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-~ PREFACE

This report has been prepared in accordance with the provisions of Task I of

Contract NAS9-7281l. This contract was written to provide for a Product Improvement

Program (PIP) on the Marquardt R-4D Reaction Control System (RCS) Engine. The
initial use for the R-4D rocket engine was to provide attitude control, docking,
ullage and small delta vee maneuvers for the Apollo Service Module (SM) and Lunar
Module (LM). Sixteen R-4D engines, in clusters of four, were mounted on each of
these vehicles.

This report summarizes the engine development from SM-IM program inception through
Qualification and Post-Qualification testing. The report consists of fifteen
chapters. Chapter 1 presents an overall summary of the R-4D engine development
program. The remaining fourteen chapters discuss in detail the various aspects
with the following categories--Thermal Management, Space Ignition Characteristics,
Gas Pressurization Effects, Contamination Control, System Dynamic Effects, Struct-
ural Design, Material Selection, Propellant Valve Design, Injector Design, Thrust
Chamber Design, Test Facilities and Instrumentation, Test Data Analysis, Flight
Test Experience, and Reliability.

This report has been divided into four volumes for ease of handling.
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I. INTRODUCTION

Marquardt's R-4D rocket engine has been used on the Apollo Service Module
and Lunar Module for attitude control and AV maneuvers. The engine was used as
the AV engine on the Lunar Orbiter and it is presently being qualified for use
on other programs. The nominal thrust of the engine is 100-pounds and the propel-
lants are nitrogen tetroxide and monomethylhydrazine or Aerozine-50. The engine
is fuel film-radiation cooled and has an extremely long life - projected to be in
excess of 100 hours of burn time. Figure 1 is a picture of the engine.

In this chapter, the development of the engine is discussed. Development
of the engine started in February 1962. The engine was qualified in December of
1965. The development of the engine can be divided into four main periods: 1) An
early development period when different engine configurations were tried and the
two major development problems were discovered. These were hot phase burning that
burned through the combustors, and ignition overpressures that broke combustors on
start-up, A large part of the development effort was spent in solving these two
problems; 2) the second period was concerned with the fuel film cooled engine de-
velopment. By spraying fuel onto the chamber and by building an oxidizer valve
standoff into the injector, the hot phase problem was solved. During this period
’ the characteristics of the fuel cooled engine were optimized and the ignition over-
~ pressurization problem was being attacked; 3) The third period was devoted to the

development of the preigniter that eliminated the ignition overpressurization, and

4) during the fourth period, the ergine was qualified and its operating character-

istics better defined.

N
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II. EARLY DEVELOPMENT

Initial go-ahead for the Apollo Program occurred the latter part of
February, 1962. North American Aviation, Inc., Space and Information Systems
Division (NAA/S&ID) now North American Rockwell Corporation, Space Division
placed a TWX order witii TMC to proceed with the design, development and production
of the Service Module Reaction Control System Rocket engines. This was later '

superceded by letter contract M2HL3X-LO6013 on T May 1962 and by formal contract
MUJTXA-406013 on 18 February 196,
' < ]
. ! , i

The engine was to be a 100 pound thrust, radiation cooled rocket engine
to be used as a pulse modulated, pressure fed, hypergolib bi-propellant engine.
It was to ,consist of an fnjector.head, a thrust chamber and two propellant
control valves. The hypergolic propellants were nitrogen tetroxide (N;Oh) as
the oxidizer and a 50-50 blend of unsymmetrical dimethyl hydrazine (UDMH) and
hydrazine (NoHY) as the fuel (commonly known as A-50).

Initial effort was expended in (1) defining a detailed engine procurement
) specification with NAA/S&ID, (2) initial analysis phase to provide design criter-
ia for the first phase experimental engine hardware, and (3) initial program
planning and preparation of test plans. :

1

The. initial program and schedule is presented in Figure 2 and had the
basic phases of:

¢ Experimental Tests :
Prototype Design Tests ;
Final Design Tests ;
Preliminary Flight Rating Tests i
Qualification Tests
Formal Reliability Demonstration/Tests

A, Eiperimental & Prototype Stage

{

During the experimental phase, the analysis, design and development
test concepts were directed téyard defining the prototype design criteria for
the complete engine including the required interface with NAA/S&ID.

i i !

- The prototype design phase incorporated and formalized the design
¢ criteria galined in the Experiméntal phase into ah engine design that was to be
developed, tested and proven as the design, which with minor modification would

be the configuration for the final design and subsequent Flight Rating Testing

and Qualification. Qualification was to be followed by Formal Reliability De-

monstration Testing (later deleted from the gfogram).
|

.
i
! /

-~




R TR

S AT N Ty D AT -
e "y B Byt Band kg, e A ed 22 ] g w oo [ . -
R s Ll e o e r b2 S o R R e B8 b e aF kT S s b e o B g gy

. et » o feoee - RELIABILITY PROGRAM

mo4 : . |
~ %r Uardf VA’N NUYS, CALIPORNIA | h

CORPORATION

| . . . SERVICE MODULE REACTION

1962
MAR APR PAY JUN JL AUG SEFT oCT NOV DEC JAN FER Fr

STEM SCHEMATIC $PEC,,

ROGRAM GO-AHEAD
ITEM PHASE DESCRIPTION . A FROCR Y195
INTERFACE QT3 & PROBLEM DEFINITION
1. INTEGRATION AND SYSTEMS ANALYS!S B A woriens Eeimion [ P15 FINAL PROTOTYRE RELEASE .
OF DESIGN ALaTS L’ 100% ORGTOTYPE RELEASE
1. DESIGN STUDIES A 0% CouPLE 110N OF EXP PADGRESS
2. DESIGN, FAB, AND DELIVER MOCKUPS - srven levsen | oeevens
A. SOFT MOCKUP - SERVICE MODULE - " DESIGH mELEASE | -cecneny
B. RARD MOCKUP - SERVICE MODULE B Se ,,
W,  REUABILITY ' i
1. ESTABLISH AND IMPLEMENT .

»a

. INSTRUMENTATION . R
1V. TRAINING AND SIMULATION -
TRATNING AICS &

1. DESIGN AND FAB, TRAINING AIDS AND ( SountevaT L
< -8 - -+ 77 SIMULATION EQUIPMENT. &

V. SYSTEM TEST OPERATIONS

. 1. OFF-SITE SUPPORT OF CUSTOMER
’ - . SYSTEMS TESTS

Vi, FIELD TEST SUPPORT
. : ’ 1, CFF-SITE FIELD ENGINEERING
o VI, DOCUMENTATION - — :,..m} e aiscnns ) l
© 1., DOCUMENTATION N A V, i Vs A
Vi, PROGRAM MANAGEMENT
- 1, PROJECT SERVICES
FREL M ENG LAYC TS COMALET 337 FINAL PROTCTYPE LAYSY™S . . L
1X. DESIGN AND DEVELOPMENT davece e ":":3;/ [ Rnoa':a'nmovw: e ase X WAL LES GN RELFASE \
1. DESIGN . Al ey v s |
2. ARALYSIS GENERAL ANEL TN »n;uRAVA LY Lra it feeta ,.)“ LAA\;GV”‘.V(R A CGR AV T
BEauTIe s B € Er b T On ./ CuMPLET SN EEY CombLETION PROTOTYEE COuoLEION - a2 RS, :

