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FOREWORD

This report is the second and final report on this program, and
summarizes thrust chamber assemblies using LFy/NpH; blend propellants. 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: H

Mr. C. W. Williams, Program Manager

Mr. R. C. Schindler, Project Engineering Manager l
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/N2H; Blend Propellants,' 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.

TR AR ... |

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 846 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.

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.

A radiation-cooled columbium 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 .:sts 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 oxidizer.
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NOMENCLATURE

Injector area of spray fan, 1n.2

Injector area of fuel rich spray fan, in.z
Area of acoustic liner face surface, ftz
Area at which frozen chemical composition occurs, in.2
Area of acoustic liner orifice cross section, ftz
Area of combustion chamber throat, 1n.2

Pressure sensitive coefficient

Thermal expansion coefficient, in./in. °F

Rate of change of equilibrium composition
Kinetic rate of change in composition

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

Di Fluoro Acetylene

Chlorine trifluoride

Cyanide

Carbon nonoxide

Specific heat, pressure Btu/lbm °F
Stagnation chamber gas speed of sound, ft/sec
Combustion Stability Monitor

Acoustic liner orifice diameter, ft
Fuel orifice diameter, ft

Modulus of elasticity, psi

Base of natural logarithm

Energy release efficiency

Energy release loss
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NOMENCLATURE (cont.)
°F Degree farenheit '
I-'o Force function, 1bf
Fv Thrust vacuum, 1b l
FCN Fluorine cyanide |
FFC Fuel film cooling '
FS Factor of safety
_r-'sl Fire switch on l
rsz Fire switch off
FT Feet
f Coefficient of friction I
fl Frequency, uc-l
fo Acoustic liner resonant frequency without mean gas flow, u.ec-1 1
GI-‘2 Gaseous fluorine _
g Gravitational constant, 32 ft/aec2 i
gr/cm3 Grams per cubic centimeter )
Hpq Normalizing factor in eigenfunction expansion ': |
chffcct ive il:;:uzii‘f;:r;:::‘i;:n of combustion species at resulting
Hfreference Heat of formation of combustion species at reference value
HF Hydrogen fluoride
uzo Water [ l
h Index denoting solutions in the radial direction
hfus:l.on Heat of fusion, Btu/lbm
ID Inside diameter
INJ Injector
o Specific impulse, lb-sec/lbm }
op Specific impulse calculated from thrust and propellant weight e
meas flow measurements, sec ]
I.p Specific impulse at valve mixture ratio, lb-sec/lbm l
(0/F) ;
o Specific impulse at vaporized mixture ratio, lb-sec/lbm :}
(0/F)v
i
xiv !
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NOMENCLATURE (cont.)

Specific impulse predicted, lb-gsec/lbm

Lk

1
i
|
'pPre
' ' I.p One dimensional isentropic expansional specific impulse at
Theo valve mixture ratio
l op, One dimensional specific impulse at vaporized propellant
in. inch
‘ :I.n.3 Cubic inch
ﬁ ] Jv Bessel function of the first kind of order v
. b VT. indicates an imaginary number
r l ksi Thousands of pounds per square inch
I k Thermal conductivity, Btu/in. sec °F
! ky Spring constant, lbf/ft
L Backing distance of acoustic liner cavity, ft
l LQ Length of quarter wave tube, ft
. L* Chamber characteristjic length, in.
I LF Liquid fluorine
LN Liquid nitrogen
L Effective length of orifice, ft
l 1b Pound
1bf Pounds force
I 1bm Pounds mass
Mc Mean chamber Mach number at entrance to nozzle
l MHF=-3 Mixed hydrazine fuel 3
Mod Modification
l MMH Monomethyl hydrazine
MP Melting point
' ' MR Mixture ratio
I MRD Mixture ratio distribution loss
| MS Margin of safety
! m Mass, lbm uczlft
[
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S/N
SPL
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NOMENCLATURE (con!.)

