 
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Figure 6.  Injector S/N 6, 68-Eleinent Pattern 
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either fuel or oxldizer. The total number of elements evolved from a study 
directed toward achieving their most uniform placement and having a minimum 
orifice diameter of 0.016-in. 

A modified Prlem Vaporization Model was utilized 
for a performance analysis and it was found that approximately 200 elements 
would be needed to achieve the target performance.    This number of elements 
was increased to 344 because of compatibility considerations and to attain 
the maximum performance margin.    Thus, a fine pattern without fuel film cool- 
ing    was selected for the S/N 7 injector (see Figure No. 7).    The orifice diam- 
eters were 0.020-in.  for the fuel and 0.035-in.  for the oxldizer.    All 344 
elements were fuel-oxidizer-fuel type triplets with a vacuum thrust of 
20.0 lb per element. 

Analysis showed that: this new pattern had the same 
stability characteristics as the 215-element  injector,  S/N T2.    Using fuel 
orifice correlations.,  it was predicted to be unstable in a first tangential 
mode.    Injector S/N T2 was unstable in a first tangential mode during two of 
its three tests. 

c.       Ins trumentat ion 

The thermal analysis indicated that an injector face 
temperature of up to 130PoF could be experienced, which appeared to be satis- 
factory because of the high kindling temperature of Nickel 200 in a fluorine 
atmosphere.    However,  to actually measure face temperatures, chromel-alumel 
thermocouples were installed in 0.010-in. diameter holes drilled through 
support posts at mid-radius.    All fourteen of these posts were integral with 
the injector body which extended through the oxldizer cover.    They were 
designed to provide a heat path to the thermal accumulator and a structural 
tie between the face-plate and the oxldizer cover. 

The thermocouple Junctions were silver-soldered flush 
with the injector fae«.    Four thermocouples of this type were installed in 
each injector except,  the aluminum one, S/N T2. which did not have support 
posts.    In subsequent testing, these thermocouples were found to be useful 
for monitoring stability as well as providing design data. 

Two pressure U:-«s, located ISO-degrees apart, were 
Installed in drilled-through support posts to provide chamber pressure data. 
Two fuel manifold pressure taps, located ISO-degrees apaxt, were placed in 
the fuel torus at the base of each fuel inlet.    Oxldizer manifold pressure 
was measured by a single pressure tap positioned near the oxldizer inlet. 

A thermocouple fitting was installed on the oxldizer 
inlet line near the back cover of the injector.    This provided for a more 
accurate determination of the density of the fluorine entering the injector 
than could be obtained at the flowmeters which were located several feet 
upstream. 
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Figure 7.  Injector S/N 7, 344-Element Pattern 
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3.   Thermal Predictions 

Injector thermal analysis considered three heat transfer 
modes; conduction, radiation, and convection. Convection and radiation from 
the combustion products combine with radiation from the chamber wall to heat 
the Injector face while It Is cooled by convection to the liquid propellants. 
Heat Is transferred from the hot side to the coolant by means of conduction 
through the Injector face. 

The analyses of these transfer modes offered varying degrees 
of difficulty. Conduction was relatively simple despite Its being multi- 
dimensional. Radiation was more difficult because the temperature profile of 
the radiation source (largely the hot chamber wall) was not measured. Radia- 
tion comprised approximately 25% of the heat load on the face of the Injector 
during firing. The major part of this heat load was attributed to convection 
from the combustion products. 

Gas-side convection was the greatest uncertainty. Little 
Information was available In the existing literature because of the broad 
divergencies occurring with Individual Injectors, which result from variation 
of mass flux, orifice characteristics, element type, element location, and 
Impingement distance. The approach used was to express the convective film — 
coefficient as a fraction of the chamber wall coefficient. Typically, this 
Is in a range of 0.2 to 0.8 (i.e., a variation factor of 4). For design pur- 
poses, a factor of 0.8 was considered to be appropriately conservative. 

The predicted heat flux was high from the aspect of coolant 
burnout heat flux. An empirical comparison was made between the selected 
design and the successfully tested subscale units of similar design, to verify 
the acceptability of this high heat flux and/or the conservative assumptions 
of the analysis.  The comparison showed the ratio of fuel wetted surface area 
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- The selected Injector was cooled primarily by fuel flow in 
the cross-drilled channels.    Nucleate boiling on the hot side of the channel 
and conventional turbulent convection on the cooler side were predicted.    The 
fuel channel diameter,  spacing, and distance from the gas-side was established 
by means of two-dimensional conduction studies using the Thermal Network 
Analyzer Computer Program.    It was found that the fuel velocity was relatively 
unimportant in promoting good heat transfer because the high heat fluxes 
accompanying nucleate boiling precluded much of a temperature drop between 
the fuel channel surface and the coolant  saturation temperature.    Analytical 
results for the channel diameter, spacing,  and distance from the face are 
plotted on Figure No.  8.    Based upon these results as well as practical design 
considerations,  the fuel channel diameters selected ranged from 0.17-ln.  to 
0.25-in.,  the distance from the channel centerllnes to the gas-side varied 
fron 0.15-ln.   to 0.19-in., and the maximum centerline-to-centerllne distance 
was 0.6-ln.    The predicted maximum face temperature was 1300oF and  the maximum 
heat flux into the fuel was predicted as 4.5 Btu/ln.2 sec. 
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to injector face area of the full-scale design was 8% greater than it was for 
the subscale design (1.3 as compared to 1.2). The subscale unit operated 
satisfactorily without any fuel burnout; therefore, it was indicated that the 
full-scale unit had been provided with a slightly greater margin of safety. 

A.  Thermal Accumulator 

The thermal accumulator (see Figure No. 2) was a recharge- 
able heat-sink. It was designed to limit the post-fire temperature rise of 
the injector so that the engine could be restarted after a short coast period 
without any danger of fuel detonation. It was analytically predicted that the 
average temperature of the injector (without thermal accumulator) would be 
approximately 600SF at the time of restart following the shortest coast period 
of the design duty cycle. This 10 mln coast period follows a 100 sec firing. 
The predicted response is shown on Figure No. 9. 

The accumulator, which is located on the back of the injector, 
is cooled during engine firing by transferring its sensible energy content into 
the oxidizer flow stream. Following a firing, it soaks up the injector face 
heat load caused by radiation and conduction from the ablative chamber. 

The analytically predicted high post-fire injector tempera- 
tures resulted from an excessive net heat input to the injector; therefore, 
several design approaches were considered to remedy this. The three general 
areas of consideration were lowering the gross heat input, increasing the 
gross heat loss, and enlarging the thermal capacitance of the injector. 

The first option involved a reduction of the radiant heat 
load from the chamber by either maintaining low chamber wall temperatures 
during firing through the application of massive film cooling or by ensuring 
a low Injector face heat absorption. Both of these possibilities were con- 
sidered to be unrealistic. Similarly, the second option was found to be 
unfeasible because it involved increasing the radiation losses from the 
injector backplate. Even if it radiated as a black body, the backplate could 
not disperse the predicted load. 

Increasing the capacitance, the third option, appeared to be 
the best solution despite it resulting in a heavier weight injector. Both 
active and passive systems were considered. The active systems included 
regenerative as well as non-regenerative cooling by means of fuel or an 
auxiliary fluid flow while the passive systems were comprised of high 
specific heat or phase-changing materials that would absorb heat. 

The active systems would have required additional circuitry, 
including a valve and pump, and were eliminated because they would have 
imposed an inherent reduction in reliability. The approach of the passive 
system with the phase-changing materials was selected as being most advan- 
tageous from the weight aspect. This selection offered two possible alter- 
natives; a closed system or a pressure sensitive vent system. The closed 
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Figure 9. Predicted Post-Fire Injector Temperature Response 

Page 23 

UNCLASSIFIED 



•■ « 

UNCLASSIFIED 

system would contain a material which melts as the injector is heated during 
the coast period and then resolidifies during firing. In the pressure sensi- 
tive vent system, a subliming material or one that melts and subsequently 
vaporized would be used. 

■ 

The closed system was selected as being the simpler and more 
reliable approach. The criteria established for material selection were as 
follows: 

a lightweight accumulator 

a high specific heat and heat of fusion material 

a high material density for packaging purposes 

chemical compatibility with nickel and stainless 
steel 

low thermal expansion characteristics 

high thermal conductivity to minimize response 
times 

The inorganic candidate materials selected are listed on 
Table IV. Most are elemental metals, only a few of which have sufficiently 
low melting points to enhance the sensible energy capacity by the heat of 
fusion. Organic materials also were considered. Generally, these materials 
have high specific heats, but are limited by their low conduction and diffu- 
sion potential. In addition, they melt and boil at low temperatures. These 
materiala were not included in the design analyses because of the limited 
information available regarding their thermal properties and physical behavior. 

Lithium waa found to be the best metallic material for this 
application. It has a high heat of fusion at a relatively low melting tempera- 
ture, a high specific heat, and relatively good thermal conductivity. However, 
lithium is highly toxic and spontaneously combustible with water. These 
handling problema could be overcome in a flight development program. In view 
of the objectives and scope of this program, it was found that the use of a 
lithium simulant would be more desirable. Solder, 50Pb/50 Sn, was an accept- 
able substitute. 

Some uncertainties were introduced into the early analytical 
efforts by the oxidizer heat transfer characteristics. Therefore, appropriate 
instrumentation was located on the injector backplate during firings to provide 
data that could be used to infer the oxidizer heat transfer coefficient. 

Uncertainty also existed regarding the radiant heat load 
imposed upon the injector face from the chamber following a firing. This 
resulted from the difficulty in predicting the wall temperature profile over 
the length of the chamber (it cannot be measured) and uncertainty regarding 
thermal absorption by the injector face. 
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TABLE IV 

COMPARISON OF CANDIDATE INORGANIC MATERIALS J 

1 
1 

Material 

Ag 

k 
P CP 

al f 
MP 

H 
1770 

hfuslon 
Btu/lbm 

BP Btu/ln. 
sec'F 

0.00540 

In./In., 
•F x 106 

10.9 

lb/In.3 

0.378 

4     2. In. /sec 

0.260 

Btu/lbm F 

0.055 

I 
Al 0.00210 0.098 0.214 0.100 13.7 1220 

Be 0.00269 0.065 0.390 0.086 6.4 2340 

C 0.00146 0.081 0.170 0.105 1.5 7000 

1 Cd 0.00120 0.312 0.055 0.070 13.3 610 234.0 767 

Cu 0.00555 0.322 0.090 0.192 9.8 1980 

D Fe 0.00095 0.284 0.105 0.030 10.4 2800 

2490 LI 0.00090 0.019 0.780 0.060 31.1 354 179.0 

: 

Mo 0.00186 0.367 0.062 0.081 3.1 4760 

Na 0.00115 0.033 0.330 0.105 34.6 208 49.6 1620 

:: 

Nl 0.00086 0.321 0.105 0.020 9.2 2650 

Pb 0.00049 0.408 0.028 0.004 16.3 620 10.6 2850 

■ 

Sn 0.00090 0.263 0.061 0.056 13.0 450 26.0 4100 

50Pb/50Sn 0.00062 0.320 0.048 0.044 13.0 361-421    23.0 i 

Zn 0.00150 0.258 0.092 0.064 19.3 787 i 

: 

:: 

NOTES:       C 

5 

- graphite 

0Pb/50Sn - solder 

Material properties evaluated at room temperature 
Heats of fusion and tolling points given for potential 
phase-changing candidates only 
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The predicted post-fire injector (face, back, and flange) 
temperature response with the thermal accumulator is shown on Figure No. 10. 
These predictions are for the period following a 100 sec firing and reflect 
initial temperature levels. The effect of utilizing a thermal accumulator is 
to lower the average temperature from approximately 600SF to 400oF, which is 
an acceptable level for engine restart. 

5.  Structures 

Stress analyses of the basic injector design were performed 
to verify that adequate margins existed for the anticipated pressure and 
thermal stresses.  It was established that the margins were satisfactory 
where yield was a necessary criterion. Also, it was found that induced 
stresses above the yield point of the nickel still permitted a 10,000 thermal 
fatigue cycle life. The stress-strain properties of nickel that were used in 
the analyses are shown on Figure No. 11. 

The average temperature used for the injector face was 
approximately 300oF less than the maximum predicted in the thermal analysis. 
The fuel passage drill spacing resulted in locally high temperatures where 
the material section was greatest. Because these "highest temperature" 
isotherms (1300oF) occurred in the radial sectors only and affected a very 
small percentage of the total injector cross-section, they had an insignifi- 
cant affect upon injector strength. Figure No. 12 shows the estimated average 
temperature in each of the selected finite elements as well as the computer 
model zone mapping. Analyses were accomplished using a finite element com- 
puter program, which is applied to obtain displacements and stresses within 
plane or axisymmetric solids with linear or non-llrear material properties. 
The continuous body is replaced by a system of elements with triangular or 
quadrilateral cross-section.  In the finite element approximation, the con- 
tinuous structure is replaced by a system of elements that are interconnected 
at Joints or nodal points. Equilibrium equations, in terms of unknown nodal 
point displacements, are developed at each nodal point. A solution of this 
set of equations constitutes a solution for the system. 

The analysis was performed considering operation thermal 
gradients and pressure loads in the injector with the injector flange fixed 
against rotation.  Second order plastic deformation or stress relieving also 
was considered when pertinent. 

As shown on Figure No. 12, the typical stress levels were 
5,700 psi for the injector face, 15,000 psi for the oxidizer cover plate, and 
7,000 psi for the injector/chamber flange.  The highest stress level of 
33,683 psi, which is shown at the intersection of the face plate and back 
cover manifold, was in the plastic range but remained acceptable upon the 
basis of cycle life calculations. In the other areas that exceed the mate- 
rial yield strength, the condition was not considered detrimental because 
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Figure 10.    Predicted Post-Fire Injector Temperature Response 
with Thermal Accumulator 
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I 
only localized yielding would occur and under realistic load cycling condi- 
tions, some yielding was acceptable. Low cycle fatigue analysis indicated 
the injector could endure approximately 10,000 cycles as shown on Table V. 

6.  Fabrication 

It was anticipated that the accurate positioning of the 
drilled manifolds would require development of both tooling and tape controls 
for the numerically-programned machine used for this drilling. An aluminum 
injector body was fabricated and used for this tooling* checkout. After X-ray 
inspection showed that all of the drilled manifolds were correctly positioned, 
the drilling of the Nickel 200 blanks was undertaken. These nickel blanks 
proved difficult to drill despite nickel specimens having been previously 
drilled to evaluate the effects of drill feed and speed. 

As a result of the delays encountered in drilling the nickel, 
the aluminum injector body used for the tooling checkout was completed as a 
test injector. Aluminum covers were made and the unit was used for test 
firings. This injector was designated as S/N T2 ("Tool-Try Injector"). 

At the outset of the program, it was decided that rework 
would not be attempted on patterns in completed injectors. There was too high 
a risk of potential unpredictable effects upon stability and performance as a 
result of welding and redrilling orifices. However, the delays encountered in 
developing satisfactory drilling techniques for nickel altered this original 
decision and the pattern of injector S/N 2 was modified. 

The following criteria were applied to all pattern 
modifications: 

(a) Each orifice was separately welded closed. This pre- 
cluded any weld from bridging a fuel orifice and an oxidizer orifice, which 
could have resulted in an inter-manifold leakage path if the weld were porous. 

(b) Welds were not machined. In this way, the welded area 
remained clearly identified and would not be inadvertently drilled. Also, the 
thickness of the weld material was not reduced. 

(c) The new orifices were located in unwelded areas apart 
from the old "welded" orifices to ensure that the entry condition for each new 
orifice was predictable. 

(d) Injectors were back-flushed, water-flowed, and passlvated 
following rework, all of which was necessary for fluorine service. 

The effectiveness of these criteria is evident from the three 
modifications accomplished on injector S/N 2. This unit accumulated 8A6.6 sec 
of operation in 25 tests. Then, it was "loaned" to another program and tested 
four times for an additional 95.0 sec. 
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TABLE V 

LF /N2H4  INJECTOR STRESS  SUMMARY 
(Reference Figure No.  16) 

Plastic   i 

14 Post Configuration 

A. Flange-Injector radius 

B. OxId1zer Inlet radius 

C. Inside face oxldlzer 
channel 

o1 MAX 

T1 MAX 

a1  MAX 

42,415 psl @ 0eF max tensile 

16,900 psl @ 0oF max shear 

38,713 psl @ 1000oF max 
compression 

:: 

: 

: 

: 

: 

:: 

D 
0 
: 

i 
i 
i 

A.  Flange-Injector radios 

Elastic / B.  Oxldlzer Inlet radius 

C.  Inside face oxldlzer 
channel 

01 MAX - 164,690 psl max tensile 

T. MAX - 56,100 psl max shear 

o, MAX - 165,690 psl max compression 

Low cycle fatigue analysis Indicates that the Injector can 
endure approximately 10,000 cycles. 

Effective Strain and Stress (Based on Plastic Analysis) 

A.  Flange-Injector radius      e - 0.061 In./In. c^        -26,086 
psl max 
tensile 

t - 0.14597 In./In. T. _ -33,683 
X Err   . 

psl max 
shear 

e - 0.12419 In./In. c.  __ -16,,586 
X tr r   . 

psl max 
compres- 
sion 

B.  Oxldlzer Inlet radius 

C.  Inside face oxldlzer 
channel 
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B.   UNCOOLED THRUST CHAMBERS 

Uncooled 
permit evaluation of 
types, with Identical 
Phase II was directed 
ently stable Injector 
performing Injector d 
wall chamber was used 
rated Into the design 

steel thrust chambers were designed and fabricated to 
Injector performance, stability, and heat flux. Two 
Internal contours, were used during the test program. 
toward the development of a high performing and Inher- 
whlle Phase III was oriented toward evolving a high 
emonstratlng dynamic stability. Therefore, a smooth 
during Phase II while an acoustic resonator was incorpo- 
for Phase III. 

1.  Standard Design 

The standard uncooled thrust chamber, shown on Figure No. 13, 
was designed with the same internal combustion chamber configuration as the 
prototype ablative chambers. This chamber had an expansion ratio of 1.65 and 
a divergent half-angle of 15-degrees. The combustion chamber-to-lnjector 
interface was a flanged and bolted Joint which was the same as that used in 
the development of ablative combustion chambers. The injector-to-chamber 
Joint was sealed with a silicone O-rlng. The injector piloted into the 
chamber 1.5-in. to protect the forward end of the ablative chamber from hot 
gases. The uncooled thrust chambers were fabricated from mild steel rather 
than stainless steel because the mild steel offered a reduction in hardware 
cost as well as Improved thermal characteristics. The units had provision for 
thermocouple pins, pulse-guns, and Photocon high-frequency pressure transducers, 

The thermocouples were used to identify chamber thermal 
environment and the effect of film coolant variations. Five Photocon pres- 
sure transducers were appropriately located to permit the detection and 
identification of high-frequency instability. The pulse gun ports allowed 
the use of a pyrotechnic charge to perturbate the combustion process for an 
evaluation of resistance to instability. 

A heat transfer analysis was conducted to determine the 
effect of chamber wall thickness material and test duration upon the gas-side 
and back-side wall temperatures. The results of this study are summarized on 
Figures No. 14 and 15. The data from this analysis served as the basis for 
selecting a mild steel chamber wall thickness of 0.75-in. 

The small loads induced by the proof (150 psla) and leak 
pressures yielded a margin of safety much greater than two^ because the 
uncooled combustion chamber wall thickness was selected upon the basis of 
heat transfer rather than stress. Although thermal stresses occurring during 
a test firing exceed "the elastic limit of the mild stsel, the life of the com- 
bustion chamber was predicted to be in excess of 9,000 short-duration, hot- 
firing test cycles. 

(1) M.S. 
TY 

o.(Factor of Safety) 
-1 - 10 
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2.  Acoustic Resonator Design 

The forward end of the thrust chamber design shown on 
Figure No. 13 was modified to Incorporate a three-cavity, nine-row acoustic 
resonator, the design of which was based upon the Information presented In 
Appendix II. This modified chamber design Is shown on Figure No. 16. 

Two photocon high-frequency pressure transducer bosses were 
located In the resonator cavity nearest the Injector. These were In addition 
to the three bosses located at the start of the convergence section. 

Obtaining resonator cavity gas temperatures was desirable to 
verify thermal predictions for the design of the acoustic resonators to be 
used In the ablative chambers. Two problem areas existed In measuring th^ 
temperature of the products of combustion In the resonating cavities. First, 
there was the anticipated operating temperature which would be In excess of 
30000F. Chromel-alumel thermocouples fall at approximately 2S00oF. Secondly, 
chere was the highly corrosive property of the fluorlnated combustion product. 

Two solutions were Identified; either a tungsten/tungsten- 
rhenium thermocouple or an Iridium/Iridium rhodium thermocouple could be used. 
Although attacked by the combustion produces, these thermocouples would be 
satisfactory for a single test of short or medium duration. With a gas tem- 
perature of 3500oF, the corrosion rate of the tungsten was approximately 
2.5 mils/sec. The Irldlum/lrldlum rhodium thermocouples were made from more 
noble metals and therefore, would have a much lower corrosion rate resulting 
in a greater life expectancy. 

The second approach was to place fusible wires, each having 
a different melting temperature, in the resonator cavities. Post-fire exami- 
nation of these wires for evidence of melting would provide an approximation 
of the resonating cavity temperature. Three fusible wire materials were 
selected; one was a 300 series stainless steel having a melting point of 
approximately 2600oF while the other two were in the platinum family of noble 
metals. They were platinum which melts at 32240F and rhodium which melts at 
3571°F. One wire from each of the selected materials was mounted on the end 
of a 0.25-ln. diameter stainless steel rod to form a temperature sensor, which 
was designed to fit into a standard thermocouple boss. 

To permit verification of the fusible temperature sensor 
operation, provisions also were made for the installation of an Iridium/Iridium 
rhodium thermocouple in the same cavities as the temperature sensors. 
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C.  WATER-COOLED COMBUSTION CHAMBER ASSEMBLY 

A water-cooled thrust chamber was designed for the evaluation of 
thrust chamber ablative materials, Injector durability testing, and perfor- 
mance assessment. 

It consisted of a water-cooled nozzle which matched either an 
ablative-lined or a graphite-lined cylindrical combustion chamber. 

The materials evaluation and the Injector durability testing were 
thought to require a thrust chamber less costly than an all-ablative unit 
which could be tested for durations of hundred of seconds. The graphite or 
ablative Inserts would Identify Injector streaking. Their high gas-side wall 
temperatures would maximize injector heat load. The extended duration would 
ensure steady-state operation and verify the performance obtained with the 
uncooled steel units. 

1.  Description 

a.  ATJ Graphite-Lined Thrust Chamber Assembly 

The water-cooled combustion chamber assembly was instru- 
mented for coolant water temperatures and pressures. 

The water-cooled nozzle assembly consisted of a housing, 
a nickel nozzle, and a split aluminum shroud which directed coolant flow over 
the nickel nozzle at the required velocities. The nickel nozzle was designed 
for easy replacement. 
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The water-cooled combustion chamber assembly, which is 
shown on Figure No. 17, consisted of two major items; a water-cooled nozzle 
assembly and a water-cooled, cylindrical combustion chamber containing a 
graphite liner. The Internal contour of the unit was the same as that of the 
uncooled steel and ablative thrust chambers. The exhaust nozzle expanded to 
a 1.65:1 area ratio with a nozzle half-angle of 15-degrees. 

:; 

: 

: 

: 

The water-cooled, cylindrical combustion chamber assembly 
consisted of an external housing and nickel sleeve which contained a graphite 
Insert. The housing and graphite liner shell were the boundaries of a water 
coolant circuit designed to protect the housing from the residual heat of the 
graphite. The unit was designed for easy replacement of the graphite liner. 

Thermal design of the coolant circuits of the throat 
region and chamber section ensured that the nickel wall temperature did not 
exceed lOOO'F and that burnout heat flux ratios were less than 0.5. 
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*Vi - 50 ft/sec, P - 250 psla, Tß - (100 + 20) ' 
**Include8 40 psi for exit and entrance losses. 

(2) Chamber Section 

(1) Throat Region 

n 
A 0.150-ln. thick nickel wall, a water velocity of 

50 ft/sec, a bulk temperature of 100oF, and water pressure of 250 psla were 
selected as reasonable values for the throat region. These values served as 
the basis for wall temperatures, heat fluxes, and burnout heat fluxes which 
were calculated and found to meet the desired limits. Predictions of the bulk 
temperature rise, coolant flow rates, and pressure are summarized In Table VI. 

: 

ö 
TABLE VI 

THERMAL ANALYSIS OF THE WATER-COOLED NICKEL NOZZLE 

Gas-Side Wall Temperature 840oF 

Liquid-Side Wall Temperature 200oF 
2 

Heat Flux U) 2.9 Btu/ln. sec 
2 

Burnout Heat Flux Ratio (<}i/<t)Dri) 0.20 Btu/ln. sec* 
BO 

Estimated Bulk Temperature Rise 20eF 

Coolant Water Flow Rate Requirement A5 lb/sec 

Estimated Maximum Pressure Drop 70 psi** 

Recommended Inlet Pressure >300 psla 

The ATJ graphite liner in the chamber section had 
a minimum thickness of 0.86-in. to provide surface temperatures near the 
injector which were similar to those expected In the ablative chambers. It 
was contained in a 0.150-ln. nickel sleeve and the flow passage was a con- 
tinuous spiral channel having approximate dimensions of 0.75-ln. wide by 
0.25-in. deep and 16-ft long. Water pressure was 250 psla and velocity 
37.5 ft/sec. Operating parameters are presented In Table VII. 
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TABLE VII 

THERMAL CONDITIONS FOR THE WATER-COOLED CHAMBER SECTION 

Liner Wall Temperature (one-Inch) 

Maximum Nickel Temperature 

Heat Flux (41) 

Burnout Heat Flux ((tiDn) 

Burnout Heat Flux Ratio  (4i/<fnri) BU 
Estimated Bulk Temperature Rise 

Coolant Water Requirement 

Estimated Pressure Drop 

Recommended Inlet Pressure 

2400oF 

eso'F 
9 

1.4 Btu/ln. sec 
2 

7.4 Btu/ln. sec* 

0.19 

1450F 

3 lb/sec 

120 psl** 

350 psia 

*V1 - 37.5 ft/sec, P - 250 ps-U, TB - (100 + 145) 0F 
**Includes 25 psl for exit and entrance losses. 

(3) Structural Analysis 

The stress analysis of the water-cooled combustion 
zone assembly Indicated that the chamber housing would have a 1.73 margin of 
safety at proof pressures^).  The liner assembly consisted of a graphite 
liner contained In a cooled, nickel sleeve with a clearance ranging from 
0.001-in. to 0.004-ln. Neglecting the rigidity supplied by the graphite 
liner, the cooled stainless steel retaining sleeve was marginal with respect 
to buckling stability at coolant jacket proof pressures. An analysis was con- 
ducted to determine the stresses in the graphite liner and the steel sleeve 
during steady-state operation.  Based upon the most adverse condition of zero 
clearance between the graphite and the sleeve, there would be a 15,000 psl 
tension load in the steel sleeve and a 250 psl compression load in the graphite 
during operation. 

F, 
(2) Margin of Safety Is defined as: M.S. - 

TY -1 
ajX FS 

A margin of safety of zero represents an adequate structural design. 
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Nickel was selected for the cooled nozzle In 
preference to stainless steel or aluminum because of Its strength at high 
temperature and Its high thermal conductivity.    A stress analysis of the 
nickel nozzle Indicated that It would not have collapsed under the proof 
pressure conditions or under shutdown conditions at the conclusion of a hot 
firing.    This analysis showed the nozzle to have a 0.42 margin of safety at 
shutdown.    High thermal stresses were predicted in the nozzle during firing. 
Actual testing showed some dimensional distortion which did not affect the 
unit's operation. 

b.      Composite Ablative-Lined Combustion Chamber 
Assembly 

The ablative chamber section of the water-cooled thrust 
chamber assembly was Interchangeable with the water-cooled ATJ graphite Ixned 
unit.    It consisted of an ablative liner contained In an uncooled mild steel 
case.    This unit matched the water-cooled nickel nozzle.    The ablative lined 
chamber shown on Figure No.  18 was used to evaluate liner materials and 
injector chamber compatibility.    It  incorporated four thermocouples of the 
type used on the ablative thrust chambers.    Two thermocouple locations were 
at the silica phenolic/graphite phenolic material Interface while the other 
two were positioned at the steel/silica phenolic interface.    This ablative- 
lined unit was Intended to permit test evaluations that would be comparable 
with those obtained using the all-ablative chambers. 

Thermocouple probes were designed to provide accurate 
char depth versus time data for the ablative chambers.    They were developed 
and verified with the ablative combustion chamber liners prior to their 
installation into the all-ablative chambers. 

Two combustion chamber liner designs were prepared to 
provide data for the later Phase II ablative chambers.    One had an all-ablative 
liner while the other had a full-length fibrous graphite liner backed by 
ablative.    The design shown on Figure No.  18 had a two-component wall con- 
sisting of graphite fabric-reinforced phenolic,  FM 5064, which was backed with 
a silica fabric-reinforced phenolic,  FM 5067.    The FM 5064, was tape-wrapped 
at a 45-degree-to-centerllne angle while the FM 5067 was oriented parallel to 
the centerline (flat wrapped).    Two full-length FM 5064 liners were fabricated 
with one having a nominal resin content of 36% while the other had a 30% 
content.    These liners were cut into  four,   180-dagree semi-cylinders and 
interchanged to form a bl-component,   cylindrical,   segmented liner.    Bonding 
was accomplished using RTV 60 silicons rubber which was Initially used 
successfully in the segmented liner Joints of a segmented, multiple ablative 
chamber'^)  in another program(^). 

(3) P/N 708208-29,  S/N 028 
(4) Contract AF 04(611)-9366,  "Ablative Materials Evaluation in a 

Fluorinated Oxldizer Environment," September 1965 
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A grid of 0.067-ln.  diameter radial holes on 0.5-In. 
centers was drilled through 180-degrees  (Including 90-degrees of each cylin- 
drical segment)  of the reassembled liner   (see Figure No.   19).    The FM 5067 
Insulation then was wrapped over  the FM 5064 with special care taken to assure 
that resin did not plug the drilled holes. 

Thus,  test firings would show If the combustion gas 
environment had an effect upon the silica fabric-reinforced phenolic as well 
as serve to establish the design criteria for ablative chambers.    Testing 
also would permit the effect of resin content variation in the ablative liner 
material,   FM 5064, to be ascertained.    Test evaluation in another program^'' 
was accomplished using FM 5064 and other liner materials.    Analysis of  the 
results Indicated that a resin content of 30% produced less shrinkage,   lower 
expansion,  and a higher density char.    The segmented chamber design was 
expected  to provide further data. 

The second ablative liner concept way Intended to antic- 
ipate the design of a full ablative thrust chamber.    This unit incorporated 
fibrous graphite as a full-length gas-side liner.    The disposition of the 
pyrolysis gases resulting from the ablative insulation materials was accom- 
modated by providing escape paths for the gases.    Small holes were drilled 
over the entire liner surface.    In this design,  the 0.067-ln. diameter holes 
were drilled through the fibrous graphite material and spaced at 0.5-ln. 
intervals over 180-degrees of the liner surface.    This provided for a direct 
comparison to be made of the possible and actual escape paths of the pyrolysis 
gases. 

2.      Fabrication 

The water-cooled assembly, with both the water-cooled ATJ 
graphite-lined chamber section and  the uncooled composite ablative-lined 
chamber section, was fabricated without Incident.    In addition, a spare nozzle 
liner with its shroud was manufactured along with two spare ATJ graphite 
liners. 

Two segmented ablative chamber liners,  like that shown on 
Figure No.   18 were fabricated.    One ablative section was assembled in the 
steel case and instrumented while  the other was held as a spare.    The spare 
was not tested. 

Fabrication of the second uncooled combustion chamber design, 
which had a full length AGCarb-101 liner, was not completed because of a 
change in test program requirements.    The material was subsequently used to 
make the acoustic resonator liner which was Incorporated In the S/N 001 
ablative thrust chamber tested during Phase III of the program. 

(5)    Contract AF 04(611)-10933, "Evaluation of Characteristics Affecting 
Attainment of Optimum Properties of Ablative Nozzle Components," 
1966-1967 
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D.       ABLATIVE THRUST CHAMBERS 

(U) At the inception of the program, it was considered that satis- 
factory thrust chamber erosion characteristics would be obtained by control- 
ling  the boundary layer mixture ratio and using either a bulk graphite or a 
fibrous graphite composite  (I.e., AGCarb-101)  at the throat.    The gas dynamic 
forces, which cause physical erosion (surface ablation), would be resisted by 
high shear strength, high density graphite char and pre-pyrolized graphites 
at  the gas-side Interface.    The basic graphite materials had very good struc- 
tural properties;  therefore,   the mechanical design of the ablative thrust 
chamber primarily was concerned with providing for the different thermal 
growths of the various structural elements. 

(U) Evolving a chamber that was thermally optimum was more difficult. 
Graphite is a good thermal conductor and consequently, a poor thermal insu- 
lator, except when in one of  its structurally weaker,  anisontropic forms 
(e.g., pyrolytic and Grafoil).    This necessitated a trade-off between thick- 
ness and the material selection to limit the external surface temperature to 
600oF while maintaining a realistic wall thickness as well as structural 
adequacy.    This study constituted a major portion of the ablative thrust 
chamber design effort. 

(C) The program specified that two thrust chamber designs would be 
evaluated.    These thrust chambers were required to retain structural integrity 
for an accumulated duration of 600 sec, which Included five restarts.    Accept- 
able throat erosion was calculated to allow a 14% increase in throat diameter. 
Any further erosion would result in exceeding the maximum thrust level.    The 
outer surface temperature of the chamber was restricted to a maximum of 600oF. 

(U) In summary, structural Integrity, erosion resistance, and skin 
temperature control were the three basic requirements for the ablative thrust 
chamber design.    Of the three, skin temperature proved to be the most restric- 
tive to the design. 

1.      Material Selection 

(U) The selection of thrust chamber materials was based upon data 
obtained from a comprehensive literature search and from the results of mate- 
rials evaluation programs previously conducted by Aerojet-General(6) >(?)•   (*0. 
Carbon phenolic, graphite phenolic, and fibrous graphite materials were used 
in these programs to construct 3750 lb (sea-level)  thrust chambers.    These 

T65    Contract AF 04(611)-9366, op.clt. 
(7) Contract AF 04(611)-10918, "Fluorinated Oxidizers,  Combustion 

Chamber Materials Evaluation," January 1967 
(8) Aerojet-General IR&D,  "Advanced Transtage Fluorine Feasibility 

Program," 1964 

Page 46 

CONFIDENTIAL 

I 
I 
I 
I 
: 

:: 

:: 

:: 

:: 

D 

:; 

D 
a 
ö 



5 

I I 
I 
I 
I 
: 

: 

: 

:" 

■ 

: 

UNCLASSIFIED 

chambers were tested using fluorine and hydrazlne blend propellents.    Testing 
was accomplished at 100 psla chamber pressure^) and 200 psla chamber pres- 
sure(10).     In all,  17 carbon and graphite materials were evaluated. 

a.       Selection Criteria 

liner materials: 
The following was the criteria used to select candidate 

(1) Resistance to chemical attack by F, and HF 
(2) Ability to withstand high temperatures 
(3) Dimensional and chemical stability 
(4) Thermal shock resistance 
(5) Low thermal conductivity 
(6) Ease of fabrication 
(7) Cost and availability 

In the evaluation of the carbon and graphite materials, 
the most suitable materials were identified as a graphite phenolic ablative 
system, FM 506A, and a fibrous, pre-pyrollzed, graphite composite, assigned 
the Aerojet-General designation of AGCarb-101. This composite is made from 
a graphite fabric-reinforced phenolic, FM 5228, which has been carbonized, 
graphitized, re-Impregnated with a high coking pitch, and regraphitlzed. 

Data showed that the graphite fabric-reinforced phenolic, 
FM 5064, could satisfy all of the requirements except dimensional stability at 
the throat region. Figure No. 20 shows an FM 5064 ablative chamber tested in 
an earlier materials evaluationC11)• It was operated at a chamber pressure of 
200 psla producing a sea-level thrust of 3750 lb. A total test duration of 
350 sec was accumulated. The throat area was badly eroded after the last 
test, but the cylindrical section indicated adequate durability. This data 
led to the conclusion that a hard, non-ablative material should be used in 
the throat area. 

The FM 5064 material was selected as the chamber flame 
liner for Thrust Chamber Design No. 1. This design was applied to two units, 
which were fabricated using FM 5064 as an ablative liner in the chamber 
section. One, S/N 001, had an exit area ratio of 1.65:1 while the other, 
S/N 002, had an exit area ratio of 7.5:1. 

Other graphite fabric-reinforced phenollcs were 
reviewed which exhibited physical properties comparable to those of FM 5064 
while being less costly. One of these was WB 8207, which had appeared satis- 
factory in an earlier materials evaluation program. However, it had a limited 

(9)    Contract AF 04(611)-9366,  op.  cit. 
(10) Contract AF 04(611)-10918,  op. cit. 
(11) Fluorinated Oxidlzer Thrust Chamber Materials Evaluation Program. 

Phase II, Contract AF 04(611)-10918, Report AFRPL-TR-66-322,  1966 
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test history and wan eliminated from consideration as a flame liner In the 
chamber section.  WB8207 was used as the nozzle ablative liner material 
because the nozzle section does not experience as severe an environment nor 
Is it as critical to the structural Integrity of the thrust as the upstream 
chamber section. This use of the WB8207 permitted test evaluation of an 
alternative and lower cost ablative liner material. 

The AGCarb-101 fibrous graphite material which was 
selected for the throat region does not have as extensive a test history as 
FM 5064; however, In one thrust chamber application^'*'t it demonstrated ade- 
quate structural strength as well as an erosion resistance that was superior 
to any other material evaluated except for the high-density bulk graphites 
(I.e., ATJ).  In considering thermal shock sensitivity, like most composite 
structures, AGCarb-101 was capable of forgiving some degree of plastic strain. 
Therefore, It was judged to be superior to the bulk graphites. An AGCarb-101 
thrust chamber tested In a previous program had been subjected to six firings. 
using the LF2/hydrazine blend propellents. These firings resulted In an 
accumulated duration of 253 sec. The chamber pressure was 100 psia and the 
vacuum equivalent thrust was 8000 lb.  The AGCarb-101 liner was free-standing 
and radiation-cooled from a station one-third of the way down the chamber to 
the exit plane (see Figure No. 21). The unit was subjected to hot starts as 
well as a single 150 sec test and it performed exceptionally well. After the 
test series, the throat radius had increased approximately 0.05-in. There was 
no ply delamination although the Injector end of the chamber sustained some 
localized, streak-type erosion. 

Based upon this experience AGCarb-101 was selected as 
the flame liner material In both Thrust Chamber Designs No. 1 and No. 2.  In 
one application. It was used as a throat Insert while in the second applica- 
tion, it was used as a full-length liner. 

/ 
Any one of a number cf carbon and silica fabric- 

reinforced phenolics would have been suitable pyrolyzlng insulators. Carbon 
phenolics have a higher thermal conductivity and are satisfactory for high 
temperature use (i.e., insulators In contact with the flame liner).  Silica 
phenolics have a lower; conductivity but melt when exposed to temperatures in 
excess of 3000oF. Therefore, a two-component insulation was used.  Carbon 
fabric-reinforced phenolic, WB8217, was selected as the high temperature 
insulation behind the FM 5064 ablative liner in Thrust Chamber Design No. 1, 
in which the throat,Insert was used.  Silica fabric-reinforced phenolic, 
WB2230, was selected aj the low temperature Insulator. 

Graphite fabric-reinforced phenolic, WB8207 rather than 
carbon phenolic was selected as the insulation in contact with the AGCarb-101 
throat insert because If offered better dimensional stability at high tempera- 
tures even though its thermal conductivity was higher.  The AGCarb-101 throat 
Insert was mechanically locked to the backup material. 

(12) Ccntiact AF Ü4(611)-10918, op. cit. 
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The second thrust chamber design, which Incorporated a 
full-length AGCarb-101 flame liner, also had a two-component Insulation 
system. Material selection again was within the carbon and silica fabrlc- 
relnforced phenolic families. However, the specific materials selected dif- 
fered from those of the first design because of a desire to Increase the 
options for future material selections. Carbon fabric-reinforced phenolic, 
FM 5072, and silica fabric-reinforced phenolic, FM 5067, were picked for use 
In the high and low temperature zones, respectively. 

A fiberglass structural shell was used In the number 
one design.  This shell was attached to a low carbon steel flange at the 
forward end of the chamber. The second design had a full-length low carbon 
steel case rather than fiberglass. 

The properties of the selected ablative chamber mate- 
rials are listed on Table VIII. 

b.  Material Controls 

The material properties Information and recommendations 
from the previously conducted program'^) served as the basis for selecting 
the FM 5064 as well as the basic material for AGCarb-101 (FM 5228). Fabri- 
cation and material controls are further defined In Appendix IV. 

All of the ablative chamber components were fabricated 
so that they were at least 1-1/4-in. longer than specified by the design. 
This excess provided control samples for laboratory evaluations as well as 
for the analyses of the performance variations exhibited by the completed 
chamber. 

2.  Thrust Chamber Descriptions 

a.  Thrust Chamber Design No. 1 

This design Incorporated the throat Inserts and two 
thrust chambers were fabricated (S/N 001 and S/N 002). The chamber design is 
shown on Figure No. 22. The S/N 002 chambei had an exit area ratio of 7.5:1, 
which was reduced to 1.65:1 In the S/N 1 chamber by eliminating the ablative 
portion downstream of the throat Insert. The description which follows is 
applicable to both S/N 001 and S/N 002 chambers because thermal conditions 
were Identical and the loads were similar. 

(13) Contract AF 0A(611)-10933, op. clt. 
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(U) A three-component liner consisting of graphite phenolic 
(FM 506A) forward of the throat, fibrous graphite (AGCarb-101) at the throat 
and graphite phenolic (WB8207) downstream of the throat was utilized In the 
basic design. The forward flange and structural overwraj- technology developed 
for the Block II Apollo Service Propulsion System ablative combustion chamber 
was applied, which assured that the structural Integrity of the flange and 
shell were based upon a demonstrated design. The aft flange design was the 
same as that used for the Transtage ablative thrust chamber design. 

(U) The throat Insert region was a three-component, radially- 
stacked structure, wherein both pyrolyzlng and non-pyrolyzlng materials were 
used. At the outset It was thought that all materials backing the Insert 
should be non-pyrolyzlng to avoid gas entrapment behind the AGCarb-101 mate- 
rial, which had low permeability. However, subsequent analysis Indicated 
that low permeability did not preclude "transpiration" of the pyrolysls gases 
and that the structural properties of the low conductivity non-pyrolyzlng 
materials might not be adequate. Therefore, a satisfactory and probably 
superior thermal design of lower cost was achieved with a pyrolyzlng backup 
to the AGCarb-101 liner. During Phase I, the study effort was directed toward 
the non-pyrolyzlng configuration; but the elements of the analysis which are 
presented In the Phase I Report were equally applicable to the final design 
selected. 

(U) Graphite, fabrlc-relnforced phenolic (WB8207) and 
silica fabrlc-relnforced phenolic (WB2230) were selected as high and low 
temperature backup Insulators, to the AGCarb-101 Insert. The location of the 
Interface between the graphite fabrlc-relnforced phenolic and the silica 
fabrlc-relnforced phenolic at the plane of the throat was determined to be 
the point at which the maximum temperature was approximately 2500oF during 
steady-state operation. 

(U) Structural integrity for the insert structure was pro- 
vided by using an 8-degree taper to mechanically lock the components to each 
other.  In addition, the forward end of the AGCarb-101 insert contained a 
step thickness Increase with ensured axial rigidity. The low temperature 
silica phenolic Insulation also contained a large radius step function which 
waa overwrapped with additional silica fabrlc-relnforced phenolic, thereby 
assuring the integrity of the entire throat insert assembly. 

(C) It was calculated that engine thrust would remain within 
specification if the throat diameter Increase did not exceed 1.0-ln. There- 
fore, the AGCarb-101 liner thickness at the throat was established at 0.6-in. 

(U) The AGCarb-101 material used for the throat Insert 
duplicated, as closely as fabrication techniques would permit, the lay-up 
angle (12-degrees to the chamber centerline) and graphitizatlon cycle used 
in the successful radiation cooled chamber (P/N 1129696) shown in 
Figure No. 21U^). 