TLINE LMoL E R 2 ATTE LENS nny RERONT
R . 3 ;égiknﬁj‘%gai?éBLYDEVELOPMENT | [ k-.‘-,wr,' Pultinteniioig st )

MATERIALS DEVELOPMENT.
5., DEVELOPMENT TESTING

A, EXPERIMENTAL TEST.
I5 ¢ FINAL PBCTUT bE mbut

(1) START EN3INE DELIVES
/ B RTART TESTE e PAQTO YR E TESY ToME_F
. . B. PROTOTYPE DESIGN Atk | A A
C. FINAL DESIGN I A Aol o gl
. T - T _/ L I 1 -
DETAILED #NAL TELIGN TEST PLANS LNG'NE RF e b & PERT EhWE AV _%
6. FRELIMINARY FLIGHT RATING TESTS A ‘W:AL &J :
. CETALED TEST FLAN .
A. EXGINE £ &

7. QUALIFICATIONS AND FORMAL
RELIABILITY TESTS
A. QUALIFICATION DETAILED TEST HLAN o

12OUPENENTE,
1

1. COMPONENT. 4
-E_’Au‘x\_ ‘\t'! B RN

2. ENGINE

B. FORMAL RELIABILITY DEMONSTRATION ' »

) . 1. COMPONENT

T T 2. ENGINE .

' X. REPRODUCTION AND REARRANGEMENT | : |
XI. & Xit, SERVICE MODULE G.S.E, v sehen coumen \ !,

1. DESIGN, FAB., CHECKOUT AND INSTALL G.S.E. X ! i

o - XUl FAB. AND ASSEMBLY OF END ITEMS A L A i

XIV. FAB, AND ASSEMBLY OF SPARES ‘ ‘ j

1. ENGINES ' ¢

2. IKICCTOR HEADS

3. COMBUSTION CHAMBERS AND ASSOCIATED AJ\ : -
vami f ewio < ATTACHMENT HARDWARE SETS . A Lhlincariee”,
. . e L

VT TN mravsr iy "
XV, SPECIAL TEST EQUIPMENT, ! 14 AL A AN et PAT e somet A
Llun § ALE, 827U \izﬁ'At‘l-'t [ AN L. w
,;Lu.in_v irvusvcum e Hentmty :v»lmur ] e

i) 1

MATFEIAL SLRVEY CLMPLE "L Ll b8 ON ECiRT 2 1A% INGE
! I SN AT AT el kises & FaB. METHOLS

o
.

SHAMBER INJECTLRS

TANLRAL TE2" Cuth mE -\A' SEWEST ON OF #4B METHOD.
FoR

s

CETALLL TE, " WL AN,
| 1A

S

P

-

M2 Az A P Ly




el B S s e b il e el e I A S e v Lt b I e 0 PN 0t A M o M b0 2D,
PR il S e : -
S
~-\\"w A}
P
’ e ~— , N
e r -~ -
v T ki e mes .
. \_‘“ ,l . .
el , ~v7sesns
.
ROGRAM ™
NTROL ROCKET ENGINE P ~ , .
1963 1964
[ A WAY YR En UG SCPT oct NOY DEC m ) WAR APR WAY N oL AUG SEFT [ MoV DEC
A
’ ROGRAM COMPLETION
SEPT. 39, 1964
» ( e
1
. ;
ok
CONTINUOUS EFFOPT
. — .
e} i :
H 1}
3 \
CONTINUOUS
CONTINUOLS
! . V
7 I CONTINUOUS

} ‘
A A, A / A A N\ Ao A Y. It A

CONTINUOUS

, .
wE EASC
AL, ENGINE REL EASE

.
\ k]
*8r OMPLETION - ¢ COMFLETION - .
i GuaL TEST BELIABILITY TES™ ENGINES . 1 ,
NESISEN \
H P
\— y

LAGN TEST COMPLETION

]
TEMGINE CELNVER'ES !
"vzs's m PFRY TEST COMPLETION

.
EAT TESTS TEST COMPLETION \
sebel B NE L 1 5 TaRC ENTINE CEL VERIES TEST COMPLETION N

SELEALE 2 $TANT “E27S ’ 4

/ ’
I ' l‘ .
DETALED TEST PLAN STARY QUALIFICATION TEST COMPLETIO! ¢

1COMPONENTS) ' (vcsu .

LETALFD fRST cmnwﬂ 3T AR CELYS Vi TEST TQUPLETION \
NG v ’ b

.
s DFLIVERY OF QUALIF'EDG.S & Lt /

. LT RN [—'(l'd (lts.u. <lesw 9,8 5““"

e
8

I 8 A, A o Ac A4 A2 !

1
¥ -
VN NIRY,Y, A N L ANAL ' | .
[\ ‘Il
,I
i '3

Figave o



ar Uard]l VAN NUYS, CALIFORNIA . A-1080

CORPORATION

During the latter part of April and early Mey, 1962, design criteria
had been established for the initial experimental hardware and development tests
in support of the analysis were being conducted. Utilization was made of existing
25 pound and 100 pound thrust engines from TMC IR&D and earlier development pro-
grams.

e

The first 100 pound thrust sea level engine firing test was made on
17 May 1962 in MMC's MJL Cell No. 1.

. Figure 3 presents a schematiec of the SMRCS engine during this initial
phase. -

Initial injector concepts evolved around single doublets in an
effort to maintain low dribble volume injectors and to minimize drlbble volume
effects on engine short pulse performance. -

During the summer and fall of 1962, design criteria was being final-
ized toward the prototype configuration. Many injector configurations were
tested and an eight-on-eight multiple doublet injector with oxidizer being injec-
ted from the inner holes and fuel from the outer holes was selected for the
prototype configuration.

The Experimental Phase was completed basically on schedule and the
Prototype Design was released. This engine is shown in Figure L,

This prototype engine demonstrated good performance Ig 'g of 295 and
297. However, its maximum performance, Is slightly over 310 seconds was not
obtained at the desired O/F setting of 2. O but rather at approximately an O/F
of 1.9. Continued parallel analysis, design fabrication and test effort was ex-
pended toward increasing peak performance at an O/F of 2.0 while environmental
tests were being conducted on the prototype engines. In addition, attempts were
being made toward lowering operating and soakback temperatures.

The initial solenoid valve design had three coils, a pull-in coil,
a holding coil and an emergency coil.

The initial combustion chamber configuration was a one piece design.
of coated refractory material, molybdenum disilicide coated molybdenum with an -
expansion ratio equal to Lo,

Development effort continued on all components of the engine. Flow-
turning process for the fabrication of the combustion chamber and exit bell and
coating processes were being finalized. The solenoid prototype design was final-
ized and is showm in Figure 5. Electrical heating and seat leakage tests were
"conducted substantiating the selection of the configuration. Endurance testing
of one million cycles was completed with zero leakage.