Pressure interaction index of Crocco theory
Hydrazine

Outside diameter

One dimensional insentropic expsnsion

One dimensional kinetic

Oxidizer to fuel ratio

Pressure, lb/in.2
Chamber pressure, psia

Critical pressure of fuel, psi

Critical pressure of oxidizer, psi

Pressure at which frozen chemical composition occurs, psi
Fuel manifold pressure, psia

Local injector acoustic pressure oscillation, psi

Axial dependant factor of perturbation pressure

Part number

Oxidizer manifold pressure, psia

Parts per million

Pounis per square inch

Degree Rankine

Radial dependant factor of perturbation pressure

First derivitive of R

Second derivitive of R

Same as R except v and h identify acoustic mode

Radial distance from centerline of chamber, ft

Damping constant lb-sec/ftS

Radius of chamber, ft

Separation constants

second

Serial number

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

Admittance coefficient

Temperature of gas in acoustic liner cavity, °R

N

Bulk temperature, °F

L I I I |
-}

Temperature of gas in combustion chamber, °R

[
H0

First tangential acoustic mode of the chamber

[ ]
L ]

Second tangential acoustic mode of the chamber
Time, sec
Acoustic¢ liner orifice thickness, ft

(o

Axial dependent factor of perturbation axial velocity
Mean chamber gas velocity, ft/sec

Nondimensionalized mean chamber gas velocity, %;

Nondimensional axial perturbation of gas velocity
Volume of acoustic liner cavity, ft3 ’
Velocity, ft/sec

Volume of acoustic liner orifice, ft3
Injector oxidizer orifice velocity, ft/sec
Injector fuel orifice velocity, ft/pec
Fuel flow rate, lb/sec ‘

Oxidizer flow rate, lb/sec

2 4 4 < € < € €1l S ot
m M 0 O »

=

Total propellant flowrate, lbm/sec

< r O

Vaporized propellants flowrate, lbm/sec
Distance in x direction, ft
Velocity in x direction, ft/sec

»”

He M

Acceleration, ft/eec2

Nondimensional Holmholtz resonator admittance

L]
"

Nondimensional intrinsic combustion admittance

=]
=1

Bessel function of the second order of v
Axial length, inch

Constants determined by boundary conditions

> N =<
<

JB,D,E,A

absorption coefficient

xvii
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NOMENCLATURE (cont.) l
ay Thermal diffusivity, in.Z/sec I
Y Ratio of specific heats
A Anount difference I
Anl Nonlinear SPL correction factor, ft
8 Damping rate, dB/sec '
| € Expansion ratio (area of nozzle exit divided by area of
chamber throat)
' €, Strain, in per in. I
]
b1V Divergence loss efficiency
0 Angular distance around perimeter of chamber, radian l ’
L en Nozzle exit angle with relation to axis, measured in degrees
) Acoustic resistance ratio of acoustic liner orifices l
‘ u Gas viscosity, 1lb/sec-ft
] m Ratio of circumference to diameter of circle (3.1416) i
p Gas density lbm-secz/ftl' ] 1
Py Density, lb/i.n.3 1
o Nondimensional mean chamber gas density, 9/93 -
o' Nondimensional perturbation of gas density - !
Py Injector propellant injection density41bm/§t2 il
Pg Stagnation chamber gas density lbm-ft /sec ’
L Summation
o} Ratio of acoustic liner orifice area to injector face area -
% Calculated stress, psi a
T Sensitive time lag of combustion, sec os
T Shear stress, psi —
Heat flux i}
¢80 Burn out heat flux —
X Acoustic reactance ratio of acoustic liner orifices J !
w Angular frequency, 2rf, aec-l
Wy Angular frequency with damping.-;ec-l ] '
0, Undamped natural frequency, sec q
) 5 .4
’ xvitd i ‘
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NOMENCLATURE (cont.)