(14)  Report AFRPL-TR-66-322,  op.  cit. 
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The FM 5064, ablative liner, located forward of the 
throat Insert (see Figure No. 23) was 1.46-In. thick. This thickness, 
coupled with the 45-degree to centerllne ply orientation, was the maximum 
diameter that could be reliably tape wrapped. Compression molding using cut 
patterns was considered but abandoned because of cost considerations. 

As shown on Figure No. 22, the Insulation behind the 
FM 5064 liner was a two-component composite. Both of these Insulation layers 
were oriented parallel to the flame surface to make maximum use of their 
Insulatlve qualities. The Inner and higher temperature layer (1.54-ln. thick) 
was of carbon fabric-reinforced phenolic, WB8217, while the outer layer was 
silica fabric-reinforced phenolic, WB2230. The total Insulation thickness 
was 2.4-ln. 

The ablative liner in the divergent nozzle section was 
tape wrapped graphite phenolic, WB8207. Ply orientation was 45-degrees to 
the flame surface and structural integrity was attained by mechanically 
locking the liner to the silica fabric-reinforced phenolic overwrap. 

The use of the two component insulation concept was 
selected upon the basis of the 3000eF temperature limitation of silica and 
previous testing experience, wherein the vulnerability of silica-fabric 
phenolic insulation in contact with the fluorlnated exhaust environment was 
demonstrated. The outer silica phenolic, WB2230, which extended as a con- 
tinuous layer over the thrust chamber length also served as a structural tie 
for the three-liner components. 

The fiberglass-structural shell was a high temperature, 
bi-directional composite that was approximately 0.080-in. thick. It was 
composed of two layers of basic reinforcements; high temperature phenolic- 
Impregnated bi-directional (181 type weave) S-994 glass fabric and 20-end 
S-994 glass filament Impregnated with high temperature phenolic resin. The 
roving was used principally as a reinforcement in the hoop direction whereas 
the bi-directional cloth was the principal load transferring medium along the 
chamber axis. The properties of 181 glass phenolic, parallel to the warp 
direction, at room and elevated temperatures are as follows: 

-3 
Tensile Strength, psi, x 10 

Tensile Modulus, psi, x 10 
-3 

Flexural Strength, psi, x 10 

Flexural Modulus, psi, x 10 

Compresslve Strength, psi, x 10 
-3 

R.T. 300oF      400oF      500oF      600oF 

45.86 40.2 40.0 38.0 33.0 

4.02 3.29 3.0 2.7 2.5 

67.0 57.7 60.5 44.7 27.5 

3.8 3.4 3.08 2.73 2.19 

65.8 61.6 47.5 34.6 27.7 
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The properties of the glass phenolic roving are as follows: 

R.T.   250^   500'F 

Tensile Strength, psl, x 10        23.0   18.5    16.9 
_3 

Shear Strength, psl, x 10 6     3.6     2.1 

The forward flange was a one-piece configuration fabri- 
cated from a low carbon steel forging (see Figure No. 22). It was based upon 
the test proven design of the Block II Apollo ablative chamber. Fingers were 
located at the lower end of the flange to mechanically lock It to the Insu- 
lating material. A pocket designed iafiO the external flange surface enabled 
the structural glass cloth to be mechanically locked, with the aid of glass 
roving, to the flange. 

The aft flange, which was an Integral part of the cham- 
ber, was made from silica phenolic (WB2230). The configuration of this flange 
was similar to that of the Transtage thrust chamber.  It was a composite of 
the structural shell and Insulating materials. The thermal analysis of the 
section Just forward of the flange indicated a maximum char depth of approxi- 
mately 2.3-ln. with a peak skin temperature of approximately 500oF. 

Fourteen Internal thermocouples were Installed in the 
ablative chamber as shown on Figure No. 22. Five were of the tungsten/tungsten- 
rhenium-type (serviceable to 4200oF) while the remainder were chromel-alumel. 
The tungsten/tungsten-rhenium thermocouples were located in contact with the 
backside of the AGCarb-101 throat Insert. Photographs of the temperature 
measuring probe are shown as Figures No. 23 and No. 24. The installation 
techniques were developed and verified using the ablative liners with the 
water-cooled chamber before these probes were used In the all-ablative chamber. 

b.  Thrust Chamber Design No. 2 

This ablative thrust chamber design had a sea-level exit 
area ratio of 1.65:1 and one chamber was fabricated (S/N 003). It is shown on 
Figure No. 25. A full-length fiberous graphite (AGCarb-101) flame liner. 
Insulated with a two-component carbon-silica fabric-reinforced phenolic system 
was used in this design. The entire subassembly was housed in a mild steel, 
thin-walled structural shell. 

The design features of the AGCarb liner (lay-up angle, 
throat thickness, and graphltlzatlou cycle) were similar to Thrust Chamber 
Design No. 1. Two rows of 0.060-in. diameter holes were drilled radially 
through the liner (see Figure No. 25) to serve as vent holes for the pyrolysis 
gases generated in the surrounding insulation during test. Bleed holes were 
not considered necessary for Thrust Chamber Design No. 1 because of the 
limited throat Insert length. 
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The high temperature Insulation, FM 5072, was tape- 
wrapped at a 45-degree angle to the centerllne of the part and the low tem- 
perature Insulation, FM 5067, was flat-wrapped to maximize Its insulating 
and structural characteristics. 

The steel structural shell was a double-tapered flanged 
design which resulted in ease of .?nsembly, low cost, and reliability. 

3.  Thermal Analysis 

The preliminary Thrust Chamber Design No. 1 was completed 
during Phase I. It was subjected to detailed one-dimensional thermal analyses 
to validate the dimensional assumptions. Material changes at the throat plane 
were subsequently Incorporated into the design to reduce fabrication costs and 
improve structural integrity.  Therefore, additional one-dimensional analyses 
were performed for the throat station to ensure its thermal adequacy. 

1 
: 

: 

; 

All chamber components, the flame liner, both insu- 
lators, and the steel shell were designed to be fabricated as separate units. 
The Individual components were mechanically-locked to each other with a long 
taper culminating at the end of the chamber.  In addition, a steel retainer 
ring was bolted to the flanged aft end of the steel shell to restrain axial 
movement of the ablative composite. 

Eleven internal thermocouples were installed in the 
ablative chamber as shown on Figure No. 25.  Seven of these thermocouples were 
of the tungsten/tungsten-rhenium type while the remaining four were chromel- 
aluroel. The thermocouple assembly was the same type used in the Thrust 
Chamber Design No. 1. D 

:: 

The thermal model treated the char process as an equivalent, 
non-reversible phase change with a fixed charring temperature and heat of 
char. Neither dimensional ablation nor the transpiration cooling effect 
resulting from internal chemical reactions of pyrolysis were considered. 
Convectlve boundary conditions on the gas-side were based upon the simpli- 
fled Bartz correlation for the film coefficient and the expected character- 
istic exhaust velocity efficiency for recovery temperature. 

In general, the elevated temperature material property data 
(both laminate and char) were limited. Guidelines for design verification 
included maintaining both the silica phenolic below its melting point of 
3000oF and the exterior temperature under 600oF. n 

The predicted temperature response for the critical restart 
duty cycle at the throat station of Thrust Chamber Design No. 1 is shown on 
Figure No. 26. The AGCarb-101 graphite phenolic interface temperature was 
predicted to rise to approximately 3600oF and the graph4te-silica phenolic 
interface to approximately 1900oF. These temperatures occurred both during 
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and shortly after the firing. The backside temperature was predicted to 
reach a peak value of approximately 350oF after 1.5 hours of soak following 
the first burn. This temperature was the maximum for the entire duty cycle. 
The heat inputs of subsequent firings were not as great and the low silica 
phenolic diffusivity prevented any rapid pulse of heat from passing through 
the wall to the exterior surface. 

The analysis indicated that it was possible to design the 
chamber for the maximum exterior temperature based upon the results from the 
first firirg (315 sec). 

Thrust Chamber Design No. 2 (S/N 003) relied upon the pre- 
viously discussed thermal analysis to ensure that the silica phenolic was 
properly located to prevent exposure to .«nperatures above its melting point. 
In addition the wall thickness at the throat approximated that of Thrust 
Chamber Design No. 1 to ensure that the backside surface temperature was 
below eOO^F. 

Appendix III describes a method of conducting a thermal 
design analysis. 

4.  Fabrication 

Ablative chambers S/N 001 and S/N 002 incorporated AGCarb-101 
throat Inserts. These throat inserts were fabricated and cured at 300oF at 
Aerojet-General, Sacramento, aid then sent to the Union Carbide Corporation 
In Cleveland for carbonizing and graphltlzatlon. 

The fabrlcaH.on and assembly of the two chambers, including 
the fi'nl machining of the ihreat inserts were done at Haveg Industries, Inc., 
Sent. :  springs, California. 

The S/N 002 chamber required repair to correct an underslze 
condition existing on the downstream end of the AGCarb-101 throat insert. It 
was found that the outside surface, below the throat, was approximately 
0.125-in. underslze. The backing graphite phenolic insulation, WB8207, was 
Increased in thickness, cured, and machined until it mated with the under- 
sized throat Insert. The repaired area was not visible and it did not affect 
the ensuing test series, which had a total duration of 606 sec. 

The fabrication of chamber S/N 003 was accomplished at 
San afael Plastics, San Rafael, California. Graphltlzatlon of the full 
length AGCarb-101 liner also was conducted at Union Carbide in Cleveland. 
The complete manufacture of this chamber was accomplished without incident. 

The fabrication details for both chamber designs are 
presented in Appendix IV. 
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5.  Rework of S/N 001 Chamber 

a. Requirement and Material Selection 

An acoustically-damped ablative chamber was required In 
Phase III to demonstrate the long duration damping efficiency of an acoustic 
resonator as well as Its durability In an ablative chamber.  The S/N 002 
thrust chamber had demonstrated the 600 sec duration required during Phase II 
and the similar S/N 001 unit was available for rework. 

AGCarb-101 was selected as the flame surface of the 
resonator following Its success as a throat Insert In ablative chamber 
S/N 002.  Carbonized graphite fabric-reinforced phenolic, WB8207, was 
selected as the material to surround the flame liner and contain the resonator 
cavities. Post-test analysis of the WB 8207 used as the nozzle ablative liner 
In chamber S/N 002 showed It to be remarkably solid with virtually no delami- 
natlons although almost completely charred.  The use of these pre-charred 
materials would eliminate pyrolysls gases from the resonator cavities. 

b. Description 

The modified ablative chamber, S/N 001, shown on 
Figure No. 27 had an exit area ratio of 1.65:1 and the basic chamber con- 
figuration remained as previously described. 

The acoustic resonator was a three-piece assembly con- 
sisting of the flame liner which was a sleeve containing nine rows of orifices, 
the precharred graphite phenolic housing three axial rows of resonator cavi- 
ties, and a silica phenolic insulation ring.  The flame liner was mechanically- 
locked to the carbonized sleeve which, in turn, was firmly positioned with a 
locking shoulder in the basic chamber. A silica phenolic, WB2230, ring Insu- 
lated the forward cavity from the steel chamber flange. Figure No. 28 shows 
the liner being installed into the ablative thrust chamber. 

o 
I A detailed discussion of the acoustic resonator design 

is provided as Appendix II. 

The flame liner design was based upon the results from 
tests with chambers S/N 002 and S/N 003.    Expansion gaps were provided for 
both axial and radial thermal growth, while the radial thickness was kept 
minimum.    As a result,  excessive compressive stresses were not allowed to 
develop and no cracks or delaminatlons were evident in the disassembled  liner 
after testing. 

c.       Fabrication 

Fabrication of the acoustic resonator assembly and the 
modifications to ablative chamber S/N 001 were accomplished without incident 
at San Rafael Plastics. The unmachined AGCarb-101 flame liner was available 
as residual material from the water-cooled chamber. 
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E.  NOZZLE EXTENSION 

The program objective required the development of technology 
needed for a complete thrust chamber. This Included a divergent nozzle 
extension which would match the ablative thrust chambers being developed. 
This required that a fllghtwelght nozzle extension be designed according 
to the following criteria: 

radlatIon-cooled 

constructed of a material that was resistant to the 
HF, H», and F. content of the exhaust gases 

resistant to buckling loads at temperatures from 
2A00oF to 2600oF 

contoured to yield the maximum thrust coefficient 
consistent with the contractual constraints of 
diameter and length 

The approach used to satisfy the design requirements for the 
fllghtwelght, full-size nozzle extension was the same as that for the ablative 
thrust chamber and Injector development.  Detailed design and analysis of a 
full-length nozzle extension were acccmpllshed during Phase I. For the 
Phase II testing, a truncated nozzle was used to provide such surface area as 
was needed to obtain valid compatibility Information. Various protective 
coating materials were selected for use on the shortened nozzle. The half- 
angle of the ablative chamber divergent nozzle and the radiator cooled exten- 
sion were 25 degrees. The exit area ratio was 9.5 to 1. Testing of this 
unit would provide materials and performance data. It was from the assessment 
of kinetic performance that an optimum contour for the fully-expanded nozzle 
could be established. 

1.  Design, Description, and Analysis 

The Phase II nozzle extension (Figure No. 29), was a 25-degree 
half-angle, radiation-cooled unit attaching to the S/N 002 ablative chamber 
(see Section IV,D,2) flange at an area ratio of 7.5:1 and terminating at an 
exit area ratio of 9.5:''. The ablative chamber attachment flange was in a 
plane which passed through area ratio 4.5:1 but an overlap in the ablative 
liner of the chamber made the gas-side interface at a 7.5:1 area ratio. The 
7.5 to 1 station was established as being the smallest diameter at which 
nozzle temperatures were compatible with the use of columbium. It was con- 
sistent with the objective of evolving the lightest weight thrust chamber 
assembly. 

The 9.5 to 1 nozzle wss divided into three, 120-degree circum- 
ferential sections, each with a different coating. The base structural mate- 
rial was 0.030-in. thick, C-103 columbium, which was selected because of its 
excellent performance in both the Transtage and Apollo engine applications. 
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Thermal analysis of the nozzle extension yielded results 
which compared favorably with the predicted and actual temperatures experi- 
enced with the Apollo nozzle extension.  These data are shown on Figure No. 30. 
The actual measured temperature of the Apollo nozzle at the transition area 
ratio was 2200eF, or 190oF below the predicted temperatures.  The difference 
between the measured and actual temperature was attributable to out-gassing 
of the ablative chamber liner. The predicted temperature for the fluorine/ 
nozzle extension was 2530eF. It was estimated that the steady-state wall 
temperature at the ablatlve-to-radlatlon transition would be approximately 
2400eF because the fluorine nozzle also would benefit from out-gassing of the 
ablative chamber. 

2.  Materials and Protective Coatings 

Extensive experience with nozzle extensions for both the 
Apollo Service Module and the Transtage engines had shown that C-103 columblum 
was satisfactory for this type of application. The thermal shock resistance 
properties of columblum are excellent as demonstrated In more than 100 starts 
of a single extension In the Transtage Program. The excellent forming and 
welding properties of the C-103 columblum also were demonstrated at Aerojet- 
General and their nozzle suppliers. However, unprotected columblum Is subject 
to severe oxidation and nitrogen contamination when exposed to air at tempera- 
tures above 1800oF. Hydrogen embrlttlement also can occur If the H or H2 mole 
fraction of the exhaust gases Is high. The exhaust products of the fluorine/ 
hydrazlne blend contain a large amount of HF and free fluorine; therefore, 
barrier coatings must be used to prevent the columblum from attack by these 
exhaust products. The HF will attack columblum to form columblum pentafluorlne 
(CbF5) which has a melting point of 161.50F and an approximate boiling point 
of 4280F.  While the actual rate of attack Is unknown, available data Indicated 
It would be high. Previous workt^' Indicated that an alumlnlde coating would 
provide effective protection against the effects of a fiuorlnated exhaust 
atmosphere. Therefore, the following three coatings were selected for evalu- 
ation with the test nozzle extension: 

Lunlte 2   ; an alumlnlde diffusion coating 
(final cure: 1800oF to 1900oF) similar to the 
NAA-85 coating used on the columblum portion 
of the Apollo skirt 

Lunlte 3(^7); a hafiium-tantalum coating (final 
cure: 1800oF to 1900oF) 

A nickel alumlnlde ceramic plasma sprayed coating (18) 

(15) Contract AF 04(611)-8183, "Maneuvering Satellite Propulsion 
System Demonstration," Bell Aerosystems, December 1965 

(16) Product of the Vac-Hyd Processing Corp. 
(17) Product of the Vac-Hyd Processing Corp. 
(18) Formulation of the Trl-Metals Co. 
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Due to sequential coating application procedures,  potential 
interactions between the three candidate coatings existed and were Investi- 
gated with the following resultsCl^); 

A definite possibility of a reaction existed between 
the aluminum In the Lunlte 2 and the tantalum In the 
Lunlte 3 during the cure cycle If  they share a common 
cure cycle. 

A possibility existed that the nickel In the plasma 
spray coating and  r.he tantalum of  the Lunlte 3 could 
combine to form a nickel-tantalum eutectlc during 
engine test  firings.    This eutectlc,  which has a 
melting point of approximately 2500oF, possibly could 
be washed away leaving the substrate unprotected. 
This condition would exist at  the Interface or overlap 
of  the two coatings only. 

There should be no gross Interaction between the dif- 
ferent coatings with the true conditions of the 
Individual coatings being most valid midway between 
the coating  Interfaces. 

An uncoated columblum substrate would be subjected to 
attack by the HF as well as contamination (I.e., by 
nitrogen,  hydrogen, and water vapor)  during an engine 
firing. 

Consequently,  It was planned that the Lunlte 2 and Lunlte 3 
coatings would be processed separately and that the post-test analysis samples 
would be taken midway between the coating interfaces. 

3.      Fabrication 

One short,  coated columblum nozzle extension was manufactured 
and the unit instrumented with chromel-alumel thermocouples to sense skin 
temperatures.    Post-test analyses showed that the spinning process used to 
form the part resulted in undersize thickness In a sharp radius area. 

(19)    Information from the Battelle Memorial Institute,  Columbus, Ohio 
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SECTION V 

TESTING 

Injector-chamber testing is the verification of component designs for 
which there Is no satlfactory substitute. The following were critical to 
the success of the pre-planned test program: 

- Facility 

- Facility Operational Procedures 

- Thrust Chamber Assembly Operational Procedures 

The test facility was capable of providing accurately measured perfor- 
mance data that could be meaningfully Interpreted and evaluated. In order to 
effectively utilize the facility, operational procedures were developed which 
provided the basis for consistent system cleanliness and personnel safety. 
Equally important were the thrust chamber assembly operating procedures which 
defined component cleanliness, their assembly and sequence of test events, 
such as, opening and closing valve times, propellent leads and nitrogen purges. 

The pre "-am objective, as initially stated, was to demonstrate the 
performance capability of a pressure-fed ablative thrust chamber asserbly. 
Testing was initiated during Phase II and completed at the end of Phase III 
with the attainment of the program objectives. A total of AO tests (30 sea 
level and 10 simulated altitude) was conducted during the program. 

A.   FACILITIES AND PROCEDURES 

A detailed description of the test facilities and the test opera- 
tional procedures is included as Appendix V. 

1.  Facilities 

All of the testing was accomplished in Test Area J of the 
Aerojet-General Sacramento Facility.  Two test stands were used: Test Stand 
J-2, the sea-level facility, and Test Stand J-A, the simulated altitude 
facility.  The liquid fluorine tankage capacity limited tests at Test Stand 
J-2 to durations of approximately 50 sec while the simulated altitude testing 
at Test Stand J-A was limited by the steam supply only to durations of 
approximately 200 sec. At Test Stand J-2, the exhaust products were vented 
to atmosphere while a water scrubber was used to control them at Test Stand 
J-A. 

All of the thirty tests with the uncooled steel chambers and 
the water-cooled chambers were conducted at Test Stand J-2.  These included 
Injector checkout, compatibility, and acoustic resonator pulse tests. The 
ten long duration, simulated altitude tests with the ablative combustion 
chambers were conducted at Test Stand J-A. 
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the cleanliness of all circuitry (facility and Injector) exposed to LF2. The 
AO program tests were conducted without any fires, line failures, or seal 
failures. A two-step cleaning procedure, which consisted of removing foreign 
matter followed by passivation, was applied to the Injector, pressure trans- 
ducer lines, transducers, thermocouples, valves and all of the other components 
that came Into contact with LF«. 

The run lines were cleaned and passlvated when the 
facility was Initially activated. When not In use, they were capped and 
pressurized with dry helium. After a component was replaced or the line 
circuitry was Interrupted, the run line was repasslvated. The Injector was 
recleaned and repasslvated whenever It was removed from the test site. The 
passivation procedure Is briefly described In Appendix V. 

b.  Safety 

Personnel safety was the prime consideration In connection 
with the movement of fluorine or Its products of combustion. All operations 
were conducted in accordance with published checklists. At any time that LF2 
was flowed. Test Area J was restricted to all personnel not In the control room, 
where the number was limited to the quantity of available breathing air packs. 

Tests were conducted only under the established, favor- 
able meteorological conditions. Pre-test as well as post-test movement of 
waste fluorine, primarily the bleeds and vents, was remotely controlled from 
the control room and this waste fluorine was discharged into a charcoal pit 
and burned. The reaction products of carbon tetrafluorlde were vented directly 
into the atmosphere. 

3.  Thrust Chamber Assembly Operational Procedures 

a.  Thrust Chamber Valves 

The program did not Include the development of propellent 
valves suitable for LF2 use. However, Aerojet-General had previously obtained 
excellent results using a modified Annin valve(20).  The design specifications 
for these previously used valves were such that by adjusting the stroke and 
replacing the valve seat they were usable with either oxidizer or fuel. A 
copper seat was used with fluorine and a teflon seat was used with fuel. The 
following are the specified design features: 

(20) Aerojet-General IR&D, "Advanced Transtage Fluorine Feasibility Program," 
196A 
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(1) Type—special "Y" body 

(2) Annin P/N--A-4065 

(3) Size—1 in. 

(4) Pressure rating—1500 psi 

(5) Actuation system—pneumatic or hydraulic position 
controlled (gaseous nitrogen used) 

(6) Actuation pressure—500 psig 

(7) Opening time—up to 1.5 sec (approximately 0.3 sec 
used) 

(8) Closing time—up to 0.25 sec used 

(9) Valve bodies bored for LN» coolant passages 

(10) Percentage type valve plug 

(11) Marker to denote oxidizer or fuel setting 

(12) Less than 100 psi drop 

(13) Normally closed 

(14) Interface to use small tongue-groove flange, 
1500 psi ASA rating with tongue on valve. 

The valves operated trouble-free throughout the entire 
test program. They were treated as part of the test stand equipment and were 
never removed with the injector-chamber assembly. 

b.  Injector-Chamber Assembly 

Following passivation, the injector was assembled to the 
thrust chamber and installed on the test stand as an assembly. Silicons rubber 
0-rings were used between the injector and combustion chamber. "Zinc Chromate 
Putty" was used as a filler between the injector and the Inside diameter of 
the chamber. Soft aluminum crush washers were used between the injector pro- 
pellent inlet lines and the thrust chamber valves. The silicons rubber O-rings 
were reused while new aluminum crush washers were installed during each assembly. 
No seal leakages were encountered during any of the tests. 

The thrust ring, which is shown on Figure No. 31 (Test 
No. -024 set-up), was bolted to the injector during the assembly of the 
injector to the chamber. Then, an outer bolt circle was used to mount the 
complete assembly to the test stand. No problems were encountered during the 
assembly of the thrust chamber assembly or its placement into the test stand. 
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c.  Sequence of Test Operations 

The test sequence as indicated in Figure No. 32 was 
designed to provide a slow ignition with a gradual rise in chamber pressure 
to steady-state operation. For this reason, the "percentage-type plug" ® 
was used in the thrust chamber valves. The plug was machined to allow an 
ever-increasing flow rate with respect to valve stem travel. 

Based upon the experiences in a previously conducted, 
trouble-free LF2 program^l), the valves were timed to open in approximately 
0.3 sec and were sequenced to provide an oxidizer lead of the propellents into 
the combustion chamber. The start and shutdown transients of a typical test 
are shown on Figures No. 32 and No. 33, respectively. The start transient 
record indicated that the equivalent of approximately 1.86 in.3 (21.2 in.3 
within the oxidizer manifold between the valve and injector face) of liquid 
fluorine had passed through the thrust chamber valve at the time of ignition. 
Initially, as a result of uninsulated injector manifolding and lower pressure, 
the fluorine flashed to a gas and proceeded to flow into the chamber. At the 
same time, fuel entered and ignition was immediate. The slow rise of the 
chamber pressure, which started with the initial rise in fuel manifold 
injector pressure, can be seen on Figure No. 32. The initial fluorine flow 
was gaseous for approximately0.3 sec after ignition (FSi + 0.83 sec), at 
which time steady-state conditions were reached. The length of time required 
to achieve steady-state pressure conditions varied from test to test. The 
time was dependent upon the temperature of the fluorine upstream of the thrust 
chamber valves following the pre-test fluorine bleed of the run line (maximum 
time of 0.5 sec for a temperature of -290°F and a minimum time of 0.15 sec 
for a temperature of -300oF). 

Gaseous nitrogen purges entered through each injector 
propellent Inlet flange and were used in both injector manifolds. The purge 
valves were opened during the test stand arming sequence, approximately 1 to 
2 min prior to FS^ and were signaled to close at FS^. It can be seen on 
Figure No. 32 when the nitrogen stopped flowing by noting the decay of both 
the fuel and the oxidizer injector pressures after FS^ and prior to ignition. 

The gaseous nitrogen purges again were applied at the 
termination of a test with the purge valves being sequenced to open simul- 
taneously with the electrical signal to close the thrust chamber valves. The 
purge valves were closed manually several minutes after the test was completed. 
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Figure 33.    Typical Shutdown Transient 
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(u) The thrust chamber valves were sequenced to provide a 
fuel override at FSj (see Figure No. 33) to prevent oxidizer-rich gases and/or 
fluorine from washing over the hot ablative chamber walls. The closing time 
of the valves varied from under 0.1 sec to 0.25 sec. The longer closing times 
were utilized, without problems, to simulate the anticipated shutdown conditions 
of the flight-type bipropellant valve.(22) 

B.  THRUST CHAMBER ASSEMBLY TESTING 

(U)       All of the testing was scheduled for Phase II and Phase III of the 
program. In Phase II testing, the injector stability and performance were 
evaluated using the uncooled steel thrust chambers for short duration testing. 
Six injector patterns in three injectors of similar designs were evaluated; 
three pattern iterations were conducted in one injector. Following the 
identification of a stable unit, more extended duration tests were undertaken 
to evaluate the durability and compatibility of the injector. The water- 
cooled nozzle with graphite and ablative-lined chambers was used in these 
tests. 

(U)       Once the injector and chamber durability was demonstrated, long 
duration tests were made at simulated altitude conditions using ablative 
thrust chambers, both with and without the radiation-cooled nozzle extension. 
Two ablative chambers were evaluated, one satisfactorily for six starts 
totaling 606 seconds. 

(C)       Testing during Phase III was directed toward the attainment of an 
altitude specific impulse of 370 seconds, the demonstration of dynamic stability 
and the elimination of thrust chamber streaking (improved injector-chamber 
compatibility). 

(U)       This was accomplished with one new injector having a high perfor- 
mance pattern and an ablative chamber reworked to incorporate an acoustic 
resonator. A total of ten tests was conducted during Phase III, three 
under simulated altitude conditions. 

(U) The program test data are summarized in Table IX. 

1.  Phase II Testing 

(U) The aluminum injector (S/N T ), which incorporatec' 215 
elements and 6X fuel film cooling, was tested three times for a total of 
6.27 sec using the same uncooled steel workhorse chamber. The last two tests 
were unstable. Figure No. 34 is a view of the injector face before testing. 
As anticipated, the test durations were not sufficient to cause orifice 
erosion and there was no face erosion. However, the peripheral fuel manifold 
cover weld cracked as shown on Figure No. 35.  This necessitated a weld repair 
after the second test. The steel chamber was undamaged. 

(22) Contract AF 04(695)-197, "Transtage Development," CCN 192, "An Electro- 
Mechanical Bipropellant Valve for Cryogenic (Liquid Fluorine) and Storable 
Propellents," 1966-1967 
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Xi 

TEST 

TUT NO.    DATE          S/N 

1083-DOl-CH 

NUMBER 
ELEMENTS 
INJ.  PAT. 

COMB. 
CHAMBER 
CONFIQ. 

.   vom thai 

LT 2/ »     H ^iiL E N U p H 0 a M 

p 

UUKATION 
SEC. 

DATA tthlüü 
IMS. g^ 

• 
wt 

-001 2-13-67      I* 215 Uncooltd St««l 
fi/N X 

39.90 1.65 2.02'» 0.900 to i.90U 1.71 22.91 

-oc« 2-l««-67      ** ii i» 39.90 1.65 2.722 0.950 to 2.450 1.55 17.04 

I 

-003 2-20-67      2 158 II 39.90 1.65 2.027 0.926 to 2.027 1.57 17.14 

-00«» 2-20-67      2 •i II 39.89 1.65 1.765 0.800 to 1.050 1.96 18.70  j 

-005 2-22-67      2 " n 39.89 1.65 1.695 0.900 to 1.620 1.87 18.09 

-006 2-22-67       2 « II 39.88 1.65 1.358 0.900 to 1.290 2.29 20.08   j 

-007 5-'»-67        T2 215 II 39.87 1.65 1.5>» 1.000 to 1.400 1.75 I?.64 

-008 5-5-67   2 Mod 1 98 n 39.88 1.65 1.833 1.200 to 1.700 1.77 18.18 

-009 5-9-67        " II II 39.85 1.65 3.987 3.487 to 3.9Ö7 i.73 19.90 

-010 5-10-67       " II II 39.82 1.65 3.047 2.5v0 to 2.900 1.75 20.25 

-Oil 5-10-67      " H II 39.83 1.65 1.596 .I.O96 to 1.446 1.70 21.70  j u 
-012 5-17-67 2 Mod 2 68 n 39.83 1.65 2.014 1.514 to 2.014 2.01 17.6a ; 

D -013 5-2'»-67      " II H 39.83 1.65 4.023 3.423 to 3.923 1.93 17.79 

-01«» 5-2'»-67       " II n 39.82 1.65 4.019 3.519 to 4.019 2.26 13.22 

1-1 -015 5-24-67       " H Ii 39. 1.65 4.987 4.487 to 4.y8V 2.00 13.50 

-016 5-2'»-67       " II •i 39.83 1.65 4.989 4.489 to 4.989 1.83 13.43 

r   • 
-017 5-2i»-67      " II H 39.78 1.65 6.033 5.533 to 6.033 2.04 13.31 

-018 7-19-67 2 Mod 3 n Water Cooled 39.92 1.65 8.416 7.916 to 8.416 1.91 18,66 

0 
-019 7-20-67      H II II 

• 
39.85 1.65 39.349 32.500 to 37.500 1.66 18.29 

*P   Up locatod on ehubar wall «pprox. 1" bolow injector fao« 

0 
0 
1 1 

mmmmm MMMHd 



TABLE IX 

TEST DATA SUMMARY 

PHOGHAK      TtüT      UATA      Ö U M M A K Y 

- 

UNCLASSIFIED 

wt Pc(f«c.)      P^ 

18.09 

16.29 

K»U 
^Po 

P^IA    pal 

i        22.91 111.3* i^b '»i«? 196 6k,7 

i5        17.0^ 95.1• 132 36.9 !*• 52.9 

>7        17.1* 97 150 W.O 157 60.0 

18.70 100.3 172 71.7 156 55.7 

98.8 161 62.2   152  53*2 

*oJ 
T     T 

w. «, 

-252 65.3 l.'rtÄ 0.986 

-286 3k.O 1.420 0.991 

-295 70.3 1.457 0.984 

-289 67.3 1.433 O.985 

-296 66.2 1.462 O.986 

20.08 97.7 165 67.3 146 48.3 -296 64.5 1.462 O.986 

I7.«4 97.7' 141 43.3 147 49.3 -28O -294 71.2 1.448 0.984 

18.18 102.9 146 43.1 145 43.1 -287 -297 57.0 1.468 0.989 

19.90 111.0 159 48.0 164 53.0 -289 -297 54.8 1.469 0.99C 

ZO.iy 112.3 164 51.7 166 53.7 -291 -301 58.7 1.477 0.989 

21.70 125 167 62.0 188 63.0 -275 -297 54.4 1.465 0.990 

17.6a 98.1 199 100.9 164 65.9 -308 -295 88.2 1.459 0.978 

17.79 97.3 192 94.7 167 69.7 -260 -298 80.0 •I.472 0.984 

13.22 68.4 140 71.6 100 31.6 -278 -297 79.2 1.468 O.98I 

13.50 72.9 133 60.1 111 38.1 -279 -299 73.7 1.476 0.983 

13.43 73.2 131 57.8 116 42.8 -280 -296 71.4 1.464 0.984 

13.31 72.6 128 55.4 109 36.4 -288 -299 7H 1.474 0.984 

18.66 101.8 148 46.2 147 45.2 -313 -311 76.4 1.525 0.982 

100.7 145 44.3  14$  44.3  -305  -312  79.3  1.530 O.98I 

Stabl« - Mo daiMg* - Exhaust «erubbar ua«d 
Onldlur flOMBatar Invalid. 

Unatabla at FS. 4 2.395 etc. - Me daaaga - 
Exhaust scrubber uasd. 

Stabl* - Mo daaaga - Exhaust scrubbar not 
usod. 

Uastsbls at FS. ♦ 1.073 sac- No Daaaga. 

Unatabla st FS. ♦ 1.645 sae.- No daaaga.. 

Unatabla at FS. * 1.306 sae. - No daaaga. 

Unatabla at FS. ♦ 1.49 sac. - No daaaga 

Unatabla at F6. ♦ 1.79 ssc. - Mo dsaaga 

Stabl« - No daaaga 

Unatabla at F^ ♦ 2.90 sto. - Mo 

Unstablo at FS1 * 1.49 sac. - Me 

Stahl« - No daaage 

Stabl« ■ Mo daaaga 

Stable - Me daaaga 

Stsbl« - No daaage 

Stable - Me daaage 

Stable - Mo daaage 

Stable - No daaaga - AW Orafhlte ehaabar 
liner used. 

Stable - Mo daaage - AW Orafhlte chaaber 
liner used - Kan to IF, «xhaustioa 

^ 
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TABLE IX (cont.) 

Lr2/N2HJiBL£NO      P H 0 G H A M      I t, S T     DATA 

TEST MO 
INJECTOR 

-    DATE          S/N 

NUMBER 
ELEMENTS 
INJ.  PAT. 

COHB. 
CUUM 

l         CONTW.. 

POST TSSI 

DURATION 
SBC. 

DATA PERIOD 
SBC. M.R. 

• 
Wt 

Ifi/SBCt 

Pc(faoe) 

PSIA PSU 
Z^Po 

IO83-DOI- 

-020 7-24-6? 2 
Hod 3 

68 Abl.Liner and 
HO Cooled Tarcat 

39.75 1.65 50.326 42.500 to 47.500 1.86 18.38 101.? 146 44.3 

-021 7-26-6? 11 68 H 39.66 1.65 48.663 42.500 to 47.500 i.85 18.25 101.0 145 44.0  I 

-022 7-27-6? 11 68 it 39.55 1.65 49.894 42.500 to 47.500 1.86 18.33 101.0 145 44.0 

-023 11-9-6? 6 68 
(W/9»,FC) 

Uncooled Steel 
a/N 1 

39.68 1.64 5.072 4.572 to 5.072 1.79 17.22 95.6 141 45.4 

1063-D02 -OM 

-001 9-7-6? 2 
Mod 3 

68 Abl.  S/N 2 40.2 7.44 8.544 2.000 to 8.544 1.44 16.69 93.2 143 49.8   | 

-002 9-21-6? 11 68 11 40.2 9.43 29.711 14.356 to 29.711 2.25 19.06 103.9 162 58.1   1 

-001 11-15-6? 11 68 11 41.0 7.26 194.700 194.000 to 194.500 1.83 17.73 97.1 144 46.9 1 

-004 

-005 

-006 

12-14-6? 

12-19-6? 

12-19-67 

11 68 

68 

68 

n 

11 

41.69 

41.69 

42.6 

9.13 

7.26 

7.27 

202.780 

0.8 

170.540 

202.060 to 202.580 2.02         18.90 100.? 15?       56.3   I 

11 ii 169.540 to 170.540 2.04 19.02 97.5 156 58.5 

-007 1-19-68 11 68 Abl. S/V 3 40.0 1.60 38.620 12.OW to 19.000 1.95 17.94 99.9 155 55.1   I 

IO83-DOI-OM 

-024 5-15-68 7 344 Steel W/9 row 
3 car. reaonator 

39.7 1.65 2.468 1.986 to 2.486 3.10 17.77 93.7 167 73.3  I 

-025 5-15-68 7 344 11 39.7 I.65 4.133 3.633 to 4.133 2.20 18.41 102.9 170 67.1   j 

1083-D02-CM 

-008 6-13-68 7 344           S/N 1 «bl. w/9 
row 3 car. resonator 

39.8? I.65 10.820 7.500 to 8.5OO 1.69 16.8? 95.6 160 64.4 

-009 6-1'H68 7 344 11 39.77 1.65 50.490 49.490 to 50.490 2.03 19.22 109.3 183 73.7   I 

-010 6-l'+-68 7 344 11 39.35 1.65 100.390 99.390 to 100.390 1.97 16.66 106.7 176 69.3   1 

\ 



I III 

TABLE IX (cont.) 

OaSAH  ItSI  DATA  SUMMARY 

UNCLASSIFIED 

wt Pc(f.o.)      P^        ^^ pw    ÄPr     *•* 
M/SEC. PSU PSIA        PSI FgIA      PSI        _2I 

Ton4    Tf™ 
HQtADKS 

18.38        101.7 1^        Vf.3 147      ^5.3        -307       ^l^      80.6      1.537    O.98I 

18.25        101.0 1^5        'A.O 146      45.0        -309       -314      78.7      1.536    0.981 

18.33       101.0        145      44.0        146     45.0       -311      -314     83.9     1.537   O.9S0 

17.22 

16.69 

95-6        141      45.4        144     44.8 -303 -308     61,8     1.513   O.987 

93.2 143      49.8        150     58,8       -272      -274     91.1     l.?/67   0.978 

19.06 103.9 162 58.I 142 38.1 -300 -302 86.1 1.489 0.979 

17.73 97.1 144 46.9 140 42.9 -299 -301 67.4 1.484 0.985 

18.90 100.7 157 56.3 143 42.3 -299 -302 53.6 1.475 0.991 

TUBE SHUTDOWN      - DEFECTIVE     CSM      UNIT  »- 

19.02 97.5 156 58.5 142 44.5          — -298 52.8 1.473 0.991 

17.94 99.9 155 55.1 146 46.1 -298 -296 60.3 1.463 0.998 

17.77 93.7 167 73.3 130 36.3 — -300 73.0 i.48l 3.933 

18.41 102.9 170 67.1 166 53.1 -- -299 71.2 1.475 0.984 

16.87 95.6 160 64.4 175 79.4 -288 -281 76.O 1.428 O.982 

19.22 109.3 183 73.7 185 75.7 -307 -307 75.7 1.509 0.982 

18.66 106.7 176 69.3 182 75.3 -306 -308 78.I 1.513 O.98I 

Stable - No  iauage - Dan to LF, exhaustion 

Stable - No damage - San to LF, exhaustion 

Stable - Exit end U20 cooled - Nozzle warped - 
Abl. liner refireable - Ban to LFj exhaustion 

Stable - No damage 

Stable - No damage 

Stable - Mini -skirt failed 

Stable - .     damage visible - Streaking into throat 

Stable - Mini-skirt cracked in sharp radius bend - 
Throat insert delaminated 

Stable - No damage 

Stable - Axial crack in throat  rn-ert - 
Streak pattern deeper 

Stable - Chamber liner ruptured beyond repair - 
No injector damage 

No damage - Stable pulsed w/20 gr/ at FS.  ♦ 
2.170 sec. 

Stable - No damage - Pulsed w/20 gr. at 
FS1 + 2.168 sec. 

Stable - No damage 

Stable - Throat insert starting to crack axially 

Stable - Throat insert cracked - Erosion within 
3 in. of injector face 
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TABLE IX  (con 

a 
Q 

iiATE 
INJECTOE 

S/N 

NUMBER 
ELDUHTS 
INJ.  PAT. 

COMB. 
CHAMBEfi 
CONFIG. 

POST IESZ 

ZEST NO 
At2 IN,2 e 

1083-DOl-OH 

-026 6-25-68 7 3^ Standard Un- 
co oled Steel, 

S/H 1 

39.6 1.65 

-027 6-27-68 7 3kk Steel w/1 row 
1 cavity re- 
sonator 

39.8 1.64 

-028 6-27-68 7 344 n 39.8 1.64 

-029 6-28-68 7 3V* Steel w/2 row 
1 cavity re- 
sonator 

39.8 1.64 

-030     6-28-68      7 344 

Lr2/N2HifBLEMD      PfiOQBAK     TEST      | 

DUBATION    DATA HSHIOD Wt    pc(f»c«) ^ 
SEP. SEC.      M.S.   LB/SEC.   PSIA    PSX 

2.200 1.700 to 2.200 1.82 17.42 96.5 159 

2.486 1.986 to 2.486 1.98 18.39 104.1 170j 

2.250 1.646 to 2.146 1.99 18.10 103.0 167 

2.300 1.659 to 2.159 2.13 10.28 102.5 168 

39.8  1.64    3.980 3.480 to 3.980 2.01 18.51 101.9 170 

0 
D 
D 
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UNCLASSIFIED 

TABLE IX  (cont.) 

BOQKAH      I£SI      DATA      S U M M A K Y 

LB/SEC.        PSIA PSIA      PSI PSU        PSI »F «f *F WB        ~g «BUHCS 

17.42 96.5 159       62.5       173       76.5       -- -309     97.3     1.51'*     0.977 Stable until pulsxl w/20 gr. at FS,  * 2.1S3 sec- 
No damage 

18.39        104.1 170       65.9        179        74.9       — -304      82.7      1.496      O.98O Stable, pulsed w/?0 gr. at FS, 2.197 see. - 
No damage 

18.10       103.0 167       64.0       175       72.0     -293 -305     82.4     1.500     Ü.9S0 Stable until pulsed w/20 gr. «t FS,  + 2.182 sec. 
No damage 

10.28   102.5   168  65.5   167   64.5  -297   -309  79.0  1.516  O.98I    Stable until pulaed w/20 gr. at FS- ♦ 2.191 sec. 
No damage 

18.51       101.9 170       68.1       176       74.1     -28? -311     79.4     1.523     O.981 Stable, pulsed w/20 gr. at FS,  ♦ 3.800 see. - 
Some resonator hole erosion. 

i. 
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The third test was conducted to ensure that the instability 
which occurred during the second test was not the resul*- of fuel loss through 
the cracked section.  The third test also was unstable. 

A combustion stability monitor (CSM) was utilized.  Chamber 
pressure oscillations sensed by means of a high-frequency pressure transducer 
(Photocon) or fuel manifold pressure oscillations sensed by a Taber pressure 
transducer were fed to the CSM.  It was set to trip and automatically 
terminate the test whenever peak-to-peak oscillations of 25 psi lasted for 
30 millisec at 1000 cps. A test could be terminated by the CSM within 150 
millisec after the threshold conditions were exceeded. In all instances, 
the time required for shutdown was sufficiently short to prevent hardware 
damage. 

Injector S/N 2 was a nickel unit having 158 elements and 
6% fuel film cooling.  It was tested four times for a total of 6.85 sec. 
This injector was unstable during each of the last three tests, but no 
damage was sustained by it or the uncooled steel chamber.  Chamber discolorations 
we«..^ quite uniform around the forward end. 

Injector S/N 2, Mod 1, was the result of modifying the 158- 
element unit, S/N 2, into one having 98 elements Including 30 long-impinging 
unlike-doublet elements at the periphery. It was tested four times for a 
total of 10.47 sec. Three of these tests were unstable but, again, no damage 
to either the injector or steel chamber was incurred. The chamber discolorations 
originating at the injector face were less uniform and some of the streaks 
became more pronounced (see Figure No. 36). 