1-5
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. Durlng September 1962, dlrectlon was recelved from NAA/S&ID to
change the fuel from A-50 to monomethylhydrazine (MMH). The fuel was changed
back to A-50 in November 1962 after damage to the plant which produced MVH.
Comparison tests were run between the two fuels and,as can be seen on Figure 6,
the difference between them was very small.

In November 1962, NAA/S&ID authorized T™C to design, develop and
test a solenoid operated propellant valve with only two coils, one for normal
operation dnd the second for emergency operation. The purpose of this valve
was to accomplish a minimum 1mpulse bit with the engine! of O. 6 lb.sec. or less.
Previously the minimum 1mpulse had been 1.0 lb.sec. TMC proceeded with the requ1re~
ment and Figure T shows theg resultant two colil design. \One coil, the automatic,
is the normal operating c01l and the second, manual, is 'the emergency coil.
Extensive sea level, minimum impulse testing was accomplished with the design
demonstrating acceptable minimum impulse bit of O.4t + 0.2 lb.sec. when converted
from sea level to space operation. B

v Delivery of the first four (4) prototype sea level engines were made
during the first week of\December 1962, and the first prototype altitude engine
was delivered the first week in January, 1963. Figure 8 is a picture of this
englne. g

]
Engine testing was being accomplished during this period and Figure
O shows an altitude engine after it had accumulated 4,381 seconds of burn time
during life tests. \ .
& . » .

Prototype testihg was initiated early in 1963 and involved launch
vibration and humidity test%?g. These tests are shown in Figures 10 and 11.

Parallel developbent tests were contlnued to better the performance
at the design 0/F of 2.0 and, to reduce operating temperatures. ‘At an O/F of
1.8 to 1.9, Rngector configurations were demonstrating 295 to 300 seconds of
impulse as shown in Figure 12. Operating soakback| temperatures were running
above design goals.

\.

The flowturn process was selected as z;e method for fabrication of
the combustion chambers and TMC purchased the Flow Turn Machine shown in Figure .
13. This machine shear uplnSuthe chamber from &’ preform forging. Once shear
formed, the chamber is then heat treated and maéhlned to final dimensions. Pre-
vious to this, the chambers Were machined from full forgings.

\ I

The checkout of Cell 6 was essentlelly canpleted .in mid-March 1963
and comparison tests with ATL Pad G were conducted. Altitude pressures of less
than 0.1 psia were achieved durlng steady sgete tests in Cell 6.

! /

|
| y
|
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Testing was continued toward opt1m1z1ng an injector configuration
that would demonstrate Isp performance of 300 seconds or greater at an O/F of
2.0 and an engine configuration that would run cool enough. Various injector
to combustor seal configurations were tested in an attempt to increase the
thermal resistance between the combustor and the injector head thus lowering
the operating and soakback temperatures. In most cases, those seals which did
increase the thermal resistanceé did not provide good sealing of combustor gases.,

B. 'ﬁot Phaéé-and Ignition Overpressures

l

The prototype conflguratlon was changed to ﬁwo coil valves and fuel
cooled injector as shown'ln Figure 1%. This engine has steady state Isp per-
formance of 297 seconds. | In parallel, a 12 on 12 injector configuration was .
being tested which demonstrated good performance of 298 to 300 I, and an O/F of
2.0. Soakback temperatures were approximately 100°F lower than on the previous
prototype design. i

‘ Tests simulating relief pressure were conducted on the engine. A
total of 218 seconds of Uurn time was accumulated at inlet pressures of 230 psia.
Test run times ranged from 3 to 30 second on-times. The engine endured more
time than was anticipated at these conditions. The test was terminated when
the chamber burned through at the throat in the approximate location of a thermo-
couple due to the extremely high temperature experienced.in this area (3100°F
and possibly higher).

¢ A fuel cooled ihjector head engine with an 8 on 8 injector was
tested in ATL, Pad G to detdrmine soakback temperatures. Soakback temperatures
took twice as long to reach oxidizer vapor temperatures as with the previous non
fuel cooled heads. PAA/S&ED mass (simulating the /Service Module mounting
structure) was then put on the engine and tested. Soakback temperatures were
extremely good taking those times as long to reach oxidizer vapor temperature
as the flrst;fuel cooled head run.
t
The engine was then installed in Cell 6 for pulse tests. On June T,
1963, during these tests, the molybdenum combustion chamber shattered during
the conduct of the fourth 5. second steady state run. Excessive oxidizer valve
seat leakage was noted during post tests. The englne was refurbished with a "
new combustor and retested in.an attempt to duplicate the previous failure.
Twenty three-second steady state runs were condukted successfully. Ten pulses
of 10 milliseconds on and 200 hllllseconds off were then programmed. During
the third pulse of this program, the combustlon chamber disintegrated. A post
run examination of the injector head and~solen01d valves ‘revealed no malfunctions
and showed that everything was !functioning ppOperly An investigation was init-
iated to determine the cause of the explosion. One of the first areas to be
explored was that of dribble volume. It was felt that following a normal engine

!

|
i
i
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.~~~ shutdown, the large fuel dribble volume (140% in the fuel cooled head) would

slowly exhaust into the combustion chamber and eventuvally into the facility it-
self. This fuel would be in a vapor state due to the low cell pressures. Hydra-
zine compounds in the vapor state have the attributes of a monopropellant.
Therefore, it was theorized that when the engine was pulsed again, the hot com-
bustion products would ignite this vaporous hydrazine resulting in a detonation
in the combustion chamber.

To investigate this possibility, the engine was again rebuilt to
the same fuel cooled head configuration except that a stainless steel combustion
chamber with a flush mounted pressure pickup for measuring chamber pressure was
substituted for the molybdenum combustion chamber. The tests consisted of six
3 second steady state runs and fourteen pulse series (5 pulses each, 10 to 100
ms on, 20 to 200 ms off) for a total run time of 20 seconds with 76 starts. Al-
though the combustion chamber pressure pickup did not have response rates suffic-
ient to pick up the pressure traces to their absolute peak value, the data defin-
itely did show that a severe pressure spike was present at start-up with this
large fuel dribble volume injector head configuration. Although the pressure
appeared to peak out at around 300 psia on some of these traces, subsequent in-
vestigations indicated that the hydrazine vapor ignited explosively and the
pressure transducer used was incapable of recording the actual pressures, which
probably were at least an order of magnitude higher than recorded. An investi-
gation of recovered portions of the chambers demonstrated that the chambers had

- failed due to an evenly applied overpressure condition. These data demonstrated
- a positive correlation between the severe start-up spikes and the length of time

between pulses. Figures 15 and 16 show the broken-combustors.

‘ Another series of pulse runs was conducted with this engine to ex-
plore failure causation. For these runs, a clear plastic combustion chamber
was installed and a high speed camera used to photograph the pulses. The pulses
were 250 milliseconds on with- varying off times between pulses. The film showed
that vapor did collect in the chamber between pulses and did ignite explosively.
The program to conclusively demonstrate these failures was actively pursued.
However, there was now more than a reasonable certainty that the dribble volume
associated with the fuel cooled head was probably the main contributary cause.