Nondimensional angular frequency, w rc/c

1th gtream tube

Angular dcpsndant factor of perturbation pressure
Second derivative of @

Same as @ except, v identifies tangential component of
acoustic mode

Del operator
greater than
less than
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CONFIDENTIAL

SECTION I

INTRODUCTION

This 25-month program was entitled ''Development and Demonstration of
Ablative Thrust Chamber Assemblies Using LFy/N2H; 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 propellant 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 11, resulting in a redirection of Phase III
to investigate acoustic liner durability and the achievement 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 wes 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 propellants 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 acousi.ic 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.

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

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

) - 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.

(c) - Although the first injector (S/N T2) 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-grain pulse gun).

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

) 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 columbium nozzle extension
which was tested at simulated altitude conditions. An acoustic resonator was
evaluated in the sea-level thrust chamber with the hard throat.

w) The radiation-cooled columbium 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.

) Forty test firiny: 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
inserxt).

) 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:

(C) Thrust Chamber Assemblies
Phagse II Phase III

Required Demonstrated Required Demonstrated
Thrust, 1b 7000 7000 7000 7000
Specific Impulse, sec 370 356.4 370 372.7
Duration Capability, sec 600 605 600 160
Stability Characteristics Inherently Inherently Dynamically Dynamically

Stable Stable Stable Stable
Page 3
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SECTION III1

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 oxidizer. The specific conclusions
and recommendations, based upon the results frca this program, follow.

A. CONCLUSIONS

1.

2.

3.

7.

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

Existing heat transfer analytical methods and the available
material property data are adequate for the design of abla-
tive thrust chambers utilizing graphitic materials.

Performance analysis methods allow sufficient accuracy in
predicting injector performance.

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

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

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

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

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

Racility technology is sufficiently advanced so that the use

of interhalogen oxidizers 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 recirculation 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. Varicus
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 recirculation.

3. Flightweight, Long-Duration Ablative Chamber

It is recommended that a flightweight 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 designe. 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 compcnent 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
a8 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 propellant
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 terperatures, compatibility with halogen
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TABLE I

ABLATIVE THRUST CHAMBER ASSEMBLY DESIGN CRITERIA (U)

(c) Propellants LF2/N2H4 Blend*
Thrust 7000 - 8000 1b
Chamber Pressure 100 psia
Duration Capability 600 sec

(Encompassing six starts)

Feed Pressure (Valve Inlet):

Fuel 155 psia
Oxidizer 155 psia
Mixture Ratio (wolwf) 1.9:1
Outside Skin Temperature 600°F (maximum)
Propellant Weight Flow 18.94 1b/sec
Specific Impulse 370 sec
Thrust Chamber Assembly:
Length 81.6-in, (maximum)
Nozzle Skirt Diameter 47 .1-in, (maximum)
TABLE II

DESIGN DUTY CYCLE

(L) 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 H20
(4 moles N2H4’ 1 mole MMH, and 1 mole n20).
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oxidizers, and resistance to fuel orifice "bellmouthing." Table III is a
summary of candidate mnterial characteristics, which provides a comparison
of the significant properties of nickel, aluminum, and stainless steel.
TABLE 111
MATFKIAL SELECTION SUMMARY

Candidate Materials

Stainless
Characteristics Aluminum Steel Nickel A

Maximum Material Operating Temperature 700°F 1700°R 1700°F
Kindling Temperature in GF, 1000+°F 1400°F 2400°F
Reported Fuel Orifice Erosion Numerous Some None
Density, 1b/in.> 0.1 0.3 0.3
Cost, $/1b 1.00 0.66 5.00
Machinability Excellent Good Fair
Estimated Injector Weight, 1b 20 40 40

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 C1F3 at chamber pressures reaching 1000 psia. 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 formidible 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 LF7 and BA10l4 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
asscmbly as new orifice patterns were selected.