The injector pattern was modified further by welding the 
30 peripheral elements shut and making it into a 68-element pattern which was 
designated as S/N 2, Mod 2.  Six tests, for a total of 26.06 sec, were con- 
ducted over a range of chamber pressures and mixture ratios. All six tests 
were stable. Gas flow patterns marking across the injector face became well 
defined as well as characteristic for all of the tests made with the 68- 
element pattern, including S/N 2, Mod 3 (see Figure No. 37). Discolorations 
on the forward end of the chamber wall appeared to be non-uniform with several 
spots showing metal splatter (see Figure No. 38). These were located within 
0.5-in. of the injector face and were less than 0.5-in. in diameter. 

The modifications needed to evolve a 68-element pattern from 
the 158-element design resulted in an excessive Injector orifice pressure 
drop.  This was overcome by enlarging the orifice diameters and the modified 
unit was designated as S/N 2, Mod 3. In addition, approximately 2%  fuel film 
cooling was added in selected areas to counter the small but well-defined 
chamber damage noted above. 

Injector S/N 2, Mod 3, was initially tested with the water- 
cooled throat assembly and the cooled ATJ graphite chamber liner for durations 
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of 8.A sec and 39.3 sec. The test Installation Is shown on Figure No. 39. 
No erosion or damage was sustained by the throat section after the total 
duration of 47.77 sec.  The ATJ graphite liner was slightly streaked near the 
Injector In areas similar to those discolored on the uncooled steel chamber 
following tests with Injector S/N 2, Mod 2. 

The cooled chamber section was replaced with a segmented 
ablative section and tested three times for a total of 149.08 sec. The ablative- 
lined chamber section incorporated two specimens of graphite phenolic (FM5064) 
backed with silica phenolic (FM5067) . The liner specimens were split axlally 
with one having a higher resin content than the other (30% and 36%). Holes 
covered one half of each specimen.  These holes were drilled through the 
graphite phenolic to expose the silica phenolic to the combustion gases. 
Post-test inspection revealed erosion at the forward end which matched the 
markings found on the previously tested ATJ graphite liner.  The difference 
in resin content had no measurable effect upon the fluorine corrosion resistance. 
The lower resin content specimen (30%) had a slightly deeper char presumably 
as a result of its higher thermal conductivity.  The condition of the ablative 
section after 100 sec is shown on Figure No. 40. All five tests were stable 
and no damage was tiustained by the Injector. 

Injector S/N 2, Mod 3, then was assembled to ablative chamber 
S/N 002 and installed into Test Stand J-4 for simulated altitude tests.  The 
assembly was tested six times for a total duration of 606.4 sec. 

The first test was prematurely terminated at 8.5 sec when it 
became evident that the diffuser was not operating properly and hot exhaust 
gases were filling the test cell.  Post-test examination revealed that the 
injector and the ablative chamber were undamaged. Appropriate replacement of 
damaged Instrumentation and controls wiring was accomplished. 

The short, radiation-cooled skirt was assembled to the 
ablative chamber, increasing the exit area ratio from 7.4 to 9.4 (see 
Figure No. 41).  This skirt, which w^s fabricated from columblum, C-103, had 
been coated with three different materials to permit an evaluation of coatings 
under test conditions. These coatings were: nickel aluminlde ceramic; 
Lunite 2/aluminide diffusion coating; and Lunite 3, hafnium-tantalum. 

The second test also was prematurely terminated after 29.7 
sec when the skirt section coated with the nickel aluminlde ceramic failed. 
This portion of the skirt, which was a 120-degree arc, almost completely 
disappeared while the adjacent areas remained unaffected (see Figure No. 42). 
As in the first test, the Injector and the ablative chamber remained undamaged. 

A new columblum nozzle section was fabricated and attached 
with columblum rivets.  This new nozzle portion was coated with Lunite 2, 
which appeared to have been the least affected of the original coatings. 
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Note; 
Solid Lines Denote 
Islands of Essentially 
Uneroded Areas« 

Dotted Lines Denote 
Initial Developrr.ent 
of Visible Streaks 

i 

Figure 40.    Ablative Liner In Water-Cooled Chamber Tested with S/N 
S/N 2, Mod 3 Injector after 100 sec of Testing   (u) 
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CONHDENTIM. 

The Injector and ablative chamber assembly without the skirt 
were successfully tested for 194.7 sec. This third test had been scheduled 
for a minimum of 150 sec, dependent upon the critical run parameters. The 
test was terminated when the steam supply for the ejectors was almost exhausted. 

Both the injector and the ablative thrust chamber were in 
excellent condition. The streak pattern had started to form and partially 
extended to the throat.  There were no delamlnations or cracks In the fibrous 
graphite throat insert.  The throat radius had increased by 0.035-in. 

The fourth test, which was conducted with the repaired nozzle 
extension, was run without Incident for a duration of 202.8 sec at a test 
cell pressure of approximately 0.6 psla. 

No damage was sustained by the injector. The streak pattern 
on the ablative chamber liner became more pronounced with some streaks 
reaching through the throat erea. An axial crack In the throat Insert 
appeared diagonally across the plies and In the bottom of the deepest streak 
extending through the throat (see Figure No. 43); however, it was not serious 
enough to terminate testing. A delamlnatlon In the forward end of the fibrous 
graphite throat insert also was noted (see Figure No. A4). It appeared to be 
solid and was not regarded as critical to further testing. 

I 
Inspection of the columblum nozzle extension revealed that 

It contained a crack in the attachment area. This crack was more than a 
foot long which was severe enough to prevent the nozzle from being tested 
any further. 

Metallurgical examination showed the crack to be In an area 
that was approximately one-half of the nominal wall thickness. This thinning 
was attributed to the difficulty In spinning the sharp corner at the attachment 
area. The lack of oxidation at the edges of the crack Indicated It had occurred 
after shutdown. 

Oxidation of the columblum on the flame side of the nozzle 
was more severe in the Lunite-2 coated areas. The repaired portion of the 
nozzle coated with Lunite-2 showed less embrlttlement than the original 
sector. The high temperature curing of the nozzle during repair could have 
been detrimental to the original coating. 

The outer surface of the Lunite-3 coated (hafnium-tantalum) 
portion of the nozzle exhibited numerous coating cracks. However, these cracks 
did not extend through the coating inter-metallic bond line and were not 
detrimental to the columblum. 

The results of a metallurgical examination of the nozzle 
extension are presented as Appendix VI. 
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Figure 43.    View of Damaged Throat Insert, Ablative Chamber S/N 002  (u) 
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(U) The fifth test of the series was automatically terminated by 
the CSM prematurely after 0.8 sec. it was found that the CSM had been 
Inadvertently set to Identify the shutdown threshold as a frequency of less 
than A00 cps rather than the Intended 1000 cps. This setting was corrected 
and the last test of the series was conducted for 170.6 sec without Incident. 

0 

D (C) No injector damage was noted during the post-test Inspection. 
The condition of ablative chamber S/N 002, which had accumulated 606.4 sec 
of testing,  Is shown on Figures No.  43 through No. 48 following the last test. 
Operation had been satisfactory over the entire duty cycle.    Major erosion, 
approximately 0.4-ln. deep and around the entire diameter, appeared In the 
region adjacent to the Injector and several  streaks extended through the 
throat.    Maximum streak depth at the throat was 0.5-ln.  and total throat 
area Increase was approximately 6%.    The radial growth In the non-streaked 
areas was approximately 0.12-In.    Figure No.  49 Is a plot of throat area 
Increase In relationship to time.    The axial crack which appeared diagonally 
across the piles In the fibrous graphite throat Insert after the fourth test 
(total duration of 436 sec) remained unchanged other than an Increase In 
width.     It had no affect upon the last, 170 sec duration test.    The delamlna- 
tlon In the forward end of the fibrous graphite throat Insert noted after the 
fourth test remained unchanged during the last test (see Figure No.   44).    All 
of the streaks, which were characterized by smooth and rounded surfaces, 
had been defined within the first three tests (232.2 sec).    Successive testing 
only deepened them. 

:: 

o 
(U) As seen on Figures No. 44 through No.  47,  there was no 
streaking of the nozzle section of the ablative chamber.    Although dlscolora- 
tlons were evident,  the surface was In excellent condition.    Dlscoloratlons 
on the nozzle surface (see Figure No.  45) matched the loc tlons of the major 
streaks within the chamber.    Pyrolysis gases from the insulating material 
behind  the throat  insert appeared to have exited Just downstream of  the 
throat at a fabrication joint  in the graphite phenolic.    This can be seen on 
Figure No. 44. 

(U) An In-depth,  post-test analysis of S/N 002 ablative chamber 
is presented as Appendix VII. 

■. 

(U) Injector S/N 2, Mod 3, was tested 11 times for a total of 
803.25 sec without any apparent damage. Following the last test in this 
program, it was thoroughly cleaned and Inspected. Then, this injector with 
the water-cooled chamber was loaned to the Aerojet-General Nuclear Rocket 
Operations as being a reliable unit for use in a high temperature, water 
penetration test program they were conducting. In the four tests conducted 
to date (99.0 sec), there has been no damage to either component. The 
condition of the cleaned face at the time injector S/N 2, Mod 3, was water- 
flowed is shown on Figure No. 50, where water can be seen draining from some 
of the orifices. Several areas of light face erosion also can be seen, but 
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Figure 50.  Injector S/N 2, Mod 3 after 803.25 sec of Testing 

Page 102 

UNCLASSIFIED 



:: 

D 
D 
D 

UNCLASSIFIED 

none are deeper than 0.010-ln.  This hydrotest was accomplished to Inspect 
the orifice flow characteristics; there were no visible effects from the test 
history of the Injector. The following Is a summary of the program test 
history for Injector S/N 2: 

Accumulated 
No. Tests    Duration (sec) 

4 6.85 

4 10.47 

6 26.06 

11 803.25 

Pattern 
Injector Designation No . of Elements 

S/N 2 158 

S/N 2, Mod 1 98 

S/N 2, Mod 2 68 

S/N 2, Mod 3 68 

(21 FFC and lower 
pressure drop) 

Total        25 846.63 

Injector S/N 6 was the last one to be evaluated during 
Phase II.  It was similar to S/N 2, Mod 3, In that It had 68 staggered 
Impingement height triplet elements, but the long Impinging elements were 
situated closer toward the center of the face and there was 9% fuel film 
cooling.  In addition, S/N 6 contained a thermal accumulator, which consisted 
of a solder filled cavity on the back of the Injector, to accept the heat-soak 
from the ablative chamber following shutdown. 

Injector S/N 6 was Initially and successfully tested In the 
uncooled steel "workhorse" thrust chamber for a duration of 5.07 sec. No 
damage was sustained by either the Injector or the combustion chamber. 
Streaking at the forward end of the combustion chamber was less pronounced 
than with Injector S/N 2, Mod 3.  Then, S/N 6 Injector was Installed Into the 
ablative thrust chamber S/N 003 for a duty cycle demonstration.  Thrust chamber 
S/N 003 contained a full-length, fibrous graphite liner Insulated with carbon 
and silica phenolic, all encased In a steel structural container. 

:: 
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This testing was programmed to be a 2000 sec duty cycle. 
Including both "on" (600 sec) and "coast" (1400 sec) periods. Although the 
thrust chamber was equipped with a sea-level expansion nozzle, the test was 
conducted In the Test Stand J-4 altitude chamber to simulate a vacuum start 
as well as vacuum conditions during each "coast" period.  The Installed 
assembly Is shown on Figure No. 51.  To accomplish the testing objectives 
within the capabilities of the stram system. It was planned to shut-off the 
steam ejectors during the long, steady-state "on" periods. 

A hot gas blowback Into the test cell occurred when the 
steam ejector valve was closed to conserve steam during the first 315 sec "on' 
period.  This hot gas blowback resulted In a premature shutdown at 38.62 sec. 

« 
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A post-test inspection revealed damage to the chamber Instrumentation.  In 
addition, the full-length, fibrous graphite liner had buckled at the convergent 
nozzle and throat area (see Figure No. 52). Thermocouple data Indicated that 
at the time of shutdown, the gas-side temperature of the liner was approximately 
A00oF adjacent to the Injector and 4200oF at the throat station. There was no 
evidence of liner streaking or erosion at either the injector end or in the 
throat. The Injector was undamaged. The testing was terminated and the 
chamber disassembled for detailed examination. 

Inspection of the liner disclosed several areas where the 
graphite-phenolic tape used in its construction had been deeply wrinkled 
during fabrication. The wrinkle line was axial with the wrinkle depth 
increasing at the throat. Wrinkles penetrated the full liner thickness in 
the throat area. The rupture appeared to have originated in a wrinkle line. 

In addition, the silica phenolic Insulation adjacent to the 
steel case had moved aft approximately 0.050-ln. while the fibrous graphite, 
liner retained its original position (see Figure No. 53). Movement of the 
silica phenolic had been over the entire chamber length because it extended 
a similar distance beyond the exit end. The motion of the silica insulation 
apparently was caused by the axial and radial growth of the ÄGCarb-101 liner. 
The design was deficient in that it allowed the AGCarb to seat against the 
Injector, resulting in excess loads on the AGCarb material. 

2.  Phase III Testing 

All of the ten tests made during Phase III were accomplished 
using injector S/N 7. The two initial tests were conducted in Test Stand J-2 
using the acoustically-damped uncooled steel thrust chamber. Test durations 
were 2.47 sec and 4.13 sec, respectively. In both tests, 20-grain charges 
were used for pulsing approximately 2.2 sec after the test began. In each 
case, the perturbation damped out in less than 5 mllllsec, which demonstrated 
the dynamic stability of the unit. 

Post-test examination after the first test indicated that 
the row of resonator holes nearest the Injector face had started to erode 
while the remaining rows of holes into the resonator cavities had discolored 
In varying degrees only.  The holes furthest from the Injector appeared to be 
the least affected. The erosion was ^jravated as a result of the Increased 
duration of the second test.  Figure No. 54 shows the resonator area of the 
steel chamber following the second test. A close-up of the same area is shown 
on Figure No. 55. There were three rows of holes in each of the three axial 
cavities; the holes in the forward row within each cavity were ehe ones 
affected most of all. Inspection of the forward resonator through the high- 
frequency pressure transducer ports indicated that the entrance of each hole 
had remained unchanged. All of the erosion was on the gas-side surface of 
the chamber. 
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tests   (10.82 sec, 50.49 sec, and 100.39 sec) were conducted In Test Stand J-A 
under simulated altitude conditions.    The combustion process was stable In 
each of the three tests. 
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Fusible wires of 0.010-ln. diameter had been Installed In 
both the forward and aft resonator cavities to obtain hot gas temperature 
data. All three of the fusible wires (stainless steel, platinum, and rhodium) 
on each of the three pins In the forward cavity had melted, which indicated 
a temperature in excess of 3370°} (the approximate melting temperature of 
rhodium). Similar fusible wires positioned in the aft cavity were virtually 
intact. Only one of three stainless steel wires had melted while the platinum 
and rhodium wires were unchanged. Thus, the aft cavity temperature apparently 
was near 2600oF, which is the melting temperature of stainless steel. The 
condition of the fusible wires following the two tests is shown on Figures 
No. 56 and No. 57. A single irldlum/lridlum rhodium thermocouple was placed 
in each of the two cavities adjacent to the fusible wires. The temperatures 
obtained from the thermocouples were within 350oF of the approximations made 
from the condition of the fusible wires and served to validate these estimates. 

Then, Injector S/N 7 was installed into S/N 001 ablative 
chamber, which was equipped with an acoustic liner having an identical 
geometry to that tested in the steel combustion chamber. The pre-test 
configuration of the acoustic resonator is shown on Figure No. 58. Three 
f-aot-e    /If»   R"?   cor-      10   AQ   aor       anH    100.^Q   corl   uors   mnAitrtoA   -In   Tear   «tt-Anrl   .T-A 

Visual Inspection after Test No.  -010 and an accumulated 
duration of 161.7 sec indicated that the fibrous graphite acoustic resonator 
liner was seriously eroded at its forward end as shown on Figure No.  3° 
Testing was terminated because of the marginal liner thickness.    Thi   aiosion, 
which was limited to the forward 3-in. of the liner,  appeared to be quite 
uniform and in the form of short streaks ending over the second resonator 
cavity.    The short streaks were Judged to have been the result of a combination 
of events occurring in the    outer periphery of the injector.    The high 
vaporization rate of the fluorine resulted in an oxidlzer-rich zone having a 
highly corrosive chemical composition.    In addition,  the flow through the 
resonator holes created a turbulent flow path which resulted in an Increased 
erosive condition.    The fibrous graphite material did not crack or delamlnate. 
The downstream 5-ln.,  Including the secoud and third resonator cavities, 
were virtually unchanged from the pre-test condition.    The graphite phenolic 
ablative section, which is located between the acoustic resonator liner and 
throat insert, also was unaffected. 

The acoustic resonator liner was removed following the last 
test.    A close Inspection indicated that the first row of resonator holes 
was eroded in diameter but remained sharp-edged on the outer diameter of the 
liner  (see Figure No.  60).    The holes in the second and third rows, which 
were enlarged to a lesser extent, had developed radii on the outer diameter 
surface.    The holes in the remaining five rows were all sharp-edged on the 
outer diameter side and there was virtually no diameter Increase. 
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TaSPSMATOSt SENSORS 

FUSEABLE WI8ES 

?EiT 1083-001-0*1-024 

Forward Hesonator Cavity 

(Located 1st 2 inches below Injector Face) 

•-itainlesc 
iteel 
(Typical) 

Flatincn 
(Typical) 

Wiodium 
(Typical) 

(Located between h,5-±nt and 6.5-in. below Elector Face) 

Approximate Mt1 ting Temperatures of Fusible Vires 

Stalnleaa Steel——-—2600oF 
Platinum —-—>20CeF 
uhcJium •—JS'^O'F 

Figure 56. Condition of Fusible Wires Following Test No. -024 
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TEMPERATUR SENSORS 

FUSEABLE WIRES 

TLST I083-O01-Ott-025 

^^^'<^ 

Forward Resonator Cavity 

(Located 1st 2 inchea below Injector Face) 

Platinum 
(Typical) 

Stainless        "^^^^^ Rhodium 
Steel \ (Typical) 
(Typical) 

Aft (Third) Resonator Cavity 

^Located between /4,5-in.  and 6,5-in,  below Injector Face) 

: 

D 
:; 

a 
D 
] 

:: 

Approximate Melting Temperatures Fusible Wires 

Stainless Steel 26x0f 
Platinum ^2000F 
Rhodium :'570CF 

Figure 57. Condition of Fusible Wires Following Test No. -025 
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Figure 60.    Post-Test View of Outer Diameter Surface of Resonator 
Flame Liner 
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The condition of the cavity walls was excellent (see 
Figure No. 61). All of the surfaces were In the same condition as when they 
were fabricated except that the area directly behind each resonator hole in 
the first row was slightly rounded and depressed. 

The portion of the thrust chamber downstream of the resonator 
showed no erosion or streaks on either the ablative or fibrous graphite 
materials.  The throat insert had cracked axially in a manner similar to the 
insert of ablative chamber S/N 002. The initial evidence of cracking was 
noted after Test -009, which was of 50-sec duration. 

Following these tests, injector S/N 7 was tested for 2.2 sec 
(Test No. -026) using an uncooled steel workhorse thrust chamber without 
acoustic dampers.  A 20-grain tangential impulse gun (all pulse guns were 
tangentlally directed) was fired approximately 2.2 sec after the test 
started. This triggered a first tangential mode of instability which resulted 
in a CSM shutdown and verified that the injector was indeed unstable. Neither 
the injector nor the steel combustion chamber was damaged. 

The testing which followed was intended to determine If the 
resonator area could be reduced and the apparent hot gas reclrculation could 
be minimized. This would potentially Increase liner durability. The previously- 
tested steel chamber with the nine-row/three-cavity acoustic resonator was 
modified to a single-cavity/single-row configuration by welding all orifices 
closed and drilling a new first row.  It was tested twice (Tests -027 and 
-028).  The first test was repeated and stable both before and following 
pulsing with a 20-grain charge. This test was repeated and unstable combustion 
following the 20-grain pulse resulted in a CSM shutdown at 2.25 sec. 

The post-test inspection revealed far less erosion of the 
resonator holes than with the previously-tested multiple row configuration. 
The gas-side of the hole entrances were rounded but not eroded excessively 
(see Figure No. 62).  Inspection of the holes through the high-frequency 
pressure transducer parts indicated that their back-side was unchanged. 

The acoustically damped steel chamber was reworked into a 
single-cavlty/two-orifice row resonator configuration by drilling a second 
row of orifices adjacent to the first and into the same cavity. This design 
was tested twice.  It was pulsed unstable during the first test.  In the next 
test which was the last program test (Test No. -030), the pulse was applied 
at 3.8 sec and the combustion process recovered immediately. 

Post-test examination revealed only minimal increase in 
erosion of the resonator holes nearest the injector face (see Figure No. 63). 
The second row of holes did not appear to be eroded.  Injector S/N 7, which 
was used for this entire test series, showed no damage or erosion.  Performance 
was consistent from test to test. 
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SECTION VI 

TEST RESULTS 

"he objective of the test program was to gather Information both 
recordec   and visual which would demonstrate system combustion stability, 
performance,  Injector-chamber compatibility,  component durability, and 
thermal  Interactions. 

Measured test data cannot always be directly compared unless Identical 
test hardware and conditions existed.     This was especially true with respect 
to performance.    Since Identical conditions  for any two tests never existed, 
It was necessary that a performance evaluation technique be applied which 
would allow a direct comparison of performance values between tests.    The tech- 
nique used Is known as the Performance Interaction Theory.     It Is discussed In 
detail as Is each of the noted areas. 

A.       COMBUSTION STABILITY 

The stability design study for the fluorine-hydrazine blend system 
required  the use of existing stability correlations for different propellent 
combinations which were assumed  to be at least qualitatively if not quanti- 
tatively similar.    Although the original program approach considered  the use 
of damping devices   (i.e..  Injector face baffles), previous experience indicated 
no need for them at  the outset of the program.    Only the variation of  the 
injector element parameters was  considered necessary to provide stability. 
These parameters included the following: 

- Type of elements 
- Number of elements 
- Orifice size 
- Injection pressure drop 

Impingement angle 
- Impingement distance 
- Percentage of film cooling 
- Mixture ratio distribution 
- Mass flux distribution 

Following the development of the inherently stable, 68-element 
injector which provided a minimum but acceptable performance,  the program 
approach was directed toward the development of a higher performing dynamically 
stable thrust chamber assembly.     The decision to use a chamber wall acoustic 
damper made it possible to configure an injector pattern where performance and 
compatibility were the major considerations. 

1.       Stability Summary 

The approach used to achieve combustion stability during this 
program was very successful.    An injector which operated stable without the 
aid of damping devices was developed and later an acoustic damper was developed 
which stabilized an otherwise unstable 344 element injector.    The successful 
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68-element injector pattern was the second modification of a single injector 
(S/N 2, Mod 2).  It differed from the previous patterns in that fewer injec- 
tion elements were used and the mass flux distribution was limited to the 
center of the injector; there were no active elements beyond the 75% radius. 

The following is a summary of the test results obtained 
during Phase II of the program. 

Injector Pattern Description Number of Tests Total Duration 
S/N (No. of Elements) Stable/Unstable <*"-) 

S/N T2 215 2 6.28 
S/N 2, Mod 0 158 3 6.85 
S/N 2, Mod 1 98 3 10.46 
S/N 2, Mod 2 58 (high AP) 0 26.07 
S/N 2, Mod 3 68 11 0 803.92 
S/N 6 68 2 0 43.69 

I 

Spectral analysis of the 98-element and 215-element injectors 
during unstable operation (Test Nos.  1083-D01-OM-007 and -010) was accomplished 
as shown on Figure No.   64.    The noise level for the 68-element and 215-element 
injectors  operating stably during Tests No. -007 and -013 is shown on 
Figure No.   65. 

The noise levels of the 68- and 215-element injector patterns 
were almost identical, however,  the combustion stability of the two Injectors 
were clearly different as indicated by test results.    The 215-element pattern 
appeared to go unstable as the result of small chamber pressure perturbations 
(pops) after only a second or two of operation, while the 68-element pattern 
operated for hundreds  of seconds and was able to withstand  the occurrence of 
pops.    The 68-element pattern may not be able to withstand all possible self 
induced pops but  it has a greater margin of dynamic stability than the 215- 
element pattern.    A dynamically stable Injector pattern is defined as a pattern 
which is  capable of damping any dynamic chamber pressure perturbation.     Since 
it was not  pulse tested the 68-element injector pattern has not been proven to 
be completely dynamically stable. 

In Phase III of the program,   injector S/N 7 which had 344 
triplets was designed and fabricated.    It was fired with an acoustic damper 
array in the chamber wall.    A 20-grain tangential pulse gun was used to evalu- 
ate the stabilizing influence of the acoustic damper.    The initial acoustic 
liner design tested consisted of  three,  axially-spaced cavities, compartmented 
circumferentially with five partitions.     Each cavity contained three rows of 
0.2-in.  diameter  (approximate) holes.    Each cavity had a total axial length of 
2.0-in.    The first cavity orifice row was located 0.25-in.   from the Injector 
face.    This acoustic damper design was demonstrated stable during two 20-grain 
tangential pulse tests when it operated for a total of 6.6 sec of testing in 
the acoustically-damped steel chamber.    Subsequently this particular resonator 
design was  incorporated into an ablative thrust chamber.     It resulted in stable 
operation when tested with injector S/N 7 for a duration of  161.7 sec  (see 
Table X).     Figure No.   66 is a sample pressure transducer oscillograph trace 
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of a 20-grain pulse from Test No. -024, where the 344-element Injector was 
used with the steel, nine-row/three-cavity damper. A spectral analysis of 
the noise level obtained during this test is presented as Figure No. 67. 

(C) When the 344-element injector S/N 7 was tested with the 
uncooled steel acoustically damped chamber (Tests No. -024 and -025) it demon- 
strated dynamically stable operation. The injector was then tested in the 
undamped steel chamber and pulsed with a 20-grain tangential pulse (Test 
No. -026); the combustion process became unstable.  Two of the chamber pressure 
spectral analyses from the unstable portion of this test are presented on 
Figure No. 68. 

(C) Although the nine-row/three-cavity acoustic damper, which is 
shown in Figure No. 69 after testing, was adequate for providing stability, it 
was subject to excessive first row orifice enlargement.  This was considered 
to be caused by hot oxidizer rich gas circulating through the resonator cavi- 
ties driven by the static pressure gradient at the chamber wall. Two modifi- 
cations were undertaken; the total amount of acoustic damper surface area was 
reduced by closing the orifices of the second and third cavities and the 
original open orifice area of the first cavity placed in a single row of 
0.375-in. diameter orifices.  The resulting design (see Figure No. 70) was 
similar to the single-row acoustic dampers that had been successfully tested 
in an Aerojet-General sponsored program. 

(C) This modified acoustic damper was subjected to two tests with 
20-grain pulses. It demonstrated stability in the first test but became 
unstable following the pulse during the second test. A spectral analysis from 
the unstable test (No. -028) is shown on Figure No. 71.  Test results showed 
that the system might have been stable without pulsing and that it was only 
marginally stable to the 20-grain pulse. The single row of holes significantly 
reduced hot gas flow into the resonator cavity with a consequent reduction in 
the cavity temperature which resulted in a resonator configuration that was 
not properly tuned to damp the first tangential mode at approximately 3500 cps. 

(C) Another damper modification was undertaken.  It was planned to 
drill 0.375-in. diameter orifices in the second axial cavity, but an error was 
made and the orifices were drilled into the first axial cavity Instead (see 
Figure No. 63). This resulted in a design which had twice the desired open 
area and a design resonance frequency that was 40% above 3300 cps. Also, it 
offered the same disadvantage as the original dampers in allowing hot gas to 
flow through the liner in an axial direction. Test firings with the two-row 
single-cavity damper resulted in one stable and one unstable test when it was 
pulsed with a 20-grain tangential pulse gun. The spectral analyses of these 
two tests are shown on Figures No. 72 and No. 73. 

(U) The instrumentation requirements for the acoustic damper 
evaluation consisted of the same five high-frequency instruments used for the 
undamped steel chamber; two were acoustic cavity pressure transducers and 
three were located downstream of the damper. Two sets of fusible wires were 
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fabricated and used to determine the temperature range occurring in the 
cavities.  Figure No. 74 shows the specific Instrumentation locations as well 
as the designations used. 

There was a significant variation In the thermal environment 
of the cavities with the nine-row/three cavity damper.  Fusible wires (as 
discussed In Section V,B,2) had been placed into the first and third cavities 
of the nine-row damper and only those wires in the third cavity (furthest 
downstream) survived the testing. These wires were reused for the single 
cavity dampers. The results observed from these fusible wires are presented 
below. All tests listed were for a 2.4 sec duration. 

Test No.      Damper 
1083-D01-OM Orifice Rows/Cav. 

-024 

-027 

-029 

3 

3 

1 

Cavity    Estimated Condition/Temperature 

First cavity Completely melted - 4000oR 

Third cavity Stainless steel melted > 2000oR 

First cavity No further melting of stainless 
steel > 2000oR 

First cavity Completely melted stainless 
steel - 4000oR 

The above estimates of the first and third cavity gas temperatures were sub- 
sequently substantiated by the thermocouple data from Test No. -025 (see 
Figure No. 75). The thermal data show that the thermal environment of the 
one-row/one-cavity dampers is either cooler or approximately equal to the 
third axial cavity of the nine-row/three-cavity damper. 

The fact that the nine-row/three-cavity damper successfully 
damped the tangential gun pulses suggests that a hot (^4000oR) first cavity 
with an 8% open ratio is tuned accurately enough to give adequate absorption 
for the frequency range of Interest. 

The other two damper configurations were successful in damping 
one out of two chamber pressure pulses as shown in Table X. However, the 
latter configurations were significantly untuned due to a combination of either 
high cavity gas temperature with a high percentage open area or a low cavity 
gas temperature with a lower percentage open area. The low temperature 
(^2000oR) of the one-row damper resulted in the resonant frequency of this 
damper being 30% low, while the two-row damper was 40% high, because of the 
16% open area ratio and high temperatures ('v4000oR). 

The effect of cavity gas temperature on the resonant frequency 
f0, of the acoustic damper is reflected in the speed of sound c, of the gas in 
the cavity. The speed of sound of the cavity gas is proportional to the square 
root of the cavity gas temperature. The resonant frequency of the damper is 
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also related to the square root of the damper orifice open area ratio, Q,  as 
shown by the Helmholtz resonant frequency equatlon(23) 

o 
f
0 " 771/77 Equation (1) 

where £ is the equivalent orifice thickness and L is the cavity backing 
distance. 

If only the first cavity is considered to be significant in 
damping the combustion instability, a tentative conclusion can be made regard- 
ing the resonant frequency tuning of the damper. The successful damper used 
during Test No. -024 had an open area of about 8% and a cavity gas temperature 
of about 4000oR. Increasing the open area by a factor of two as mistakenly 
done prior to Test No. -029, or decreasing the cavity gas temperature by a 
factor of two resulted in only 50% successful pulse damping. This result 
implies that a factor of 1.414 above or below the design resonant frequency is 
required to cause a noticeable decrease in the damping of a given size damper. 
Figure No. 76 shows the theoretical percentage of vaporization converted into 
combusted gas velocity in relationship to chamber length for S/N 7 injector as 
well as a reference injector-face-acoustic-resonator system which was experi- 
mentally proven successful. 

Examination of the fibrous graphite resonator tested in the 
ablative chamber showed that the upstream, or first, orifice row of each three- 
row cavity exhibited a greater orifice enlargement than did the two downstream 
orifice rows. This orifice enlargement was most pronounced for the first 
cavity. Localized erosion existed on the back wall of the cavity outboard of 
each orifice in the upstream row. In addition, the backside of each of the 
upstream orifices was sharp edged, whereas, orifices in the remaining rows were 
rounded. This implies that hot combustion gases flowed into the first row and 
out the two downstream orifice rows. Since the cylindrical chamber does not 
have a static pressure gradient because of area change, wall friction is 
negligible, and the injector mass flux distribution is almost flat so no 
reclrculatlon occurs. It can be assumed that the axial static pressure distri- 
bution la the result of the combustion process accelerating gas to high 
velocities over a short distance. It is estimated that the gas velocity into 
the first cavity's first orifice row is on the order of 10 ft/sec rather than 

0      1OO ft/sec since the damper was effective. The gas velocity past the damper 
orifices downstream of the first cavity were calculated to exceed 1300 ft/sec. 
Such a velocity is thought to decrease the absorption coefficient to less than 
10%, whereas the first cavity gas velocities are low enough to sustain absorp- 
tion coefficients exceeding 60%. 

(23) Blackman, A. W., "Effect of Nonlinear Losses on the Design of Absorbers 
for Combination Instabilities," ARS Journal. November 1960, pp. 1022-1028. 

Page 137 

UNCLASSIFIED 



UNCLASSIFIED 

1800.. 

V =  1650 

1600j 

1400. 

u 
to 

1200  

I 

I 

1000.. 

800-- 

600-• 

400. 

200.. 

IFAR (Injector Face Acoustic  Resonator) 
Reference Systea 

1200 

2 3 
Axial  Distance,   inches 

Page 138 

t 

UNCLASSIFIED 

4J 

I 

> 

3 

4J 
<u 

I 

I 
I 
I 
: 

: 

:: 

:; 

: 

D 
: 

i 
i 

HI 



I 

I 
I 
: 

i 
: 

UNCLASSIFIED 

I 
I 

2.  Methods of Injector Pattern Evaluation 

The Injector patterns for the fluorine thrust chamber assembly 
were compared upon the basis of the average active orifice eize and the injec- 
tion distribution factors.  These two parameters were the major stability 
variables characterizing the seven different injector patterns fabricated and 
tested on this program. 

The effect of the orifice diameter changes are summarized 
below in terms of the "sensitive frequency," F, which would result from the 
various orifice sizes. This "sensitive frequency," is the one in which the 
injector provides the maximum amount of energy which may or may not coincide 
with chamber acoustic oscillation mode. The "sensitive" frequency Is estimated 
using the relationship for the sensitive time lag, T, discussed in greater 
detail in Appendix II. Smith and Reardon(24) show the following relationship 
between the sensitive time lag, t (milliseconds), and the injector orifice 
size, d (inches), chamber Mach number, M, and the ratio of chamber pressure to 
the propellents critical pressure, Pc/P cr; for the fuel and oxldizer orifice: 

and 

T fuel    -    0.25 d,1/2/(M P /P    r)
1/3 

z c c    err 

T oxid    -    0.21 d 1/2/(M P /P      )1/3 

ox       c c    cro 

Equation  (2) 

Equation (3) 

All of the parameters in the above equations are constant in the case in study, 
except for orifice sizes;  therefore, the two correlating equations can be 
simplified by inserting the respective values as follows:    M   ■ 0.36, 
Pc - 100 psia, Pcrf - 1600 psi, and Pcro - 808 psl. 

Thus 0.885 df
1/2  (msec) 

and T      -    0.595 d    1/2 (msec) OX OX V""«^/ 

The sensitive frequency can be determined by using the relationship:    F * 2T 
and is given in Table XI. 

(24)    Smith, A, J., Jr.  and Reardon, F.  H., The Sensitive Time Lag Theory and 
Its Application to Liquid Rocket Combustion Instability Problems, Vol I, 
AFRPL-TR-67-314, March 1968. 
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TABLE XI 

SUMMARY OF INJECTOR, ORIFICE, AND STABILITY DATA 

Average Orifice 
Diameter and 

S/N-Mod/No. Number of Orifices 
of Element  Fuel     Oxid 

Estimated 
Sensitive 
Frequency 

(cps) 
Oxid Fuel 

First Tangential 
Mode Injection   Experimental 

Distribution Factor Stability 
( 1.0 more stable)   Results 

T2/215 0.025/480 0.050/215 3800 3600 

2-0/158 0.027/396 0.053/158 3600 3400 

2-1/98 0.046/186 0.073/98 3100 2600 

2-2/68 0.041/156 0.073/68 3100 2800 

2-3/68 0.043/182 0.083/68 2900 2700 

6/68 0.043*/210 0.078/68 3000 2700 

7/344 0.020/688 0.0354/344 4400 4000 

0.93 

<1.00 

<1.00 

1.17 

1.17 

1.17 

0.91 

Unstable in 
IT Mode at 
3500 cps 

Unstable in 
IT Mode at 
3500 cps 

Unstable in 
IT Mode at 
3500 cps 

Stable 

Stable 

Stable 

Stable with 
damper 

*Fuel film cooling neglected in averaging. 

The results of a general combustion stability analytical 
investigation and the orifice size and number for each injector orifice pat- 
tern are shown in Table XI.  The stability investigation evaluated injector 
patterns by "sensitive frequency" calculations based primarily on injection 
orifice sizes, and injected mass flux distribution over the injector face(25). 
The first tangential mode was predicted to occur at a frequency of about 
3500 cps. In testing, it was found to be the only acoustic mode that presented 
a significant stability problem. The application of this analysis is based 
upon the assumption that combustion takes place at the point of injection. 
The first tangential mode distribution factor shown in Table XI is defined as 
the Inverse of the pressure sensitive coefficient (Avn). This makes the 
distribution factor directly proportional to the combustion stability effect 
of a given injection distribution. That is, a distribution factor of 1.0 
defines a flat distribution, a distribution factor greater than 1.0 is in the 
direction of greater stability margin. The analytical results for the 68- 
element injector Indicate that a distribution factor increase of 17% gave the 
desired stability characteristics. 

(25) Reardon, F. H., McBride, J. M., and Smith, A. J., "Effect of Injection 
Distribution on Combustion Stability," AIAA Journal, Vol 4, No. 3, 
March 1966. 
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The 344-element injector, S/N 7, pattern injection distribu- 
tion factor was adjusted to be as near as possible to that of the 215-element 
injector, S/N T2. This was done to assure that the S/N 7 injector would have 
stability characteristics that were similar to the S/N T2 injector. The effect 
of orifice size upon the sensitive frequency of the two injectors (344- and 
215-element) was not considered to be sufficiently large to cause a different 
acoustic mode of instability to occur. Both injectors were predicted to become 
unstable in the first tangential mode at approximately 3500 cps. 

The most interesting injector pattern comparison is between 
the 98-element Injector (S/N 2, Mod 1) and the 68-element injector (S/N 2, 
Mod 2 and Mod 3). It could have been possible to assume that the size of the 
orifice was the reason that the 68-element was stable and the 98-element was 
not.  However, this was not possible because the S/N 2, Mod 2, 68-element 
injector was a simple modification of the S/N 2 Mod 1.  The 30 doublets near 
the wall were plugged while the original 68 triplets of the core were left 
untouched. The fact that the remaining triplets were composed of two fuel and 
one o; '.dizer orifice was the reason that the average fuel orifice was actually 
a size smaller than the original 98-element injector. 

3.  Method of Damper Evaluation and Analytical Results 

Three separate analytical techniques were used to evaluate 
acoustic liner design parameters. The analysts are discussed in more detail 
in Appendix II.  The results of these analyses are presented here. The three 
analyses were as follows: the conventional absorption coefficient analysis of 
a two-dimensional Helmholtz array; the cylindrical damper analysis which 
accounts for the effect of the chamber wall resonator array on the frequency 
and damping rate of the combustion chambers acoustic modes; and the injector 
face acoustic resonator (IFAR) analysis which assumes all the resonators are 
near the face and accounts for their effect on acoustic mode frequency as well 
as the effect of the nozzles acoustic admittance. 

The results of the absorption coefficient analytical evalua- 
tion of the nine-row, three-cavity acoustic damper design are shown on Figure 
No. 77 along with the cavity gas properties and cavity configuration. The 
cavity gas temperature range was assumed to be 2000oR to 4000oR, and a mean 
flow velocity past the damper of from 0 to 1050 ft/sec. With these assumptions 
and the structural limitations Imposed, the configuration was selected »j an 
optimum compromise. 

The original test hardware was fabricated to this configuration 
except that the orifice diameter was reduced slightly to allow for modification 
by enlarging the orifice between tests. Using this approach, the costs of 
obtaining data over a range of open area would be minimized. 

During the test phase of the program, involving both the 
uncooled chamber and the ablative unit, test evidence Indicated that the three- 
row cavity was experiencing relatively high mean flows into the first row and 
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out of the third row.  The excessively high temperatures (>4000oR) In the first 
cavity, as compared to downstream cavities, led to the noticeable erosion of 
the first row of orifices. However, the first cavity Is known to potentially 
provide the roost absorption. It was desirable to evaluate techniques of extend- 
ing th^ chamber duration capability over that demonstrated with the graphite 
liner.  It was decided to rework the entire damper In the steel chamber by 
plugging all of the nine rows and redrllllng only the first cavity with one 
row of orifices whose total area was equal to that of the three rows previously 
used. This configuration would eliminate axial flow of gas In the liner 
cavity. This damper, which was designed for test purposes, then was evaluated 
with the absorption coefficient analysis at an assumed cavity gas temperature 
of 4000oR as was the later modification to two rows of large orifices which 
yielded twice the normal percentage of open area (approximately 16%).  These 
absorption curves, along with their corresponding test results, are shown on 
Figure No. 78. Test results showed the one-row damper to be significantly 
cooler (approximately 3000oR) than the other multi-row configurations as was 
expected since flow through the damper orifices was not possible. 

Further analytical evaluation of the damper designs were per- 
formed as the analytical techniques were Improved. The single resonator 
absorption coefficient approach was considered unsatisfactory, but was the 
only commonly-accepted method for establishing damper designs. However, over 
the past two years analyses have been performed which more realistically com- 
bine the damper and chamber as well as compare the damped and undamped chamber 
acoustics. 

Typical results of the simplified cylindrical damper analysis 
of the three damper configurations are shown on Figure No. 79 for a cavity gas 
temperature of 4000oR and no flow past the orifices (no flow Is considered In 
the analysis). The sound level Incident on the damper Is a significant factor 
and was considered by varying the non-linear resistance factor (Ani)(26)(27) 
by two orders-of-magnltude where high values of An^/Cj Indicate high Incident 
sound levels. The following Is a summary of these results: 

FIRST TANGENTIAL MODE DECAY RATES 

No Damper (rough wall) 8% a - 16% 

0.22 
2.2 

22.0 

Resonant Freq, 
 cps 

3500 
3500 
3500 

Decay Rate 
db/sec 

2500 
2500 
2500 

Res F. 
cps 

2600 
2500 
1900 

D.R. 
db/sec 

6000 
12000 
52000 

2900 
2800 
2400 

D.R. 
db/sec 

4000 
6000 
36000 

(26) Blackman, A. W., op clt. 
(27) A Study of Suppression of Combustion Oscillation with Mechanical Damping 

Devices, Pratt & Whitney PWA-FR-2596, 20 November 1967 
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The above results show the 8% open area damper to be most 
effective at all sound levels, both In depressing the first tangential mode 
resonant frequency and Increasing Its decay rate. However, this analysis Is 
two-dim' islonal only and It does not consider the effect of partial chamber 
length c upers, nor pure or combined longitudinal acoustic modes. These 
results show the 8% and 16% designs are not significantly different at high 
sound levels (above 190 db), which produce an effective non-linear resistance 
factor of 22.0 or more. This analysis Implies that at these levels, other 
acoustic modes would be more likely to occur because these are virtually 
eliminated. 

The third and more comprehensive acoustic damper analysis, 
IFAR, (Injector Face Acoustic Resonator) was performed to help explain the 
experimental results of pulsed instability occurring at a frequency of from 
3200 cps to 3700 cps. This analysis is founded in the sensitive time lag 
theory which is discussed in Appendix II. It assumes all of the damper to 
be in, or near the injector face.  Also, it takes into account the mean flow 
acoustic nozzle admittance effects of the sonic nozzle. The output of this 
analysis is in the form of an n, T plot and can evaluate three-dimensional 
acoustic modes of the chamber. For this evaluation, primarily the first 
tangential mode and the first tangential mode combined with the first longi- 
tudinal were considered. The frequency depression results for the first 
tangential mode obtained were surprisingly like those of the two-dimensional 
cylindrical damper analysis.  The quantitative and qualitative meaning of the 
n, T plot with dampers appears to be satisfactory; however, it will have to 
be evaluated further with other experimental correlations. 

The following are the values of nmin and T at nm£n, and the 
corresponding resonant frequency for the first tangential mode for the various 
incident sound levels as indicated by the non-linear resistance factors used. 

FIRST TANGENTIAL MODE T'S AT r^^ 

No Damper     o - 8%     a - 16%  
f     T     n.f     T     n.f     T       . 