It was therefore decided mutually between NAA/S&ID and TMC to halt
all development work on the fuel cooled head and investigate another approach
that had shown promise in previous tests. A new 12 on 12 injector pattern engine
was built-up which included 2 coil valves, dribble volumes of 65% fuel and 122%
oxidizer, a stainless steel combustion chamber with a flush mounted P transducer,
a wide flange "K" seal and no head to chamber bearing. While the starting trans-
ient was still present, it did not appear to be of the magnitude of those with

. the fuel cooled head.

1-20
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It should be noted that no attempt had been made to optimize the
12 on 12 injector for minimum soakback temperatures during the tests reported .
immediately above. However, preliminary analyses of the data indicate that
this 12 on 12 injector appeared to have soakback characteristics commensurate
with those of the fuel cooled head. This injector head design was optimized
for soakback tests. The Prototype Development program was restarted on 8 July

- 1963. The configuration of this engine was a 12 on 12 injector with 71% dribble.

volume on the oxidizer and 73% dribble volume on the fuel side. Head to chamber
bearing was an aluminum ring and the engine had prototype 2 coil valves.

The Prototype Test Plan, Marquardt Test Plan (MIP 000Ol) consisted
of the following appendices:

- Steady State and Pulse Tests at Design Conditions

Appendix A

Appendix B - Steady State and Pulse Tests at "Off Design" Conditions
Appendix C - Calibration Tests

Appendix D - Mission Duty Cycle

Appendix E -~ Low Temperature Tests and Thermal Shock Tests
Appendix F - Life Tests

Appendix G - Malfunction Tests

Appendix I - Vibration, Transport Phase

Appendix J - Vibration, Launch Phase

Appendix K - Vibration, Space Phase in Low Temperature Environment
Appendix L - Shock Tests, Transport Phase

Appendix N - High Temperature Vacuum Tests

Appendix O - Humidity Tests
Appendix Q - Functional Tests

Engine S/N 0004 experienced a combustion chamber burn through apparently
due to localized high temperatures in the lower combustion chamber and throat
area in excess of the melting point of the molybdenum disilicide coating
(Figure 17). S/N 0005 engine was tested to the test matrix and accumulated a
total of 14,613 seconds of burn time and approximately 20,500 starts.

S/N 0002 engine was tested and accumulated 592.8 seconds of burn
time and 5,200 starts. It subsequently was subjected to launch vibration test-
ing. Detailed inspection following vibration testing showed no adverse affects.
Prior to post calibration tests, it was discovered that the exit nozzle had a
crack at the edge of the bell section. Cause was attributed to mishandling.

Engine S/N 0003 was subjected to additional prototype tests including heat
transfer tests, portions of the Mission Duty Cycle and steady state and pulse
tests at off design conditions. During a series of tests to investigate the
phenomena associated with combustion of vaporous rather than liquid NpOy, the
chamber was subjected to an over temperature condition for an extended period

1-23
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off time and burned through. The engine had accumulated a total of 874 seconds
of burn time and 565 starts.

S/N 0001 engine successfully accomplished a firing test after its
temperature had been lowered to -50°F. This engine was.then subjected to a
series of tests which include vaporization of the NyOy and this chamber also
burned through due to extended over temperature conditions. The engine had
-accumulated 110 seconds of burn time and 61 starts.

S/N 0006 and S/N 000T engines were modified to include a design change in
an attempt to alleviate the vaporized oxidizer hot starts. S/N 0006 was sub-
jected to the tests and showed some improvement, however, the improvement was
not completely satisfactory. S/N 0007 was tested in ATI, Pad G. Starts of 11,
10 and 5 seconds were made. During a planned 5 second run, the thrust recorder
indicated a slight rise in thrust, then a fall off. Investigation revealed that
the combustion chamber had shattered. ,
As a result of the above, all prototype testing was halted and com-
prehensive investigations conducted into the causes of the above burn throughs
and chamber failures. Tests with plastic chambers, utilizing high speed photo-
graphy to study ignition processes were made as well as tests utilizing high
speed oscillographs and oscilloscopes with special transducers to record pressure
spikes. ‘

The oxidizer vaporization phase stemmed from the Mission Duty Cycle
Maneuver No. 1 (IM Transportation and Docking) which consisted of 10 seconds omn,
30 seconds off and 10 seconds on. This vaporization phase or High Heat Transfer
phase as it became known, is a phenomenon which had been noticed vhenever a '
series of short steady state runs were made with short off times between runs..
Under these conditions, it was noted that the combustion chamber wall temperature
would exceed 3400°F for several seconds immediately following a ‘restart-up in
a series of runs and would remain in this "white hot" condition for a period of
several seconds before returning to normal wall operating temperature of approx-
imately 2800°F. See Figure 18 for a typical trace. It was,theorlzed that after
several short runs, the injector head had heated up to a value such that the
oxidizer in the head and possibly even the solenoid valve,’ 'had vaporized and
the elevated head temperatures continued to vaporize the oxidizer for a finite
period of time. The resultant momentum of this vaporous oxidizer and the liquid
fuel is such that the liguid fuel tends to flow down the core of the chamber
leaving a vaporous reaction taking place at the chamber walls. This vaporous
reaction is a more efficient combustion reaction than that of a propellant drop-
let reaction and thus generates a much higher heat release, overheating the
chamber walls. As soon as liquid oxidizer again flows through the injector, con-
ditions return to normal and the chanber wall cools dcwn to its normal operating
range.

<f,
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A design review was conducted by NASA, NAA/S&ID and TMC on Septem-
ber 9, 10, 1963 covering these development problems.

The Prototype Development Program was stopped while detailed in-
vestigations were conducted into the causes for and the solutions to the com-
bustion chamber burn throughs and fragmentations. The Prototype Development
Program was rescheduled to start on or before 18 November 1963.

A comprehensive test program on the cause for and cures of cambustion
chamber fragmentatlon was condycted. This program utilized a direct comnect test
setup (see Figure 19) to evaluate both ignition phenomendn utilizing high speed
motion picture cameras with plastic combustion chambers &@nd combustion chamber
ignition pressure spikes ﬁ31ng two high response pressure transducers. The out-
put of one transducer was recorded on a high speed oscillograph and the other
was recorded on an oscilloscope. A camera was used to record the oscilloscope
trace. During the tests, oxidizer and fuel leads were varied by means of an
electrical delay system to the propellant solenoid valves. The leads were
varied up to 20 milliseconds. Pressures obtained ranged up to 1100 psia and
in general the two condltﬂons which appear to contribute most to high ignition
pressures were an oxldlzen lead in to the combustion chamber and propellant

temperatures at ambient or lower temperatures. One configuration change intro-

S duced ‘and tested at this time was a "thirteenth " doublet located at the geomet-
ric center of the injector face. The purpose of the thirteenth doublet was an
attempt to introduce propellants into the combustion chamber prior to the other
doublets injecting and providing for preignition in an attempt to reduce 1gn1t10n
préssures. Data indicated some improvement.