The basic injector 1s shown on Figure No. 1. It was
9.340-in, in diameter, flat-faced, and without baffles. The oxidizer mani-
fold inlet was located on the injector axis. Oxidizer 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
J 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 vaive 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

1 depths.
* b. Injector Patterns
4
~ Three injector patterns were finalized at the outset of
the program. The F-0-F triplet element was selected as the primary elem-nt
{ (@ type in all three patterns. The triplet element provides good atomization
' which results in high performance. The patterns were suited to the same
3 drilled, manifold injector body.
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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, oxidizer-rich "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-
siting of 60 folded triplet peripheral elements, 10 pentads (four-fuel-on-
one-oxidizer) and 88 in-line triplets (see Figure No. 3). The impingement
heights on the in-line triplets were 0.25-in. 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

The intermediate pattern was made up of 215 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-in. and 1.0-in. while the pentads
were 0,.280-1in. high.

(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-in. and 1.0-in. The folded triplet
impingement height was also 0.268-in.

A cogrse pattern injector (S/N 2) and an inter-
mediate pattern injector (S/N T“) 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
time,
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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 A
number of elements to 98. There were 68 core triplets and 30 long-impinging 'f
(2.0-1n.), unlike-doublet elements at the periphery. This pattern, which was
designated as S/N 2, Mod 1 proved to be unstable. 6

The second modification consisted of eliminating the 1
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 10X fuel film-cooling. The pattern was used for injector S/N 6. -

-+ oy

]

L

4

b

An all-new pattern was designed for injector S/N 7,

I which was evaluated during the Phase III 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

I expected that damping would be provided by a separate acoustic resonator array
on the chamber wall.

TEEOaE

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 propellant 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

Lo SR
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either fuel or oxidizer. 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 Priem 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 oxidizer. All 344
elements were fuel-oxidizer-fuel type triplets with a vacuum thrust of
20.0 1b per element.

Analysis showed that this new pattern had the same
stability characteristics as the 215-element injector, S/N T“. 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. Instrumentation

The thermal analysis indicated that an injector face
temperature of up to 130N°F covld 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 oxidizer cover. They were
designed to provide a heat path to the thermal accumulator and a structural
tie between the face-plate and the oxidizer cover.

The thermocouple junctions were silver-soldered flush
with the injector rice. Four thermocouples of this type were installed in

each injector excep. rhe 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 i.'s, located 180-degrees apart, were
installed in drilled-through support posts to provide chamber pressure data.
Two fuel manifold pressure taps, located 180-degrees apart, were placed in
the fuel torus at the base of each fuel inlet. Oxidizer manifold pressure
was measured by a single pressure tap positioned near the oxidizer inlet.

A thermocouple fitting was installed on the oxidizer
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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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 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-in. to
0.25-in., the distance from the channel centerlines to the gas-side varied
fron 0.15-in, to 0.19-in., and the maximum centerline-to-centerline distance
was 0.6-in. The predicted maximum face temperature was 1300°F and the maximum
heat flux into the fuel was predicted as 4.5 Btu/in.2 sec.

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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i 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.

4, 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 600°F at the time of restart following the shortest coast period
of the design duty cycle. This 10 min 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.

e

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.

bed b d el el OB BN D B R =R =8

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.

e B s |

¥ 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

l system with the phase-changing materials was selected as being most advan-

l tageous from the weight aspect. This selection offered two possible alter-
natives; a closed system or a pressure sensitive vent system. The closed

3
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Figure 9. Predicted Post-Fire Injector Temperature Response
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system would contain a material which melts as the injector is heated during
the coast period and then resolidifies during firing. 1In 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 resjonse
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
materials were not included in the design analyses because of the limited
information available regarding their thermal properties and physical behavior.

Lithium was 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 problems 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.