,,    res    res    min    res    res    min    res    res    min 
A , /a 

2.20   3500   0.15   0.38   1900   0.31   12.2   2500   0.24   7.0 
22.00   3500   0.15   0.38   1600   0.33   16.5   2250   0.26   9.2 

The data in the above table show the undamped chamber to 
have an rijnin below thfe estimated operating range of 0.82 - n - 0.68; therefore, 
it can be expected to be spontaneously unstable because the x operating range 
falls within the acoustic mode neutral stability limit curve, as shown on 
Figure No. 80.  The 8% and 16% open area n and T data shown on the above table 
indicate stable operation even with large pulses. 
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However, this result do is not agree with the test results 
because the high frequency pressure transducer data clearly indicated a first 
tangential mode phase relationship around the chamber at the pulse gun plane. 
The phase data in the acoustic liner are complicated by pL s changes caused by 
the liner resonance characteristics as a function of frequency.  In view of 
the analysis predicting stable operation for the first tangential acoustic 
mode, one of three possibilities exist. 

a. The effect of the IFAR damper is overestimated in the 
analysis. 

b. The n and T linear theory has no validity for non-linear 
pulse effects. 

c. The acoustic mode observed was not a pure first tangen- 
tial acoustic mode (IT) but rather it was the combined 
first tangential and first longitudinal mode (IT + 1L), 
the frequency of which is only slightly modified by he 
IFAR damper. 

The testing and data analysis performed to date do not permit 
absolute verification of the third possibility; however, in all of the analyses 
that considered the combined chamber and damper acoustic modes, a noticeable 
depression of the pure first tangential mode was shown while displaying a less 
combined mode frequency depression.  This pure first tangential mode frequency 
depression was not noticeable in the test data; therefore, it is possible that 
it was damped to the noise level and that the combined mode was suppressed to 
approximately the frequency originally observed for the pure first tangential 
mode in the umda^iped chamber. 

This assumption was shown to have some validity in an 
analytical investigation of the combined (IT + 1L) mode, using the IFAR 
analysis. The results are as follows: 

COMBINED (IT + 1L) MODE T'S AT nmin 

No Damper 8% or 16% 

Anl/d 

0.22 
2.20 

22.0 

res 

=P8 

3750 
3750 
3750 

res 
nsec 

Ü.055 
0.055 
0 *   5 0.78 

3600 
3600 
3700 

res 
msec 

0.12 
0.12 
0.11 

The results <.or the IT + 1L mode seem to resolve the question 
of what mode could occur, but they do not verify that it should be unstable 
because the nm£n values remain too high.  The fact that the unstable mode had 
to be pulsed unstable (four out of four tests) Indicates that it is probably 
stable to small linear perturbations while being unstable to large non-linear 
disturbances.  The n and T theory is not quantitatively reliable as far as the 
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Ogiin values are concerned when large pulses are used. A pulse of 80% of the 
chamber pressure (100 psla) must be considered to be sufficiently large to be 
affected by non-linearities in combust ion response. 

(U) Although there is no indication of pure longitudinal instabili- 
ties occurring from the spectral analysis of stable and unstable tests, there 
is evidence of longitudinal modes occurring in the noise level of the stable 
tests. To verify their frequency and T values at n (minimum), they were 
analyzed using the IFAR damper analysis without a damper with the following 
results. 

LONGITUDINAL MODES AT "min 

No Damper 

'r Tr min 
Mode cps msec N.D. 

1L 1650 0.031 1.03 
2L 2600 0.019 1.29 
3L 5200 0.010 1.27 

i0 

D 

P jo 
0 
: 

i 
i 

B.   PERFORMANCE ANALYSIS 

(U)       Injector-chamber performance frequently is expressed as measured 
specific impulse or percentage of theoretical specific impulse. A higher 
measured value represents a superior performing injector when the two injectors 
are tested in identical thrust chambers under identical conditions.  However, 
identical conditions for any two injector tests rarely exist; therefore, it is 
necessary that a performance evaluation technique be applied which clearly 
identifies the specific impulse effects for performance related variables JO 
that a realistic assessment of the performance potential of an injector can be 
made. 

(U)       Such an analysis technique was used for all of the tests conducted 
in this program.  The technique is known as the Performance Interaction Theory 
and it allows analytical determination of the component losses which affect 
the performance of a particular injector and enables scaling of these losses 
to any desired test condition and nozzle area ratio. Details of this technique 
are included in the method of analysis discussion. 

(C)       With the component losses for each injector test defined, a predic- 
tion of the altitude performance for each injector was completed.  For these 
extrapolations, a hiperkinetic nozzle of 36.2 area ratio was used at a design 
chamber pressure of 100 psia and an injector mixture ratio, 0/F, of 1.91. The 
results of these extrapolations indicated that a performance of 373 sec of 
specific impulse would be obtained using S/N 7 injector under the above stated 
design condition.  This exceeded the contractually specified specific Impulse 
of 370 sec. Table XII Indicates the performance prediction at design condi- 
tions for each test mixture ratio and injector, respectively. 
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TABLE XII 

ALTITUDE HIPERKINETIC NOZZLE PERFORMANC1 

ALTITUDE HIPEEKINETIC NOZZLE | 

Pc = 100 Psia    = 3 

Test No. 

IO83-DOI-OM-OOI 
002 
007 
003 
00^ 
005 
006 
008 
009 
010 
Oil 
012 

013 
Ol^f 

015 
016 
017 
018 
019 
020 
021 
022 

1083-D02-0M-001 
002 
003 
OO^f 
005 
006 

-OJ-OOl 
002 

.OM-023 
007 

•OM-024 
025 

.OM-008 
009 
010 

1083-D01-0M-026 
027 
028 
029 
030 

1186-xol. 

1083-D02- 

1083-D01- 

1083-D02- 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 

Inj. 
SN 

I 
2 
2 
2 
2 

2 Mod 
Mod 
Mod 
Mod 
Mod 
Mod 
Mod 
Mod 
Mod 
Mod 
Mod 
Mod 
Mod 
Mod 
Mod 

Mod 
Mod 
Mod 
Mod 
Mod 
Mod 
Mod 
Mod 
6 
6 

7 
7 
7 
7 
7 
7 
7 
7 
7 
7 

1 
1 
1 
1 
2 
2 
2 
2 
2 
2 

3 
3 
3 

3 
3 

3 
3 
3 
3 
3 
3 
3 
3 

MS 2R- 
BLL CDL MRD FRL 

0/F Sec. Sec. Sec. Sec. 

1.71 405 7.3 4.3 1.2. 
1.55 400.0 7.2 4.3 .9 
1.75 406 7.3 4.5 1.3 
1.57 400.3 7.2 4.5 0 
1.96 411.5 7.4 4.3 0 
1.87 409.5 7.4 4.4 0 
2.29 SHORT DURATION TEST - NO HIPERKINETIC EXTRAPOIJ 
1.77 407.0 7.3 4.5 0 1 

1.73 405.5 7.3 4.5 0 
1.75 406.0 7.3 4.5 0 
1.70 409.5 7.3 4.5 0 
2.01 412.5 7.4 4.4 0 
1.9^ 411.0 7.4 4.4 0 
2.26 LOW CHAMBER PRESSURE - NO HIPERKINETIC EXTRAPOl 
2.00 LOW CHAMBER PRESSURE - NO HIPERKINETIC EXTRAPOl 
1.83 LOW CHAMBER PRESSURE - NO HIPERKINETIC EXTRAPOl 
2.04 LOW CHAMBER PRESSURE - NO HIPERKINETIC EXTRAPOl 
1.91 .   410.5 7.4 4.3 .8 11.0 
1.86 409 7.4 4.4 .6 11.0 
1.85 409 7.4 4.4 .6 11.5 
1.85 409 7.4 4.4 .6 11.5 
1.86 409 7.4 4.1 .6 11.5 
IM 397.0 7.1 4.2 1.0 

DATA NEGATED DUE TO SKIRT FAILURE 
1.83 408.5 7.4 4.5 .7 
2.02 413.5 7.4 4.3 .7 

PREMATURE SHUTDOWN - DKKECTIVE CSM UNIT 
2,0k 408.0 7.3 4.0 .7 
1.57 400.5 7.2 4.4 .6 
1.67 404 7.3 4.5 .6 
1.79 407 7.3 4.4 2.1 14.5 
1.91 410.5 7.4 4.3 2.7 15.5 
3.10 377.5 6.8 4.3 0 3.0 
2.20 416.0 7.5 4.5 0 21 
1.70 404.5 7.3 4.5 0 14 
2.03 413 7.4 4.5 0 16.5 
1.97 412 7.4 4.5 0 15.5 
1.82 408 7.3 4.5 0 14.5 
1.98 412 7.4 4.5 0 16 
1.99 412 7.4 4.5 0 16 
2.18 415 7.5 4.5 0 20 
2.03 413 7.4 4.5 0 I6.5 
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TABLE XII 

ETIC NOZZLE PERFORHANCE EXTRAPOLATION 

ODD HIPERKINETIC NOZZLE PERFORMANCE 

PC  = 100 Psia    = 36.2 

RRD FBL 
Sec. Sec. 

1.2 
.9 

1.3 
0 
0 
0 

(0 HIPERKINETIC EXTRAPOLATION 
0 
0 
0 
0 
0 
0 

NO HIPERKINETIC EXTRAPOLATION 
NO HIPERKINETIC EXTRAPOLATION 
NO HIPERKINETIC EXTRAPOLATION 
NO HIPERKINETIC EXTRAPOLATION 

Enthalpy Defect 
ERL      Is 
Sec.      Sec. 

*Is., 
Mass Defect 

FRL ERL ERE Ie
v «%, 

Sec. Sec. % Sec. %v 

22.5 27.5 92.1 3^2.3 85.6 
18.2 26.7 92.^ 3^2.7 85.7 
19.5 7.6 97.9 368.4 90.9 
15.^ 9.5 97;^ 363.9 90.9 
2k.k 22.7 93.5 352.7 85.7 
23.k 19.6 9^.5 354.8 86.7 

17.8 10.2 97.2 ^67.2 90.2 
18.0 13.0 96.4 362.8 89.5 
18.5 13.^ 96.3 362.3 89.2 
36.1 11.6 96.8 369.9 90.3 
2if,7 17.8 95.0 358.2 86.8 
23.6 16A 93.4 359.2 87.4 

IT 

.8 11.0 34.5 353.3 86.1 28.9 18.0 95.7 351.3 85.6 

.6 11.0 34.5 351.9 86.0 22.2 17.3 95.8 357.2 87.3 

.6 11.5 34.5 351.4 85.9 21.6 17.4 95.7 357.6 87.4 

.6 11.5 34.5 351.4 85.9 21.6 17.4 95.7 357.6 87.4 

.6 11.5 34.5 351.4 85.9 22.3 18.5 95.5 356.1 87.1 
1.0 15.2 19.3 95.1 350.2 88.2 

.7 20.6 17.2 95.8 358.1 87.7 

.7 , 23.9 24.5 94.1 352.7 85.3 

.7 22.4 29.0 92.9 344,6 84.5 

.6 I60 16.7 95.8 355.3 88.7 

.6 17.8 16.7 95.9 357.1 88.4 
2.1 14.5 10.0 370.7 91.1 20.4 16.1 95.7 356.6 87.5 
2.7 15.5 10.0 373.1 90.9 23.3 22.9 93.9 350.0 85.3 

0 3.0 11.5 351.9 93.2 4.7 29.4 90.6 332.8 88.2 
0 21 9.0 374.0 89.9 25.3 13.4 96.3 365.4 87.8 
0 14 10.5 368.2 91.0 17.1 6.3 98.3 369.3 91.3 
0 16.5 10.0 374.5 90.7 21.9 7.8 97.9 371.3 89.9 
0 15.5 10.5 374.0 90.8 20.1 7.1 98.1 372.9 90.5 
0 14.5 10.0 371.6 91.1 18.7 9*8 97.4 367.6 90.1 
0 16 10.0 374.0 90.8 20.1 6.2 98.3 373.7 90.7 
0 16 10.0 374.0 90. B 20.2 4.6 98.8 375.2 '91.1 
0 20 9.0 374.0 90.1 24.8 11.0 97.0 367.3 88.5 
0 16.5 10.0 374.5 90.7 24.0 13.6 96.3 363.5 88.0 
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Following the design point (MR - 1.91) performance analysis, a 
perturbation study was completed to define the resulting specific impulse for 
variations In Injector mixture ratio. Two types of 0/F scaling were analyzed; 
Mass Defect and Enthalpy Defect. 

In the mass defect technique injector energy release losses are 
equated to Incomplete vaporization, wherein a portion of the injected propel- 
lent does not react and combust. As a result, the engine operates at a mixture 
ratio different from the propellant mixture ratio and at some combusted mass 
flow rate which is less than the total propellant flow rate. The model 
completely disregards the unvaporized mass flow in the nozzle expansion process. 
The mass has therefore disappeared from a performance standpoint. 

The enthalpy defect method for scaling assumes that incomplete 
combustion reflects itself in reduced enthalpy development of the combustion 
products. This enthalpy reduction then defines a reduced temperature poten- 
tial which reflects itself in a lower delivered impulse. 

At the design point, the two 
of 0.5 seconds of specific Impulse with 
being higher. To better understand the 
the one most applicable for this propell 
conducted to evaluate the altitude perfo 
upon both its sea-level and altitude tes 
predictions indicated the mass defect me 
specific impulse values but tracked the 
ture ratios. 

methods yield a performance difference 
the enthalpy defect method evaluation 
two scaling techniques and to define 
ant combination, a specific study was 
rmance of injector S/N 2, Mod 3, based 
ting.  The results of these altitude 
thod not only gave more representative 
test data over the full range of mix- 

The ensuing discussion describes the method used in these analyses 
as well as the analyses themselves along with the factors affecting optimum 
performance of the final injector. 

1.  Method of Analysis 

All test data were analyzed at test conditions and normalized 
to the design point operating conditions with an e - 36.2 i.Iperkinetic nozzle 
using the ICRPG performance evaluation technique (2°) a xhe performance of each 
injector was evaluated taking into account performance lob^es resulting from 
reaction kinetics, boundary layer flow, nozzle curvature and divergence, 0/F 
maldistributions, and incomplete energy release. 

a.  Kinetic Loss 

Kinetic losses account for the effect of finite reaction 
rates that do not permit equilibrium conditions to be maintained during the 
nozzle expansion process. Kinetic performance for the two conical and one 
hiperkinetic nozzle was calculated using a one-dimensional kinetic computer 

(28) Performance Evaluation Methods for Liquid Propellant Rocket Thrust 
Chambers, ICRPG Working Group on Performance Standardization, CPIA 
Publication No. 132, November 1966. 

Page 151 

UNCLASSIFIED 

  



UNCLASSIFIED [j 

programC2^), wherein the non-equilibrium isentropic flow properties of the 
reacting gas expanding one-dlmenslonally are calculated^"'.  Equilibrium n 

constants for the reactions are those currently recommended.  The theoretical 
kinetic performance in relationship to the theoretical shifting equilibrium 
is shown on Figure No. 81. The sharp departure of kinetic performance from 
shifting equilibrium above a mixture ratio of 1.8 is a result of the endo- 
thermic formation of H + F failing to recombine to the exothermic HF species. 

b.  Boundary Layer, Losii, BLL 

c.  Divergence Loss, CDL 
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This loss accounts for the non-axially directed momentum 
and other two-dimensional flow effects that reduce nozzle thrust and mass flow 
rate. The resulting nozzle divergence efficiency is stated as the relationship 
between two-dimensional and one-dimensional specific Impulse. Therefore, this 
efficiency Includes both the effects of non-axially directed momentum at the 
nozzle exit and the non-planar sonic surface (throat discharge coefficient) at 
the chamber throat. ■ 

d.      Mixture Ratio Distribution Loss, MRD 

I 
o 

Boundary layer loss accounts for the thrust degradation 
resulting from viscous drag and heat transfer effects along the thrust chamber ., 
boundary. These losses were calculated using boundary layer charts from the 
ICRPG approved computer program for boundary layer loss(3l).  From these 
charts, the momentum thickness and the displacement thickness of the boundary 
layer were obtained for the particular nozzle contour assumed boundary layer 
velocity profile and heat transfer wall conditions. This Information, together 
with the general nozzle data permitted the drag loss in the boundary layer to 
be calculated.  This drag then was converted to a specific impulse loss when pi 
it was divided by the measured weight flow. A divergence angle term in the 
boundary layer drag loss equation orients the thrust loss in the axial direc- 
tion for the two-dimensional flow.  These losses were calculated taking into 
account the cooling technique, wall temperature, and frictlonal characteristic 
for each test condition and nozzle area ratio extrapolation. 

0/F maldistribution loss accounts for the effect of com- 
bustion gas 0/F strlations resulting from the Injection process or from the 
use of film cooling. This loss in all LF2/BAIOI4 blend Injectors was generated 
as the result of using fuel film cooling because actual injection was carefully 
designed for minimum gradient of 0/F distribution across the face. The mixture 
ratio distribution loss is expressed by a summation of the mass weighted flow 
rate times the specific Impulse of the particular stream tube originating at 
each element.  Theue losses were calculated for each Injector based upon a 

  n 
(29) Axisymmetric Reacting Gas Nonequlllbrium Performance Program. 

Contract NAS9-A358, TRW Report No.  02874-6004-R000,  8 March 1967 
(30) CPTA Publication No.  132,  op.   cit. 
(31) Ibid. 
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2.77% fuel film cooling for S/N 2, Mod 3 Injector and 97.  fuel film cooling for 
S/N 6 Injector. 

e.  Energy Release Loss, ERL 

i 

ERL  ■  I —T 
sp (theo Hf Ref.)  sp (calc, Hf effective) 

where:  Hf Is the reference value for the heat of formation at the combustion 
species. 

Hf effective is the effective value for the heat of formation for the 
resulting combustion performance. 
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0 
This loss comes from incomplete or inefficient reaction 

of the propellants in the combustion chamber resulting from incomplete mixing, 
atomizatlon, vaporization, and chemical reaction. The 1CRPG method of scaling 
this loss to a new nozzle configuration is known to as the Reduced Enthalpy 
Technique. With this method, the low area ratio test data specific impulse is 
matched to the reduced enthalpy kinetic performance after boundary layer and 
divergence losses are accounted for. A ratio of 1% ISp of energy release loss 
is equal to a 100 cal/gm reduction in the heat of formation (Hf) for the pro- 
pellants used in this program.  This equivalence then can be expressed by: 

D 
[ 
:: 

The resulting reduced enthalpy value then is used to obtain kinetic performance 
at the high area ratio hiperkinetic nozzle conditions. However, when the data 
in this program were correlated, results Indicated that an alternative method 
was superior for matching the altitude test data. This method is known as the 
Mass Defect Method, wherein the resulting energy release loss is described as 
a mass defect because of incomplete vaporization.  In this case, the vaporiza- 
tion rate of the propellent governs rhe amount of reacted mass. Therefore, it 
can be considered that the vaporized mixture ratio determines the chemical 
composition of the gas and the percentage vaporized determines the amount in 
reaction. Using the Mass Defect Method, the energy release loss becomes: :: 

ERL - I       - I       x T^ Equation (4) 
8P(0/F)   8P(0/F)   Wt 

When the percentage of vaporization for each propellent is known (based upon 
analytical calculations correlated with the test data), then the vaporized 
mixture ratio, vaporized theoretical impulse, and total vaporized (wv) can be 
determined. This permits the energy release loss to be ascertained for the 
hiperkinetic nozzle conditions. With almost all of the injectors tested, it 
was found that oxidizer was fully vaporized and the unvaporized mass was 
entirely fuel. 
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£.  Performance Interaction 
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A performance Interaction exists between the energy 
release and the kinetic losses which results In changes In the magnitude of 
kinetic loss for various values of energy release loss. Based upon the 
Enthalpy Defect technique, the lower enthalpy of combustion gas causes the 
subsequent kinetic loss to be lower.  It can be considered that the same 
effect largely holds true for the Mass Defect model because all of the mass 
Is not In kinetic reaction. 

The over-all Impulse calculation, accounting for 
each of the Interaction methods, then results as the following for the 
extrapolated delivered Impulse: 

Enthalpy Defect; 

n 

8P vac 
• I     <5-> l. 

1  1  t 1  ODK 
(HFeffectlve) 

(nDIV - BLL) 

Equation (5) 

NOTE: BLL Is calculated two dlmenslonally and therefore 
Is not multiplied by curvature - divergence 
efficiency, see Section VI,B,l,g. 

Mass Defect: 

sp vac 1    t 1  ODK (0/Fv)i 

(nDIV - BLL) 

Equation (6) 

where: I 
sp 

vacuum delivered Impulse 
vac 

ODK 

1DIV 

BLL 

(HF 
effectlve'l 

'ODK 
(0/Fv)i 

w 

t  1 

- Kinetic Impulse at reduced heat of formation 
for each of the stream tubes 

« Divergence efficiency 

- Boundary layer loss 

- Kinetic Impulse at vaporized mixture ratio 
for each stream tube 

percentage of vaporized flow rate In each 
stream tube 
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The summation of each mixture ratio stream tube weight 
with Its percentage weight flow determines the effective specific Impulse. 

2.  Sea-Level Test Results 

(U) A complete loss analysis was conducted for all sea-level test- 
ing of Injectors wherein a 1.65 area ratio nozzle was used. From this analysis, 
the vacuum specific Impulse and Its corresponding percentage of theoretical 
Impulse were defined. A performance Interaction theory loss analysis then 
provided definition of the component losses resulting from curvature-divergence, 
boundary layer flow, mixture ratio distribution, and nozzle kinetics. Once 
these values were known, the remaining loss, which results from Incomplete 
energy release, was defined based upon the sum of the losses expressed as dif- 
ferences between actual and theoretical. From this value, the corresponding 
Mass Defect and Enthalpy Defects were developed for each of the Injectors 
tested. Table XIII lists each of the losses for any test-Injector combination 
together with relevant performance analysis data. The performance of each 
Injector and the characteristics affecting the development of this performance 
are briefly summarized (In the chronological order of testing) In the ensuing 
sections. 

a. Injector S/N T2 

(C) The 215-element Injector, S/N T2, was tested three times 
with an uncooled steel chamber of 1.65 area ratio. All tests were of short 
duration, 2.7 sec or less, and were unsuitable for absolute performance deter- 
mination. In tests of this short a duration, the Initial flow consisted of 
low density/high temperature fluorine resulting from the uninsulated Injector 
line through which It had to pass. Consequently, the fluorine downstream of 
the thrust chamber valve and flowmeters produced measured flow rates that dif- 
fered from those through the Injector orifices for durations of up to 2.0 sec. 
Therefore, performance data were taken Instantaneously at the completion of 
each test and were based upon flowmeter measurements.  Measured vacuum specific 
Impulses ranged from 85% to 93% of vacuum theoretical specific Impulse and 
Indicated the unsteady conditions affecting the performance data. The predicted 
specific Impulse, based upon vaporization analysis, for this Injector was 
266 sec or 86.5% of theoretical at an area ratio of 1.65. 

b. Injector S/N 2 

(C) Injector S/N 2 represented the first In a series of four 
patterns having the same basic Injector geometry.  The original version was 
subjected to four tests (Tests No. 1083-D01-OM-003 through -006), all of which 
were of short duration (less than 2.0 sec). Excellent performance of 92.9% of 
theoretical vacuum Impulse was Indicated when tested at a 1.65 area ratio In 
an uncooled steel nozzle.  Three tests were of 1.75 sec duration and therefore, 
not Indicative of steady level performance.  No vaporization analyses were made 
for this pattern because of the unacceptable stability characteristics of the 
Injector. All pertinent data are summarized en Table XIII. 
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TABLE XIII 

TEST RESULTS PERFORMANCE SUN 

TEST DATA EVALÜATI01 

Test No. 

108>D01-i 

Inj. 
SN Duration 

-/ata Period 
Sec. 

IO83-DO2- 

1136-XOl- 

108>IX)1. 
10Ö3-D02- 
100>D01. 

IO83-DO2-' 

IO83-DOI- 

■OM-OOl 2.024 
002 2.722 
007 1.534 
003 2 2.027 
004 2 1.765 
005 2 1.695 
006 2 1.358 
008 2 Mod 1 1.833 
009 2 Mod 1 3.987 
010 2 Mod 1 3.047 
Oil 2 Mod 1 1.596 
012 2 Mod 2 2,014 
013 2 Mod 2 4.023 
01k 2 Mod 2 4.019 
015 2 Mod 2 4.987 
016 2 Mod 2 4.987 
017 2 Mod 2 6.033 
018 2 Mod 3 8.417 
019 2 Mod 3 39.349 
020 2 Mod 3 50.326 
021 2 Mod 3 48.863 
022 2 Mod 3 49.884 

■OM-OOl 2 Mod 3 8.544 
002 2 Mod 3 29.711 
003 2 Mod 3 194.700 
00k 2 Mod 3 202,780 
005 2 Mod 3 .8 
006 2 Mod 3 170.540 

OJ-001 2 Mod 3 10.120 
002 2 Mod 3 14.230 

.OM-023 6 5.072 
OM-007 6 36.620 
.OM-024 7 2.468 

025 7 4.133 
.OM-OO8 7 10.820 

009 7 50.490 
010 7 100.390 

OM-026 7 2.200 
027 7 2.486 
028 7 2.250 
029 7 2.300 
030 7 3.980 

0.900 
0.950 
1.000 
0.926 
0.800 
0.900 
0.900 
1.200 
3.487 
2.500 
1.096 
1.514 
3.423 
3.519 
4.487 
4.489 
5.533 
7.916 

32.500 
42.500 
42.500 
42.500 
2.000 
DAT 

194.000 
202.080 

PRE 
169.540 

5.060 
13.730 
4.572 

12.00 
1.986 
3.633 
7.500 

49.490 
99.390 
1.700 
1.986 
1.646 
1.659 
3.480 

1.900 
2.450 
1.400 
2.027 
1.050 
1.620 
1.290 
1.700 
3.987 
2.900 
1.446 
2.014 
3.923 
4.019 
4.987 
4.989 
6.033 
8.416 

37.500 
47.500 
47.500 
47.500 

8.544 
N E Q A 

to 194.500 
to 202.580 
MATURE 
to 170.540 

to 
to 
to 
to 
to 
to 
to 
to 
to 
to 
to 
to 
to 
to 
to 
to 
to 
to 
to 
to 
to 
to 
to 
A 

to 
to 
to 
to 
to 
to 
to 
to 

8.120 
14,230 
5.072 

19.000 
2.486 
4.133 
8.500 

50.490 
to 100.390 
to 
to 
to 
to 
to 

2.200 
2.486 
2.146 
2.159 
3.930 

Nozzle 

Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Steel 
Ablative 
CEO    D 
Ablative 
Ablative 
S H U T D 
Ablative 
Steel 
Steel 
Steel 
Ablative 
Steel 
Steel 
Ablative 
Ablative 
Ablative 
Steel 
Steel 
Steel 
Steel 
Steel 

MR 
O/F 

1.71 
1.55 
1.75 
1.57 
1.96 
I.87 
2.29 
1.77 
1.73 
1.75 
1.7C 
2.01 
1.94 
2.26 
2.00 
1.83 
2.04 
1.91 
1.86 
I.85 
1.85 
1.86 
1.46 
U £ 
1.83 
2.02 
OWN 
2.04 
1.57 
1.67 
1.79 
1.91 
3.10 
2.20 
1.70 
2.03 
1.97 
1.82 
1.98 
1.99 
2.18 
2.03 

PC 
Psia 

111.3 
95.1 
97.7 
93.6 

101.2 
97.0 
97.1 

102.9 
111.0 
112.3 
124.5 
98.1 
98.3 
68.4 
72.9 
73.2 
72.5 

101.8 
100.7 
101.7 
101.0 
101.0 
92.1 

TO      S 
97.1 

100.7 
-      D 
97.5 

100.5 
102.6 
95.5 

105.5 
93.7 

102.9 
95.6 

109.3 
106.7 
96.5 

104.3 
103.0 
102.5 
101.9 

Pa 
Psia 

1.65 
I.65 
I.65 
I.65 
1.65 
I.65 
I.65 
I.65 
I.65 
I.65 
I.65 
1.65 
I.65 
I.65 
I.65 
1.65 
I.65 
I.65 
I.65 
I.65 
I.65 
1.65 
7.4 
K I 
7.3 
9.1 
E F 
7.3 
1.65 
1.65 
1.65 
1.6 
1.64 
1.64 
1.61 
1.62 
1.64 
1.65 
1.65 
1.65 
1.65 
1.65 

14.50 
14.67 
14.56 
14.60 
14.73 
14.69 
14.67 
14.65 
14.56 
14.63 
14.63 
14.58 
14.58 
14.49 
14.49 
14.50 
14.50 
14.59 
14.59 
14.55 
14.54 
14.56 

R T 

E G T I 

14.56 
14.73 
14.65 
14.62 
1.65 

.93 

.81 
14.53 
14.53 
14.54 
14.53 
14.52 

306, 
304, 
306, 
304, 
307^ 
307< 
306, 
306, 
306, 
306, 
305^ 
307^ 
307 j 
306, 
307. 
307( 
307^ 
307« 
307* 
307. 
307, 
307, 
365( 

FAIL 
371. 
381, 

V E - 

/ 

I 
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TABLE XIII 

t RESULTS PERFORMANCE SUMMART 

TEST DATA EVALUATION 

CONFIOENTML 

PC 
Psia 

111.3 
95.1 
97.7 
93.6 

101.2 
97.0 
97.1 

102.9 
111.0 
112.3 
12^.5 
98.1 
98.3 
68.^ 
72.9 
73.2 
72.5 

101.8 
100.7 
101.7 
101.0 
101.0 
92.1 

TO      S 
97.1 

100.7 
-      D 
97.5 

100.5 
102.6 
95.5 

105.5 
93.7 

102.9 
95.6 

109.3 
106.7 
96.5 

10k,} 
103.0 
102.5 
101.9 

1.65 
I.65 
1.65 
1.65 
1.65 
1.65 
1.65 
1.65 
I.65 
1.65 
1.65 
1.65 
1.65 
1.65 
1.65 
1.65 
1.65 
I.65 
1.65 
1.65 
1.65 
I.65 

K I 
7.3 
9.1 
E F 
7.3 
1.65 
1.65 
1.65 
1.6 
1.64 
1.6k 
1.61 
1.62 
1,6k 
I.65 
1.65 
1.65 
1.65 
1.65 

Pa 
Psia 

14.50 
14.67 
14.56 
14.60 
14.73 
14.69 
14.67 
14.65 
14.56 
14.63 
14.63 
14.58 
14.58 
14.49 
14.49 
14.50 
14.50 
14.59 
14.59 
14.55 
14.54 
14.56 

R T      FA 

E C T I V 

14.56 
14.73 
14.65 
14.62 
I.65 

.93 

.81 
14.53 
14.53 
14.54 
14.53 
14.52 

sec. 

306.0 
304.0 
306.2 
304.0 
307.5 
307.2 
306.5 
306.5 
306.1 
306.3 
305.9 
307.5 
307.5 
306.7 
307.5 
307.0 
307.5 
307.3 
307.0 
307.0 
307.0 
307.O 
365.0 
I L U 
371.5 
381.0 
E - 
373.3 
304.0 
306.0 
306.7 
305.2 
296.6 
307.0 
306.0 
307.5 
307.5 
306. Ö 
307.5 
307.5 
307.0 
307.5 

I« 
se m 

260.4 
257.5 
286.0 
283.4 
275.6 
276.8 
247.3 
285.6 
281.9 
281.4 
288.6 
279.7 
280.0 
257.8 
270.7 
274.7 
274.3 
274.3 
278.3 
278.3 
278.2 
277.0 
317.8 

R E 
323.9 
326. Ö 
S M 
319.2 
277.2 
279.0 
274.9 
263.4 
268.0 
285.3 
283.4 
283.4 
286.8 
285.5 
290.0 
291.1 
286.3 
282.8 

%   V 

85.O 
84.7 
93.0 
92.9 
89.3 
89.7 
80.4 
92.8 
91.8 
91.5 
94.0 
90.6 
90.7 
83.8 
87.7 
89.1 
88.9 
89.2 
90.6 
90.6 
90.6 
90.2 
87.1 

87.2 
85.8 
NIT 
85.5 
91.1 
91.1 
89.6 
86.3 
90.8 
93.0 
93.1 
92.7 
93.5 
93.0 
94.3 
94.6 
93.2 
91.9 

BLL 
sec. 

CDL 
sec. 

MRD 
sec. 

Enthalpy Defect 

FRL   ERL   ERE 
* 

Mass Defect 

sed sec • 
FRL 
sec. 

r^L 
sec. 

ERE 
sec. 

3.7 5.6 2.2 3.0 
3.7 5.3 2.1 3.0 
3.7 5.8 2.2 1.2 
3.7 5.8 0 1.3 
3.7 5.6 0 1.6 
3.7 5.6 0 1.4 
3.7 5.0 0 4.0 
3.7 5.6 0 1.3 
3.7 5.8 0 1.4 
3.7 5.7 0 1.4 
3.7 5.9 0 1.2 
3.7 5.7 0 1.4 
3.7 5.7 0 1.3 
3.7 5.3 0 3.9 
3.7 5.5 0 2.2 
3.7 5.1 0 1.6 
3.7 5.0 0 1.6 
3.0 6.1 1.0 1.6 
3.0 6.1 1.0 1.2 
3.0 6.1 1.0 1.2 
3.0 6.1 1.0 1.2 
%0 6.1 1.0 1.4 
5.1 16.7 1.0 NOT 

2.0 
1.7 

1.8 
3.0 
3.0 
3.7 
2.2 
3.7 
3.8 
3.0 
2.2 
1.2 
3.8 
3.8 
3.8 
3.8 
3.8 

17.1 
17.4 

16.5 
6.0 
6.0 
5.6 

13.4 
6.0 
6.1 

12.1 
12.1 
11.0 
6.1 
6.1 
6.1 
6.1 
6.1 

31.1 88.0 .7 33.4 87.2 
32.4 87.4 .9 34.5 86.6 
8.4 97.0 .8 8.8 96.9 

10.8 96.1 1.2 10.9 96.2 
22.0 92.0 1.3 22.3 91.9 
20.8 92.4 1.1 21.1 92.4 
47.5 80.7 1.7 49.8 79.9 
11.1 96.1 .9 11.5 96.0 
14.2 94.9 .8 14.8 94.7 
15.1 94.6 .8 15.7 94.4 
7.4 97.4 .7 7.9 97.3 

18.1 93.5 1.4 18.1 93.5 
17.8 93.6 1.2 17.9 93.6 
37.7 85.3 1.7 39.0 84.9 
26.5 90.2 1.3 27.4 89.9 
22.9 91.6 1.0 23.5 91.4 
23.9 91.2 1.4 24.1 91.2 
21.5 93.1 1*2 21.9 92.9 
17.2 94.4 1.1 17.5 94.3 
17.2 94.4 1.0 17.6 94.3 
17.3 94.3 1.0 17.7 94.2 

CALSÜLATID-1 i-i 18.8 
20.6 &S 

.7     NOT CALCULATED 

.7     NOT CALCULATED 

.7 NOT 

.3 NOT 

.5 NOT 
3.9 1.3 
4.15 2.0 

0 3.0 
0 1.4 
0 1.1 
0 1.1 
0 1.1 
0 1.2 
0 1.1 
0 1.1 
0 1.1 
0 1.2 

CALCULATED 
CALCULATED 
CALCULATED 
18.3  93.9 
20.0 
14.3' 
9.9 
4.6 
6.7 
6.4 

10.2 
6.5 
5.4 
9.7 

13.6 

92.9 
9^.7 
96.5 
98.4 
97.6 
97.8 
96.4 
97.8 
9^.1 
96.6 
95.2 

8.6 
11.9 

19*2 
22.5 

9.5 26.6 
.3 17.2 
.6 17.0 

1.0 13.6 
1*2 20.8 
2.1 15.2 
1.6 9.7 
1.0 4.7 
1.65 6.1 
1.55 5.9 
1.0 10.4 
1.3 6.3 
1.3 5.2 
1.6 9.2 
1.4 13.4 

94.Ö 
04.0 

93.0 
94.4 
94.4 
93.8 
93.2 
94.3 
96.6 
98.3 
97.8 
97.9 
96.4 
97.8 
98.2 
96.8 
95.3 

a- 
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c.      Injector S/N 2,  Mod 1 

(C) The basic S/N 2 Injector pattern was modified to 98 
elements to improve its stability.    Four tests were conducted with this pattern 
and stable operation was demonstrated in one test   (No.   -009) only when a per- 
formance of 91.8% of vacuum theoretical specific impulse was generated.    Test 
No.  -010 became unstable after 2.5 sec; however,  a comparable performance of 
91.5% of theoretical vacuum specific impulse was exhibited.    No vaporization 
analysis performance predictions were made for this injector.    The consistency 
of the test data was sufficient to permit hiperkinetic nozzle altitude perfor- 
mance predictions to be made and these are subsequently summarized in 
Section VI,B,4. 

«" d.      Injector S/N 2,  Mod 2 

(C) This Injector was tested six times for durations of from 
2 sec to 6 sec.    In the initial two tests (Nos.  1083-D01-OM-012 and -013), a 
performance level of 90.6% and 90.7% of vacuum theoretical specific Impulse 
were indicated, respectively.    The recorded injector pressure drop was 95 psi 
and 70 psl in the oxidlzer and fuel circuits, respectfully.    Subsequent testing 
was accomplished at 70 psia chamber pressure to reduce the injector pressure 
drop  to the specified requirement.    In these tests,   the exit pressure for the 
1.65 area ratio nozzle was less  than ambient at 11.5 psia, which Introduced 
possible separation effects and Increased kinetic losses.    Measured performance 
for these tests varied from 85.8% to 89.2% of vacuum theoretical impulse and 
all tests were stable.    Extrapolation to altitude data using the design chamber 
pressure tests Is subsequently discussed in Section VI,B,4. 

e.      Injector S/N 2,  Mod 3 

(C) Thirteen tests were conducted with injector S/N 2, Mod 3 
for durations  exceeding 8 sec in each test.    Demonstrated performance was from 
85.5%  to 90.6% of theoretical vacuum specific Impulse in all of the near-design 
mixture ratio  tests   (MR ■ 1.91).    These tests  (Nos.   -018 through -022) were 
conducted with a water-cooled thrust chamber.    Boundary layer losses were 
calculated commensurate with the wall  temperatures of the cooled unit.    The 
developed energy release loss of 17.5 sec yielded an energy release efficiency 
of 94.4%.    Previous vaporization analysis had predicted 90.3% of theoretical 
vacuum specific Impulse.    The reduced performance of S/N 2, Mod 3 over that of 
S/N 2,  Mod 2 was a direct result of the poorer atomization efficiency brought 
about by Increasing the drop size of the larger elements in conjunction with 
the mixture ratio distribution loss caused by the 2.77% fuel film cooling. 
This increase in element orifice size was necessary  to reduce the Injector 
pressure drop  to the contractually required values.     Vaporization analysis of 
the test data indicated that the oxidlzer was completely vaporized and the 
fuel 82.6% vaporized. 
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*"« f.      Injector S/N 6 

(C) To Improve the compatibility of the S/N 2,  Mod 3 Injector 
pattern while maintaining Its demonstrated stability of the Injector,  a new 
Injector,  S/N 6, was designed and  tested.    This design change Included the 
relocation of long Impinging triplets and the use of fuel film cooling to pro- 
tect the chamber wall.    Two tests were conducted with this  Injector for dura- 
tions of 5 sec and 38 sec,  respectively.     The developed performance was 86.3% 
of theoretical vacuum specific Impulse.    Vaporization analysis had predicted 
an 87.6% specific Impulse development.    These results were  In general agreement 
with those obtained from the S/N 2, Mod 3 testing,  considering the 1% higher 
mixture ratio distribution loss caused by  the 9% fuel film cooling.    However, 
as a result of only two tests being conducted,  there was a lower confide'ace 
level In the energy release loss evaluation. 

g.      Injector F/N 7 

(C) With the evolution of an acoustic resonator for stability 
Improvement, a new Injector design was tested with a high performance pattern 
of 344 elements.    Previous low-thrust-per-element patterns had demonstrated a 
high Incidence of Instability which eliminated them from consideration.    The 
344-element Injector offered three performance Improvement  characteristics 
over the previously tested Injectors.    Firstly, maximum propellent atomlzatlon 
and vaporization were obtained as a result of the smaller size of the Injection 
orifice elements.    Secondly,  the pattern elements were oriented in such a 
manner so as to obtain maximum spray overlap and subsequent secondary mixing. 
Thirdly,   the mixture ratio distribution loss across the face of the Injector 
was zero because  the fuel film cooling had been deleted. 

(C) Ten tests were conducted with  this  injector, which demon- 
strated a 93.5% vacuum specific impulse performance at the design operating 
point of MR - 1.91.    During the course of  the testing program, tests were con- 
ducted over a mixture ratio range of 1.70 to 3.10 to fully define the operating 
characteristics.    The 2% energy release loss shown on Table  XIII was in close 
agreement with the vaporization model loss analysis, wherein an energy release 
loss was  indicated.    For energy release losses that are less than 2%,  the per- 
formance analysis of an Injector must Include consideration of effects that 
are not normally considered to be  Important for Injectors  in the 5% energy 
release loss category.    Therefore,  a more detailed vaporization analysis Is 
required.    The BA1014 consists of  24% MMH  (the highest volatility), 68% N2H4 
(intermediate volatility), and 9% H2O  (lowest volatility).     As a result of the 
fractional distillation rate of BA1014,  the water has the highest calculated 
liquid mass fraction at the throat.    Therefore, the oxygen In the liquid H2O 
is not available  to react with the carbon from MMH to produce the desired CO. 
Also,  the hydrogen from liquid H2O cannot  react with the F  to form HF and the 
excess F2 dissociated to 2F.    The reduction of combustion enthalpy from free 
radical  formation and the gas phase mass defect resulting from the slower H2O 
vaporization rate was calculated to result In a 1% Inherent performance loss. 
Combining this effect with the nominal vaporization analysis Indicates an 
efficiency level In close agreement with the experimental data. 
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3.      Altitude Test Results 

(U) Six tests were conducted In the altitude chamber using nozzles 
with area ratios of 7.3 and 9.4,  and the S/N 2, Mod 3 Injector.    These tests 
followed sea-level testing at an area ratio of 1.65.    The same Injector was 
tested with the two different area ratio nozzles;   therefore,  the data allowed 
highly valid verification of the altitude ERL and kinetic rate loss scaling 
techniques.    As Indicated In the method of analysis discussion,  two energy 
release loss scaling techniques were available;   the conventional method of 
Incorporating enthalpy reduction for ERL scaling,  and the mass defect scaling 
wherein energy release loss Is evaluated by treating the lower than theoreti- 
cal combustion as a vaporization loss. 

(U) Both methods were used to evaluate the area ratio 1.65 data 
for scaling It to the 7.3 area ratio and 9.4 area ratio test conditions   (Test 
Nos.  -001 through -005).     Predictions using both methods were made for the 
actual altitude test conditions.     Table XIV summarizes the predictions while 
comparing them with the actual measured values. 

(C) In Test No. -001,  the measured performance was 317.8 sec of 
vacuum specific Impulse.     Predictions from the 1.65 area ratio sea-level tests 
Indicated 305.9 sec of vacuum specific Impulse using the enthalpy defect model 
for a difference of 11.9 sec or 3.75%.    From the mass defect scaling technique, 
the prediction was for a vacuum specific Impulse of 317.4 sec for a 0.4 sec 
difference or 0.125% error.    The results from Tests No.  -003, -004, and -006 
largely show the same correlation with the mass defect prediction averaging 
less than 1% error,   ^he enthalpy defect errors ranged from 1% to 4%. 

(C) The slope characteristics of the large area ratio prediction 
Is more  Important  than the numerical solution.     Figure No.   82 defines  the 
Enthalpy Defect and Mass Defect scaling characteristics versus mixture ratio 
together with the actual  test data.    As can be seen,   the mass defect scaling 
technique most nearly tracks the data curve, whereas the enthalpy defect 
Intersects It.    The optimum with mass defect occurs at a mixture ratio of 
approximately 1.8 while the enthalpy defect becomes optimum at a mixture ratio 
of 2.2.    This characteristic shape of the two analytical curves is explained 
in the following manner. 