Variations were made to the configuration to increase isolation of
the oxidizer section from the\inJector head in an attempt to reduce High Heat
Transfer phase burning. A steel isolation section between the oxidizer solenoid
valve and the injector hesd was one approach. Testsg indicated that the steel
standoff was gétisfactory except in the case where the propellant temperatures
approached 100° : i

‘ Controlled burst ﬁests were conducted with sea level moly chambers
with 0.042 inch thick walls by\ installing the moly/ chamber in a
pressure vessél‘and pressurlzlng the outside of the chamber with water and the -
inside of the’chamber with nltrogen. A burst dlaphragm was installed on the
N water side of the test setup. (Figure 20 presenté a schematic' of this test set-
K up. Both pressures were then increased to the point where the burst diaphragm
' failed which imposed a rapid pressure decay on the outside of the chamber. Al-
though this test did not accurately simulate the actual effect of ignition
pressure buildup on the combustion chamber, it did provide a controlled means
of applying a rapid pressure transient on the’ combustion chamber. Pressure
decay rates of 1000 psi in 1.5 milliseconds were experienced during these tests,

. it o i s
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compared to ignition pressure transients of approximately 0.3 milliseconds.
The results of these burst tests indicated the. chamber failed between 1500
and 2000 psia.

C. X20560 Injectors

A total of ten injector configurations were designed during this
phase of the program. The various injectors designed and tested are described
below, including a description of the configuration change, the test results of
the configuration, and a sketch of the configuration. Figure 21 presents a
tabular summary of. the injector configurations tested. Iigure 22 presents a
.definition of terms used in the injector program.

e ,:'Injector Configuration X20560-1 - This configuration incorporated
a steel standoff section between the oxidizer solencid valve and the injector
head (Figure 23) supported by a phenolic adaptor. This standoff section was
designed to reduce the maximum heat soakback temperatures of the oxidizer valve
to 150°F. No improvement in pressure peak levels as compared to the X19900
engine tests was achieved. The engine high heat transfer operating condition
was improved in that the maximum temperature the combustion chamber wall reached
was approx1mately 3200°F and this condition lasted for only 5 seconds.

Injector Conflguratlon X20560~501 - This conflguratlon is the same
as the -1 assembly except that the standoff has an I.D. of 0.090" oxidizer
(see Figure 24). This configuration was designed to .prevent expansion of the
oxidizer to gas in the standoff section during engine operation at maximum
heat soakback conditions. ThlS configuration was lntended to investigate heat

transfer phenomena only. The 0.090" I.D. flow passage apparently aggravated
the hlgh heat transfer nroble@ )

Injector Configuration X20560- 503 - In thls configuration, aluminum
tube liners were inserted in the oxidizer cross passgages (Figure 25) in an
attempt to insulate the oxidiZzer flow from the 1ngeétor head temperature condi-
tions to prevent boiling of the oxidizer, a condition which contributes signifi-
cantly to the high heat transfer burning phase. ese aluminum tubes did not
significantly improve the high hegt transfer burnlng phase engine operating

. conditions and the conflguratlon was dropped.

i
InJector Conflguratlon X20560-505 - The diameter of the oxidizer
cross feed passages was reduced from 0.043" to O, (031" in order to investigate
the results of an analysis whlép showed that reductlon of these passage diameters
would be effective in preventing oxidizer b01llng since the wetted areas of the
oxidizer was reduced. Also, since it was desirable to have a fuel lead into
the combustion chamber to alleviate the hard start condition, the injector insert

‘was rotated 15° in the head so that one of the fuel holes was in line with the

fuel inlet passage. This fuel hole is then fed by a dynamic pressure, thus
/
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0ld Prototype

Standoff

Oxidizer Cross
Passages

Dribble Volume

1007 Dribble
Volume

P, Spike

Downstream
Oxidizer
Restrictor

Doublet

13th Doublet

Reoriented Insert

Flat-faced
Injector

Tapered Fuel
Annulus

DEFINITION OF TERMS

Design used in X19900 engine (12-on-1?2) some of which
have completed prototype testing, and incorporates
the present steel standoff,

The stainless steel adaptor which transports the oxidizer
from the ox. solendid valve to the injector head assembly
and serves to isolate the oxidizer valve from the high
head temperature conditions,

Passages in the injector head assembly which transport
the ox, discharge from the standoff to the injector holes,

Volume of the injector passages downstream of the solenoid
valve poppet,

Volume necessary to contain the propellant weight flow for
one 10 millisecond pulse at an O/F ratio of 2.0 and a
total flow rate of 0.333 pps.

Short duration, high level combustion chamber pressures

- obtained upon propellant ignition.

Fixed orifice restrictor located downstream of the oxidizer
solenoid‘valve.

One oxidizer hole aligned with one fuel hole such that the
streams issuing from same impinge upon one another,

As impiled, one doublet over and above previous twelve,
located in the center of the injector face, fuel and oxidizer
fed by dynamic pressure,

Injector rotated 15° in the injector head assembly such that
one of the fuel holes is aligned with the fuel inlet passage.
The diameter of this fuel hole is 0.018", while the diameter
of the other eleven is 0,024", The 0,018 fuel hole is fed .

. by a dynamic pressure, and sized such that it flows the same

weight flow rate as the other eleven,

Ag implied - injector insert has a flat face, i{.e., no
metal cut away around the ends of the orifices. Provides
very short free stream travel to impingement,

Fuel annulus that 1is cut around the injector insert with
an eccentric machining operation, such that the annulus
crosg~sectional area tapers from a maximum on the fuel
inlet side to a minimum on the opposite side,.

1-32 Figure 22
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greatly decreasing the time from fuel valve open to fuel entry into the com-

bustion chamber and creating a fuel lead. The fuel dribble volume was reduced
from T4% in the -1 and -503 configurations to 64% in this configuration by re-
ducing the cross secticnal area of the fuel annulus in the injector head. The

0.031" oxidizer cross flow passaged reduced the oxidizer dribble volume to 67%
(see Figure 26).

The engine high heat transfer burning phase was of approximately
the same duration and severity for the 0.031" oxidizer cross flow passages as
for the 0.043" passages. The reorientation of the fuel Hole provided some
slight improvement in the level of the ignition pressure 'spikes, but was not
of a sufficient magnitude ;to be considered the solution to the problem. No

effect on performance of the reduced dribble volumes was noted.

Injector Configuration X20560-507 - This configuration incorporated
a 0.,0171" width I.D. oxidizer standoff flow passage and 0.031" oxidizer cross
passages. A flat-faced 13th doublet was added in the center of the injector
face (Figure 27). Since the flow paths from the propellant valves to this 13th
doublet were much shorter hnd of much less volume than the flow passages to the
other 12 doublets, the propellants fram this 13th doublet reached the combustion
chamber in a much shorter time than from the other 12 doublets. Ignition of
combustion at this doublet raises the chamber pressure, thus cutting down igni-
tion delay at the other doublets. This faster ignition réduces the unburned
propellant accumulation in the combustion chamber and contributes significantly
to lowering the ignition pressure peak levels. Recent engine testing with vary-
ing' cell pressure levels indicated that no damaging ignition pressure peaks are
encountered if the chamber pressure is. above L psia. Hence, the desirability
of starting a localized reaction which increases the chamber pressure prior to
the advent of the bulk of propellants into the combu%tion chamber.

| . i '

The 13th doublet made some improvement in the ignition pressure

spike level. ﬁeat transfer te%ts were not conducted/ with this configuration.