Scme 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

|

a
.I i K ﬁiT. —_—t < -———-—-1 m_ MP hfuoion Bp
Material _sec’F  1b/in.> f@{?ﬁ in.%/sec °F x 10° F Btu/lbm °F
I Ag 0.00540 0.378  0.055  0.260  10.9 1770 -
Al 0.00210 0.098  0.214  0.100  13.7 1220 . |
I Be 0.00269 0.065  0.390  0.086 6.4 2340
. c 0.00146 0.081  0.170  0.105 1.5 7000
i 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
i Fe 0.00095 0.286 0,105  0.030  10.4 2800
| - L1 0.00090 0.019  0.780  0.060  31.1 356  179.0 2490
f - Mo 0.00186 0.367 0.062 0.081 3.1 4760 l
| i Na 0.00115 0.033  0.330  0.105  34.6 208  49.6 1620 '
- N 0.00086 0.321  0.105  0.020 9.2 2650 |
i Pb 0.00049 0.408  0.026  0.004  16.3 620  10.6 2850
Sn 0.00090 0.263  0.061  0.056  13.0 450  26.0 4100
il 50Pb/50Sn 0.00062 0.320  0.048  0.044  13.0  361-421 23.0 '
- Zn 0.00150 0.258 0,092  0.064  19.3 787
13 NOTES: C = graphite
} & 50Pb/50Sn = solder

Material properties evaluated at room temperature

| i E Heats of fusion and boiling 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 600°F to 400°F, which is
an acceptable level for engine restart.

S5 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 1life. 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 300°F 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 (1300°F) 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-lirear 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 a2t each nodal point. A solution of thie
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 12. Fluorine Injector Stress Layout
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f l 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.

f 1 6. Fabrication

It was anticipated that the accurate positioning of the
drilled manifolds would require development of both tooling and tape controls
L for the numerically-programmed 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
j i 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
i result of welding and redrilling orifices. However, the delays encountered in
I 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.

i e

(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) 1Injectors were back-flushed, water-flowed, and passivated
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 846.6 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 /NyH, INJECTOR STRESS SUMMARY
(Reference Figure No. 16)

14 Post Configuration

A. Flange-injector radius 0) MAX = 42,415 psi @ O°F max tensile

B. Oxidizer inlet radius Ty MAX = 16,900 psi @ 0°F max shear
C. Inside face oxidizer 0y MAX = 38,713 psi @ 1000°F max
channel compression

A. Flange-Injector radigs 0, MAX 164,690 psi max tensile

B. Oxidizsr inlet radius 3 MAX = 56,100 psi max shear
C. Inside face oxidizer 0y MAX = 165,690 psi max compression
channel

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 € = 0,061 in./1in. o EFF-26,086
psi max
tensile

B. Oxidizer inlet radius € = 0.14597 in./in, Y EFF-33,683

psi max
shear

C. Inside face oxidizer € = 0.12419 in./in. © =16,586

1 EFF
channel psi max
compres-
sion
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B. UNCOOLED THRUST CHAMBERS

Uncooled steel thrust chambers were designed and fabricated to
permit evaluation of injector performance, stability, and heat flux. Two
types, with identical internal contours, were used during the test program.
Phase II was directed toward the development of a high performing and inher-
ently stable injector while Phase III was oriented toward evolving a high
performing injector demonstrating dynamic stability. Therefore, a smooth
wall chamber was used during Phase II while an acoustic resonator was incorpo-
rated into the design 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-injector
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-ring. 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
enviromment 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
F 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 0.75-1in.

The small loads induced by the proof (ISO(Rgia) and leak

pressures yielded a margin of safety much greater than twoll) 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 stcel, the 1life of the com-
bustion chamber was predicted to be in excess of 9,000 short-duration, hot-
firing test cycles.

Fry

ol(Factor of Safety)

(1) MoSo - -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 thr 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 the
temperature of the products of combustion in the resonating cavities., First,
there was the anticipated operating temperature which would be in excess of
3000°F., Chromel-alumel thermocouples fail at approximately 2500°F. Secondly,
'‘here was the highly corrosive property of the fluorinated 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 produccs, these thermocouples would be
satisfactory for a single test of short or medium duration., With a gas tem-
perature of 3500°F, the corrosion rate of the tungsten was approximately
2.5 mils/sec. The iridium/iridium 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 e<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>