(U) The Enthalpy Defect method expresses the energy release loss 
as a near constant percentage of  theoretical, which gives  the same shape but 
with a lower value.     Slope variations between the two curves occur as a result 
of changes in the kinetics losses as a function of mixture ratio.    Therefore, 
the resultant peak performance occurs at nearly the same mixture ratio as peak 
theoretical performance.     The Mass Defect approach relates performance to a 
certain percentage of the kinetic performance based upon the vaporized mixture 
ratio and the percentage of vaporized mass.     From the Mass Defect equation,   it 
can be seen that the measured performance is most directly dependent upon  the 
product of vaporized mass   (% wv/wt)  and vaporized kinetic performance 
UBOTW )•    With a11 of the injectors tested in this program,  the resulting 0ODK(o/F)v 
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performance was fuel vaporization limited;  therefore,  the vaporized mixture 
ratio Is more oxldlzer-rlch than the actual propellent mixture ratio.    This 
characteristic has the tendency to move the resulting performance to a lower 
value because of the negative A I8p/A 0/F slope for mixture ratios greater than 
0/F « 1.9   (see Figure No.  82).    For these reasons, a sharper drop-off in 
specific Impulse is evidenced on the oxldlzer-rlch side for  the mass defect 
scaling than is for the enthalpy defect scaling. 

(U) Excellent correlation in both absolute values of specific 
Impulse and A Igp/A 0/F slope was obtained with Mass Defect scaling;   therefore, 
the extrapolation to altitude performance primarily was accomplished using this 
technique.     It should be noted that this correlation not only verifies the mass 
defect scaling criteria but also verifies the currently recommended kinetic 
rate constants.(32)    Enthalpy defect extrapolations do not allow either of 
these verifications to be concluded. 

4.      Design Condition Extrapolation 

(U) Performance data obtained from all of the injector tests were 
evaluated at altitude conditions using the 36.2 area ratio hlperklnetic nozzle 
(see Appendix VIII) operated at 100 psia chamber pressure.    The results are 
shown on Table XI and on Figure No.  83 at the test mixture ratios.     Mass defect 
scaling is used in both Instances and these analytical results are summarized 
by injector in the ensuing sections. 

a.       Injector S/N 7 

(C) Contractually required performance was demonstrated with 
S/N 7 injector using Mass Defect ERL and kinetic loss extrapolations in four 
tests  (Nos.   1083-D02-OM-009 and -010, Nos.  1083-D01-OM-027 and -028).    A peak 
specific Impulse of 375.2 lb£-sec/lbm was demonstrated in Test No.  -028 at a 
mixture ratio of 1.99.     Extrapolating all of the test data over the mixture 
ratio range used in the testing (see Figure No.  83)  indicated a design point 
(MR 1.91)  performance of 372.7 lb£-sec/lbm.    Detailed losses for this condition 
are shown on Table XV,   Including a comparison with the S/N 2, Mod 3 Injector. 
Peak performance is indicated at a mixture ratio of 1.96, although this pos- 
sibly could be altered toward 1.91 if test data were available for mixture 
ratios of 1.8 through 1.9.    The results of these tests are in close agreement 
with the original prediction of.373.0 sec for the 344-eleinent injector. 

(C) Performance decrease with increasing mixture ratio 
results from three effects; a reduction in theoretical performance,  an 
Increased kinetics loss,  and a decreased fuel atomlzatlon at  the lower 
velocities.    Decreasing performance on the fuel-rich side primarily results 
from decreased theoretical performance.    A comparison of performance extrapo- 
lation with the hlperklnetic nozzle for the two analysis methods is presented 
in Figure No. 84; however, based upon discussion, the enthalpy defect model 
is not favored. 

T32)    Ibid. 
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TABLE XV 

PERFORMANCE COMPARISON BETWEEN S/N 7 AND S/N 2, MOD 3 INJECTORS 

PERFORMANCE COMPARISON 
344 AND 68 ELEMENT INJECTORS 

PC - 100 PSIA 
Fv - 7000 lb 
0/F- 1.91 
HIPERKINETIC NOZZLE 

e - 36.2 

344 ELEMENTS 
SN-7 

68 ELEMENTS 
SN-2 MOD 3 

kÖil %Isp       Sac. XIsp        Sec. 

CURVATURE-DIVERGENCE 1.1        4.5 1.1        4.4 

BOUNDARY LAYER 1.8        7.4 1.8        7.4 

FINITE RATE 4.6        18.9 S.7        23.3 

MIXTURE RATIO DISTRIBUTION 0.0        0.0 .2         .6 

ENERGY RELEASE 1.7        7.0 4.5        18.6 

I , vac. THEORETICAL 100        410.5 100        410.5 

Isp, vac. DELIVERED 90.8       372.7 86.7       356.4 
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b.   Injector S/N 2, Mod 3 

(C) Injector S/N 2, Mod 3 also was evaluated for hlperkinetic 
nozzle performance using both the Mass Defect and Enthalpy Defect modules.  The 
Mass Defect results are shown on Figure No. 85.  Mass Defect analysis Indicated 
that maximum performance was obtained at a mixture ratio of 1.78 with 356.2 
lbf-sec/lbm vacuum specific impulse. At design point operation (MR - 1.91) 
this value reduces to 355.3 lbf-8ec/lbm. The loss results at increasing mix- 
ture ratios are shown on Table XII. They indicate that the  rapid drop-off in 
performance is attributable to high kinetic losses associated with high 
vaporized mixture ratios together with reductions in both fuel and oxidizer 
vaporization rates. 

(C) Enthalpy Defect analysis indicated a specific impulse of 
353.3 sec at the design mixture ratio of 1.91. As was the case with S/N 7 
injector, mixture ratio becomes optimum at approximately 2.2 with this 
technique. 

(C) S/N 2, Mod 3 injector generated a lower performance than 
S/N 7 because of the decreased vaporization resulting from the use of larger 
elements as well as the provision for 2.77% fuel film cooling. The oxidizer 
vaporization was calculated as being nearly complete at the throat (98%) with 
only 82.6% of the fuel being vaporized. This was corroborated by an energy 
release loss of 34.5 lbf-sec/lbm, which was generated at a mixture ratio of 
1.91 in Test No. 1083-DO1-OM-018. A complete tabulation of all S/N 2,  Mod 3 
enthalpy and mass defect extrapolations was provided on Table XII. 

c.  Injector S/N 6 

(C) Hlperkinetic nozzle performance using S/N 6 injector was 
accomplished based upon the Mass Defect analysis and data from two tests 
(Nos. 1083-D01-OM-023 and 1083-D02-OM-007). Using the average percentage of 
fuel vaporization, the design point performance (MR - 1.91) was calculated to 
be 353 lbf:-sec/lbm of vacuum specific impulse.  The basic difference in perfor- 
mance between S/N 6 and S/N 2, Mod 3 results from the 6% increase in S/N 6 
injector fuel film cooling. 

d.  Injector S/N 2, Mod 2 

(C) Of the six tests conducted with S/N 2, Mod 2 injector, 
only two were performed at the design chamber pressure. Evaluating these two 
tests at the design point yielded a vacuum hlperkinetic performance of 
359.5 lbf-sec/lbm. This higher performance as compared with S/N 2, Mod 3 
injector, which had the same number of elements, results from the increased 
fuel vaporization attributable to higher injection velocities, smaller drop 
size (orifice), and the absence of fuel film cooling. 
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Figure 85. Mass Defect Scaling Techniques for Injector S/N 2, Mod 3 (u) 
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e. Injector S/N 2, Mod 1 

(C) The performance data from the stable portions of four 
tests were used to evaluate the hiperkinetic performance of S/N 2, Mod 1 
Injector. The resulting design point performance was 366 lbm-sec/lbf at a 
mixture ratio of 1.91. The performance Increase from S/N 2, Mod 2 was directly 
related to the Improved atomlzatlon efficiency of the 98-element design as 
compared with the high velocity 68-elements of S/N 2,  Mod 2. The limited test 
data did not permit complete extrapolation over the nominal mixture ratio 
range as shown on Figure No. 83. No Enthalpy Defect calculations were 
accomplished. 

f. Injector S/N 2 

(C) Only one high confidence level test exists for Injector 
S/N 2  (Test No.   1083-D01-OM-003).    Design point extrapolation of this  test 
Indicated a hiperkinetic performance of 369  lbf-sec/lbm.    This high performance 
Is commensurate with the high vaporization efficiency associated with the 158- 
element design. 

g. Injector S/N 1- 

(C) The very limited, short duration test data prevented 
design point extrapolation of the hiperkinetic performance of this Injector. 
If Test No. 1083-D01-OM-001 Is assumed to represent the nominal performance, 
a 368 lbf-sec/lbm vacuum hiperkinetic performance is obtained using the Mass 
Defect technique. 

h.   Injector Performance Correlation 

(U) The performance potential of all the injectors tested 
proved to be a direct result of the fuel atomlzatlon efficiency of these 
injectors as well as the amount of fuel film cooling. The fuel atomlzatlon 
efficiency is a direct result of the number of elements used because most of 
the elements were triplets of like design and injection velocity (same AP). 
Figure No. 86 Indicates this comparison between all Injectors and the number 
of elements used.  A prediction line also is shown for this purpose; it was 
assumed that the elements are identical to the triplet elements of S/N 7 
injector. The disparity between the prediction and the performance obtained 
for Injectors having less than 100 elements is a direct result of other factors 
that have a significant affect when a small number of elements are used. These 
factors Include impingement angle, the type of element, and the spray overlap 
characteristics.  Therefore, it is indicated on Figure No. 86 that the number 
of elements is the overriding influence upon fuel vaporization efficiency. The 
number of elements needed to satisfy the contractually imposed performance also 
is shown. 
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1.  Optimum Injector Performance 

Of all the Injectors tested, optimum performance was 
essentially achieved with the design and demonstration of Injector S/N 7. As 
can be seen on Figure No. 86, further Improvements In the fuel atomlzatlon 
efficiency can be achieved by Increasing the number elements beyond 344, but 
this will have a very small effect upon performance. Therefore, from a per- 
formance aspect, Injector S/N 7 can be considered as an optimum design. 
However, the current S/N 7 design can be Improved by design modifications to 
lower Injector pressure drop and Increase wall compatibility.  In addition, 
system performance could be Improved by a change In nozzle design. These con- 
siderations are dealt with Independently, as follows: 

(1) Pressure Drop 

The S/N 7 Injector pressure drop Exceeds the con- 
tractual requirements (75 psl APf and 65 psl AP0), which Is 50 psl.  Increasing 
the orifice size to satisfy pressure drop requirements while keeping 344 ele- 
ments could result In a performance loss.  Table XVI Indicates the Influence 
that the available design variables have upon performance. Although the 
momentum ratio and diameter ratio effects are in the proper direction, these 
effects relate to the non-critical propellent (oxidlzer). The long chamber 
tends to complete oxidlzer vaporization for all element constraints. There- 
fore, the fuel detrimental effects override the oxidlzer Influences. As a 
result, it is recommended that the number of elements be Increased to correct 
the high pressure drop (at the same orifice sizes) unless the performance loss 
associated with the use of larger orifices is tolerable. 

(2) Wall Compatibility 

The second area of Improvement for the S/N 7 injec- 
tor is the compatibility condition at the forward end of the chamber. 
Compatibility/performance analysis indicated that the chamber is attacked by 
the hot oxidizing atmosphere near the injector face in the resonator area. 
This condition prevails because the highly volatile oxidlzer vaporizes readily 
while the fuel requires finite chamber length. This characteristic results in 
a high vaporized mixture ratio at the forward end of the chamber. Correction 
or minimization of this oxidizer-rich condition to alter it to a stoichiometric 
or reducing atmosphere can be accomplished by two mechanisms; barrier control 
and fuel film cooling. Barrier control appears to be the most feasible method. 
With this technique, the mixture ratio distribution across the injector is 
deliberately distorted to render the outboard elements fuel-rich and to obtain 
a reducing atmosphere over the entire chamber wall length. The core then 
becomes oxidizer-rich. The end product is a mixture ratio distribution loss 
with compatible boundary conditions.  Based upon the result of S/N 6 testing, 
a 2 sec loss would be considered a maximum. 
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TABLE XVI 

EFFECT OF DESIGN VARIABLES FOR REDUCING PRESSURE DROP UPON PERFORMANCE 

] 

PARAMETER CURRENT SN 7 REVISED TO DESIGN AP 

PRESSURE DROP              OXID 
FUEL 

VELOCITY FT/SEC            OXID 
FUEL 

MOMENTUM RATIO             (0/F) 

DIAMETER IN.               OXID 
FUEL 

DIAMETER RATIO             (0/F) 

ÄV - (v0 - Vfcos G) 

66.0 
75.0 

76.5 
105.0 

1.41 

.0345 

.020 

1.77 

-11.5 

50.0 
50.0 

67.0 
86.0 

1.51 

.0379 

.0245 

1.55 

-.6 

ATOMIZATION 

DIAMETER EFFECT         OXID 
FUEL 

MOMENTUM RATIO         OXID 
FUEL 

OK 
OK 

OK 
OK 

IMPROVED 
REDUCED 

IMPROVED 
REDUCED 

MIXING 

ELEMENT MASS DISTRIBUTION 

AV EFFECT 

OK 

OK 

IMPROVED 

REDUCED 

VAPORIZATION              OXID 
FUEL 

OK 
OK 

OK 
REDUCED 

PERFORMANCE TEST VALUES SLIGHTLY REDUCED 
* 1.0 SHJOND 
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The second method considered for Improving compati- 
bility Is to Inject fuel film cooling.    A mixture ratio distribution loss 
results because of the lower performance of the monopropellant fuel together 
with the lower kinetic performance of the oxldlzer-rlch core.    Performance 
losses of 3 sec are expected for the predicted required coolant flow of 6%. 

(3)    Nozzle Redesign 

The hlperklnetlc nozzle design was generated based 
upon existing kinetic rate constants and energy release efficiencies.(33/ 
Therefore, making this nozzle optimum should be based upon the kinetic and 
energy release data for Injector S/N 7.    Designing this nozzle for maximum 
performance could provide a IX Increase In delivered performance. 

(33)    Pieper, J. L.  and Anderson, G.  E.. LF2/N2H4 Blend Optimum Nozzle Design 
Study, Aerojet-General Report TCER-9642:0079, 5 October 1967. 
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C.  COMPATIBILITY 

Compatibility between the Injector and chamber Is a function of the 
gas dynamic, thermal, and chemical environment at the chamber wall. This 
environment Is established by the nature of the propellents and the specific 
design characteristics of the Injector. Summarizing the compatibility character- 
istics of the Injector patterns tested Indicates that Injector S/N 7 developed 
erosive characteristics at the chamber top, S/N 2, Mod 3 Injector streaked 
axlally along the chamber as well as eroding the top end of the chamber and 
S/N 6 Injector showed no compatibility problems. For a thorough understanding 
of these test results, a complete analysis was conducted to establish a basis, 
from which the data could be Interpreted. Following are brief descriptions 
of the models used for this analysis along with Interpretations of test results 
for S/N 2, Mod 3, S/N 6, and S/N 7 Injectors. The four other tested Injectors 
(S/N T2, S/N 2, S/N 2, Mod 1, and S/N 2, Mod 2) are not discussed because these 
injectors demonstrated unstable or low performance characteristics and as a 
result, did not satisfy the program objectives. 

1.  Description of Compatibility Analytical Models 

Two analytical techniques were used In evaluating the injector- 
chamber characteristics of S/N 2, Mod 3, S/N 6, and S/N 7 Injectors with the 
graphite phenolic and fibrous graphite chambers. These models were designated 
as the gas dynamic model and the spray fan characterization model. 

a.  Gas Dynamic Model 

The analytical gas dynamic model Is based upon the stream 
tube theory. Each Injector element is assigned a stream tube area proportioned 
to its energy release potential. The stream tubes, which are initially posi- 
tioned over the elements, are relaxed to minimum stream tube Interference 
locations. The stream tube interference or overlap generates a pressure potential 
for mass movement. This movement or "crosswind" is represented graphically by 
a vector joining the initial and relaxed locations. 

For this study, the energy release potential of each 
element was characterized as a separate stream tube. The area of each stream 
tube Is determined by multiplying the element to total flow rate ratio, the 
element tempurature to lowest element temperature, times the Injector face area. 
After each element was assigned a portion of the chamber flow area, based upon 
the portion of the total energy release of the element, the graphical gas 
dynamic potential was established. The gas dynamic movement next was attained 
by relaxing the stream tubes from their initial position to a position of mini- 
mum overlap. A vector connecting the centers of the initial and final position 
of each stream tube Indicated the relative velocity of the stream tube. By 
considering the size of the stream tube and length of the velocity vector, the 
relative momentum of the stream tube was defined. 
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b.  Spray Fan Characterization Model 

This model was used to  examine the resultant spray fan 
produced from Impinging liquid Jets. To accomplish this analysis, the mass 
flow was first determined for each element as a function of element hydraulic 
resistance. Next, the spray fan area of each element was assigned a value 
based upon the percentage of the total mass flow of each element times the 
total flow area. The characteristic spray shape was determined by the element 
configuration as Illustrated on Figure No. 87(A). The mixture ratio within the 
spray was denoted by dividing the spray area Into oxidizer-rich and fuel-rich 
zones using the method described on Figure No. 87(B). There Is a delay time 
before the propellents vaporize and combust; therefore, the droplets from one 
spray pattern have time to Intermix with droplets from adjacent patterns. This 
characteristic Is shown on Figure No. 87(C). The percentage of the fuel-rich 
zones that are overlapped by oxldlzer-rlch zones was designated as the 
percentage of spray overlap. 

2.  Analysis of Test Results 

The compatibility analysis of each Injector tested consisted 
of two parts. First, a pre-test analysis was made defining the compatibility 
characterization of each pattern. This was followed by a complete evaluation 
of all visual Information from the respective test firings. Each of these 
studies Is delineated by Injector, as follows. 

a.  Injector S/N 2, Mod 3 

Gas dynamic analysis was made at two axial locations to 
account for the long and short Impinging elements of the Injector pattern. 
The first plane passed through the Impingement point of the short Impinging 
triplets and the second plane passed through the Impingement point of the long 
Impinging elements. At each axial position, the energy release calculations 
were based upon all the elements that actually contributed to the total energy 
release. After relaxing the stream tubes, the vectors, which represent the 
gas flow from Initial to final position, were located on the pattern. Figure 
No. 88 (quadrants A and B) Illustrates the total gas movement across the two 
planes. In Figure No. 88(B), the arrow head Indicates the relaxation position 
of the first plane which also Is the Initial position of the second plane. To 
aid In the Interpretation of the gas movement, three regions were selected to 
show hot gas flow paths that Initiate In the pattern Interior and extend to 
the chamber wall (see Figure No. 88(A)). The velocities are the highest 
(longest vectors) in these flow paths; therefore, the gas impact at the wall 
locations is the most severe. Creation of new stream tubes at the second 
plane (see Figure No. 88(B)) did not change the over-all gas dynamics across 
the injector other than providing a more uniform gas flow at the chamber wall. 

The spray fan characterization was performed at the short 
impinging Jet axial station. This position was selected upon the basis that 
the initial wall chemical environment primarily depended upon these elements. 
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A.     CHARACTERISTIC SPRAY SHAPES 

DOUBLET: 

TRIPLET: 

PENTAD: 

OXIDIZER 
ORIFICE 

FUEL ORIFICE 

BOUNDARY 
OF SPRAY 

B.     RELATIVE MIXTURE RATIO DISTRIBUTION 

(E.G.) TRIPLET DIVIDED INTO FUEL AND OXIDIZER RICH 
AREAS BASED ON MIXTURE RATIO-- 

i.e.   A 
FUEL 

FUEL RICH AREA 

(WEIGHT FLOW FUEL) 
(TOTAL WT. FLOW) 'ELEMENT 

OXIDIZER 
RICH AREA 

C.     SPRAY OVERLAP REPRESENTATION 

n UNMIXED 
OXIDIZER 
SPRAY 

i UNMIXED 
FUEL SPRAY 

FUEL-OXIDIZER I 
SPRAY OVERLAP 

Figure 87. Spray Fan Characterization 

Page 176 

UNCLASSIFIED 

P 
D 
D 
D 
. 

D 
: 

D 
:: 

■ 

: 

: 

.: 

D 
D 
D 
D 

\ 



— 

ö UNCLASSIFIED 

: 

;: 

D 
D 
:: 

i 

GAS DYNAWIC 
CHARACTERIZATION 

COMPATIBILITY   CHARACTERIZATION.   INJECTOR SN 002.  MOD 3 

GEGEND: 

STREAM TUBE POSITIONS 
(AT PLANE Uh LONG 
IMPINGING ELEMENTS 

SPRAY FAN 
CHARACTERIZATION 
(AT PLANE OF SHORT 
IMPINGING ELEMENTS) 

INITIAL   STREAM 
TUBE POSITIONS . 
(AT INJECTOR FACE) 

Figure 88.    Compatibility Characterization,  Injector S/N 2, Mod 3 
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Figure No.  88(C)  Illustrates the composite Injector spray fan characterization. 
The hot gas flow paths from the gas dynamic analysis were overlayed to illustrate 
the type of chemical environment which will be driven to the chamber wall.    From 
this figure, it  is indicated that the main source of gas is from the oxidizer- 
rich lobes of the triplet spray fans on the oxldizer orifice of the long 
impingement elements.    Wall locations where oxidizer will be present because 
of gas dynamics are denoted by the letter "0" on Figure No. 88(A and C).    As 
can be seen, these oxidizer sources come from the outermost elements.    The fans 
have oxidizer-rich zones which are not mixed with fuel from any adjacent element 
and are free to be forced to the chamber wall. 

Test firing results were analyzed through examination of 
the heat mark patterns on the injector face and erosion on the chamber walls. 
Comparing the actual results with the compatibility predictions indicated that 
the expected compatibility environments at the injector face and at the chamber 
wall were qualitatively realized. 

Figure No.  40 showed the injector face after 100 sec of 
test firing.    The discoloration marks on the injector face were  the result of 
the variation in local surface temperature and chemical composition at each 
location as well as the gas dynamic crosswinds which reflect the pressure _. 
variations across  the face.    Referring to Figure No.  80(A and C)   for the 
relative velocities and chemical composition of the winds, it can be observed * 
that most of the hot gas flow paths are clearly defined on the injector face. 
The darkest colors on the injector are the coolest in temperature.    These dark 
areas are a result of low mixture ratio gas'ses recirculating in the vicinity. J 
The decomposition of the fuel in these regions deposits a dark salt on the 
injector face. ' ^ 

I 
In contrast,   the lighter discolorations usually result 

from higher temperature gases and chemical reaction of the fluorine with the M 
nickel injector.    The resulting salt Is a light greenish color.     For this 
injector the higher mixture ratio gases are of a lower temperature than adiabatic 
flow temperature.    This condition results due to the partial vaporization of 
the fuel near the face giving an even higher mixture ratio and subsequent lower 
combustion temperature.     Therefore,   the whitish areas indicate more of an 
oxidization condition than high temperature. 

These high mixture ratio gases, do however,  generate the 
gas dynamic wind movement.    This condition results since the fluorine is nearly 
all vaporized while the fuel is not.    Since the product of temperature 
(enthalpy) and vaporized flow describes the stream tube potential,  then for 
the same temperature the high mixture ratio zones generate larger forces than 
the low mixture ratio zones.    Therefore,  the winds are from the low to high 
mixture ratio zones. 

Page 178 

UNCLASSIFIED 

D 
D 

Q 

0 



r 

o 
Q 

;; 

.: 

: 

: 

:; 

: 

: 

i 

CONFIDENTIAL 

i 

The chamber wall, which is shown on Figure No.   89, was 
made from graphite-phenolic material.    Oxldizer-rich gases flowing to the wall 
reacted exothermally with the resin.    The chamber shown on Figure No.   91 was 
subjected to a total test duration of 150 sec.     Those areas on the figure which 
appear to be light in color are plateau-like regions,  the surface of which 
was not eroded.    The darker areas surrounding the plateaus have eroded to a 
depth of 0.18-in. to 0.25-in.    These eroded areas were the result of the 
oxidizer-rich gases impinging upon the chamber wall.    The almost-virgin plateaus 
are areas In which fuel-rich gases impinged upon the wall.    In most instances, 
the fuel-rich zones were In line with the peripheral fuel film coolant doublet. 
The oxidizer was carried to the wall by the radial outflow of gas from the 
central portion of the injector. 

Figures No.  90 through No.  92 illustrate the regression 
rate of this pattern in a graphite phenolic chamber with an AGCarb throat 
subjected to 600 sec of accumulated test firing.    The discrete circumferential 
erosion resulted from an oxidizer-rich environment emanating from the injector 
winds. 

Over-all chamber wall compatibility could be improved 
with this pattern by reducing the oxidizer-rich flow paths.    This is accom- 
plished primarily by changing the long impinging triplets to short impinging 
triplets.    The effect  is twofold.    First,  the increased gas production near 
the  face  in previous void areas would reduce the amount of gas flow from the 
center of the injector pattern to the wall.    Also, this concentration of gas 
close to the chamber wall would reduce the length of the vectors, which would 
lessen the gas impact velocity.     Secondly,  the secondary mixing between elements 
would be improved because of the inter-element spray fan overlap.    This implies 
a shifting away from fuel-rich and oxidizer-rich zones to a system which would 
operate closer to the designated mixture ratio.     This reduction in oxidizer- 
rich zones would lessen the amount of oxidizer available to react with the 
resin bonding material. 

b.       Injector S/N 6 

S/N 6 was a new injector.     Its pattern was based upon that 
of the S/N 2, Mod 3 injector, differing as follows: 

- film coolant orifices were located around the 
injector periphery 

- the long impinging triplets were located toward 
the center of the pattern 

- the outermost pentads were changed to triplets 

Gas movement in the S/N 6 injector is graphically illustrated on Figure No.  93. 
However,   these vectors were shorter and more uniform than those of S/N 2, Mod 3. 
This is evidenced by a comparison between Figures No.  88 and No.   93  (Quadrant A). 
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Figure 89. Graphite Phenolic Chamber after 50 sec of Testing 
with Injector S/N 2, Mod 3 (u) 
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I 
Figure 91.    End View of Graphite Phenolic Chamber Section Tested 

with Injector S/N 2, Mod  3  (u) 
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Figure 92.    Axial Section of Graphite Phenolic Chamber Tested 
with Injector S/N 2, Mod 3 (u) 
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COMPATIS'-i'TY   CHARACTERIZATION,    INJECTOR    SN 006 

I 

SPRAY FAN 
CHARACTERIZATION 

LEGEND: SECONDARY 

INITIAL  STREAM 
TUBE POSITIONS 

STREAM TUBE POSITIONS 
RELAXATION) 

GAS  DYNAMIC 
CHARACTERIZATION 

RELAXED 
LOCATION i 

■ INITIAL LOCATION 

Figure 93.    Compatibility Characterization, Injector S/N 6 
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The over-all  chemical environment at the chamber wall 
was Improved from that of the S/N 2, Mod 3 Injector pattern.    This resulted 
primarily from an Increased spray fan overlap that occurred by changing the 
long Impinging triplets to short Impinging triplets.     The Increased spray fan 
overlap can be observed In Figure No.  93  (Quadrant B)   as evidenced by the 
Increased cross-hatched area.    However,  the spray overlap condition Indicates 
that an oxldlzer-rlch zone exists about the outer boundary of the peripheral 
elements.     The Introduction of film cooling bars this oxldlzer environment 
from reaching the wall by causing a reaction of the coolant with the oxldlzer 
atmosphere as It moves toward the wall. 

A 5 sec test  firing In an uncooled steel chamber was 
accomplished to obtain performance and thermal data.     The following test In 
ablative thrust chamber S/N 003 was  terminated at 38 sec because of a blow- 
back Into the altitude test cell.     Post-test Inspection showed the chamber 
liner was buckled at the throat.    Examination of the surfaces of the liner In 
the chamber area and at the throat  showed that  there was little or no surface 
removal.    There were no Indications of streaking.    The Injector face follow- 
ing the 5 sec test is shown on Figure No.  94.    The predicted flow of gas was 
from the oxldlzer-rlch zones  In the lobes of the spray fans closest to the 
chamber wall  (see Figure No.   93).    The source and movement are confirmed by 
Figure No.   94, which shows the termination of the oxldlzer fans at the film 
coolant Injection points. 

c.       Injector S/N 7 

This  Injector was designed for highest performance with 
good compatibility within the constraint of using the same manifold design as 
utilized for the prior injectors.     Figure No.  95 Illustrates the Injector 
pattern and spray fan characterization for this Injector.    Several basic 
changes from the previous patterns were incorporated into the design.    First, 
the number of elements were  Increased from 68 to 344 so that there would be 
Increased vaporization of the propellents.    From a performance viewpoint,  this 
effectively increased the chemical  reaction rate ensuring higher performance. 
The compatibility was enhanced because of less unreacted oxldlzer.    Secondly, 
114 elements were placed near the chamber wall enabling a humped mass distri- 
bution close to the wall.     This means that the combusting gases had a very 
short path to the wall so that this injector is excellent as regards gas 
dynamics.     Also,  the lower mass distribution in the pattern interior implies 
a pressure gradient from chamber wall to injector center, which again reduces 
the  flow to the chamber wall.    Lastly, within the manifold design constraints, 
all the elements were spray  fan orientated for maximum overlap of oxldlzer and 
fuel between adjacent elements.    The chemical compatibility was predicted to 
be very good, as noted on Figure No.  95.    The locations denoted by "0" indicate 
areas where oxldlzer might be carried to the chamber wall from inboard elements 
Streaks were predicted between the  triplet elements at the wall which had the 
spray fans  inclined to the wall.    These erosion locations are marked as "A". 
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Figure 94.    Injector  S/N 6, Post-Test View 
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COMPATIBILITY   CHARACTERIZATION.     INJECTOR SN 007 

A   I A 

INITIAL STREAM 

TUBE POSITIONS 

A... HIGH   IMPACT REGIONS 
Q.      LOW   IMPACT REGIONS 

Figure 95.    Compatibility Characterization, Injector S/N 7 
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Optimum compatibility characteristics were demonstrated In 
the convergent nozzle and the throat region of the thrust chamber used with 
Injector S/N 7.    Making the cylindrical section near the injector face at  the 
acoustic resonator location optimum requires modifications to the injector. 

i: 

i! 

D 

In all but one  test of uncooled and ablative chambers, 
an acoustic resonator was used to ensure stability.    The eroded areas that 
were observed after testing were all adjacent to the Injector over the entire 
diameter of the acoustic resonator.    The ablative portion of the chamber down- 
stream of the resonator and the Adcarb-lOl throat section was  in excellent 
condition showing very minor erosion. 

Post-test  evaluation of the unit indicated  that the y-j 
injector produced a very uniform mixture ratio distribution in the outer 
triplet ring near the chamber wall and in the interior portion of the pattern. 
This can be seen by comparing Figure No.  95, the spray fan characterization, 
with the photograph of the fired injector. Figure No.  96.     It should be noted 
that the areas which had a high degree of spray fan overlap produced an even 
discoloration on the injector face.    The uneven mixture ratio in the non-spray 
fan overlapped areas produced the characteristic whitish and darkish streaks 
indicating oxldizer-rich and fuel-rich zones, with their respective winds. .: 

Vaporization analysis of the fuel and oxidizer propel- 
lents for the injector/chamber system indicated that the region near the 
injector face was oxldizer-rich because of the more rapid vaporization of  the 
fluorine.    This means that the stream tube mixture ratio profile was oxldizer- 
rich near the injector and then proceeded toward stoichlometric as the gases 
moved axially down the chamber.    This difference in vaporization rates was 
considered to be a cause of the erosion of the resonator.     Inspection of the 
erosion characteristic on the steel resonator  (see Figure No.  54)   indicated 
a heavier erosion condition on the first row than on subsequent rows which 
also could have been the result of oxidizer reaction with the steel. 

3.      Optimum Compacibillty 

0 
: 

D 

The erosion of the orifices of the resonator appeared to have 
been caused by a combination of chemical and thermal effects.    The chemical 
effect is the result of the oxldizer-rich condition while the  thermal effect 
is indicated by discoloration of the steel chamber as well as by the response 
of the thermal sensors.    Additionally,   there could have been a gas dynamic 
effect caused by an increased reaction with chamber length as propellent 
vaporization approached completion.    This could have resulted in higher dynamic 
pressures away from the injector face. 

The thermal effect is not considered significant because the 
resonator wall material already has demonstrated its ability to sustain the 
thermal environment at the throat.    The gas dynamic effect which might have 
resulted from the higher downstream dynamic pressure can be offset by design- 
ing the resonator in a one orifice row per cavity configuration.    The oxldizer- 
rich condition requires correction. 
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Figure 96.    Injector S/N 7 after  5 sec of Testing 
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Two remedies appear to be feasible. One method utilizes fuel 
film coolant about the chamber periphery with Injection located at the highest 
oxldlzer gar. dynamic environments, noted as "0" on Figure No. 95. Film coolant 
flow rate would be established at a level to provide a stolchlometrlc or 
reducing atmosphere for the Initial section of the chamber. This method has 
the disadvantage of fuel film cooling performance degradations and offers the 
potential problem of excess fuel In the resonator cavities. 

A preferred approach Is to change the mixture ratio of the 
boundary triplets, thereby effecting a reducing atmosphere. This change would 
shift the core toward becoming more oxldlzer-rlch and would produce only a 
small performrmce degradation.     , 

D.   THERMAL ANALYSIS 

The thermal Instrumentation proved to be adequate for providing 
the thermodynamlc test data required from the testing. The Injector face 
temperature measurements. In particular, represented a significant contribu- 
tion to the understanding of injector heat transfer. 

■ 

1.  Uncooled Steel Chambers 

The uncooled steel chamber temperature response data were use- 
ful primarily for determining convective boundary conditions along the chamber 
wall. These conditions varied most significantly with the mixture ratio 
distribution and combustion efficiency as well as with the injector pattern. 
Except for injector S/N 2, Mod 3, all of the injectors were fired with uncooled 
steel chambers which permits ready assessment of the injector effects upon 
chamber heat transfer. 

The following gas-side conditions were calculated as being 
at or immediately upstream from the throat (based upon the results from Tests 
No. -009, -013, -023, and -030 which were each in excess of 3 sec duration): 

Injector S/N-Mod No, 

2-1 and 2-2 2-3 6 7 

h (Btu/in.2 sec 0F) 0.0006 0.00057 0.0006 0.0007 

Xr CF) 6200 6200 6200 6500 
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The instrumentation consisted of 29 thermocouples placed at 
eight axial positions.    All were on the gas-side surface and from two to five 
thermocouples were located at each axial station.    This instrumentation is 
shown on Figure No.   97 while typical chamber wall responses  (recorded in 
Test 1083-D01-0M-023 with the injector S/N 6)  at various axial locations are 
illustrated on Figure No.  98.    These data clearly show the film cooling  (9% 
fuel) effect at the upstream end of the chamber. 

:: 

i 
3 



UNCLASSIFIED 

Row Angular 1 Ther. 
No. Location Din. Symbol 

180-Deg. 2.50 TC1-B 
1 240-Deg. 2.50 -C 

290-Oeg. 2.50 -D 
330-DeK. 2.50 -£ 
120-Deg. 4.75 TC2-A 

2 180-Deg. 4.75 -B 
240-Deg. 4.75 -C 
290-Deg. 4.75 -D 
MO-D... 4-7? -E 
128-Beg. ö!öö TC5-r 
180-Deg. 8.00 -B 

3 240-Deg. 8.00 -c 
290-Deg. 8.00 -D 
330-Def. 8.00 -£ 
180-Deg. 11.10 TC4-B 

4 240-Deg. 11.10 -C 
11-1« -E 

S 180-Deg. 14.10 TC5-B 
330-Deg. 14.10 -E 

6 180-Deg. 15.60 TC6-B 
240-Deg. 15.60 -C 
120-Deg. 16.60 TC7-A 
180-Deg. 16.60 -B 

7 240-Deg. 16.60 -C 
290-Deg. 16.60 -0 
330-DeT. 16.60 -E 
120-Deg. 17.77 TCF-A 

8 240-Deg. 17.77 -C 
330-DeK. 17.77 -E 

Figure 97. Location of Uncooled Steel Chamber Instrumentation 
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Figure 98. Typical Uncooled Steel Chamber Wall Responses with 
Injector S/N 6 
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The Injector S/N 2, Mod 3 data are calculated theoretically, 
using the simplified Bartz formulation for h» and characteristic exhaust 
velocity performance for Tr. The other values were derived by matching the 
measured response to that predicted theoretically by a computer program for 
different assumed film coefficients and recovery temperatures based upon 
characteristic exhaust velocity efficiency. This method was not very accurate 
because the parameters were considered to be constant while in actuality they 
are not. Therefore, a relatively long firing period (3 + sec) was needed for 
the analytical studies to eliminate the effects of the initial variations. 
Consequently, a number of the uncooled steel chamber tests yielded little 
useful information for determining the gas-side boundary conditions. The 
data given represent the most severe gas-side convective conditions observed 
during the transients. 

Without film cooling, the temperature response in the forward 
chamber section was much higher than that shown on Figure No. 98. The inferred 
boundary conditions agreed well with theoretical values based upon the simpllflec 
Bartz approach for the film coefficient and characteristic exhaust velocity 
efficiency for the recovery temperature. Typical values were 5.3 x 10~4 Btu/ 
in.^ 0F for the film coefficient and 6200oF for the recovery temperature. 

2. Cooled Chambers 

Thermal inatrumentation of the water-cooled chambers consisted 
of immersion thermocouples in the inlets and outlets of the chamber and nozzle 
sections. Both the graphite-lined and the ablative-lined thrust chambers had 
long transient responses; therefore, the limited resulting data was useful only 
for determining the transient over-all heat load. A valid direct comparison 
between the water-cooled chambers and the ablative chambers was not possible 
because of the effect of the water cooling; therefore, no analysis of the data 
was performed. 

3. Ablative Chambers 

a.  Chamber S/N 002 

Ten test firings were made with the ablative chambers. 
Three of the tests were made with a chamber which contained an acoustic liner 
or resonator, to provide coustic damping. Thermal instrumentation was pro- 
vided at various axial and circumferential locations in the chamber wall, as 
shown on Figure No. 99. x'he first four test firings (Tests No. -001 through 
-004) were conducted with chamber S/N 002 and were analyzed to verify the 
analytical thermal model, calculated boundary conditions, and material 
properties. 

In the analytical model, transient temperature profiles 
in a multiablative wall were calculated using four assumptions: 
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(1) One-dimensional radial heat conduction. 

(2) Charring of ablative materials using a char front 
model with a fixed charring temperature and heat of char. 

(3) No dimensional ablation. 

(4) No transpiration cooling effects caused by pyrolysis 
nor chemical reactions within the material or at the surface. 

The gas-side convectlve heat transfer coefficient was 
based upon the simplified Bartz formulation and the recovery temperature on 
characteristic exhaust velocity efficiency. Gas-aide radiation to the injector 
and out the exit was included along with backside radiation.  The convectlve 
cooling Introduced by the post-fire gaseous nitrogen purge also was considered. 

Figure No. 100 shows both the analytical and the measured 
response for the four tests. In general, there was acceptable agreement between 
the predicted and actual results although the coast temperatures were less than 
predicted. This was probably the result of omitting the outgassing effects in 
the thermal model. Also, in the fourth firing, the measured temperature at 
the graphite phenolic/silica phenolic interface was higher than predicted. This 
was possibly the result of failing to account for dimensional ablation. 

The final two tests with chamber S/N 002 were not analyzed 
using the thermal model. One test (No. -005) was of insufficient duration, 
while the other (No. -006) provided Inadequate temperature response data because 
of a recorder malfunction. 

b. Chamber S/N 001 

Ablative chamber S/N 001 was the same as chamber S/N 002 
except for having three resonator cavities located at the upstream end of the 
chamber (see Figure No. 27).  Instrumentation was limited to those thermocouples 
available prior to installation of the acoustic resonator; none were located 
close to the resonator.  Since durability evaluation of the acoustic resonator 
assembly was the prime test objective, the limited temperafure response data 
obtained was not analyzed. 

c. Chamber S/N 003 

Chamber S/N 003 differed structurally from the other 
two chambers (see Figure No. 26). This chamber consisted of an AGCarb-101 
liner extending the full length of the chamber, backed by carbon phenolic which 
in turn, was backed by a silica phenolic contained in a stainless steel shell. 
Interface temperatures were measured at several axial and circumferential loca- 
tions in this chamber, which was fired only once (Test No. 007). The test was 
of insufficient duration and was not analyzed. 
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A.  Injectors 

The thermal instrumentation for the injector was designed to 
obtain data concerning two potential problem areas. The first was that gas-side 
heat loads during firing could exceed coolant capabilit- ^s. The second was 
that the post-fire heat loads could raise the injector temperature to a point 
where restart became impossible because the fuel would most likely detonate. 
It was found that the latter concern seemed to be well-founded. 

Injector instrumentation included thermocouples located on 
the gas-side of the injector face and on the outside of the backplate. The 
face Instrumentation provided information regarding the unknowns pertaining to 
convective heating on the injector face. Figure No. 101 shows the typical 
placement of the thermocouples. 

Figure No. 102 snows the temperature responses observed at 
three various points on the face of injector S/N 2, Mod 3 during a firing in a 
chamber with an ablative liner and water-cooled throat. Two of the three 
thermocouples reached a steady-state temperature of approximately 900SF while 
the remaining one attained approximately 700oF. The difference may be due to 
local effects caused by orifice pattern variations because the two high temper- 
ature locations had similar patterns while the low temperature location had a 
different pattern. The measured temperature levels also varied somewhat with 
chamber type; it was lower with the cooled chambers and higher with the uncooled 
ablative chambers (reflecting radiant heating of the face from the chamber 
walls). 

The face temperature data permit the following conclusions, 
which can be applied as basic guidelines for the thermal design of an injector: 

a. The convective film coefficient on the injector face, 
which was the greatest uncertainty in Injector thermal design, was approxi- 
mately 0.A times that based upon the simplified Bartz correlation for the 
adjacent channel wall. 

b. Where appllcole, a one-dimensional analysis between the 
gas-side and the coolant flow passages yielded reasonable results. In this 
case the linear length was taken to be the distance between the fuel channel 
and the midpoint on the surface between channels. 

c. Transient response times based on the one-dimensional 
approximation corresponded well with the measured response. Response times 
were fairly long; typically 5 or 6 sec. 

The injector thermal design was based upo'; two-dimensional 
conduction studies to determine optimum channel spacing (described in Section 
IV,A,3). These studies were hindered by the uncertain gas-side boundary 
condition; however, a factor of 0.8 was considered conservative for the design 
work and subsequently demonstrated to be so. 
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Figure 101. Injector Instrumentation 
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5.  Simulant Thermal Accumulator 

E.  STRUCTURAL ANALYSIS 
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Injector backplate instrumentation was useful for determining 
the convectlve cooling capability of the oxidlzer during firing. That cooling 
capability influenced the face plate temperature and also provided a means of 
cooling the backplate and thermal accumulator (if utilized) for postfire heat 
sink purposes. The accumulator was a rechargeable heat sink designed to main- 
tain postfire injector temperatures at levels low enough to permit restart 
without danger of fuel detonation. Figure No. 102 shows a comparison between 
the measured backplate cooldown during firing (at a point near the mid-radius 
of the plate where radial conduction effects were negligible) and the calculated 
response. These measured responses were from Tests No. -003 and -004 while the 
calculated response was based upon a one-dimensional treatment using a film 
coefficient of 0.0015 Btu/ln.^ sec 0F, which had been inferred from these as 
well as other test data. Calculated responses for values of half and twice of 
the indicated value also are shown. There is some variation in temperature 
response across the backplate caused by radial conduction effects. The mid- 
radius region was relatively free of these influences while the region between 
the posts connecting the front and back faces had a somewhat slower response. 
The region over the posts had an even slower response. The outer periphery, 
near the fuel manifold, remained at the fuel temperature throughout the firing. 

" 

A simulant thermal accumulator, filled with 50 Pb/50 Sn solder 
instead of lithium, was tested in Test No. 007 for the purpose of confirming 
the oxidlzer cooling capability with an actual accumulator located atop the 
injector. Solder has a thermal dlffusivlty that Is approximately 25% different 
from that of lithium; therefore, it was considered to be an acceptable and 
economical substitute. Thermocouples were located near the solder-nickel back- 
plate interface, at the mid-depth of the solder, and on the outer surface of 
the accumulator. The test duration (38.6 sec) was too short to allow much 
cooling of the solder, but the measured responses corresponded roughly to what 
would have been predicted for a lithium accumulator of proportional thickness. 
Such predictions and the measured responses are shown on Figure No. 103. The 
average lithium temperature was expected to drop from 70*F initially to -1250F 
after 100 sec; the wetted backplate surface correspondingly was to drop to 
-265"F. These values were considered to be sufficiently low starting points 
for absorbing post-fire heat loads. 