Injector Configura%ion X20560-509 - Thir configuration was the same

standoff had a 0.201" I.D.
flow passage and a fixed restrfptcr (Figure 28). The technical reasons for in-
cluding the restrictor were the same as for the -515 assembly. Only ignition
pressure spike data were obtained with this configuration. Since the prelimin-
ary examination of the data indicated no improvement in ignition pressure spike
levels over that of the -50T7 assembly, data analysis on this configuration was
stopped. \

Injector Configuratibn X20560~511 = This was the same general con-
figuration as the -505 assembly except that the injector face was flat to pro=-
vide the minimum obtainable propellant free stream travel to impingement, and
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the fuel dribble volume was reduced from 64 %o 58% because of a tapered fuel
annulus passage (Figure 29). Containment of the liquid streams closer to the
impingement point prevents their expansion to the gaseous state and the conse~
quent freezing of part of the oxidizer, the latter condition contributing to
ignition delay. At the same time, liquid phase mixing is promoted which 1s
essential to good ignition characteristics. The reoriented insert (one fuel
hole in line with the fuel inlet) and the smaller fuel dribble volume ensure
a fuel lead into the chamber. .

. The .ignition pfessure spike characteristies were much better with
this configuration. This is probably primarily due to the shorter free stream
propellant travel of the flat face configuration, but may also be influenced
to a degree by the smaller fuel dribble volume. High heabt transfer burning
phase operation was also reduced to an acceptable level.

Injector Configuration X20560-513 - This is the same configuration
as the -501 assembly except that the oxidizer cross flow passages are 0.031"
dismeter rather than 0.043" (Figure 30), in order to alleviate & second flow
expansion area in the injector head and thus further inhibit the tendency of
the oxidizer to gasify at high heat soakback conditions.

- Injector Configuration X20560-515 - This injector had the same con-
figuration as the -505 injector except that the standoff had an oxidizer flow
passage I.D. of 0.201" rather than the 0.171" in the =505 assembly and incor=-
porated a fixed area restrictor at the discharge end of the passage (Figure 31).
As temperatures increase and pressures decrease, most of the NpoOL oxidizer tends
to vaporize upon exiting from the valve into a relatively large cavity. Calcu-
lations indicated that a fixed restrictor in the standoff would cause the oxid-
izer flow to choke at that point, thereby causing the pressure in’the standoff
passage to rise and thus preventing further vaporization of the, oxidizer in
the standoff. In addition, this restrictor would tend to delay the arrival of
the oxidizer into the combustion chamber by approximately one millisecond and
thus further assure a fuel lead. This downstream restrictor/provided no signi-
ficant improvement in the ignition pressure spikes so no further testing was
conducted with this configuration. No heat transfer data yere taken with this
configuration. '

-

Injector Configuration X20560-517 - The -517 injector was identical
to the -511 flat face, rotated insert configuration except for the substitution
of the 0.201" I.D. oxidizer standoff, with downstream fixed restrictor. Fuel
dribble volume was 58% and oxidizer dribble volume was 77% (See Figure 32).

As in the -515 configuration listed abéve, the design was to do two
things: (a) reduce or eliminate possible vaporization: of the oxidizer in the
oxidizer standoff area, and (b) by rotation of the insert insure a fuel lead
into the combustion chamber.

1-40 - o
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Test data indicated that the ignition pressure spike levels recorded
for this engine were equivalent to those recorded for the =511 configuration.

No high heat transfer data was obtalned for this configuration.

Injector Configuration X20560-519

-The -519, 12 on 12 configuration utilized the 0.1T71 standoff, and
a fuel inlet passage diameter of 0.073 inches. It was a flat-faced injector
with a normal orientation insert (fuel inlet between #1and #12 doublets) and
utilized an eccentric fuel anrulus. The fuel hole dlameter was unchanged at
0.024" but the oxidizer hole size was reduced from O. 03; on previous injectors
to 0.026", The momentum'angle at an O/F = 2.0 was +5°. | The fuel dribble vol-

, ume was 58% and the ox1dxzer dribble volume was 804 (see Figure 33).

A flat-face was utilized in the -519 conflguration to provide good
ignition characteristics. The insert was installed in the normal orientation
to provide uniform steady state wall heating. The eccentric fuel annulus was
utilized to minimize the {fuel dribble volume while providing equal fuel hole
flows. The oxidizer hole: size was reduced to test the effect of higher velocity
oxidizer injection on 1gn1t10n peak pressure levels and on steady state wall
heating. The momentum angle of +5° at O/F 2.0 was to provide increased wall
cooling which appeared necessary since previous hlgh injection velocity engines
tended to have hot walls.

: The -519 conflguratlon did not receive exten51ve high heat transfer
testing. Only one L second\run was made in Cell 6. . Chamber wall temperature
exceeded 3100°F at this time and the test was dlscontlnued.

-~

\
Injector Configuration X20560-521 i

-
!

e =521 1n3ectoﬁ was an 8 on 8 flat face 1nsert (normal orlentatlon),
Dox = +029, D = 029, Dy & T00, M.A. = +16°, D.V.oy = 68.4%, D.V.p = 67%
and A = 0,171 oxidizer standoff. The chamber was & standard moly non-grlt blasted
chamber with a standard K-sea} with Rene' heat barrier spacer (see Figure 34).

The -521 engine wés designed to verify previous performance results
with 8 on 8 injectors using the same hole sizes and included stream angles but
incorporating the new oxidizer valve "standoff" boncept to prevent high heat
soakback temperatures to the ox1d1zer solenoid valve. All previous similar en-
gines had run cool but had not been tested for hlgh heat transfer burning oper-
ation. It was reasoned that the low engine temperatures would not brlng the
propellants to a temperature which would promote high heat transfer burning and

a flat face was incorporated in the injector to aid the ignition process.
{
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High heat transfer phase burning was greatly 1mproved but not
eliminated. The chamber wall temperature was extremely low (2000-2245°F) as well
as the moly flange temperatures (1227-1430°F) for 60 second steady state runs at
0/F = 2.0. Steady state Igp was 280 seconds for an O/F = 2.0.