Ablative chambers S/N 1 and S/N 2 performed satisfactory structurally 
except for the AGCarb-101 throat insert. Visual inspection of the inserts 
indicated that a longitudinal crack developed in the thicker portion of the 
Insert. This crack appeared to be a result of high compressive hoop stress in 
the inner surface and progressed on a shear plane through the thickness. Upon 
the basis of the test results, the failures appeared to be marginal situations 
in that the inserts were operating at threshold stress levels. Little experi- 
mental data were available regarding the use of AGCarb-101 in this type of 
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application;  therefore, an analysis of the chamber was Initiated to relate 
relative stress levels In the AGCarb-101 at various locations throughout the 
chambers.    This analysis provided results which could be utilized for an 
Improved chamber design as well as for other applications.    Where possible, 
teet temperature data was utilized.    Ablative chamber S/N 3, with the full- 
length AGCarb-101 liner,  failed during the first firing, which was terminated 
at 38.6 sec. 

1.      Method of Analysis 

The analysis was conducted using the finite element method 
(Finite Element Program E11405) and took the bi-directional material properties 
of the AGCarb-101 into account.    Previous analyses of these designs were not 
able to accommodate these bi-directional properties as the finite element 
method was not available. 

a. Finite Element Program E11401 

This finite element method is applied to the determina- 
tion of displacements and stresses within plane or axisymmetric solids with 
linear or nonlinear material properties.    The continuous body is replaced by 
a system of elements with triangular or quadrilateral cross-section.    The 
elements are of arbitrary shapes and material properties; therefore, the pro- 
cedure could be applied to structures comprised of many different materials of 
practically any symmetrical geometry. 

In the finite element approximation of solids, the 
continuous structure is replaced by a system of elements which are Interconnected 
at Joints or nodal points.    Equilibrium equations,  in terms of unknown nodal 
point displacements, are developed at each nodal point.    A solution of this set 
of equations constitutes a solution to the system. 

The advantages of the finite element method, as compared 
to other numerical approaches, are numerous. The method is completely general 
with respect to geometry and material properties. Complex bodies comprised of 
many different materials are easily represented. 

b. Finite Element Program E11405 

The Finite Element Program E11405 is a modification of 
the E114Ü1 program.    The most significant of these modifications are: 

(1) All plasticity calculations are eliminated. 

(2) General cylindrical anisotropy has been included. 
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2.      Analysis Results 

a. Ablative Chamber S/N 001 

Figure No. 104 shows the various materials and the 
temperatures utilized In the analysis. The chamber pressure was 100 psla. 
Figure No. 105 shows the distribution of hoop and axial compression stress on 
the gas-side surface along the AGCarb-101 throat Insert. The hoop compresslve 
stress Is maximum (18,900 psl comp) just aft of the leading edge. In compari- 
son, the maximum stress generated In the AGCarb-101 acoustical damper that did 
not fall was 16,700 psl compression. The results show that the stresses In 
the AGCarb-101 are a function of thickness as well as the stiffness of the 
back-up material. This Is principally the result of the AGCarb-101 having a 
significantly higher expansion coefficient across the piles than along the 
piles. 

Based upon the results of both the analysis and test 
firings, It Is recommended that the AGCarb-101 compresslve stress levels be 
maintained at or below 14,000 psl when the Table XVII material properties are 
utilized. This Is lower than that experienced with the acoustical damper; 
however, the acoustical damper experienced considerable erosion which would 
decrease the stress level. If the stress Is to be maintained below 14,000 
compression In this chamber design, It would require that the thickness of the 
AGCarb-101 and the stiffness of the back-up material be adjusted. This could 
be readily accomplished within other design constraints (I.e., erosion and 
backside temperature). 

b. Ablative Chamber S/N 002 

No post-test analysis was conducted for S/N 002 because 
the Insert geometry was Identical with S/N 001 and the temperature In the throat 
region was comparable.  The differences In test time before failure Indicated 
that the resultant stress levels were marginal, dependent upon temperature 
difference and material property variation. The S/N 001 recommendations also 
apply to S/N 002. 

c. Ablative Chamber S/N 003 

A finite element analysis was not conducted for this 
chamber because of the similarity between the AGCarb-101 In the throat region 
with the throat region of S/N 001. However, stresses would be approximately 
14,000 psl compression and would not peak at higher values like that of S/N 001 
because of the absence of the thicker section.  Failure analysis of S/N 003 was 
conducted and the conclusions are valid when considering the results of the 
finite element analysis of S/N 001. The differences In stresses principally 
are a result of the Inability to previously accommodate for bi-directional 
material properties. This analysis Indicated the following: 
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Figure 104.    Materials and Temperatures, Ablative Chamber S/N 001 
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Figure 105.    AGCarb-101 Throst Insert, Gas-Side Surface Stresses 
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TABLE XVII 

1 AGCarb-101 MATERIAL PROPERTIES 

Parallel to Piles 1 
Temperature 

0F Modulus, lb/in.2 

1.7 x 106 

Coefficient of 
Thermal Expansion 

in./in.-'F B 
fl 

70 9 x 10"7 

1000 1.7 x 106 9 x 10"7 

3000 1.8 x 106 1.9 x 10"6 D 
4500 1.85 x 106 2.8 x 10"6 

6000 1.9 x 106 3.5 x 10"6 . 

Across Piles 

Temperature 
0F Modulus. lb/In.2 

1.0 x 106 

Coefficient of 
Thermal Expansion 

in./in.-0F 

70 2.8 x 10"6 

1000 3.0 x 106 3.6 x 10"6 

3000 1.4 x 106 4.6 x 10"6 

4500 0.7 x 106 4.6 x 10"6 

6000 0.3 x 106 4.6 x 10"6 
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(1) Failure was Induced by hoop or circumferential 
compresslve loads generated In the AGCarb-101 liner by restraining the liner 
against radial thermal growth. 

(2) The hoop compresslve stresses were calculated to be 
5250 psl; however, as a result of the S/N 001 failure analysis, the stress 
level would most likely approach 14,000 psl compression.  Based upon the results 
of the S/N 001 study, this stress level would be satisfactory. The liner failed 
as a result of the fold Introduced In the manufacturing process. This fold 
provided a complete Interlaminar shear plane through the thickness which was 
incapable of supporting the hoop compression. 

(3) The axial movement of the ablative back-up (FM 5072 
and FM 5067) was caused by the very hot (3000SF average) AGCarb-101 liner 
expanding longitudinally against the injector flange and forcing the ablative 
aft against the retaining ring. The axial load capacity of the retaining ring, 
bolts, and aft flange was less than the axial capacity of the AGCarb-101 liner 
(36,150 lb versus 114,400 lb). Therefore, the retaining ring offered very little 
resistance to the axial movement of the ablatives. The calculated axial move- 
ment of the ablative matched the 0.045-ln. gap measured on the part after test. 
It was assumed that the steel shell had expanded away from the ablatives; there- 
fore, it offered no radial restraint and only such axial restraint as that 
generated by the retaining ring. 

(4) The axial movements of the ablatives and the axial 
load generated in the AGCarb-101 did not contribute "■j  the actual failure of 
the liner. It was shown that considering friction, the shear capacity of the 
AGCarb-101/FM 5072 Joint was greater than the maximum axial load that could 
be generated in the liner. Therefore, no relative axial motion occurred during 
the firing (other than differential sxpansion) and no additional radial loads 
were Imposed. 

(5) Failure of the liner was caused solely by the 
AGCarb-101 liner falling in shear along one of several apparent folds in the 
graphite fabric. 

(6) If friction is disregarded (f ■ 0.25 was assumed in 
Item 4 above), the axial load generated in the AGCarb-101 and reacted at the 
retainer would produce 10,700 psl compression (hoop) in the liner which is 
still within the allowable limits of a properly layed-up liner. Allowances 
should be made in future chambers to permit free longitudinal expansion of the 
AGCarb-101. 
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SECTION VII 

FLIGHT CONFIGURATION 

Datall design requirements are the same as those presented In Section IV 
of this report. 

A.      DESCRIPTION 

High performance was assured with the 344-element pattern demon- 
strated In Injector S/N 7.    Injector-chamber compatibility was further Improved 
with a reduced mixture ratio zone at the Injector periphery.    The design mixture 
ratio at the chamber wall Is 1.0 and the effective mixture ratio 2.0 (based 
upon the reduced fuel vaporization rate). 

The thermal accumulator consists of 2 lb of lithium which la 
enclosed In the cavity on the back of the Injector, In a manner similar to 
that used to contain solder In Injector S/N 6. 

As seen on Figure No.  106, the ablative chamber design Is a composite 
of chambers S/N 001 and S/N 002, which were evaluated In the testing.    A single- 
cavity/single row acoustic resonator, similar to that tested In ablative 
chamber S/N 001, was placed as close as possible to the Injector. 

The fibrous graphite composite used at the throat and resonator Is 
the same as that which waa tested for 606 sec In chamber S/N 002.    The orienta- 
tion and selection of materials also are similar except that the total wall 
thickness was reduced to approximately 3.1-ln.    Additional allowances noted 
below for thermal growth In the design of the AGCarb-101 throat Insert are 
used to reduce compresslve loads to acceptable levels. 

D 

The design of a flightweight thrust chamber assembly, not Including the 
thrust chamber valves.  Is Illustrated on Figure No. 106.    The design objective " 
was to present a system having high performance with minimum weight, based upon 
a demonstrated dynamically stable, high performance Injector, and an acoustically- 
damped ablative combustion chamber with demonstrated durability and long dura- 
tion capabilities.    Protection of the radiation-cooled columblum nozzle extension 
was based upon the Limite 3 coating which was satisfactory during test 
evaluations. 

:: 

i 
i The basic configuration incorporates a modification of the injector 

body design used in 'he test program. The propellent inlet flanges are dose- 
coupled to the body, thereby reducing axial length by 2.5-in. This was -» 
accomplished by replacing the split fuel inlet lines with a single entry torus [ 
similar to that used in the injector fuel circuit of the Titan first-stage 
engine. 

I 
: 

:: 

:: 

: 

:: 
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- Minimum wall thickness 

- Allowance for axial growth 

- Axial segmentation 

The Lunlte 3 coated columblum nozzle extension Is attached at the 
7.5:1 area ratio station.    The flange attachment design was based upon the 
proven Transtage design.    The problem encountered while testing the nozzle 
extension, circumferential cracking In a sharp bend radii - discussed In 
Appendix VI, would be eliminated by reducing the bend angle and the resultant 
radius of curvature,   (see Figure No.  106).    Increasing the axial length of the 
nozzle by 2.5-ln., the amount saved by close-coupling the Injector Inlet lines, 
permitted an exit area ratio increase to 39 without invalidating the over-all 
length requirement. 

The  component weights of the  flightweight configuration thrust 
chamber assembly are shown below along with the weights of the hardware tested 
in this program. 

Component 

Injector 

Thermal Accumulator 

Thrust Chamber 

Nozzle Extension 

TCA Weight 

B. 

Weight as Tested 

40.6 

26.3 (solder) 

303.0 (S/N 002) 

6.2 (9.4;1) 

376.1 lb 

THERMAL ANALYSIS OF ABLATIVE  CHAMBER 

Flightweight 

30.00 

2.0  (lithium) 

197.0 

33.0  

262.0  lb 

The ablative chambers used for test purposes were thicker than 
required because of conservative desigu standards.    Test experience Indicates 
that these standards could be relaxed and that a flightweight  chamber, using 
the same materials, could be approximately 1-1/4-in.  thinner at the throat and 
approximately 35% lighter. 

The chamber was designed by  computer program, using a one-dimensional 
approximation to the heat conduction equation and treating the char process as 
a constant temperature, non-reversible phase change.    Neither dimensional abla- 
tion and chemical interactions nor the effect of outgassing pyrolysis products, 
which could offer significant cooling during coast periods, was treated. 
Radiation to the injector face and to space via the nozzle exit and external 
surfaces from the gas-side was included.     Convectlve boundary conditions of  the 
gas-side were presumed to be the same as  those inferred from steel chamber 
firings with injector S/N 7. 
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Considerations In the design of the flightweight chamber Include: 

- Thickness reduction of the graphite phenolic because of its 
relatively high diffusivity. 

- Thickness reduction of the silica phenolic because of its 
weight, 

- Maintaining the existing thickness of the AGCarb-101 throat/ 
insert for allowable thrust level decrease within specifica- 
tion. 

- Limiting the silica phenolic temperature to 3000oF and 
preventing total charring until after the final burn. 

- Holding the exterior temperature to 600oF. 

Thicknesses of the several materials that comprised the tested and flightweight 
designs for the throat  locations are: 

Material 

AGCarb-101 

Graphite Phenolic 

Silica Phenolic 

Glass Overwrap 

Tested 
(in.) 

Flightweight 
(in.) 

0.60 0.60 

1.38 0.90 

2.17 1.48 

0.12 0.12 

4.27 3.10 

Figure No.   107 shows the predicted temperature response for various 
points in the throat section of the flightweight design for the design duty 
cycle.    The long first bum dictated the design of the chamber.    A tremendous 
amount of heat was absorbed which was dissipated relatively slowly by radiation 
to space during the following coast so that after 240 min,  the average chamber 
temperature was approximately 300oF.    This high starting point for subsequent 
firings resulted in the back-side temperature being the limiting design factor 
rather than any internal temperature or depth of char in the silica phenolic. 

C.       PERFORMANCE 

Hiperkinetic nozzle performance tabulated in Section VI,B  (Table 
XII) utilized a nozzle which was 51.9-in.   long.     Flightweight configuration 
design analysis indicated a nozzle length Increase to 54.5-in. was feasible. 
The longer length allows a greater area ratio generation and subsequent perfor- 
mance improvement without the overriding penalty of high divergence losses. 
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(U)       Nozzle performance improvement analysis was conducted using 
previously-developed Rao optimum contour charts^' and a nozzle area ratio 
Increase to 39 was determined. Taking into account increases in theoretical 
Impulse and friction loss together with a decrease in divergence loss resulted 
in a combined performance Improvement of 1.2 sec. 

(C)       Using the new nozzle design, the f.1 Ljhtweight configuration perfor- 
mance was defined at the optimum mixture rati of 1.97 to be 374.6 sec. 

(3A) CPIA Publication No. 132, op.  cit. 
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APPENDIX I 

AEROJET-G£NERAL  SUBSCALE TESTING 
(PRE-PROPOSAL  INVESTIGATION) I 

A. INTRODUCTION 

This Aerojet-General-sponsored subscale Injector testing program was 
conducted as a pre-proposal effort to establish design criteria as well as to 
verify the element design selection. 

B.   PERFORMANCE RESULTS 

One injector, with seventeen 12-lb-thrust-per-element triplet 
(F-O-F) elements, produced an average performance that was 94% of theoretical 
characteristic exhaust velocity (c*) .  The total impingement angle was 50-degrees 
and the impingement height was 0.25-in.  Smooth start transients and stable 
steady-state operation were achieved in all tests. The orifice pressure drop 
and operating chamber pressure were approximately 50 psl and 115 psia, respec- 
tively, which was consistent with the full-scale design selected. The thrust 
chamber charactexistic length (L*) was 26 in. 

Two other injectors with impingement angles and distances that 
were identical to the above unit achieved an average performance of 92%  of 
theoretical c*. These units had thirteen 15-lb-thrust-per-element triplet 
elements. The operating characteristics of both these Injectors were nearly 
identical. 

A fourth injector with thirteen 15-lb-thru8t-per-element triplets 
(F-O-F) also was tested.  The elements on this unit had a total Impingement 
angle of 30-degrees and an impingement distance of 0.5-in.  The nom.lnal per- 
formance of this unit was 94% of theoretical c* and smooth operating character- 
istics also were achieved. 

Based upon the results of this testing, it was concluded that trip- 
let (F-O-F) elements would provide the necessary performance for the full-scale 
design.  In addition, the use of either a 0.25-in. or a 0.50-in. Impingement 
distance would be acceptable. 

C.   FUEL ORIFICE EROSION 

,(35) The BA1014 fuel blend was developed    to provide a low freezing 
point fuel which would be suitable for the regenerative operation of a liquid 
fluorine engine. Published data as well as Aerojet experience indicated the 
occurrence of a phenomenon when the fuel is used with a 6061 aluminum alloy 
injector which results in a deterioration ("bellmouthing") of the fuel orifices 
at the discharge end. As cumulative test duration Increases, this "bell- 
mouthing" increases in depth, in turn, affecting the hydraulics of the fuel 
flow and resulting in a performance loss. 

(35) Contract AF 04 (611)-6353, "Research and Development to Advance 
State-of-the-Art of Fluorine High Energy Propulsion Systems,"" 
December 1960 - June 1961. 
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The phenomenon has been observed with unlike-doublet, triplet, and 
like-doublet element designs at chamber pressures ranging from 100 psia to 
350 psia and at cumulative test durations ranging from 10 to 100 sec. While 
it appears to be typical of the BA1014 fuel blend, there is some evidence that 
it also occurs with neat-hydrazine fuel. Existing literature indicates its 
occurrence on aluminum injectors operative with fuel blends such as MHF-3 and 
MHF-5; however, Aerojet-General tested a steel injector at 500 psia using 
CIF3/MHF-3 propellants and fuel orifice "bellmouthing" occurred at the end of 
170 sec of testing. A similar design was fabricated from aluminum and tested 
with the same propellants.  It also exhibited "bellmouthing" of the fuel orifices, 

An Independent Research and Development Program was conducted by 
Aerojet-General in 1965(36), which provided an early demonstration of ablative 
thrust chambers with fluorine/hydrazine propellants.  This effort was directed 
primarily toward a demonstration of ablatives used in 8000 lb thrust units at 
100 psi for extended durations. The injectors used in this effort were fabri- 
cated from aluminum and their design was based upon successfully tested AFRPL 
units.  One such injector, which was made from 6061 aluminun, is shown on 
Figure No. 108.  It was tested for 118 sec at 100 psia using F2/BAIOIA fuel 
and considerable fuel orifice erosion occurred. 

The injector shown on Figure No. 109 is a single element pentad 
type, which was fabricated from 6061 aluminum and tested for 10 sec at 200 psia 
using F2/BAIOIA propellants.(37) There is evidence of radial material flow as 
well as orifice "bellmouthing." 

Figure No. 110 presents a like-on-like doublet element injector 
that was a scaled-down version of a 3500 lb thrust unit used by AFRPL for their 
in-house fluorine thrust chamber materials evaluation program.(38)  xt was 
tested for 57 sec at 200 psia using F2/BAIOIA propellants and demonstrated a 
low performance level. The triplet (F-O-F) element injector shown on 
Figure No. Ill was the most successful injector design used in the referenced 
materials evaluation program. It demonstrated good performance during its 
39.6 sec of testing at 200 psia using the F2/FAIOIA propellent combination. 
Another Injector tested in the same program is shown on Figure No. 112. This 
triplet unit was tested for 183.1 sec at 200 psia. Both show fuel orifice 
bellmouthing. 

A stainless steel triplet type of Injector was used in an Aerojet- 
General Independent Research and Development Program conducted during 1964.(39) 

(36) Aerojet-General IR&D, "Advanced Transtage Thrust Chamber," 1965 

(37) Fluorlnated Oxidizer Thrust Chamber Materials Evaluation Program. 
Phase I, Contract AF 04(611)-10918, Report AFRPL-TR-66-77, 1966" 

(38) Ibid. 

(39) Aerojet-General IR&D,  "Advanced Transtage Fluorine Feasibility Program," 
1964 
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Figure 108.     8000 lb F./BA 1014 Injector 
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Figure 109. Single Element Pentad Injector 
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Figure 110. Llke-on-Llke Doublet Element 
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This Injector operated in a 750 lb thrust unit at 500 psia for an accumulated 
duration of 170 sec using CIF3/MHF-3 propellents. There was little evidence of 
orifice erosion at the center; however, there was noticeable erosion at the 
periphery where the radial gas flow was highest. 

No known concerted analytical-experimental program existed for 
the purpose of identifying and resolving the "belloouthing" phenomenon with 
aluminum and stainless steel injectors. There had been limited successes with 
some of the empirical solutions attempted, which included the addition of 
refractory and corrosion-resistant barrier materials on the injector face and 
in the fuel orifices. 

Aerojet-General conducted a subscale testing program wherein both 
alumiiium and Nickel 200 injectors were subjected to long-duration testing in 
an attempt to resolve the potentially critical "bellmouthing" problem. The 
influence of the specific element design was elminated from the evaluation by 
testing both nickel and aluminum injectors having identical patterns. The 
fuel-oxidizer-fuel triplet element was used in all of the units. The results 
from this testing were as follows: 

- Gross orifice erosion was evident on both the aluminum 
injectors, which were tested for 180 sec and 185 sec of 
firing, respectively. A post-test view of one of the 
aluminum injectors is shown on Figure No. 113. 

- Macroscopic examination of the two Nickel 200 injectors 
tested for 619 sec and 560 sec, respectively, failed to 
reveal any erosion. Some minor erosion was uncovered 
by microscopic examination; however, it was significant 
that this minor erosion did not cause any degradation in 
either performance or stability. One of these units is 
shown on Figure No. 114 after 610 sec of testing. 

These results served as the basis for selecting Nickel 200 as the 
injector face material in conjunction with in-line triplet (F-O-F) injector 
elements for full-scale program use. 
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APPENDIX II 

ACOUSTIC DAMPER ANALYSES, DESIGN, AND METHODS 

A.  ACOUSTIC DAMPER ANALYSES AND DESIGN 

1.  Introduction 

• » 

Currently, one of the most common analytical techniques for 
acoustic damper designs considers a two-dimensional array of Individual 
Helmholtz resonators which are tuned to damp an acoustic mode of InsL iblllty 
that has occurred In an undamped combustion chamber.  One of the assumptions 
Implied by this approach Is that the addition of the acoustic damper to the 
chamber wall will not significantly change the resonant frequencies of the 
chamber acoustic modes. Such an assumption with the use of baffles wa8*proven 
wrong In the GEMSIP program as a result of both hot fire and acoustic testing. 

A similar result occurred during the company-sponsored      , 
Injector Face'Acoustic Resonator Program, when an acoustic damper was added 
to the chamber, both In ambient acoustical tests and two Independent mathe- 
matical analyses subsequently discussed In thts appendix. The results of 
both these empirical and analytical efforts show that for a chamber similar 
to the one used In this program with a length to diameter ratio of approxi- 
mately two, the first tangential mode frequency of the undamped chamber Is 
within 8X of the frequency of the combined first tangential, first longi- 
tudinal mode (IT + 1L). Thus, when the acoustic damper Is added to the cham- 
ber near the Injector and tuned approximately for the first tangential acoustic 
mode frequency. It depresses the purely transverse first tangential mode to a 
significantly lower frequency while only slightly depressing the combined 
tangential and longitudinal mode. The combined mode has been_found to be    , 
depressed only a few percent for the ex*ample cited here; therefore. It Is 
possible that the combined mode might appear to be the pure first tangential 
mode because of the frequency and transverse pressure phase profile. The 
axial or longitudinal component of the pressure profile would be difficult to 
determine In a normal hot test firing situation without a rather elaborate 
high-frequency pressure transducer arrangement. This Is the result of the 
distortion of the mode caused by the damper location and the nozzle 
admittance. 

regimes: 

2.  Discussion of Analysis Used 

The acoustic damper analytical evaluation falls Into two 

a one-dimensional array of resonators, evaluated 
exclusive of the chamber, 

a chamber with the acoustic damper Included as an 
Integral part. 
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The chamber with the acoustic damper Included as an Integral 
part has been further divided Into the following two types: 

cylindrical dampers which extend the full length 
of the chamber without mean flow, 

dampers which are an Integ^tl part of the Injector 
face at the chamber wall with mean flow nozzle 
effects. 

The three dampers that were fabricated for this program are 
not exactly described by any of the above analyses. However, the nine-row 
three-cavity design was best descrlbe^by the combination of the one dimensional 
array analysis and the full length cylindrical analysis. The latter analysis 
Indicated some frequency shift and damping increase caused by the presence \>f 
the damper. The former analysis was used to obtain curves of absorption coef- 
ficient versus frequency for a sound level of 190 db and mein gas flow veloc- 
ities of 0, 500 ft/sec, 850 ft/sec, and 1050 ft/sec past the damper orifices. 
Obviously, the actual absorptien coefficient for such a damper covering only 
a portion of the,chamber wall would be a function of many additional factors. 
However, single resonator analysis does provide somewhat of a qualitative   # 
measure with which to^compare damper designs.        * 

§ 

* The one-row and two-row/one-c&vity damper designs also were 
evaluated using a recently-developed Aerojet-General analysis, which is capable 

, of evaluating a variety of acoustic dampers located at the injector face. This 
analysis is the most spphisticated of those mentioned lycause it accounts for 
the nozzle admittance with sonic flow at the throat. Further, it accounts for 
the combined transverse and longitudinal modes. The only disadvantage of this 
Injector Face Acoustic Resonator (IFAR) analysis is the' one common to all the 
existing analyses: the actual value of orifice resistance is not known accu- 
rately for high sound levels, which results in a rather wide range of quanti- 
tative estimates for the performance of vtrious dampers. 

3.  Historical Approach to Acoustic Damper Analysis 

The simplified analysis of an air resonator made by Helmholtz 
almost a century ago still is used as a starting point for the evaluation of 
an acoustic liner design for a rocket engine. The common textbook method for 
describing this simplified analysis is with a mechanical or electrical analogy. 

The mechanical analogy consists of a spring mass system as 
shown on Figure No. 115. The differential equation of the mechanical system 
with a periodic forcing function is: 

0 

mX + rx + kx F e o 
jut 
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A = Area of Face 

A = Area of Orifice o 

V = Volume Cavity 

L *  Backing Length 

1 ■ Effective Length 
of Orifice Volume 

r/ 

p 

c 

= Force Function 

■ Mass 

Damping ^knstant 

■ Spring Constant 

■ Gas Density 

■- Gas Pressure 

• Speed of Sound 

Figure 115.    Mechanical Analogy of Acoustic Resonator 
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The damped natural frequency of such a system Is given by 

vVS-5 
or If the damping is small, so that 

rl 2   k 

then, the undamped natural frequency is given by: 

"n *VF 
The natural frequency of the acoustic system can be related to the mechanical 
system Just described by the following substitutions: 

mass ■ m ■ p V - o A Ä. 
o     o 

spring constant - K « A b dx 

-A 2^ o    dV 

c2 A 2/V 
0 

forcing function - F eJü>t - PA eJwt 0 oo 

2      2 damping constant -r. ■ p u   A    /c27r 
A      o 

This then gives the natural frequency of the acoustic resonator as 

0) - c VlV 

where A0 represents the area of the orifice, and unsubscripted V represents 
the volume of the cavity. 
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Many assumptions wore made to arrive at this simple formula 
for the resonant frequency; therefore, It Is useful only for broad approxima- 
tions of the resonant frequency of a given design. A correction that can be 
applied to Improve the estimate relates to the relationship of the effective 
length of the orifice to Its actual length. There are numerous versions of 
this length correction; however, typically, the values approximate three- 
fourths of the diameter of the orifice. 

4«  Recent Modifications to the Hluuorlcal Approach 

In the preceding discussion It was assumed that the viscosity 
losses In the orifice are small when compared with the acoustic radiation 
losses. This assumption probably Is the most unrealistic aspect of the pre- 
ceding analysis. Actually, at high sound pressure levels and with small ori- 
fices, the viscosity losses are quite high and the radiation losses are no 
longer described by the eouation for the acoustic resistance of an orifice 
opening into free space.(40), (Al), (42) jhis  acoustic resistance is better 
explained by Incompressible gas dynamic parameters associated with turbulent 
incompressible gas flow caused by either direct or alternating air 
flow.(43), (44)? (45) 

As a result, it is recognized that the sound energy dissipating 
quality of a Helmholtz resonator is determined predominantly by the previously- 
ignored viscosity losses and by turbulence losses associated with high sound 
pressure levels.  This loss mechanism is best described with a nonlinear 
acoustic resistance and has been empirically curve fitted for single reso- 
nators (46) and multiple resonators (47). An attempt also has been made to 
model the nonlinear acoustic resistance losses theoretically.(48) xhe model 
assumes that the nonlinear losses result from the Jet formation at the exit 
of the orifice (viz., while the resonator is expelling gas) and that all of 
the kinetic energy of this gas jet is lost by conversion to turbulence. This 

(40) 
(41) 

(42) 
(43) 

(44) 

(45) 

(46) 
(47) 

(48) 

Rayleigh, J. W. S., The Theory of Sound. Vol. II, Dover Publications 
Morse, P. M., Vibration and Sound, second edition, McGraw-Hill 
Book Co., Inc., New York, 1948 
Wood, A., Acoustics, Dover Publications 
Ingard, V., "On the Theory and Design of Acoustic Resonators," Journal 
of the Acoustical Society of America, Vol. 25, No. 6, November 1953 
Ingard, V. and Labate, S., "Acoustic Circulation Effects and the Non- 
linear Impedance of Orifices," Journal of the Acoustical Society of 
America, Vol. 22, March 1950 
McAullffe, C. I., "The Influence of High Speed Air Flow on the 
Behavior of Acoustical Elements," M. Sc. Thesis. Massachusetts 
Institute of Technology, 1950 
Ingard, V., op. cit. 
Blackman, A. W., op. cit., "Effect of Nonlinear Losses on the Design 
of Absorbers for Combustion Instabilities," ARS Journal. November 1960 
Sirignano, W. A., et al, "Acoustic Liner Studies." ICRPG Third 
Combustion Conference, Vol. I, 17-21 October 1966 
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represents a nonlinear loss mechanism, because kinetic energy Is proportional 
to the square of the velocity of the Jet. The model very closely correlates 
the data obtained empirically.  It deviates most at the very high sound pres- 
sure levels where little experimental data Is available. This Is to be 
expected because very high sound pressure levels are known to be highly non- 
linear with respect to all of the acoustic loss mechanisms. The results 
obtained using this relatively simple theory also Indicate that the empirical 
results used for previous rocket liner design applications are In error 
because the experiments have been performed using air at ambient conditions 
and were not corrected for viscosity, density, and frequency to the hot 
environment of an operating combustion chamber. 

Having once resolved what the nonlinear losses are for an 
operating combustion chamber resulting from high sound levels. It Is necessary 
to correct for the effects of mean gas flows past and/or through the liner. 
As Indicated, this has been accomplished empirically. (^9(, (50) These effects 
are manifested as a decrease In the effective mass of the orifice and result 
In a significant Increase In the resonant frequency of the resonator. The 
maximum shift observed Is reported to be 63% of the resonant frequency obtained 
in a static environment. Some question still exists concerning the results 
obtained (51) because of the effect of flow past the resonator orifice and a 
saturation effect of the acoustic resistance resulting from mean flow turbulence 
effects as a function of frequency and velocity. Mechel(52) defined an acoustic 
resistance ratio which was experimentally shown to vary between 1.0 and 3.5 for 
a frequency of 400 Hertz. Currently, absorption coefficients «re evaluated 
using 3.5 as an upper limit or using a simple curve-fit formula. However, the 
absorption coefficients obtained using these two methods clearly are not in 
agreement. 

5.  Anomalies of Absorption Coefficient Approsch 

The evaluation of a particular acoustic liner design now can 
be made using the knowledge obtained from the empirical data of both theoreti- 
cal models and a correct gas property scaling technique founded in the theoreti- 
cal model. The best method for evaluating an acoustic liner design in a par- 
ticular chamber is not necessarily the absorption coefficient method, which is 
emphasized In the technical literature. This method does not consider the 
system as a whole. Rather, it is based upon designing a liner independently 
of the combustion chamber and then incorporating it into the chamber wall. If 

(49) 

(50) 
(51) 
(52) 

Mechel, P.k et al. Research on Sound Propagation in Sound Absorbent 
Ducts with Superimposed Air Streams. Report AMRL-TDR-62-140, 
Aerospace Medical Division,  Wright-Patterson Air Porce Base, Ohio 
December 1962 
McAullffe, C. £., op. cit. 
Mechel, P., et al, op. cit. 
Ibid. 
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the liner is truly a large array of resonators making up a significant portion 
of the total chamber wall area, then It definitely should be evaluated as a 
complete system because its effect upon the system cannot be Ignored. Con- 
versely, if the liner is limited to a small area (i.e., around the injector) 
the absorption coefficient method does not give good design comparisons. 
A good example of the misleading results that can be obtained using the 
absorption coefficient method is shown with the following two designs: 

0 

: 

D 

D 
0 

Design 1 

Design 2 

0.25 

0.16 

0.625 

0.40 

0.2 

0.2 

0.0625 

0.0625 

SPL 

190 

190 

8000 

8000 

0.34 

0.57 

DESIGN 2 

DESIGN 1 

Note that the resonant frequencies, f0, of the two designs are equal; the 
orifice thickness, tl, diameter, d, and volume, V, of the resonator also are 
the oame. The open area ratio, o, and backing distance, L, are simply ratloed 
so as to yield the same resonant frequency. The pound pressure level, SPL, of 
the incident pressure oscillation is taken to be equal for the two designs as 
are all of the gas properties. 

£_  / _0   C 
" 2ir Y V£ " 2Tr 

c     rö" 
2Tr  V LI 

I 

D 
Q 

D 
Q 

I 
I 

If the analytical assumptions are obeyed, then, the use of 
only one row of such an acoustic liner in a rocket chamber would result in 
Identical absorption, but the calculated absorption coefficients differ by a 
factor of approximately two at resonance. Therefore, a more meaningful method 
for comparing two acoustic liner designs is needed. One such way for evaluating 
two different acoustic liner designs is an Aerojet-General computer program 
wherein the decay rate and frequency of the acoustic modes of a given combus- 
tion chamber are calculated with an acoustic resonator array over some per- 
centage of its wall area. Thus, the best liner is the one that provides the 
most damping of the system as measured by its decay rate. However, an accurate 
determination of the acoustic resistance and reactance for a given sound level 
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and gas flow condition are still required.    This met. jd also takes Into 
account the actual pressure distribution of the transverse acoustic modes 
of a cylindrical chamber. 

6.      Generalized Liner Analysis 

This analysis is one of the approaches considered for over- 
coming the indicated shortcomings of the one-dimension array resonator 
analysis,    it specifically relates to transverse modes rather than the analy- 
sis of a separate one-dimensional resonator array. 

The governing equations are written in cylindrical coordinates 
for both regions 1 and 2 as shown on Figure No. 116.    Assuming radial flow 
through the liner holes,  the one-dimensional wave equation can be written to 
relate the two regions.    The acoustic equation In cylindrical coordinates was 
written for two regions;   the region between the outer chrmber wall and the 
liner as well as the region between the centerllne of the chamber and the 
liner: 

I 

2 2 2 a'p     i a?     i    3P;     jtfj 

3r
2 + '^ + r2 9e

2    c2 
Eq.   (7) 

If it is assumed the variables can be separated, the solution has the form 
P • R(r) (R{9).     Substituting this solution into Equation  (7), the following 
ordinary differential equations are obtained: 

W + vH - 0 Eq.   (8) 

r2R" + rR' +   ( ^ r2 - v2 ! Eq.   (9) 

The solutions to these equations are, respectively 

®- A sin (ve) + B cos   (ve) Eq.   (10) 

R - D J     (- r)  + E Y     (^ r) V    c V     c Eq.   (11) 

The orifices between these two regions can be treated using 
the one-dimensional wave equation and a resistance connecting the orifices to 
the Interior region.    Radial volume flow and pressure must be matched at the 
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Figure 116.    Liner Model 
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Interface. The same conditions must apply to connect the orifices to the 
outer region. In addition» the radial velocity at the outer wall Is zero 
and the pressure at the center of the chamber la finite. 

The equations across the three regions as well as the matching 
and boundary conditions form a set of nine homogeneous algebraic equations. 
The characteristic equation of this system is obtained by equating the deter- 
minant of the matrix formed by the nine equations to zero.    Integrating the 
differential equations by separation of variables and applying the boundary 
conditions lead to a set of simultaneous homogeneous equations,  the coef- 
ficient determinant of which must vanish for a non-trivial solution to exist. 
The coefficients are transcendental functions;  therefore,  it is impractical  to 
solve for the eigenvalues directly.    The damping rate Is obtained by plotting 
the amplitude of the inverse of the determinant as a function of frequency in 
the area of the characteristic equation zeros.    Baaed upon these considerations, 
a computer program was developed to evaluate the determinant as a function of 
frequency.    From the output of the program, it then is possible to determine 
the damping resulting from the liner by the frequency bandwidth at the half 
power point by using the following relationship: 

damping rate  (6) - 8.7 irAf  (db/sec) 

where Af is the half-power frequency bandwidth of the response function. 

The new resonant frequencies of the chamber cavity are as »-. 
determined by plotting the inverted matrix with the resonant frequencies being 
at  the maximum values of the inverted matrix (viz.,  the zeros of the character- 
istic equation). 

Examples of the resulting output from the analysis are shown 
on Figures No.  117 and No.  118.    The effect of incorporating an acoustic 
resonator in the chamber wall is illustrated on Figure No.  117.    The resonator 
has a resonant frequency of 2800 hz and the chamber without the liner had a 
first tangential mode resonant frequency at approximately 3400 hz.    With the 
addition of the resonators,  the chamber cavity assembly resonant frequency is 
reduced to 2015 hz.    The first tangential mode frequency depression observed 
here was investigated further and it was found to be a function of cavity 
temperature.    The frequency depression of both the first and second tangential 
modes as a function of cavity temperature is shown on Figure No.  119. 
Figure No.   118 shows the analytical results for the same 9.45-in.  diameter 
chamber with a rough chamber wall which had a resistance equivalent to that 
used for the resonator design discussed above.    The results show only a small 
shift from the 3400 cps resonant frequency of the combustion chamber without 
a liner and a damping rate which Is in the order of 20 db/sec lower than the 
resonant liner.    These results should be used for comparison purposes only 
because the computing technique applied to obtain them has not been verified 
against the simplified model results as yet. 
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Chamber Diameter 

Liner Thickness 

Backing Distance 

Open Area Ratio 

Orifice Diameter 
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It appears that the results obtained from the simplified 
analysis shown on Figure No.  79 are more reliable.    The advantage of an 
analytical approach that treats the acoustic liner as an Integral part of the 
combustion chamber Is that It will predict the effect of the liner upon damp- 
ing rate for each of the transverse modes and the change In the resonant fre- 
quencies of the system resulting from the introduction of the liner. 

Because of the Individual treatment of the backside cavity 
and the chamber cavity as well as the general treatment of the resonator neck, 
this analysis also can be used for what Is generally referred to as a non- 
resonant liner.    A modification of the Crocco-developed time-lag stability 
model(53),   (54),   (55) ia use(j  £n the two previously discussed analyses.    The 
modification consists of introducing the liner as a boundary condition at the 
chamber wall.    The analysis is a linearized treatment of the combustion process 
using the small perturbation technique, which results in a prediction of the 
zones of instability as a function of two parameters   (n and T), where n is a 
gain parameter and T is a phase parameter. 

The expected result of adding the liner is a shift in the 
stability zone to the right and upward as was shown on Figure No.  80, which 
means that the system would go from an unstable to stable combustion.    The 
injector operating point was determined from empirical correlations of the 
type shown on Figures No. 120 and No. 121 which have been determined from an 
accumulation of data. 

7.       IFAR Damper Analysis 

In this analysis, it is assumed that the combustion Is con- 
centrated at the injector face. The acoustics of the chamber are described 
by the nozzle admittance, which Is the relationship between perturbations in 
the axial and transverse velocity and pressure. Nozzle admittance depends 
upon the geometry of the nozzle, the frequency, and the mode being analyzed. 
The analysis is an extension of the liner n-T theory developed by Crocco and 
others.     This particular analysis is taken from Reardon(56)>  who deals with 

(53) Crocco, L.  and Chang, S.   I., Theory of Combustion Instability in Liquid 
Propellant Rocket Motors. AGARDograph No.  8, Butterworth's Scientific 
Publications, Ltd., London,  1956 

(54) Crocco, L., Grey, J., and Harrje, D.  T.,  "Theory of Liquid Propellant 
Rocket Instability of Its Experimental Verification, ARS Journal, 
Vol.  30, No.  2, February 1960 

(55) Crocco, L.,  Harrje, D.  T.,  and Reardon, F. H.,   "Transverse Combustion 
Instability in Liquid Propellant Rocket Motors," ARS Journal, Vol.  32, 
No.   3, March 1963 

(56) Reardon, F.   H., An Investigation of Transverse Mode Combustion 
Instabilities in Liquid Propellant Rocket Motors, Princeton University 
Aeronautical Engineering Report No.   550,  1 June 1963 
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the problem of non-uniform injection  (i.e.,  injection density varies over the 
face of the injector).     The same mathematical technique is applied in this 
analysis where  the admittance of the face varies with position.     In this case, 
the injection density is uniform, but at  the outer edge of the  injector there 
is a resonator which gives a different admittance in this region.    The admit- 
tance of the resonator   (Yr) was obtained from the literature^)     except for 
the quarter wave tube which was obtained from another source.(58) 

A similar analysis was accomplished to couple feed system 
oscillations to transverse mode acoustic oscillations in the combustion 
chamber.(59)    After writing all dependent variables as a mean plus a per- 
turbation  (p - p + p'),   the problem reduces to solving the acoustic equation 
for a cylinder   (in this case, with zero length) wltn a nozzle at one end and 
an admittance that depends upon position on the other (injector)   end. 

For a cylinder, the most general expression for  the solution 
of the acoustic equation 

vV + n2 p' 

is 
00 00 

p1  ■    Z       I    A .   P .    (z)  R .    (r) (E    (6) u  1       n    vh    vh vh  x  /     v  N 
h«l v-0 

where P(z) - A .   cosh 2 2 1/21 12 2 1/2 

(8vh-n) Z    |+Bvh8lnh    [(Svh-n) Z 

R ,   (r)  - J    (S , r) vh x '        v      vh ' 

fi   (e) - cos v e 

A .   - constants to be determined by the boundary conditions 

p' «    the perturbation in pressure 

(57) Blackman, A. W., op.  cit. 
(58) Beranek,  L.   L., Acoustics. McGraw-Hill Book Co.,  Inc., New York,  1954 
(59) Waugh,  R.  C, et al,  "A Mathematical Model for Transverse Mode 

Instability with Feed System Coupling for Titan IIIM," Presented at 
the Fifth ICRPG Combustion Conference, 1 October 1968 
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Bessel function of order v 

S , and v - separation constants 

0 « the nor ilmenslonal angular frequency, ur 

The axial velocity In the chamber Is given by: 

c/C 

.      «      - d P       (Z) 
-Tjr   Z       E    A.    — R.    (r)(g,     (6) 
Yjn h-1 v-0    vh        dZ vh  ^'^v  w 

where y Is the ratio of specific heats. 

The boundary condition at the Injector Is the sum of the generation rate of 
burned gas and the flow from the resonator matching the gas flow In the chamber. 

(Yr + YnT) P*  " *tt' + "P* 

The sumbol, u Is the chamber gas mean velocity near the Injector and YnT Is 
the combustion admittance. Using the momentum equation In the z direction and 
the Isentroplc relation between p* and p', the above equation becomes 

(Y + Y  -^) p' i^^S- v r   nr  y' K     yjQ  dZ 

All of the variables are non-dlmenslonallzed. (60) Using these non-dimensional 
variables 

^r Y and p - 1. 

Then, using the assumed solution for R and 6 above, the equation becomes: 

—     w     OW 

(Y +Y  --) Z      Z    A-P-t.A-i- 
r   nx  Y u.i .Q vh vh vh^*V  Y^ 

d? 
E  £ A 

h»l v-0 

vh 
vh dZ Rvh % Eq. (12) 

(60) Reardon, F. H., op. clt. 
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The functions R and ®are orthogonal which allows solution 
for  the coefficients A ,   in Equation  (12). 

1      2Tr 
/     /      R .   H    R    fl&   rdr de 
5      5 vh    v    pq    q 

0 If v f» q, h »* p 

H       If v - q,  h 
pq M 

If both sides of Equation (12) are multiplied by R pq and 
Integrated,  separate equations   (q times p) without summations result.    For a 
IT mode, v -1 and h - 1.    For a 21 mode, v - 2 and h - 1.    These are the only 
modes considered  In this analysis; therefore, only two of these equations need 
be retained:    Using the solutions for R and(2) given previously and recalling 
that  the injector  is r.c z - 0,   for the IT mode. Equation  (12) becomes: 

1/2 
L. (S^ . Q2) B,, H,, - A,,  // Yb Rj^ r drde ♦ A11  (Y^ - Ä) R 11 

Eq.   (13) 

A similar equation can be obtained for the 2T mode. 

For a given mode  of oscillation, the boundary condition at the nozzle Is 
determined by the nozzle admittance relation 

Ts 
YU + 

vh 
fi P - 0 

where U Is  the z-dependent factor In the axial velocity, 

u' - U(z) Rvh   (r)®v  (6) 

and T is an admittance coefficient which Is obtained from an existing computer 
program. 

From the momentum equations In the z-directlon. It Is found that 

U • 

The nozzle admittance equation for the IT mode then becomes 

1    dP 
Yjfi dZ 

£ < - °2> 
1/2 

B 11 ii Eq.   (14) 
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Equations (13) and (14) are two homogeneous equations In 
An and Bil. For these equations to have a solution, their determinant must 
be zero.  The equation thus formed is the system characteristic equation, 
which characterizes the dynamics of the system and can be used to determine 
Its stability. A n-T plot can be obtained from this equation. 

2 2 
To obtain the n-v plot, the factor // Yr R (g)r drde must be 

evaluated. Yr Is zero In the cenr.er of the Injector and Is a function 
describing the resonator at the edge £f the Injector.  The Impedance of a 
Helmholtz resonator Is given by 0 + JXi^^ where 

ape  g ad 

2" fol\      f   fo 

where 

co     f 

a  ■ ratio of acoustic resonator orifice area to face area 
2  4 

p  ■ gas density, lb-sec /ft 
c  ■ velocity of sound, fps 
f ' ■ frequency, sec 
u  " gas viscosity, Ib/sec-ft 

2 
g  > gravitational constant, 32.2 fps 

t. > acoustic resonator orifice thickness, ft 

d  ■ orifice diameter, ft 
A T ■ nonlinear correction factor, ft nL ' 

f  ■ resonant frequency, sec 

I  ■ effective length of orifice mass, ft 

is somewhat arbitrary, except that it must be the same area used in the 
Integral. 

(61)  Blackman, A. W., op. cit. 
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The Impedance of the quarter wave tube also Is 6 + jx» where 

X - -j cos (——) 

e - o 
L- - length of tube 

B.   BASIS OF METHODS FOR STABILITY ANALYSIS 

1.  Description of Analytical Model 

The method of analysis used to determine the stability char- 
acteristics of the various injectors is one developed by Mr. Crocco and his 
co-workers at Princeton University. (62)(63)(64)(65) Although there are some 
deficiencies in this theory (viz, it considers spontaneous or linear stability 
only and assumes a "black-box" approach to the combustion process), it was 
shown to be of considerable usefulness in the correlation of combustion 
stability behavior. 

The theory is based upon the analysis of the stability of 
small perturbations from the mean operating conditions of the thrust chamber. 
For analytical simplicity, the gradual conversion of reactants to products in 
the liquid propellent combustion process is replaced by a step-function, thus 
defining a total combustion time lag associated with each element of propellent. 
It is assumed further that the combustion process is sensitive to changes in 
the local combustion chamber conditions (i.e., pressure, temperature, and gas 
velocity) only during the final portion of the total time lag.  This portion 
is called the sensitive time lag and is denoted by T. The degree of sensi- 
tivity is measured by interaction indices.  The pressure interaction index, 
n, measures the magnitude of the response of the combustion process to a pres- 
sure disturbance.  The velocity interaction index, i,  measures the response 
to a transverse gas-velocity perturbation.  The velocity index is vectorial; 
therefore, it is most convenient to deal with its components, Ir  and IQ,  in 
the radial and tangential directions, respectively. 

From the perturbed conservation equations for the flow with 
combustion in the thrust chamber, a characteristic equation is developed which 
establishes conditions for neutral stability (i.e., the conditions for which a 
small disturbance will neither grow nor decay). These "stability limit" 

(62) Crocco, L. and Cheng, S. I., op. cit, page 240 
(63) Crocco, L., Grey, J., and Harrje, D. T., op. cit., page 240 
(64) Crocco, L., Harrje, D. T., and Reardon, F. H., op. cit., page 240 
(65) Reardon, F. H., Crocco, L., and Harrje, D. T., "Velocity Effects 

in Transverse Mode Liquid Propellent Rocket Combustion 
Instability," to be published in AIAA Journal 
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conditions are conveniently represented on the n, T plane. For the given 
thrust chamber geometry and operating conditions, there Is a stability limit 
curve for each mode of high-frequency Instability.  The limit curves divide 
the n, T plane Into stable and unstable regions.  It Is postulated that with 
each Injector pattern, using a given propellent combination at a specific 
chamber pressure and mixture ratio, there are associated values of the sensi- 
tive time lag and Interaction Indices.  If the point on the n, T plane for a 
given Injector lies below the stability limit curve, the operation of the 
Injector Is expected to be stable.  If the n, T point lies above the curve, 
oscillation combustion will result. Because the theory considers only small 
perturbation, the stability predictions refer to spontaneous Instability only. 
For pulsed Instability, only semi-quantitative results are obtainable. 

The Sensitive Time Lag Theory has been used with good success 
in the correlation of experimental stability data from the experimental obser- 
vations of combustion oscillations. Values of the stability parameters (the 
sensitive time lag and the interaction indices) can be inferred. The correla- 
tion of these stability parameters with injector design factors then can be 
used in the design of new Injector patterns. Figures No. 120 and No. 121 
showed the correlations for T that have been assembled to date. The latest 
correlations for the interaction index, n, show it to be essentially constant 
(0.68 <. n £ 0.82) (Figure No. 122) for the type of Injector being considered. 
Most of the patterns for which Information is available are such as to hwe 
low values of the velocity index. For these reasons, only the pressure index 
is considered. 

2.  Analytical Assumptions 

The approach taken in the stability analysis of the fluorine 
thrust chamber assembly injector was to assume that the F2/BA 1014 propellent 
combination would have a sensitive time lag, T, that would be approximately 
defined by correlatiins already established for the N2O4/A-5O propellent com- 
bination. Both fuel and oxidizer correlations were considered. Test results 
showed the fuel orifice size was the controlling factor. The similarity 
between A-SO and BA 1014 is demonstrated by the fact that they both contain 
a comparable amount of hydrazlne, N2H4, (50% and 67%, respectively). 

However, a review of published data and Aerojet-General 
experience with N2H4 propellent indicated a possible risk of reduced stability 
margin as a result of the high percentage of hydrazlne (N2H4) present in 
BA 1014. Hydrazlne has a much more rapid pressure rise when it auto-ignites. 
These "pops" act as random perturbations in the chamber and are detrimental 
In that they may trigger high-amplitude oscillations In an otherwise stable 
combustion system. Although the presence of 24% MMH and 92 H2O makes the fuel 
more stable(66) than pure hydrazlne, there is no experimental data available 
which Indicates its relative stability. 

w 

(66)    Weiss, R. R.  and Klopotek, R. D.,  Experimental Evaluation of the 
Titan III Transtage Engine Combustion Stability Characteristics 
AFRPL-TR-66-51 
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A review of currently available literature indicated the 
following: 

- injectors which were stable using MMH fuel have been 
unstable in the high frequency modes when operated 
with N-H,. 

2 4 

- There is no data available which indicates N2H4 has 
been successfully demonstrated as a film coolant. 

This and similar data lead some investigators^?) to con- 
clude that the mono-propellant decomposition rate of N2H4 is the initiator of 
the high-frequency instability. Fuel collects, decomposes, and the resultant 
"pop" initiates the instability. Random "pops" were not evident with injectors 
S/N 2 Mod 2, S/N 2 Mod 3, and S/N 7. 

3.  Injector Patterns 

In reviewing injector performance, it is theoretically indi- 
cated that to improve performance, pattern changes should be made, wherein the 
number of injector elements are increased.  Similarly, to improve compati- 
bility, element orientation changes should be made which will provide a more 
uniform mixture ratio and reduced "winds" at the wall. This reduction in gas 
dynamic forces means shifting the elements closer to the edge of the injector. 

However, in this program, it was found that both of these 
changes tended to destabilize the injector. 

Empirical correlations indicated that the combustion stability 
operating zone primarily was determined by the fuel orifice sizes used. 
Chamber Mach number and chamber pressure also were factors but they were 
design constants and could be Ignored for this comparison. 

A preferential injection distribution effect is shown on 

a n and t plot. Figure No. 123, as an Increase in the pressure Interaction 
index, n, for the acoustic modes of the chamber. The Injector operating zone 
correlations show that Increased orifice sizes increased the stability of the 
68-element injector.  The test data indicated that it would be possible to 
increase the number of orifices while necessarily decreasing the orifice size, 
without significantly changing the stability if the stable injection distri- 
bution was maintained as shown on Figure No. 124. However, this conclusion 
only could be verified by testing. 

1 

(67)    Ibid. 
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4.  Results versus Predictions 

The test results obtained In the fluorine thrust chamber 
assembly program are in agreement with the fuel orifice correlations. The 
test results Indicate that the F2/BA 1014 propellant combination has com- 
bustion stability characteristics similar to the more conunon N2O4/A-5O com- 
bination.  Subsequent to the analysis of the fluorine thrust chamber assembly 
stability, and making use of Its test data, a new correlation for the sensi- 
tive combustion frequency was obtained which shows the only additional factor 
to be considered Is the critical pressure of the propellants. This does not 
change the conclusions made because A-50 and BA 1014 both have critical pres- 
sures of approximately 1700 psla. 

All the correlations used to predict stability yielded the 
same «esult, which was that the first tangential acoustic mode of the chamber 
at 3500 cps would be the most probable and would definitely occur In the case 
of the 215-element and 344-element Injectors. Also, It possibly could occur 
In the 158-element and 98-element Injectors. 

The stability prediction for the 68-element Injector was more 
Involved because It made use of Injection distribution as a means of combus- 
tion stabilizing the first tangential mode. The proof of the stabilizing 
Influence of Injection distribution Is Indicated by the stable operation of 
the 68-element Injector with only the smaller orifices of the 98-element 
Injector left after 30 rather large doublet orifices were welded shut at the 
Injector perimeter. 
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APPENDIX III 

METHOD OF CONDUCTING A THERMAL DESIGN ANALYSIS 

A. INTRODUCTION 

This appendix summarizes the basic approach to the thermal design 
of Injector-ablative thrust chamber assembly and points out the problems to be 
avoided In such a task.    The over-all design effort requires three separate, 
yet related thermal analyses:    the ablative composite,  the Injector,  and the 
total system (liner,  Injector, valves and environment).    They are sep  'ate In 
the sense of being done one-at-a-tlme, but related by having physically common 
boundaries or boundary conditions.    In addition,  the thermal design analyses 
must be fully Integrated with the structural analysis. 

B. ABLATIVE CHAMBER ANALYSIS 

Design criteria must Include material selection, allowable 
temperature limits, char and erosion depths and system duty cycle. Other 
components of the system must also be considered, notably the Injector which 
sustains postflre heat soakback from the chamber, and vehicle components 
which may limit exterior wall temperatures. 

An ablative chamber analysis Is predicated on knowing the material 
thermal properties and the gas-side boundary conditions. Quite often these 
factors are not well known. In particular, material properties are difficult 
to obtain, or are available only In a limited temperature range, usually near 
ambient conditions. The more sophisticated the analytical treatment, the more 
Important It Is to have accurate properties data, and seemingly the more 
scarce that Information becomes. The simplified Bartz expression for film 
coefficient Is usually adequate for gas-side boundary conditions; however, 
experimental values derived from Instrumented uncooled steel chambers are 
preferable, especially when film cooling Is significant. 

The Initial thermal analysis usually Involves a one-dimensional 
radial study at several axial locations; one of these stations is almost always 
the throat, which has the most severe thermal conditions. Such studies are 
done by computer and a number of programs of varying sophistication are avail- 
able.  The simplest treat the char process as identical to a nonreversible phase 
change, at a constant char temperature and heat of char, that being a latent 
heat equivalent hiding all the sins of omission and commission in this approach. 
This type of program was used for the present design. Such a program may or 
may not account for surface erosion, internal convection by pyrolysis products, 
etc. Regardless of the shortcomings that may Justifiably be ascribed to such 
programs, it can be said in their favor that they work, once the pseudo-property 
values are correctly Interpreted. 
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More sophisticated programs are gradually coming Into popularity. 
These treat surface chemistry effects between the boundary layer gases, the liner 
reinforcement material, and the pyrolysis gases; they can account for multiple 
Internal pyrolysis reactions, Internal convection by the pyrolysis gases, 
surface erosion by chemical, mechanical, and thermal mechanisms, etc. For such 
programs too, correct Interpretation of thermal properties Is required, but on 
a much higher plane and In greater amounts than for the simpler programs. Thus 
there Is still the limitation that the "önswer" must be known before the problem 
can be solved. 

The design process Is essentially Iterative.  For a given duty 
cycle or firing duration, various material thicknesses are adjusted until 
various temperature and char depth requirements are met. Generally the process 
proceeds faster by starting with an excessively thick wall, and quite often only 
the longest firing duration of the duty cycle need be considered. A two 
dimensional analysis may be Introduced If a truly optimum weight chamber Is 
desired and If sufficient data exist to define the Injector pattern Influences. 

C.   INJECTOR ANALYSIS 

While the chamber analysis is difiicult by unknown material 
properties, the injector analysis is stymied by uncertain boundary conditions 
on the gas side and to a lesser degree on the coolant side.  Factors which 
must be considered in injector thermal design, include the maximum face tempera- 
ture, the burnout or ultimate he.nt flux of the coolant, and the bulk temperature 
rise and pressure drop of the coolant. 

No theoretical correlation has been developed for the convective 
film coefficient on the injector face, presumably because of the complexity of 
the physical processes involved.  Industry's approach is to treat the coefficient 
as being about equal to the Bartz coefficient on the adjacent chamber wall. 
Based on face thermocouple data, the face coefficient was found in this program 
to be about 0.4 times the Bartz coefficient. 

The coolant side boundary condition is usually nucleat boiling for 
subcritical pressure coolants, and the prime consideration is the burnout heat 
flux.  (For super-critical pressure coolants the consideration is the ultimate 
heat flux). While burnout data are readily available for most propellents, 
data scatter at the low velocities usually encountered in the injector manifold 
design is considerable, and it introduces some uncertainty into the analysis. 

Depending on injector geometry, a simple one-dimensional conduction 
analysis may prove adequate for the thermal design purposes, or at least may 
provide quite conservative conclusions (öfter indicating the need for a two- 
dimensional analysis). The steady-state heat balance is made between the wetted 
surface of the coolant passage, which is taken to be at the coolant saturation 
temperature because of the nucleate boiling condition, and the combustion 
products; from this the gas-side surface temperature and heat rlux can be found. 
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Excessive temperatures call for the coolant passages to be closer to the 
gas-side surface and more closely spaced; fluxes higher than the burnout heat 
flux (usually not physically possible without eventual material failure) require 
larger wall thicknesses between the face and the coolant passages, or more 
likely higher coolant velocities. In other words, alleviating a temperature 
problem worsens the flux problem, and vice versa. 

The coolant bulk temperature rise can be determined by a simple 
heat balance.  WhiJe the average rise for the total flow is usually small, the 
coolant in individual passages may be subject to overheating, by virtue of low 
flow rates or null velocity points. The rise in individual passages can be 
found from a series of heat balances to determine the rise between orifices, 
accounting for the correct weight flow in each section of the passage. Excessive 
bulk temperature rise in individual channels can be remedied by manifold design 
changes. 

D.   SYSTEM ANALYSIS 

A given injector-chamber design may be thermally adequate for a 
given firing duration, and yet thermal problems may arise during coast periods. 
Injector heating after shutdown, due to radiation from the hot chamber surface 
as well as conduction via the flange, may be severe. Temperatures may be 
sufficient to cause auto ignition of the fuel or structural impairment. A 
thermal analysis of the entire system is necessary to avoid these hazards. 
A thermal network analyzer computer program is a suitable means of analysis. 
Such an analysis of the present design indicated that high injector temperatures 
would prevent refiring after short coast periods because of the danger of fuel 
detonation.  Corrective design involved the addition of a rechargeable heat 
sink, termed a "thermal accumulator," to the injector back plate. 

A related problem which should not be overlooked in the system 
analysis is postfire propellant valve overheating caused by chamber heat 
soakback. This was found not to be a problem during this program. 
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APPENDIX IV 

FABRICATION CONTROL,  ABLATIVE CHAMBER 

It is necessary  that planned control be exercised of the many variables 
encountered during the  fabrication of an ablative chamber If It Is  to satisfy 
the design requirements.    Planned control Includes knowledge and documentation 
of the supplier's Prepreg material properties,  unless  they are proprietary. 
The documented control of materials  and fabrication processes provides: 

- greater assurance that fabricated part will meet design requirements 

- an Increased potential of part reproduclblllty 

- a basis for performance analysis 

The following are some requirements and procedures that were applied In 
the fabrication of the ablative chambers  tested In this program.    The Items 
listed were established for specific designs, but they are suitable as a base 
for developing similar controls of any ablative chamber design.(68) 

- A fabrication plan defining the method of tape wrapping,  assembly 
procedures,  cure cycles,  prepreg properties and tape wrapping param- 
eters was established prior to fabrication.    Parameters which were 
Identified and recorded Included the following: 

- Prepreg Properties 

Percent resin flow 
Percent volatlles 
Degree of polymerization 
Resin content 
Tack 

- Tape Wrapping 

As wrapped density 
Percent debulk 
Fabric reorientation 
Roller pressure 
Tape temperature 
Billet temperature 
Wrapping speed 

- Resin content and resin advancement for each Prepreg were documented. 
Infra-Red Polymerization Index (IRPI) and acetone extraction were 
used to measure resin advancement. 

(68) Evaluation of Characteristics Affecting Attainment of Optimum Properties 
of Ablative Plastics. Vol. II, Contract AF 04(611)-10933, Report 
AFRPL-TR-68-29, February 1968 
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- Acetone extraction was limited to 0.5% or below per Federal Test 
Method Standards (FTMS) No. 406 method 7021 for cured components. 

- Alcohol penetrant Inspection per specification AGC 36A17 was 
required. 

- Cleanliness was in accord with specification AGC-46350, Level H. 
Components were protected from surface contamination during storage 
or delays. 

- Graphite fabric from Union Carbide Co. was grade WCA. 

- Crushing or damaging of the Prepreg tape during fabrication was pro- 
hibited.  Folded or overlapping tape on the mandrel surface was 
minimized. 

- At least two thermocouples were used to record part temperature dur- 
ing the entire cure cycle.  All cure cycle data, vendor certification, 
ar.d deviations were recorded. 

- Components were cured on mandrels for three hours at 300oF + 10°F and 
200 psig minimum.  The WB 2230 overwrap on chambers S/N 001 and 002 

was cured at 100 psig and 300oF + 10 for 3 hours. 

- Tangential radlographic inspection of the component parts was required 
at 120-degree Increments.  Inclusion and separation of tape-wrapped 
plies were to be located, recordedt and reported. There were several 
small, 0.025-in. to 0.035-in. diameter. Inclusions in the silica over- 
wrap near throat station in both chambers S/N 001 and 002.  Both 
chambers had indications of minor delamlnatlons in the low tempera- 
ture insulation, WB 2230, near the throat station.  This was not con- 
sidered serious.  The AGCarb-101 throat Insert in S/N 001 chamber 
contained a delamination just upstream of the throat which was exposed 
during final contour machining. The part was accepted. No inclusions 
or delamlnatlons were detected In chamber S/N 003. 

- Prior to each overwrap application, the surface to be wrapped was 
sanded, acetone-wiped, and a thin coat of MIL-R-9299 resin applied. 

- The material initially used in the AGCarb-101 components for all 
three chambers, S/N's 001, 002 and 003, was graphite fabric rein- 
forced phenolic laid up with bias cut tape. S/N 001 and 002 throat 
inserts were layed-up in a female mold.  S/N 3 used a mole mandrel. 
Although tape overlapping on the male mandrel and folds was minimized, 
the SN 3 liner had unexpected wrinkles.  The oversized components were 
carbonized and graphitlzed.  Oversize components were necessary to 
allow final machining after a 4 to 6% shrinkage during the graphitiza- 
tlon process.  The following are the specific gravities before and 
after processing: 
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S/N 001   S/N 002   S/N 003 

Carbonizing Cycle 

Before 
After 

Graphltizlng Cycle 

After 

1.15 
1.0 

1.29 

1.16 
0.99 

1.23 

1.44 
1.24 

1.44 

The densities of the cured components and part fabric orientation 
are shown on Table XVIII. 

Joints at each end of the throat inserts were sealed with RTV60 
silicons rubber. The mating surfaces were configured to provide a 
bearing contact area of 90% of that contact area. The joint gap 
did not exceed 0.015-in. 

The WB2230 was overwrapped with four layers of glass fabric, phenolic 
resin impregnated, specification AGC-44050, Type III. 

The impregnated glass fabric was overwrapped with four layers of 
glass filament roving (20 end), specification AGC-44205. 

The chamber assemblies were weighed to the nearest 0.5 lb. These 
weights were: 

S/N 001 - 224.5 lb 
S/N 002 - 303 lb 
S/N 003 - 240 lb 

The thrust chambers were packaged per AGC-46387, Class 1. Caution 
was exercised to avoid standing chambers S/N 001 and S/N 002 on 
unprotected ends. 

Changes and deviations in processing were approved by the cognizant 
engineer. These included repair procedures on chamber S/N 002 for 
an undersize outer diameter surface at the downstream tip of th«: 
AGCarb-101 insert and the undersized chamber-nozzle extension farge. 

A 1-1/4-1.;. minimum length full section end ring from each component 
was supplied with the final assembly for material analysis. 
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Cr»MPONENT DENSITIES AI 

1 
DENSITY 

(GRAMS PER CUBIC CENTIMETER) 
FABRIC ORIENTATION 

(DEGREES TO CENTERLINE UNLESS NOTED) 

S RESIN FLOW JSI S/N 001 S/N 002 S/N 003 S/N 001 S/N 002 S/N 003 

A, FM 9064, Forward Liner 1.49 1.42 43 49 9.86 

B. WB 8207, Aft Liner - 1.38 20 20 6.68 

C. WB 8217, High Temperature 
Insulation, Chamber Section 

1.37 1.41 0 0 9.86 

D. WB 8207, High Temperature 
Insulation Throat Insert Assy 

1.37 1.39 49 49 6.23 

E. WB 2230, Low Temperature 
Insulation Throat Insert Assy 

1.71 1.72 0 
To Surface 

0 
To Surface 

6.23 

r. WB 2230, Low Temperature 
Insulation Under Forward 
Flange 

1.69 1.72 139 139 6.23 

G. 
1    ' 

WB 2230, Overwrap 1.70 1.71 0 
To Surface 

0 
To Surface 

6.23 

1. AGCarb-101 Throat Insert . 1.29 1.23 9 
To Surface 

9 
To Surface 

0.7 

I. AGCarb-101 Liner 1.44 9 
To Surface 

9 
To Surface 

10 
To Surface 

4.9 

J. FM 9072, High Temperature 
Insulation 

1.42 49 10.3 

K. IH  9067, Low Temperature 
Insulation 

1.70 0 
To Surface 

11.2 

(1) Extraction index, values in percentagea 

(2) Based on roller pressure 

(3) Estimated - This is not acceptable as it produced excessive 
wrinkles in the cured component 

(4) Hand  layup 

S/N 001  & 002 
(S/N 002 Depicted» 

I 
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TABLE XVIII 

NSITIES AND FABRIC ORIENTATION 

|                                       PREPRBG  PROPERTIES TAPE WRAPPING CONDITIONS                                                                      j 

BSIN FLOW * VOLATILES 

DEGREE OF 
POLYMERIZATION 

INDEX 
% RESIN 
CONSTANT 

TACK 
LBS 

CALC. 
AS WRAPPED 

DENSITY, 
GMS/CC 

PERCENT 
DEBULK 

FABRIC 
REORIENTATION 

DEGREES TO 
CENTERLINE 

ROLLER 
PRESSURE 

LBS  PER  IN. 
WIDTH 

TAPE 
TEMP 
T 

250 

BILLET 
TEMP 

•F 

WRAPPING 
SPEED 
FT/MIN       j 

[9.86 3.1 .77 31.0 13 1.36 95 43 150 100 5.9           j 

1 6.68 S.3S 90.86(1) 31.86 72 1.25 90 18 175-260 210 141 7-19 

I 9.86 4.37 92.15
(1) 34.2S SS - 0 250 205 100 24              j 

6.23 3.1 *9.SM 29.29 45 1.25 90 43 341 180 105 18-25         ! 

1 6.23 3.1 89.5
tlJ 29.29 45 1.36 80 0 

To Surface 
250 200 120 17               1 

6.23 3.1 89.5
<1) 29.29 45 1.53 89 133 186 210 110 3.3              | 

1 6.23 3.1 e9.5
(1) 29.29 45 1.54 90(2) 0 

To Surface 
290 210 140 13.3            | 

1 0.7 2.7 84 23.2 5 N/A(4) N/A(4) 6 N/A(4) N/A(4) N/A(4) N/A(4> 

4.S 3.9 80 34.8 - - 60(3) 5-13 45 - - - 

10.3 5.1 - 36.0 - - - 43 108 140 - I 

111.2 4.7 - 31.2 - - - 0 
To  Surface 

N/A(4) N/A<4) N/A(4) N/A(4> 

S/N 003 

^ 
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APPENDIX V 

TEST  FACILITIES AND TEST OPERATIONAL PROCEDURES 

A.       FACILITIES 

All testing was accomplished In Aerojet-General's Test Area J at 
the Sacramento Facility.     Either Test Stand J-2 or Test Stand J-4 was used 
depending upon the test objectives.    Test Stand J-2 is a sea-level facility 
and Test Stand J-4 is a simulated altitude facility.    Test Stand J-2 was 
limited by liquid fluorine tankage capacity to tests of approximately SO sec 
duration.    Simulated altitude duration capability of Test Stand J-4 exceeds 
200 sec.    Test Stand J-2 exhaust products were vented to the atmosphere while 
a water scrubber was used to control the exhaust products from Test Stand J-4. 

All 30 tests with the uncooled steel chambers and the water-cooled 
chambers were conducted at Test Stand J-2.    These  tests Included injector 
checkout, pulse, acoustic resonator, and initial compatibility.    The 10  long 
duration, simulated altitude tests with ablative combustion chambers were con- 
ducted at Test Stand J-4. 

1.      Test Facility J-2 

Test Stand J-2, which is a flexure plate thrust stand mounted 
to a concrete base,  is a horizontal firing position.    It has a thrust measure- 
ment capability of up to 10,000 lb.    Propellents are pressure-fed from a 50 gal, 
1440 psig rated oxidizer tank and a 200 gal,  1400 psig fuel tank.    The oxidizer 
tank has a liquid nitrogen Jacket and Is externally insulated with foamed-ln- 
place insulation. 

The liquid fluorine run line from the tank to the test stand 
is 1.5-in. diameter stainless steel pipe rated at  1320 psig.    A liquid nitrogen 
Jacket surrounded the run line up to an Annin start valve, which was cored to 
minimize the unjacketed line length feeding   the   injector.    Foamed-ln-place 
insulation was used at non-Jacketed transition sections.    The injector inlet 
lines downstream of  the start va.v*s were not Insulated. 

All Joints in the oxidizer feed system were welded, except 
those at the flanges of the single turbine type flowmeter and the start valve. 

The fuel was fed to the test stand through 1-ln. diameter 
stainless steel pipe.    There was a single fuel flowmeter flanged into place 
upstream of the propellent valve. 

Helium was used to pressurize the oxidizer system.    Gaseous 
nitrogen was used as  the fuel pressurant. 

A propellant line schematic of the Test Stand J-2 facility, 
showing the line lengths and Instrumentation locations, is presented as 
Figure No.  125. 
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2.      Test Facility J-4 

Test Stand J-4 also is a horizontal firing position.     The 
entire thrust frame is a flexure plate arrangement mounted in a 15 ft x 17 ft 
x 10 ft high altitude chamber which is connected into an array of stream 
ejectors capable of maintaining a 100,000 ft simulated altitude for 25 sec at 
40,000 lb thrust or for 200 sec at the contractually specified 7000  lb  thrust 
level.    The over-all Test Stand J-4 complex is shown on Figure No.   126. 

Both propellant  tanks are 1000 gal units with a 2160 psig 
capability.    A second 1000 gal oxidlzer tank is used for storage purposes. 
The oxidlzer tanks  are triple-walled, stainless steel units which are  liquid 
nitrogen and vacuum Jacketed.    Outlets are 2.0-ln.   in diameter.    The  2.0-ln. 
fuel and oxidlzer feed lines from the tanks  to the Annin stand valves were 
similar to those of Test Stand J-2 except that the oxidlzer system had two 
turbine type flowmeters.    A schematic of  the Test Stand J-4 facility showing 
line lengths and instrumentation locations is presented in Figure No.   127. 

B.       CLEANLINESS 

1.       Initial Cleaning 

The  removal of alien matter from a part was accomplished with 
standard flushing and  rinsing agents followed by purging and drying with hot 
gaseous nitrogen.    The procedure was repeated until the cleanliness quality 

1964 
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The success of  the test program was directly related to  the clean- 
liness of all the circuitry exposed to LF2 prior to its entry into the facility 
and the injector.     Strict adherence to the subsequently described cleaning 
procedure resulted in the accomplishment of  40  tests without experiencing a 
fire,  line failure,   a    seal failure. 

: 

The basic procedures were successfully demonstrated during a pre- 
viously conducted LF2 program.(°°'    The procedures were further simplified from 
the results of a literature search.    The entire cleaning procedure consisted of 
basically two steps;   removing foreign matter followed by passivation.     This 
procedure was applied to the injector,  pressure transducer lines,  transducers, 
thermocouples, valves,  and all of  the other components subject to contact with 
LF2.    The run line was cleaned at  the time that the facility was initially 
activated.    When not in use,  this run line was capped and pressurized with dry 
helium.    Whenever a component was  replaced or the continuity of the run line 
was disturbed,   it was  repassivated.    The injector was recleaned and repasslvated 
whenever it was removed from the  test site. 

Although it may appear that  the passivation procedure could have 
been simplified without adverse effects  the established procedure was highly 
successful.    Since it was only a supporting consideration in the program, 
no effort was made to simplify it. 

:: 

(69)     Aerojet-General  IR&D,   "Advanced Trans tage Fluorine Feasibility Program," 
IQAA li 
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was equal to or better than that of Level E        .    The components, Including 
the injector, were processed under controlled environmental conditions,  then 
It was sealed In a heavy plastic bag and the part remained packaged'?!' until 
needed. 

2.      Passivation 

The LF2 run line components were passivated after installation. 
Passivation of the injector was more easily accomplished prior to its instal- 
lation into the test stand.    The workhorse steel combustion chamber with a 
closure plate on the exit end and blank flanges on the propellent inlet flanges 
provided a simple as well as  effective pressure vessel for conducting the pas- 
sivation treatment. 

The following passivation procedure was almost identical for 
both  the iwjector and test stand LF? run line: 

- Evacuate the system with a GN    aspirator. 

- Introduce  the GF2 slowly until the system pressure 
reached 5 to 10 psig.    Hold system at this pressure 
for 15 min to 20 mln. 

- Increase the GF2 pressure in the system to approxi- 
mately SO psig.    Hold system at this pressure for 
10 mln to 15 min. 

- Increase  the GF2 pressure in the system to approxi- 
mate working level (80 psig to 100 psig for injector 
and approximately 250 psig for the run line).    Hold 
system at  this pressure for 3.5 hr to 4.0 hr. 

- Vent the system and then lock with 5 psig GF-. 

The pressure recorders were monitored during each hold period for any pressure 
change, particularly a rise which would indicate the reaction of fluorine with 
a contaminant. 

C.       SAFETY 

1.  Personnel Protection 

Both test facilities. Test Stand J-2 and Test Stand J-A, were 
remotely operated from the control room during the LF2 fill, bleed-in, firing, 
and post-fire purge operations.  No personnel were permitted on the test stand 

(70) Aerojet-General Process Specification - 46350C, "Levels of Cleanliness, 
Description of" 

(71) Aerojet-General Process Specification - 46387, "Packaging Requirements 
and Product Environmental Capabilities" 
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during the operations.  The only manual stand operation was the connecting and 
opening of the Allied Chemical trailer fill and pressurlzation valves, which 
minimized personnel exposure under flow and pressure conditions. 

Whenever It was necessary to change a valve or component In 
the pressurized LF, system, the system was drained and purged by remote 
control.  Following this, the repairs or replacements were made. 

During any operation Involving the flow of LF,, all personnel 
were restricted from the entire J-Area and the number of personnel permitted 
In the control room was limited to the number of available emergency breathing 
air packs. An Independent supply of breathing air also was provided for the 
control room to maintain a positive pressure. 

Initial entry to the test stand vicinity following a test was 
limited to two personnel wearing full protective clothing and a Scott Air Pak. 
In addition, entry was restricted until the temperature of the external surface 
of the combustion chamber had dropped below 200oF. 

Approximately 65% of the combustion products consisted of HF 
and F (see Table XIX) which were hazardous to animal and plant life. An 
Investigation was made by Aerojet-General Industrial Hygiene personnel to 
determine what weather conditions would be suitable for testing and fluorine 
transfer to minimize these hazards. Their findings became operating guide- 
lines in the form of a published checklist, which is summarized below. 

a.  Fluorine Storage and Transfer 

(1) 
be stored in one vessel. 

Under no conditions would more than 5800 lb of LF2 
(Based upon effects resulting from total spillage.) 

(2)  Under no conditions would LF2 be transferred or the 
run tank pressurized if the mild irritation concentration of 30 PPM could 
extend beyond Aerojet-General controlled property. 

Products of Combustion 

CO 
H2 
H 
FCN 
HF 
F 

N 
C2F2 
CN 

TABLE XIX 

tUSTION  (SHIFTING EQUILIBRIUM) 

MOL Fractions 
Within Chamber One Atmosphere 

0.0314 0.0331 
0.0380 0.0474 
0.1349 0.0793 
0.0002 0.0002 
0.5732 0.6540 
0.0577 0.1727 
0.1632 0.1727 
0.0004 0.00 
0.0001 0.0002 
0.0010 0.0008 

MR      1.91 
Pc (psia) 100 
T (0R)   7347 
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The following shows the quantities of fluorine In pounds 
needed to produce less than 30 PPM average concentration with a minimum of 
5 mph wind velocity: 

Wind Direction 
(degrees) 

160 through 230 
030 through 160 
230 through 030 

Controlled Property 
(feet)  

9,000 
11,000 
15,250 

b.  Test Firing 

Maximum F. Release (pounds) 

+20F Inverstlon 

2,290 
4,030 
10,000 

O'F Neutral 

5,375 
9,430 

23,520 

(1) Under no conditions would a test firing allow a 
concentration of 3 PPM to extend past Aerojet-General controlled properties. 
The following shows the quantities of fluorine In pounds needed to produce 
less than 3 PPM average concentration with a minimum of 5 mph wind velocity: 

Wind Direction 
(degrees) 

160 through 230 
030 through 160 
230 through 030 

Controlled Property 
 (feet) 

9,000 
11,000 
15,250 

Maximum F- Release (pounds 

•l-20F Inversion 0oF Neutral -0.26oF Lapse 

115 
202 
484 

135 
236 
563 

294 
514 

1,224 

(2) The Micrometeorologist assigned to the Industrial 
Hygiene Staff was notified 24 hr prior to the anticipated test time In accor- 
dance with prepared check lists, for a weather prediction. All tests were 
scheduled to take maximum advantage of the weather conditions. 

(3) The Industrial Hygiene Staff Installed a series of 
air sampling devices in downwind areas. These air sampling stations ranged 
between 2000 ft and 7000 ft from the test site at approximately one-half-degree 
Intervals. They were Instrumented prior to each test to adequately sample the 
air under the anticipated weather conditions and the quantity of fluorine 
Involved. 

(4) At 30 mln prior to each test, the area was cleared 
of all personnel not Involved with the test. The wind speed and direction were 
continuously recorded and the meteorological conditions were evaluated to 
determine whether favorable test conditions existed.  Adverse weather conditions 
resulted In several test delays, the majority occurring during the winter months 
when rain, fog, and temperature inversions created unfavorable conditions. 

c.  Check Lists 

The following are the check lists with their designations 
and date of publications used during this program. 
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Title 

LF- Test Firing Area Clearance 

Fluorine System Leak Check 

Engineer Pre and Post-fire Checklist LF- TCA 

Fluorine Fill Leadmans Check 

Fluorine Fill Engineers Check 

Fluorine System N_ Hot Purge 

♦RTT's LF« TCA Assembly and Installation Check 

Advance LF- Combustion Chamber Leak Check Checklist 

RTT's Pre-fire Checklist 

Advance LF- TCA Test Director's Checklist 

RTT's Post-fire Checklist 

Hardware GF- Passivation 

Test Stand J-2 Propellant System Passivation 

RTT's Combustion Chamber Leak Check 

LF- Injector Receiving Inspection Checklist 

GF_ Bottle Installation and/or Changeover 

Sequence Checklist (Uncooled TCA) 

Engineer's Fluorine Transfer (J-4) 

RTT's Passivation Preparation Checklist 

Fluorine Pushback to Trailer 

LF- Trailer Storage and Storage Emergency 

RTT's LF- Storage and Emergency Checklist "E" 

RTT's LF- Cooled TCA Assembly and Installation 

RTT's Fluorine Transfer (J-4) Checklist 

Pre-flre Electrical Advanced LF2-TCA Checklist 

No. Designation 
ATP-TDO- Pul 

26 

Date 
}llshed 

J2-001C Apr 67 

J2-002A 9 Jan 67 

J2-003B 11 Jul 67 

J2-004A 27 Jan 67 

J2-005A 27 Jan 67 

J2-006A 25 Jan 67 

J2-008B 11 Jul 67 

.st  J2-009A 25 Jan 67 

J2-010B 24 Jan 67 

J2-011B 21 Feb 67 

J2-012A 24 Jan 67 

J2-013C 26 Aug 67 

J2-014 9 Jan 67 

J2-016 25 Jan 67 

J2-017 27 Jan 67 

J2-018 31 Jan 67 

J2-019A 26 Aug 67 

J2-1000 2 Oct 67 

J2-2000 29 Dec 66 

J2-2001 8 Mar 67 

J2-2002 13 Apr 67 

J2-2003 13 Apr 67 

J2-2004 11 Jul 67 

J2-2005 2 Oct 67 

J2-4374A 10 Jan 67 

* Rocket Test Technician 
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2. Transfer of Fluorine 

Gaseous fluorine (used for passivation)  and liquid fluorine 
were received In "K" size cylinders holding 3 lb and LN2 Jacketed truck trailers 
having an approximate capacity of 5000 lb,  respectively.    The trailers were 
used as  temporary storage vessels during  the early Injector evaluations at 
Test Stand J-2 because the run tank capacity was only 50 gal. 

The altitude facility, Test Stand J-4, was activated In 
September 1967.    It had two, triple-walled 1000 gal liquid nitrogen and 
vacuum-Jacketed fluorine tanks used for storage and run.    The Test Stand J-4 
run tank was linked to the Test Stand J-2 run tank which permitted all off- 
loading directly Into the 1000 gal run tank at Test Stand J-A.    All movement 
of liquid fluorine was controlled remotely from the control room In accordance 
with above Indicated standard published procedures. 

3. Fluorine Disposal 

Safety requirements dictated controlled disposal of all 
fluorine. All vents and bleeds were discharged Into a remotely-located char- 
coal pit. Pre-test and post-test movement of waste fluorine was controlled 
from the central control room with the area clear of all personnel.  The 
reaction products of carbon tetrafluorlde were vented directly Into the 
atmosphere. 

The test stands and propellent facilities were protected from 
fire damage resulting from accidental fluorine spillage by either manual or 
remote-controlled water deluge systems and stand-by fire hoses. The deluge 
system provided a blanket of water fog over the facility which would control 
the resultant fire from a fluorine spill by reacting with the fluorine to 
form hydrogen fluoride and steam. However, there were no fluorine spills or 
fires throughout the program. 

A.  Exhaust Products Control 

An exhaust scrubber was designed and Incorporated Into the 
Test Stand J-A facility so that the scheduled long duration tests would not be 
as meteorologically dependent. Also, environmental pollution was minimized. 
The dilute hydrofluoric acid-water was directed Into a 200,000 gal neoprene, 
rubber-lined concrete sump. The hydrofluoric acid was recirculated through a 
limestone reaction pit that provided the Insoluble, relatively Inert, calcium- 
fluoride as a solid waste for disposal. The water was recirculated until the 
fluoride concentration was reduced to less than 5 PPM. The water then was 
permitted to drain through the normal waste system. 

The exhaust scrubber designed for the Test Stand J-2 facility 
Is shown on Figure No. 128.  It adversely affected thrust measurement and 
Impeded hardware Inspection; It was not used after the second test. The test 
durations at Test Stand J-2 were sufficiently short so that meteorological 
restrictions did not seriously hinder the test schedules. 
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D.   INSTRUMENTATION 

The following is the basic Instrumentation used during the program. 
The listed accuracy Is based upon the manufacturer's quoted values and esti- 
mated values for calibration, electrical Interconnections, and data reduction. 

Error (1% of 
Operating Point) 
Std Deviation 

Function Sensing Unit Range Error 

Tank Pressures Tabor Transducer 0-500 pslg + 0.101 
Line Pressures Tabor Transducer 0-500 pslg + 0.101 

Injection Pressures Tabor Transducer 0-500 pslg + 0.101 
Chamber Pressures 

- Low-Frequency Tabor Transducer 0-200 pslg + 0.101 
- Hlgh-Frequency Photocon 0-25 psi 

peak/peak 
Oxldlzer Line Temp Resistance Temperature -265 to -4250F + 0.005 

Transducer 
Fuel Line Temperature C A Thermocouple 0-2200'F ♦ 0.96 
TCA Surface Temperature C A Thermocouple 0-2200oF + 0.96 
Injector Fact Temperature C A Thermocouple 0-2200^ + 0.96 

Ablative Chamber 
Imbedded Thermocouples 

- Shallow Penetration C A Thermocouple 0-22000F + 0.96 
- Deep Penetration Tungsten Rhenium 0-4200oF + 5.00 

Thermocouple 

Thrust Baldwin Load Cell 0-10K + 0.105 

Flowrates 

- Fuel Potter Flowmeter 0-15 lb/sec + 0.269 
- Oxldlzer Potter Flowmeter 0-20 lb/sec + 0.269 

The Instrumentation locations In the test stand run lines are 
shown on Figures No. 125 and No. 127. 

The model 5785A Potter flowmeter used In the fluorine line contained 
440C stainless steel ball bearings. These flowmeters were completely satis- 
factory for fluorine service. 

The Tabor pressure transducers Installed In the fluorine lines were 
modified to Incorporate Monel diaphragms rather than stainless steel to 
minimize the possibility of leaks. 
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Shielded thermocouples having a Monel sheath were used In the 
fluorine circuits. 

Special temperature measuring probes were required to accurately 
determine the selected material Interface temperatures of the full ablative 
chambers.    There were no commercially-available thermocouples that could be 
used to meet all requirements.    Specially designed Aerojet-General probes were 
developed.    Silica and graphite phenolic Interface temperatures were measured 
with a 0.005-ln.  diameter chromel-alumel wire encased In phenolic plugs, which 
had properties that were similar to the surrounding ablative material (see 
Figures No.  23 and No.  24).    The small diameter wires were used to minimize 
stem conduction losses and to provide a fast response  time.    The sensing plug 
was spring-loaded to ensure continuous contact with the chamber material. 

A high temperature sensing probe of similar design was used to 
measure the backside temperatures of the AGCarb-101 flame liner In the ablative 
chambers.    Tungsten-rhenium was used as the thermocouple materials. 
Figure No.  129 shows an assembled unit and an exploded view of  the components. 

Injector face temperatures were measured with chromel-alumel thermo- 
couples Inserted In 0.0219-ln.  diameter holes drilled through the Injector 
face from the back at the rald-radlus support posts.     The sensing Junction was 
positioned flush with the injector face and silver-soldered into place.    These 
thermocouples had a fast response and were sufficiently sensitive to detect 
the temperature Increase associated with instability.     Also,  these thermo- 
couples proved highly reliable and were used as one of the "kill" parameters 
during a hot test. 

Two major problem areas were associated in the measurement of the 
temperature of the products of combustion in the resonating cavity of an 
accoutically-damped combustion chamber.    First, there was the anticipated 
operating temperature which was in excess of 3000oF (chromel-alumel thermo- 
couples with a stainless steel sheath in a resonating cavity Indicated a rapid 
rise to approximately 2500oF before burning out).    Secondly,  there was the 
highly corrosive property of the fluorinated combustion products. 