Other configurations of the -521 were tested. These are described
below: -

The second configuration was the same as above but with a standard
moly grit-blasted chamber and a wide "K'" seal. This variation was conceived to
increase thermal resistance between the chamber and head, thereby reducing heat
transfer back to the head and eliminating high heat transfer phase burning. It
was also designed to decrease chamber wall temperature. No ‘detrimental high heat
transfer burning was experienced at 0/F = 2.0 at propellant temperatures from
100-118°F. The chamber wall: temperature was extremely low (1990-2235°F) as well
as the moly flange temperature (1447-1489°F). The steady state Igp was 276 seconds
for an O/F = 2.0. The pulse ISp was within specification requirements up to 50 ms

pulse widths. \

The third configuration was the same as the first -521 but with a
standard moly grit blasted chamber and a lucalox (ceramic) seal between the in-
jector head and the combustion chamber. This change was made to increase thermal
resistance between the chamber and head, and therefore to eliminate high heat
transfer burning. It was also. run to evaluate the lucalox seal. The injector
head temperature was approximately 50°F higher than preV1ous tests as the lucalox
seal did not conform to thermal. resistance predictions., ' High heat transfer phase
burning was experienced during éxtended maneuver #1 because of higher head temp-
eratures caused by the lucalox seal. The chamber wall temperatures were low
(1900-2100°F) as well as moly’ flange temperatures (1135PF) for 60 second steady
state runs at O/F = 2,0. The stgady state Ig, was 280 seconds for an O/F = 2.0,

A ourth conflguraLlon of the -521 injector was tested. This con-
figuration was tHe same as the flrst -521 except for ajribbed moly sleeve with
strain gages which replaced the standard combustion chamber. It was instrumented
with 140 kc Kistler transducers. ! The tests were run Jn this configuration to
document ignition characteristics\, The maximum pressure recorded . (from strain
gages) was 1720 psi  This is an improvement of approx1mate1y 27 percent over the
12 on 12 engine at 2490 psi. i
/
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Injector Configuration X20560-523

Free stream travel of the injected streams was minimized in this
configuration and the injector face was "vee" cut to inhibit fuel to oxidizer
interpassage flow, resulting in the "knobby" face configuration.

The configuration used a normally oriented injector insert. An
eccentric (tapered) fuel annulus was incorporated. The injector hole sizes
and angles are the same as the -l.

Short free stream length was used to cap1ta11ze on the flat-faced (-511)

type of injectors lower ignition peak pressures, while the 1ncorporat10n of the
"knobby" face design prevented interpassage flow of the propellants. The ‘eccen-
tric fuel annulus further reduced the fuel drlbble volume to ensure a fuel lead
into the chamber to further minimize ignition pressure peaks.

The normally oriented injector insert was de51gned to minimize

steady state wall temperature variations. 4
!

The anticipated steady state performance would have been identical
to the -1 configuration because of the injection similarities. Consequently,
no high heat transfer tests were performed on this configuration. Ignition
peak pressure tests indicated peak ignition pressure levels comparable to those
measured with the ~511 configuration. '

v
A

The -525, as did the -523 configuration,  incorporated the 'knobby"
face and minimum free stream length design.. The Number 1 fuel orifice of the
injector insert was rotated 15° to line up with the fuel 1nle€ The angle of
the Number 1 oxidizer hole was increased and its inlet locatlon changed to
provide it with a total pressure source. The fuel hole siZes were the same
as for the -511 configuration. The Number 1 oxidizer hole diameter was .0352
inches and the other eleven were .0314 diameter. ;

Injector Configuration X20560-525

v

The knobby face, designed for minimum free stream length, prevented
explosions in the manifold due to propellant flow from one hole to another.
Rotation of the injector insert, and increased angle of the Number 1 oxidizer
hole, were design changes to assure early propellant arrival at the Number 1
doublet, thus raising chamber pressure prior to flow from the remainder of the
doublets and thereby lowering the ignition peak pressure.

e
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- In addition, the increased angle and total pressure source for the
- Number 1 oxidizer hole were designed to counteract the high momentum of the
Number 1 fuel stream providing a more uniform spray pattern than the similar
=511 configuration.

Ignition peak pressures measured on the -525 were comparable to
those of the similar free stream to impingement length -511 configuration.
The -525 injector insert face also was better than the -511 in that no deter-
ioration of the injector hole exits was noted.

The configuration was subjected to & limited heat transfer test
seri7s in Cell 1 and showed only slight evidences of high heat transfer burning
at O/F = 2.0.

Injector Configuration X20560-527

The -527 injector configuration is identical to the ~519 configura-
tion with the exceptions that the injection hole diameters are smaller, Dp=
0.021 and Dgx = 0.02l4, and the oxidizer cross passages are 0.043 instead of
0.031. These diameters create a momentum angle of +3.8° at an O/F = 2.0 with
an oxidizer hole angle of 23° and a fuel hole angle of 35°. The fuel dribble
volume is 57% and the oxidizer dribble volume is 80%.

} The fuel and oxidizer holes were made smaller in the -527 injector
to promote better propellant mixing for "softer" engine ignition by providing
higher stream velocities and to inhibit the high heat transfer burning that the
propagated through boiling of the oxidizer by keeping the propellants at a higher .
pressure level in the injector. The oxidizer and fuel hole diameters were
changed to provide a +3.8" (outward) momentum angle to provide a reasonable
chamber wall temperature since previous experience with high velocity streams
indicated high wall temperatures. The injector insert was used in the normal
orientation to provide a uniform wall temperature.

Two heat transfer test series were attempted but in both cases the
" engine suffered combustion chamber bell breakage (flow turned chamber) which
- stopped the testing. In the limited amount of heat transfer data which was
obtained, the engine indicated high heat transfer burning when fired at maximum
soakback conditions and showed no tendency to step out of the condition. As
with the other flat faced injectors, such as =511, the injector hole exits
exhibited erosion after approximately 627 seconds of burn time. Exit erosion
.appears to be worse on the smaller holes.

No ignition peak pressure tests were run on this configuration.

1-50
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Injector Configuration X20560-529

The -529 injector was made. the same as the -511 configuration with
the following exceptions:

(2) -A concentric fuel annulus providing 64% fuel dribble volume was
used.

(v) An insulating air gap was left between the insert imner body and

the insert main body. A small bleed hole wae drilled connectlng
the air gap to the combustion chamber.

(c) The fuel dribble volume is 64% and the oxidizer dribble volume
o oeereiE g iS 67%‘
l

The -529 conflguration was made with a concentric fuel annulus be-
cause it provides more nearly equal flow out of the fuel holes. The "air gap"
was provided between the bottom of the inner body, which contains the oxidizer
cross passages, and the insert main body, to minimize the heat transfer to the
oxidizer and prevent it fﬂom boiling in the cross passages, which appears to
cause high heat transfer burnlng. The small bleed hole was provided to the com-
bustion chamber to prevent any gas formed from oxidizer trapped in the air gap
from being forced into the'oxidizer streams. A flat face was incorporated to
minimize peak ignition pressures,

Limited heat transfer tests were performed on the -529 configuration
in‘Cell 6. Combustion chamber wall temperatures from cold head starts were over
3100°F on two 60 second run attempts. On succeeding,runs wall temperatures were
approximately 2700-3000° F. e engine showed no 1mprovement over the -~511 con-
figuration during high .ileat transfer burning. The combustlon chanber was blister-
ed during the test series due, to excessive wall temperatures.