Fusible wires having different melting temperatures and the ability 
to withstand the corrosive fluorinated combustion products were used as tempera- 
ture sensors in the resonating cavities.    Stainless steel, platinum, and 
rhodium 0.010-in. diameter wire, having melting temperatures of approximately 
2600eF, 3224aF, and 35710F,  respectively, were selected.    One wire of each of 
the selected materials   was  mounted on the end of a 0.25-in. diameter steel 
rod to form the temperature sensor.    Figures No. 56 and No.  57 showed the 
sensors after Tests -024 and -025.    Three units were placed in each of the 
first and third (furthest from injector end)  resonating cavities.    An Iridium/ 
Iridium 60 rhodium 40 thermocouple was placed in the cavity with each set of 
fusible wires for comparison.    These thermocouples were calibrated to 3800oF. 
Test results indicated that the fusible wires provided satisfactory and useful 
data.    This concept of sensing high temperature ranges proved to be very 
economical as well as productive. 
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E.  TEST DATA ACQUISITION 

1. Digital Test Data Acquisition and Processing 

Raw commutated digital test data from J-Area was centrally 
recorded on magnetic tape within the Test Area IBM-360 computer system. The 
IBM-360 system simultaneously processed the test data through an engineering 
units time history listing and computer/plotter formated tapes. Extended 
performance calculations then were developed witn  the IBM-360 system. 
Automatic plotters were used In conjunction with the IBM-360 computer system 
to provide a graphic presentation of recorded parameters and performance 
functions versus time. This was generally available within a few hours 
following the test. Digital Test Data Acquisition and Processing System has 
a confirmed 3 slgma channel accuracy of less than 0.1%. 

2. Digital Data 

The digital listing point frequency was varied from every 
recorded sample, 50 points-per-second, to one sample/sec which also varied 
within the test duration, depending upon the duration and/or area of Interest. 

Intervals. 
The digital data was normally averaged over three time 
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APPENDIX VI 

METALLURGICAL EXAMINATION OF COLUMBIUM NOZZLE 
EXTENSION P/N 1131920-9 
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APPENDIX VI 

METALLURGICAL EXAMINATION OF COLUMBIUM NOZZLE EXTENSION 
P/N 1131920-9 

A.   SUMMARY 

The nozzle extension, P/N 1131920-9, was fabricated from C103 
columblum alloy.  Then, it was divided into three sectors which were coated 
as follows: 

Lunite 2; an aluminide diffusion coating similar to the 
NAA-85 coating used on the columblum portion of the Apollo 
skirt. 

Lunite 3; a hafnium-tantalum coating (Both the Lunite 2 
and 3, were applied by the Vac-Hyd Processing Corp.). 

A nickel alumi ide ceramic plasma sprayed coating. 

The nozzle extension was tested two times usi«  thrust chamber 
S/N 002 and injector S/N 2 Mod 3. All tests were made In Tjst Stand J-A and 
are summarized below. 

Test No. Duration Remarks 

002 29.7 sec     plasma sprayed portion of 
nozzle failed 

004 202.8 sec    new nozzle sector riveted 
in place and coated with 
Lunite 2 

Specimens taken from various locations of the test-fired nozzle 
extension (see Figure No. 130) were evaluated for coating performance. 
Results from guided bend tests, microhardness surveys, and metallographic 
examination revealed that the columblum alloy base material was not completely 
protected by the oxidation resistant coatings (Lunite 2 and 3). Both coatings 
spelled on the hot gas side and cracked on the chamber exterior; however, 
exterior cracks did not extend through the intermetalllc coating interface. 
The Lunite 3 coating is considered suitable for a full-scale, full-duration 
nozzle extension. 
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B. INVESTIGATION AND RESULTS 

The nozzle extension was fabricated from C103 columblum alloy 
procured In accordance with Aerojet-General Specification 44141. It was 
Instrumented using C/A thermocouples on the external surface. Test data 
from Test No. -004 indicated that the thermocouples detached from the skirt 
at the end of 40 sec of testing leaving a small gap between the skirt and 
the thermocouple. The Junctions were not damaged and the temperature 
measurements after separation were In close agreement with predictions made 
for a surface acting as a radiation shield between a 2300oF body and a cold 
surface. Using this data, the steady-state skirt temperature was calculated 
to be between 2300oF and 2400oF. 

Specimens from the nozzle extension (see Figure No. 130) were 
bend tested and microhardness determinations made. 

1. Bend Test 

Three specimens  (one from each area, A, B, and C of 
Figure No.  130) were subjected to a 105 degree guided bend test over a 2T to 
6T (1/16-ln.  to 3/16-in.) radius.    Examination of the specimens after bend 
tests showed cracks in the base material Indicating localized embrlttlement 
of the columblum alloy. 

2. Microhardness Traverse 

Microhardness determinations were made of sections taken 
from each area. The results are shown on Table XX. A Knoop hardness number 
Increase was noted on the surfaces of these specimens also indicating 
embrlttlement of the columblum alloy. 

3. Metallographie Examination 

Metallographie examination (Figures No. 131, No. 132 and 
No. 133) reve .ed cracking of the outside diameter coating, spalling of the 
Inside diameter coating, and oxidation of the columblum alloy. The outside 
diameter cracking did not extend through the intermetallic bond region. 
Internal oxidation was more severe on the Lunite 2 coated specimens. 

C. DISCUSSION 

Examination of the results indicates that the Lunite 2 and 
Lunite 3 coatings provided limited protection of the C103 columblum alloy 
base material against oxidation. This was shown by the cracking of some of 
the specimens during the 6T guided bend tests.  The high hardness values 
were more typical on the hot surface side of the specimens. Metallographic 
examination of the two coatings (see Figures No. 131, No. 132, and No. 133) 
shows numerous cracks in the outside surface of the Lunite 3 coating. These 
cracks could have been the result of processing effects because the nozzle 
extension was reworked. They did not extend into the virgin material and 
were non-detrimental. 
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TABLE XX 

MICROHARDNESS SURVEY OF 
VARIOUS AREAS OF NOZZLE EXTENSION, P/N 1131920-9 

(KNOOP HARDNESS NUMBER) 

Location 

Measured from outer surface 

0.001-ln. 

0.002-in. 

0.003-in. 

0.OCA-in. 

Midway through wall 

Measured from inner surface 

0.001-in. 

0.002-in. 

0.003-in. 

0.004-in. 

Aerojet-General Specification 44141 

Specimen 
B 

1 2 1 2 1 2 

189 218 234 238 213 213 

216 215 201 204 213 203 

214 215 201 210 193 203 

204 202 194 191 194 203 

198 191   196 193 199 

488 406 353 295 360 259 

403 256 300 213 242 223 

262 194 290 206 200 206 

222 192 278 198 216 214 

241 maximum 
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Mag:     100X Etchant:    Lactic Acid-HNCL-HF 

I 

4 

Figure 131. Photomicrographs of "A" Specimens Taken from Nozzle 
Extension 
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a. Specimen Bl 

b. Specimen B2 

Mag: 100X Etchant: Lactic Acid - HNO,-HF 

Figure 132.  Photomicrographs of "B" Specimens Taken from Nozzle 
Extension 
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b. Specimen A2 

Magi 100X Etchant: lactic Acid - HNO,-HF 

Figure 133. Photomicrographs of "C" Specimens Taken from Nozzle 
Extension 
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Both the Lunlte 2 and Lunite 3 coatings spalled on the nozzle 
Interior  (gas-side)  surface.    This  Is considered to be the result of high 
temperature  and gas  Impingement.     The Lunlte 3 showed less spalllng and 
oxidation. 

The trailing edge of  the nozzle indicated oxidation in excess of 
that on either the  exterior or gas side surfaces.    This appears  to be the 
result of  the difficulty in obtaining a good coating in this  area as well as 
operation at higher temperature which was caused by the incidence of heat 
from two directions. 

Apparently,   there were differences  in the original Lunite 2 
coating on  Specimen A and the new coating on the replacement nozzle sector, 
Specimen B.     Table XIX shows that specimen B was  less embrittled than A, which 
could be the result of the high temperature cure of the entire nozzle during 
its repair being adverse to the previously coated portion of  the nozzle. 

The Lunite 3 coated portion of  the nozzle showed  the least effect 
from its operation.     The hardness test data on Table XIX shows  that the 
outside surface did not exceed  the  specification maximum hardness of 2A1. 
The gas side  surface was beyond the  specification value for a depth of one 
mil. 

A crack through the columbium at  the  forward end of the nozzle 
was noted.     The lack of oxidation In  this area Indicates  that  the crack 
occurred after testing.     Thermal gradients during thrust chamber cooldown 
appear to be the cause.     The material thickness  in this area was underslze. 

D.        RECOMMENDATIONS 

The cracking of the columbium was  the result of localized thinning 
caused by the material being spun Into the  sharp corner at  Its forward end. 
An Increase  in the  radius of curvature in this area should correct the 
condition. 

Localized spalllng of  the coatings could be avoided by operating 
the nozzle  at a reduced temperature.     Consideration should be given to moving 
the attachment point aft. 

Cracking of  the Lunlte 3 coating on the outside surface of the 
nozzle could result  from the manner in which the nozzle was processed. 
Specimen panels should be evaluated prior to coating the next nozzle to 
determine   the effects of processing parameters. 

E. CONCLUSIONS 

It is concluded that the plasma sprayed nickel aluminide ceramic 
coating is completely inadequate.  Its failure over the entire nozzle section 
in less than 30 sec indicates that the rate of attack upon the columbium was 
very high. 
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The Lunlte 2 alumlnide diffusion coating was proven adequate for 
the duration tested.    However,   the degree of oxidation shown Indicates that 
It may not be adequate for the full duty cycle. 

The Lunlte  3 hafnium-tantalum coating Is considered to be suitable 
for a full-length,   full-duration nozzle.    The surface cracking noted should 
be Investigated because  It could result In stress concentrations upon a 
full-length unit. 
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APPENDIX VII 

POST-TEST ANALYSES OF ABLATIVE CHAMBER S/N 002 
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APPENDIX VII 

POST-TEST ANALYSES OF ABLATIVE CHAMBER S/N 002 

A.       INTRODUCTION 

Ablative chamber S/N 002, P/N 1131021-9, had an inside diameter of 
9.45-in.   in the cylindrical section tapering to a throat diameter of   7.13-in. 
and nominal exit area ratio of 7.5.    The materials used are defined on Figure 
No.   134. 

The chamber was designed to operate for a total duration of 600 sec 
but its actual duty cycle totaled 606.4 sec. The design and actual duty cycles 
are as  follows: 

Firing Duration (sec) 

Design Actual 

315 8.5 

9 29.7 

5 194.0 

61 202.8 

100 0.8 

110 170.6 

Coast  Period   (min) 

Design Actual 

Complete 
Cooldown 

240 

35 

14 

41 

10 

The design duty cycle was not accomplished as planned because of 
test stand limitations and the decision to inspect the chamber after each test. 

All  of the  tests were conducted with the same 68-element  pattern 
injector, S/N 2 Mod 3, which had approximately 2% fuel film cooling located 
in selected areas around the periphery.    The chamber erosion characteristics, 
as  related to the injector pattern, are shown on Figure No.  135.    This  pattern, 
which was recorded after the  third test of  the thrust chamber became more 
pronounced during subsequent  tests.    Examples of the non-uniform regression 
are shown in the subsequent photographs and  regression measurements where 
angular locations are  indicated correspond to Figure No.   135 with top  center 
at  0-degrees  (angle direction is clockwise on Figure No.   135 and counter- 
clockwise in all of the photographs). 
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B. SUMMARY 

(U)       The thrust chamber was sectioned and a post-test analysis was 
performed which Included measurement of regression and char depths as well 
as an evaluation of the post-test condition of the materials. 

(U)       All of the materials performed well and the materials as well as 
fabrication processes are considered satisfactory for use in production 
hardware. Char depths Indicate that an approximate 30Z reduction In chamber 
wall thickness Is possible for future designs. 

The pyrolytic deposition In the AGCarb-101 throat Insert Indicates 

kw of decomposition gases from the back-up materials through the part. 
. ermeability of the throat Insert In this chamber, S/N 002, was relatively 

high because of Its low pre-flre density of approximately 1.22 grn/cnr. 

C. DISCUSSION 

(U)       The S/N 002 thrust chamber was measured to obtain Inside diameter 
dimensions In the chamber and at the throat.  It was weighed and then sectioned 
for further analysis. The results of this analysis follow. 

1.  Dimensions and Weight 

(C) Inside diameter measurements obtained prior to sectioning 
the chamber Indicated the most severe streaking occurred In the 15-degree to 
195-degree plane. Two streaks were approximately 0.50-ln. deep on the radius. 
These streaks were located at each end of the full-length, drilled fuel mani- 
folds of the Injector (see Figure No. 135).  The most severe streak, at the 
195-degree location, extended through the AGCarb-101 mater la.1 at the throat 
station where It Is 0.6-in. thick. Other erosion streaks also extended to the 
throat area although they were not as deep. 

(U) The post-fired dumber weighed 280.5 lb while In the pre-flre 
condition. It weighed 303 lb. 

(U) The Inside diameter measurements of the forward end of the 
chamber are as follows.  They were taken with an ID micrometer prior to 
sectioning: 

•-4- 

I 
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Pre-Fire 
Diameter,   in. 

Post-Fire  ID 
Measurements, in. 

Orientation  of 
ID Measurement 

(degrees) 

0    -    360 

0    -    180 

45 - 225 

60 - 240 

90 - 270 

120 - 300 

135 - 315 

(*) Average 

2.5 

Distance  from Forward End 
of Chamber,  in.  

5.0 6.0 7.5        10.0 

9.450 9.450      9.450 9.450    8.960 

10.105    10.287 10.273    9.965 

10.016 10.161 

9.767 10.217 10.210    9.815 

9.721 9.995 • 

9.832 10.080 10.236    9.785 

9.895 10.194 

Average Regression 
Depth on Radius 

9.810    10.134    10.159     10.240    9.855 

0.180  0.342  0.354  0.395 0.447 

(*)This is an average of the measurements and does not completely reflect 
average regression depth because of large variations. 

(C) The following regression data were taken from minimum and 
maximum throat diameter measurements: 

Original (pre-test) throat diameter, in. ■ 7.135 

Minimum (post-test) throat diameter, in. ■ 7.298 

Maximum (post-test) throat diameter, in. = 8.035 

Minimum total regression on radius, in. = 0.081 

average regression rate, mils/sec   =0.13 

Maximum total regression on radius, in.  = 0.450^ 

' average regression rate, mils/sec   =0.7 

(**) 

(**)Measured at deepest point in throat corresponding to a 15-degree to 
195-degree line looking aft through the throat centerline. 
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2.   Vlsaal Inspection 

a.  Throat Profile 

(C) The full-size throat profile is shown on Figure No. 136 
which was taken from the forward end, looking aft. Maximum regression occurred 
at 11-degrees, 53.5-degrees, 196.5-degrees, and 246-degrees.  The throat diameter 
measured at 15-degrees/195-degrees was 8.035-in.  The minimum throat diameter, 
measured at 80-degrees to 260-degrees was 7.298-in.  The difference, 0.368-in. 
on the radius, shows the pronounced effect of streaking as a result of thp 
Injector pattern.  The streaking, which is shown on Figure No. 135  started 
just aft of the injector face and continued through the throat.  The streak 
patterns diverged and were not always perfectly axial through the throat. 

(C) Uncertain propellant flow characteristics during the 
0        combustion process make it difficult to ascribe the exact cause for the 

streaking. Both the H2O in the fuel and the F2 are potential oxidizers of 
*, carbonaceous materials. The lower vaporization rate of the fuel plus the radial 

flow of oxidizer from the peripheral long impinging elements appear to identify 
the oxidizer as the primary cause. 

b. Full-Length Cross-Section 

(U) A full length cross-section at 90-degrees  is  shown on 
Figure No.  137   (approximately one-third magnification).    Char depths and 
degraded zones  of  the ablative materials  can be seen.     There were  delamlnations 
(normal for post-fired ablatives) in the graphite phenolic chamber liner and 
throat backup.     The exit  cone  liner was  comparatively free of delamlnations; 
however,  this liner charred completely through.    Two of the three  thermocouple 
plugs can also be  seen in this photograph.     The char depths behind  the throat 
and at the forward end are apparent.    The  char depths in the chamber section 

•and exit cone are  also shown on Figures No.   138  through 1A2. 

c. Profile  of Maximum Regression 

(U) There are two views  of the heavy regression area at 
195-degrees.     Figure No.   138 shows  this  region looking aft.     The  top 6-in.   of 
the chamber was  removed prior to taking the photograph*     In the forward area 
(not  shown),  the  two heavy erosion streaks  diverge  from a single streak. 

(U) Figure No.  139  shows  the'chamber surface  from 90-degrees 
to 195-degrees.     The photograph was  taken  from the aft end looking  forward. 
The forward rings were replaced to show the erosion profile from the  forward 
end of chamber through the throat.    The de laminated portion of the  throat 
insert is evident  and extended to the back-up material except at the  forward 
end of the insert.    The AGCarb-101 was relatively thin in the delamlnated area 
because of the heavy erosion;   therefore,   the stress was relieved by the 
delamination.     In addition to the stress created by thermal expansion, there 
was a radial residual stress in the throat segment which sprung the wall toward 
the inside diameter upon sectioning. 
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Figure 136. Throat Profile Showing Irregular Regression Pattern 
at Minimum Throat Diameter 

Page 296 

CONFIDENTIAL 

Q 

D 
D 
D 
: 
m 

:. 

: 

: 

: 

.. 

: 

: 

: 

i 
: 

3 

i 



rr 

D 
D 

. 

r 

a 
D 
: 

i 

i 
i 

CONFIDENTIAL 

"»     -♦ i* 

Page 297 

CONFIDENTIAL 

i 
I 
4-1 

I 

o 
u 
o 

L 



fr 

CONFIDENTIAL 

I'll 10, It 

Figure 138. Heavy Regression in Chamber and Throat "ear 195-Degrees 
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Figure 139.  Regression Patterns In the 95-Degree to 195-Degree 
Segment 
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Figure 140.     Segment 195-Degreef5 to 270-Degrees 
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Figure 141.     Segment   270-Degrees  to 45-Degrees 
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Figure 142.  Segment 90-Degrees to 195-Degrees 
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i At the bottom right and center of Figure Ho. 139, there 
are two voids (below holes) at the exit cone/throat extension Interface. One 
void area extended approximately 1-in. Into the section at 195-degrees. There 
Is no evidence of gas leakage behind the throat back-up.  Furthermore, there 
Is no Internal material removal forward of these points.  Therefore, It Is 
concluded that the material removal occurred as a result of a concentration of 
decomposition gases escaping at the Interface. The decomposition gases of 
phenollcs contain potential oxidizing species as well as hydrocarbons'^). 

All voids or material loss at the material Interface In 
the nozzle occurred in line with the heavily-eroded area. These areas possibly 
were hotter and exceeded threshold temperatures for oxidation attack by 
decomposition gases such as H2O and CO2.  It also is possible that the faster 
temperature rise in the regions of high regression produced corresponding 
separations at the graphite cloth/silica cloth Interface.  The voids would 
produce a ready escape path for decomposition gases. 

d.  Segment 195-degrees to 270-degrees 

The face of the 195-degrees to 270-degrees segment is 
shown on Figure No. 140. The material removal at the material interface in 
the nozzle is shown as well as the erratic surface profile resulting from 
Injector streaking. The continuation of the void at the throat extension/exit 
cone interface at 195-degrees also can be seen. 

e. Segment  270-degrees  to 45-degrees 

The face of the segment 270-degrees to 45-degrees is 
shown on Figure No. 141. Two voids, approximately 1-in. wide, and three 
smaller voids at the material interface in the nozzle can be seen. Heavy 
regression occurred at 15-degrees and 35-degrees. 

f. Segment  90-degrees  to 195-degrees 

The 
shown on Figure No. 142. 
readily observed. 

face of the 90-degrees to 195-degrees segment is 
The heavy regression and delamlnated areas can be 

U 

D 
:; 

1 
1 
1 

g.       Radial  Ring,   Segment 6-ln.   from Forward End of Chamber 

The specimen shown on Figure No.   143 extends  from 
Stations 2.5-ln.  to 6.0-ln. below the forward end of the chamber.    It is viewed 
looking forward from the downstream end.    The internal profile is at the forward 
end of  the specimen.    The aft  Internal contour is the line of demarcation 
between black and grey.    It can be seen that the streaks are narrow and discrete 

(72) 
Report AFRPL-TR-68-29,  op.   cit. 
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Figure 143. Radial Cross-Section 6-in. from Forward End 
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at the forward end of the specimen while downstream, they tend to merge. Also 
shown Is the circumferential displacement produced by the relief of stress In 
the chamber liner when sectioned. Char'depth Is generally uniform and extends 
Into the liner back-up 0.400-ln. to 0.500-ln. The small wrinkles In the chamber 
liner overwrap are evidenced at the points of delamlnatlon In the overwrap. 

h.  Photomicrographs of AGCarb-101 and Carbon/Phenolic Back-Up 

B Small sections of the throat and throat back-up were 
removed at a 45-degree angle for observation of the char structure. The source 
of the specimens Is shown on Figure No. 144. The specimens were Impregnated 
with epoxy, cured, and polished. They were observed at 500X magnification. 
Figure No. 145 Is a photomicrograph of the throat back-up graphite phenolic, 
which Is Specimen No. 3.  Polarized light was used to ascertain If there was 
any pyrolytlc graphite deposition In the char Indicating exposure to tempera- 
tures In excess of 2000oF.  There was no apparent deposition In the throat 
back-up char.  The dark Irregular shapes are ends of the fibers. The dark 
area extending at a 45-degree angle across the photograph Is a separation In 
the char structure. The light areas are reflected light emitting from anlso- 
troplc material, other than pyrolytlc graphite, because these areas do not have 
the characteristic cone shape shown on Figure No. 146. Pyrolytlc graphite 
deposition on both sides of a separation In the throat material, AGCarb-101, 
Is shown. The section was made at location No. 2 shown on Figure No. 144.  The 
graphite fibers, which are the dark areas, were cut at an angle and appear to 
be elongated. The deposition thickness Is approximately 0.00034-ln. on the 
left and 0.00070-ln. on the right side. 

Figure No. 147 shows a pyrolytlc graphite deposition 
thickness of 0.0007-ln. from Specimen No. 2. A small section of the liner 
from LF2 chamber S/N 003, P/N 1131377-7, also was prepared for observation at 
5000X magnification. Figure No. 148 Illustrates a typical area and separation. 
There was no pyrolytlc deposition observable In the area examined. 

3.  Density Comparisons 

The pre-fire density of the AGCarb-101 from S/N 002 was 
determined from a ring removed from the aft end of the component. The density 
varied from 1.20 grams/cc to 1.23 grams/cc. Deposition of pyrolytlc carbon 
during hot tests Increased the density of throat Insert to 1.24 grams/cc. 

The density of the char from the graphite phenolic throat 
back-up also was determined.  The density was slightly higher than that for 
the flame surface char and approximated the density of charred material prepared 
at 1500eF In an Inert atmosphere. The density was 1.21 to 1.22 grams/cc.('^^ 

(73) 
Evaluation of Characteristics Affecting Attainment of Optimum Properties 
of Ablative Plastics. Vol. I, Contract AF 04(611)-10933, AFRPL-TR-68-20, 
February 1968. 
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Figure 1A4.  Throat and Throat Back-Up Showing Location of Density 
Specimens and Photomicrograph Specimens 
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Figure 145. Photomicrograph of Throat Back-Up Char Structure 
Showing Separation 

I 
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Pyrolytic  Deposition Thickness: 

Left  Hand Layer =  .00034" 
Right  Hand Layer =   .00070" 

Figure 146.    Photomicrograph of Throat AGCarb-101 Showing Pyrolytic 
Deposition in a Separation 

• ■ 
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Pyrolytic Deposition Thickness: 

Left Hand Layer 
Right Hand Layer 

.00066" 
.00070" 

Figure 147.  Photomicrograph of Throat Showing Pyrolytic Deposition 
In a Separated Area 
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Figure 148. Photomicrograph of AGCarb-101 Throat of Chamber S/N 003 
Showing Separation 

1 
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4. Regression and Char Profile 

A full-scale cross-section drawing was made from regression 
and char measurements at 90-degrees. Figure No. 149 Is a reduced scale copy 
of this drawing. The regression profile war traced from the 90-degree cross- 
section measurements. The char dep h was determined by measuring Barcol 
hardness. The char Interface was established as the point where any hardness 
reading could be obtained. Completely charred material had 0 hardness on the 
Barcol Impressor scale. Partially-degraded carbon or silica phenolic had some 
hardness on the Barcol scale; therefore, the char line Includes only the 
completely charred material. 

The char thickness was rather uniform, as shown on the outline 
of Figure No. 149. The char depths Indicate the chamber section was over- 
designed and the wall thickness could be reduced by approximately 30%. The 
graphite phenolic In the nozzle section, which Is closer to minimum thickness 
than the chamber section, was charred to Its Interface with the silica phenolic 
Insulation. 

5. Decomposition Gas Effects 

The decomposition gases created as the ablative material 
reaches 500oF or above must pass through the chamber wall Into the gas stream 
at some location. The composition of the gases are water vapor oxides of 
carbon and hydrocarbons of various molecular weights. One of the hydrocarbon 
constituents is methane, which Is cracked at temperatures ranging from 2000*F 
to SOOO'F resulting In pyrolytlc graphite being deposited on the surrounding 
material. Figure No. 147 shows a thickness of 0.0007-ln. pyrolytlc deposition 
In the AGCarb throat liner Insert. This type of deposition was found throughout 
the wall of the AGCarb insert. Long-duration firings increase the amount of 
pyrolytlc deposition because the total volume of methane passing through a pore 
Increases with firing duration until the pore is restricted or filled. 

Conversely, H2O also passes through the char layer and/or the 
AGCarb-101 insert. The H2O reacts with the carbon to produce CO or CO2 resulting 
in carbon removal. The results of this phenomenon are shown on Figure No. 141. 
There are corroded areas at the material Interface in the nozzle produced by 
oxidation. The holes were not observed until Just prior to the last firing 
cycle. This Indicates that a large volume of gases was venting through these 
holes causing them to erode and become larger during the last test. During 
earlier firings, the upstream gas escape paths were open. In other firings(74) 
holes have been formed in the liner materials. Although the pattern is random, 
it tends to cover the entire surface. 

(74) 
Ablative Materials Evaluation in Fluorlnated Oxidizer Environment. 
Contract AF 04(611)-9366, AFRPL-TR-65-138, 7 September 1965. 
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6.  Performance of Materials 

The flame surface materials used were graphite phenolic and 
a fibrous graphite composite, designated AGCarb-101. The throat material, 
AGCarb-101, was backed up by a graphite phenolic. The graphite phenolic in 
the chamber had a carbon phenolic overwrap. Silica phenolic was used as the 
overwrap for the full length of the chamber. 

The test results indicate that the graphite or carbon phenolic/ 
silica phenolic interface could have been closer to the flame surface in all 
locations.  A practical upper temperature limit for silica phenolic is 3000eF. 

Two types of graphite phenolic were used, FM 5064 in the 
chamber and WB 8207 in the exit cone and throat back-up. Both materials 
performed very well and could be used interchangeably. The WB 8207 was 
particularly characterized by the lack of delaminations while a few minor 
delaminations existed in the FM 5064. There were no anomalies observed in the 
performance of any of the back-up materials. The delaminations, which were 
observed after sectioning, are characteristic of post-fired ablative materials. 

The AGCarb-101 used in the throat was lower density than that 
of the original chamber (Figure No. 21); however, it performed well. The high 
regression at 195-degrees did not prevent the attainment of the full 600 sec 
duration for the chamber. The fabrication technique using cut patterns in a 
female mold prevented wrinkles, which are potential areas of failure and high 
regression; however, delamination occurred. Autoclave pressure was used for 
debulking and curing.  A 1000 psi hydroclave pressure would provide sufficient 
debulk to make the AGCarb-101 precursor density equivalent to a tape/wrap 
hydroclave process component. Wrinkles would be prevented by applying debulk 
and cure pressure to the inside diameter of the component. 

The regression rate in streaked areas for the AGCarb-101 and 
graphite phenolic materials was higher than expected. The streaking produced 
non-uniform and high regression in localized areas. The regression next to the 
injector is attributed to the oxidizing molecules impinging upon the graphite 
chamber wall. 

Based upon visual and microscopic evaluation, the material 
in the non-streaked areas was identical to the material which streaked. Non- 
uniformity in the materials, great enough to produce the large measured 
difference in regression, is inconceivable.  If oxidizing specie in both pro- 
pellants could be kept from impinging upon the chamber walls, little or no 
regression of the * carbonaceous liner materials would be expected. 

The pyrolytic deposition in the AGCarb-101 indicates that means 
for providing decomposition paths through the liner could be required in those 
liner materials having low permeability. Higher density AGCarb-101 would have 
resulted in a less permeable throat material. 
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D.       CONCLUSIONS 

All of the materials performed well.    The thrust chamber performance 
Indicates that the materials and the processes used for fabrication are satis- 
factory for production hardware.    There is need for further improvement in the 
injector to reduce local streaking. 
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APPENDIX VIII 

HIPERKINETIC NOZZLE DESIGN, LF /N H BLEND 

A. SUMMARY 

This appendix presents the results of an analytical study to deter- 
mine the potential performance Improvement obtainable by recontourlng the 
LF2/N2H. Blend Program nozzle In order to reduce the effects of finite reac- 
tion rates.  Prior to this study, the nozzle configuration had a length of 
49.5-In. and an area ratio of 33.5:1.  For this study, the design constraint 
was to limit the nozzle length to 51.9-in. 

The optimum high performing kinetic (hlperklnetlc) nozzle design 
was determined by minimizing the combined performance effects of exit area 
ratio, curvature-divergence, boundary layer, and finite reaction rates. The 
best hlperklnetlc nozzle was found to be a composite of two Rao nozzles. The 
first nozzle, which Is used for the Initial expansion (1 < e > 3), Is designed 
to reduce the kinetic loss. The second nozzle, which Is attached to the first 
by a short transition radius. Is designed to complete the expansion with a 
minimum divergence loss. 

For the design constraints, two nozzles were designed and their 
performance determined.  One nozzle was a conventional Rao optimum contour 
used to Illustrate the performance Improvement as a result of the increased 
length and area ratio, while the other was a hlperklnetlc contour.  The perfor- 
mance improvement of the two nozzles considered over the current c - 33.5 
design follows: 

Nozzle Contour: 
Area Ratio: 
Length (inches): 
I  Gain (Z): sp 

B. TECHNICAL DISCUSSION 

Rao Optimum Hlperklnetlc 
36.2 36.2 
51.9 51.9 
0.2 1.1 

1.       Method of Approach 

High energy propellent systems,  such as LF./N^H,  blend, 
characteristically have high kinetic performance losses on the order of 4 to 
8% of Isp.    Since  the kinetic performance loss is based on rate phenomena, 
both the chemical reaction rates and  the nozzle residence time will affect it. 
Nozzle residence  time is   the measure of the rate of gas expansion and thus  is 
directly a function of the rate of change of area ratio with respect  to axial 

length, —.    Therefore,  as  the nozzle -jr is  decreased,   the residence time will 

increase and the kinetic performance loss will be lowered.    However,   a change 
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In -rr will also have an Impact on other performance losses within a given set 

of design constraints.  For example, with a fixed nozzle length, a decrease in 

-rr- will result in a lower exit area ratio thus reducing the theoretically 

available performance.  For a nozzle with fixed length and area ratio, an 

initial decrease in -rr will have to be accompanied by an increased -jz near the 

exit which will increase the nozzle curvature loss. Similarly, for a nozzle 

with fixed area ratio, a decrease in -r? will result in an increase in total 

nozzle length which will Increase the boundary layer performance loss. 

As a result of the interrelationship of nozzle contour, 
length, and expansion ratio, an optimum nozzle design can be found by minimiz- 
ing the combined effects of exit area ratio, curvature-divergence, boundary 
layer and finite reaction rates. The effects of expansion ratio can be con- 
sidered by utilizing Aerojet computer program No. 166. The curvature- 
divergence and boundary layer performance losses are calculated with computer 
programs 10003 and E25202, respectively. The kinetic performance loss Is 
calculated by a sudden freezing procedure. ('^' 

a.  Potential Performance Improvement 

The results of a kinetic analysis for the LFo/NoH* blend 
propellent system at a chamber pressure of 100 psia and a mixture ratio of 1.91 
are presented in Figure No. 150.  This figure relates the effects of nozzle 
contour to the freezing parameter B and the nozzle pressure ratio. The regions 
of equilibrium and frozen flow are Identified based on the results of the 
Rocketdyne F2-H2 analysis"°). Note from Figure No. 150 that as the nozzle 
divergence wall angle Is reduced, the freezing point is shifted to a higher 
pressure ratio or higher area ratio. This effect is, of course, expected 
because a reduction In the nozzle divergence angle results in a reduction in 

-rr.  The effect of the freezing point location on performance is given In 

Figure No. 151. As the freezing pressure ratio increases, the kinetic perfor- 
mance loss decreases.  Figure No. 151 also presents the one-dimensional rela- 
tionship between the nozzle pressure ratio and expansion ratio. Returning for 
a moment to Figure No. 150, note that the current e - 33.5 Rao optimum nozzle 
contour (dashed line) freezes at a Pc/Pg ■ 5.6, while a nozzle with a 15-degree 
expansion angle freezes at a Pc/P ■ 10.0. From Figure No. 151, this corre- 
sponds to a performance loss of approximately 4.1% and 2.6%, respectively. 
Thus, a 1.5% reduction In the kinetic performance loss could be realized simply 
by utilizing a 15-degree conical nozzle in place of the Rao optimum contour. 

(75) Pieper, J. L., "Investigation of Finite Rate Performance Losses for 
Fluorine Based Propellants," TCER 9642:0078, Aerojet-General Corp., dated 
14 August 1967. 

(76) Ibid. 
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Of course,   the net change In delivered performance would be a function of the 
design constraints and the effect of the nozzle contour change on the other 
performance losses. 

b.      Method of Contour Adjustment 

Considering only the kinetic performance loss,  the noz- 

zle contour which would provide the maximum — while still maintaining equil- 
dz 

ibrlum flow would be the contour obtained by following the line separating 
the equilibrium and frozen flow regions In Figure No. 150. That Is, at a 
pressure ratio of 5.8 (e - 1.65) the nozzle wall angle 9 should be 30-degrees, 
at Pc/Ps - 8 (e - 2.0) 6 - 20-degrees, at Pc/P« - 10 (e - 2.3) 0 - 15-degrees, 
etc. Such a contour, however, could produce shocks and thus significantly 
affect the expansion process and the reliability of the system. However, this 
does suggest that a high performance kinetic (hiperklnetlc) nozzle should have 
a decreasing expansion rate during the Initial expansion (1 < e > 3) and then 
an Increased expansion rate during the Intermediate expansion, and finally a 
decreased expansion rate at the nozzle exit.  A nozzle of this type Is really 
a composite of two Rao nozzles.  The first nozzle which Is used for the initial 
expansion Is designed to reduce the kinetic loss. The second nozzle, which is 
attached to the first by a short transition radius, is designed to complete 
the expansion with a minimum divergence loss.  This procedure was utilized to 
obtain the hiperklnetlc nozzle contour described in the following sections. 

2.  Analytical Results 

a. Design Constraints 

The following design constraints were given for the 
design of a hiperklnetlc nozzle for use on the LF2/N2H.  blend program: 

Maximum Nozzle Axial Length 
(Throat to Exit) - 51.9-ln. 

Maximum Exit Diameter ■ 44.5-in. 

Throat Diameter - 7.135-ln. 

For these conditions,  It appears that the nozzle length 
is  the limiting constraint in determining the optimum nozzle contour.    That Is, 
a performance improvement could be realized by Increasing the nozzle length 
beyond 51.9-ln. while maintaining the other design constraints. 

b. Hiperklnetlc Nozzle Contour 

The first step in deslgring the hiperklnetlc nozzle was 
to obtain the Rao optimum contour for the design constraints given above. 
This contour is required to provide a basis for obtaining the second expansion 
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section of the hlperklnetlc nozzle and estimating the performance Improvement 
of the hlperklnetlc nozzle. Next, a set of Initial expansion contours with 
varying degrees of expansion rates was designed. Then the Rao optimum con- 
tour designed earlier was attached to the Initial expansion contours by trans- 
lating It In both a radial and axial direction. An approximate performance 
analysis which determined the combined performance effects of kinetics, 
divergence, and area ratio was made for each nozzle, from which the final 
nozzle contour was selected. A listing of the nozzle coordinates Is presented 
in Table XXI.  The hlperklnetlc nozzle has an axial length of 51.9-in. and an 
expansion area ratio of 36.2:1. 

c. Performance Comparison 

A performance analysis of the three nozzle configura- 
tions has been made in order to determine the performance gain of the hlper- 
klnetlc nozzle.    The nozzle configurations included In this analysis were: 
the current e ■ 33.3 Rao optimum contour; the c -  36.2 hlperklnetlc contour; 
and an e  - 36.2 Rao optimum contour.     These results are presented in Table XXII. 
The Is     (perf.   injector)  given in Table XXII is found by assuming a 100% energy 
release efficiency and a uniform propellent mixture ratio distribution.    This 
comparison shows that a gain 0.8 lbf-sec/lbm of Ig. (0.2%)  resulted from the 
increase in length and area ratio  (33,5 to 36.2).     Furthermore,  a comparison 
of the performance of the two e ■ 36.2 nozzles shows a 3.5 lb«-sec/lb     (0.85%) 
performance Increase for the hlperklnetlc nozzle contour over that of the con- 
ventional Rao optimum contour.    As a result,  a total performance increase of 
approximately 1.1% has been achieved by lengthening and recontouring the 
LF2/N2H4 blend nozzle. 

d. Effect of Design Constraints 

On the basis of  these results, an investigation was made 
to determine the approximate performance increase for an optimum hlperklnetlc 
nozzle with an expansion area ratio of 43.6:1 with no length restriction.    The 
results indicate that the optimum nozzle length on both cases would be 61.4 
Inches.     The Rao optimum nozzle contour with e ■ 43.6 Is estimated to be 
4.1 Ibf/lb     (1%) higher performing than the e - 33.5 Rao optimum nozzle.    The 
e - 43.6 hlperklnetlc nozzle is estimated to be 7.6 lbf-sec/lbm or 1.85% higher 
performing than the e - 33.5 nozzle. 
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TABLE XXI 

HIPERKINETIC NOZZLE COORDINATES 

Axial Length Radius Angle 
In.  In. Degrees 

0. 3.568 0. 
0.012 3.568 1.000 
0.025 3.568 2.000 
0.037 3.569 3.000 
0.050 3.570 4.000 
0.062 3.571 5.000 
0.075 3.572 6.000 
0.087 3.573 7.000 
0.099 3.575 8.000 
0.112 3.577 9.000 
0.128 3.579 10.000 
0.136 3.581 11.000 
0.148 3.584 12.000 
0.161 3.586 13.000 
0.173 3.589 14.000 
0.185 3.592 15.000 
0.197 3.596 16.000 
0.209 3.599 17.000 
0.221 3.603 18.000 
0.232 3.607 19.000 
0.244 3.611 20.000 
0.256 3.615 21.000 
0.267 3.620 22.000 
0.267 3.620 22.002 
0.335 3.647 22.026 
0.470 3.702 22.062 
0.605 3.757 22.071 
0.741 3.812 22.075 
0.877 3.867 22.073 
1.014 3.922 22.054 
1.150 3.978 22.020 
1.288 4.033 21.981 
1.425 4.089 21.934 
1.563 4.144 21.867 
1.701 4.199 21.797 
1.840 4.255 21.721 
1.979 4.310 21.626 
2.119 4.365 21.528 
2.259 4.420 21.423 
2.399 4.475 21.304 
2.540 4.530 21.183 
2.682 4.585 21.052 

r. 
: 

: 

: 

■' 

o 
! 

D 
( 

Page 322 

D 
D 

UNCLASSIFIED 



■,™ 

i 
I 
I 
: 

: 

:: 

;; 

D 
r 
i, 
i 

UNCLASSIFIED 

i, 

D 
G 

TABLE XXI (cont.) 

HIPERKINETIC NOZZLE COORDINATES 

Axial Length Radius Angle 
In. In. Degrees 

2.82A 4.639 20.914 
2.966 4.693 20.771 
3.109 4.748 20.619 
3.253 4.801 20.465 
3.398 4.855 20.302 
3.543 4.908 20.136 
3.688 4.962 19,964 
3.690 4.963 20.000 
3.749 4.985 21.000 
3.807 5.008 22.000 
3.864 5.032 23.000 
3.921 5.056 24.000 
3.978 5.082 25.000 
4.034 5.109 26.000 
4.090 5.137 27.000 
4.145 5.166 28.000 
/i.200 5.195 29.0C0 
4.254 5.226 30.000 
4.308 5.258 31.000 
4.334 5.274 31.491 
4.956 5.655 31.577 
6.175 6.401 31.227 
7.420 7.145 30.464 
8.703 7.886 29.500 

10.028 8.620 28.442 
11.401 9.347 27.337 
12.824 10.065 26.222 
14.297 10.773 25.103 
15.827 11.471 23.977 
17.413 12.158 22.899 
19.056 12.833 21.835 
20.758 13.497 20.815 
22.519 14.149 19.822 
24.341 14.788 18.860 
26.221 15.413 17.939 
28.163 16.025 17.035 
30.166 16.622 16.176 
32.231 17.204 15.338 
34.359 17.771 14.529 
36.551 18.323 13.748 
38.804 18.858 12.988 
41.122 19.377 12.260 
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TABLE XXI  (cont.) 

HIPERKINETIC NOZZLE COORDINATES 

Axial Length 
In. 

43.504 
45.955 
48.449 
51.900 

Radius 
In. 

19.878 
20.362 
20.829 
21.450 

Angle 
Degrees 

11.546 
10.862 
10.200 
9.800 

I 
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TABLE XXII 

COMPARISON OF THE LF2/N2H, BLEND PROGRAM NOZZLE DESIGN 

P - 100 psla O/F - 1.91 

Nozzle Control 

Area Ratio 

Nozzle Length 

I      (ODIE) sp 

C-D Loss,  sec 

B.L. Loss,  sec 

Kinetic Loss,   sec 

I      (100% ERE) sp 

Rao Optimum Rao Optimum Hiperkinetic 

33.5 36.2 36.2 

49.503 51.900 51.900 

408.7 410.0 410.0 

5.0 5.2 5.3 

7.2 7.4 7.4 

16.8 16.9 13.3 

379.7 380.5 384.0 

I I 
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ABSTRACT 

The "Development and Demonstration of Ablative Thrust Chamber 
Assemblies Using LF2/N2H4 Blend Propellants," Contract F04611-67-C-0003, 
was a comprehensive exploratory development effort which included the 
design, fabrication, and testing of injectors, ablative thrust chambers, 
and a radiation-cooled-divergent nozzle extension.  It was conducted in 
three phases over a 25 month period.  The design study was accomplished 
in Phase I while Phases II and III consisted of evaluations of thrust 
chamber assemblies which utilized non-damped and acoustically-damped in- 
jectors, respectively. 

A single injector body configuration was used through the program. 
It incorporated triplet-type elements in a flat-faced, nickel body with- 
out baffles. Injector durability was demonstrated with a single unit 
which accumulated over 846 sec of testing.  It was determined that maxi- 
mum performance could be achieved with stable operation by using acoustic 
resonators built into the chamber wall. 

A radiation-cooled columbium nozzle was tested at vacuum condi- 
tions for an accumulated duration of 233 sec. This nozzle was used to 
evaluate three different thermal barrier coatings. 

The forty tests conducted in the program provided verification of 
the analytical methods applied in the chamber design, supplemented 
existing technology and provided previously unavailable materials infor- 
mation.  This demonstration of the two ablative chamber designs provided 
ample evidence that adequate technology is available to develop space 
engines using an interhalogen oxidizer. 

D 
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Two different composite ablative chamber configurations were 
evaluated. One had a precharred fibrous graphite throat insert with 
uncharred ablative materials both upstream and downstream of the throat. 
The other had a precharred fibrous graphite liner which extended from 
the injector to a station downstream of the throat.  The latter configu- 
ration failed during testing as a result of local buckling of the liner. 
A throat insert design unit was tested six times at vacuum conditions for 
a total duration of 605 sec.  An acoustic resonator was incorporated in 
a second throat insert chamber configuration and tested three times for 
a duration of 160 sec« ;: 
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