Ir}jector Configuristion X20560-531

The ~531 engine wés 0.5 inches longer 2 an the other engines since
it had straight, drilled ox1dmzer injection passages. The oxidizer passages

were counterbored O. oLk dlameter but the oxidizer and fuel injection hole dia-
meters were the same as the -1 .configuration. The oxidizer hole angle was in- -
creased from 23 to 31.5° whlch increased the mowentum angle at an O/F = 2.0

from 0° to }5 . The fuel dribble volume was 58% and the oxidizer dribble
volume was’ 80%. \

Straight oxidizer péssages were used in the ~531 configuration be-
cause it was reasoned that the turns in the oxidizer passages ‘on the previous

injectors were inducing/cavitation in the oxidizer streams, causing bubbles to

/ /
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Torm which in turn caused two phase (gas plus liquid) flow fram the injector,
thereby propagating the unstable combustion manifested in the high heat transfer
burning phase. The oxidizer stream angle was changed from 23° to 31.5° to pro-
vide a +5° (outward) momentum angle to help cool the chamber wall with propellant
spray. The injector had the flat face for good ignition characteristics.

The -531 configuration showed no significant improvement in high
heat transfer burning. Steady state wall temperatures were approximately 2800°F
on the only long steady state run performed on the engine. Tests were stopped
because the cambustion chamber had started to melt during an 8 second run follow-
ing a 60 second soakback run.

Injector Configuration X20560-~533

The -533 configuration was the same as the -531 configuration with
the following exceptions'

(a) Steel insulating tubes with the same I.D. as the previous drilled
injector holes were driven into the oxidizer passages.

(v) The steel tubes eliminated the oxidizer hole counter bores.

¢

(¢) The oxidizer dribble volume is T8%

The -533 configuration oxidizer passages (straight) were insulated
by driving steel tubes into the passages which were supported at both ends,
because the X20560-531 which was of the same design in all other respects, went
into the high heat transfer burning phase due to overheating and boiling of -
the oxidizer in the injector passages. It was anticipated that this configura-
tion would prevent the high heat transfer burning phase and make unnecessary the
building of an injector with individual independent oxidizer injéction tubes.
The flat face was incorporated in the -533 configuration to prov1de good igni-

tion characteristics.
/

K4
The =533 conflguratlon high heat transfer performance was not signi-

ficantly better than the -531 or -511 configurations. The’steady state chamber
wall temperatures were somewhat lower, however, during a steady state run of .
37 minutes to evaluate chamber life, chamber wall temperatures were approximately
2800°F and chamber flange temperatures stabilized at 1800-1850°F while the engine
maintained a mean ISp of 300 seconds.

Of the above configurations X20560-511 had demonstrated compliance
with the required duty cycle and satisfactory solution to/the'two prqblems.

!
\

[
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Problem - Design Solution

Ignition Pressure Spikes - Hydraulic Fuel Lead
High Hest Transfer Burning - Isolated Oxidizer Standoff

D. Development Program

In mid-November 1963, effort was initiated toward achieving
a better basic understanding of the failure mechanisms and to develop an engine

with lower operating temperatures, greater structural margin and lower ignition
transient pressures. In addition, a parallel program was initiated-to develop

an interim engine configuration which would require minimal changes to specifi-~
cation requirements. This was designated as “Specification Change Engine Program".

The following represented the Development Program in late November,

1. Applied Research Program

(a) HHTB Studies
b) Ignition Pressure Spiking Studies
¢) Alternate Materials

-
t

2. Configuration Improvement/Engine Evaluation Program

(a) High Heat Transfer Burning Test Evaluation
(b) Ignition Pressure Spiking Test. Evaluation
(c) Increased Engine Operating Life Test Evaluation

(Additional Combustion Chamber Wall Temperature Margins)
3. Spécification Change Engine Program

The Applied Research Program involved fundamental analysis and
laboratory experimental investigations while the Configuration Improvement/
Engine Evaluation Program covered the full scale testing necessary to evaluate
and demonstrate the adequacy of the Applied Research Program design rationale.
The Specification Change Engine Program involved analysis, data research and
full scale testing of engines at 0/F's of 1.3 and 1.6.

The High Heat Transfer Burning (HHTB) studies involved analysis and

evaluation of engine data, postulate models and critical experiments including

transparent chamber engine tests with both normal burning and HHT/Burning

1-53°
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utilizing high speed photography. In addition, coating evaluation and emissivity
improvement studies were undertaken. The Ignition Pressure Spiking Studies in-
cluded analysis and critical experiments in relation to combustion kinetics,
structural analysis and test of cylindrical and contoured (ribbed) moly sleeves
including combustion tests, bending tests and Bermite explosive tests.

' Full scale tests were accomplished with various configuration changes
in order to evaluate potential improvements.

[ .

‘Pesults of these programs during late 1963 gnd early 1964 indicated
that HHTB was a result, at least in part, of two phase fllow of the oxidizer
and is a mode of rough combustion with high random noise, level at lower frequen-

cies compared to normal Hurning. Emissivity studies of coated molybdenum tubes,
machined and grit blasted showed:

1. Coating emittance increases slightly with increase in temperature
for both machine and grit blasted surfaces. :

2. Coating emitt?nce is higher for grit blasted surfaces compared
to machined surfaces.

3. Coating hemisﬁherical total emittance changes are negligible with
respect to time.

, Coating spectral emittance increases slightly with respect to
tim’3¢ ! ' ¢
t. .

. Combustion kinetics studies continued, iﬁproved pressure transducer
with smaller diaphragms and higher natural frequencies (fn > 120 kc) were
used and improved data acquisition were developed and utilized in measuring
ignition pressures. Pre-mix chambers were evaluated along with burst

tests, bending tests and explbsive charge tests. Tensile testing at -40 and

+32°F were aléo conducted. |

, The X20560-521 engine configuration wag further analyzed and
tested as a Specification Change engine and engines T966L (O/F 1.6, 12 on 12
injector), T9662 (0/F 1.6, 8 on 8 injector), T9663 (O/F 1.3, 12 on 12 injector)
and T9664 (O/F 1.3, 8 on 8 injector) were in workl
/ During this time périod, changes were made to the solenoid
valves. The major difference in design was to increase the number of ampere-
turns of the manual coil, which; requires a large window winding area, eliminat- -
ing the recess at the back of the armature and’ electrolizing the valve body
internal diameter. Figure 35 presents the old and the new configurations.
1

At the same time, due to the increase in the test load, MJL Cell
No. 1 was being activated into 'an altitude facility (previously a sea level
facility). 3 ’

/
/
!
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~~ III. FUEL FIILM COOLING

During early February, 1964, modifications were made to both the 8 on 8
and 12 on 12 configurations to include film cooling of the combustion chamber
by use of fuel bleed holes. The T9730 engine with an 8 on 8 injector configura-
tion was modified to include 8 bleed holes radially in line with the 8 main
doublet pairs and at an injection angle into the combustion chamber approximate-
ly 25° such that the fuel impinged on the combustor wall approximately 0.5 inch
from the combustor flange. (The percent of total fuel flow used for bleed in
this configuration was 11%).

Results of these tests showed that at design conditions of O/F = 2.0,
Ft = 100 1bs., the I, was 295 seconds, the chamber wall temperature was 2500°F
and the chamber flange was 2000°F. This compares to performance of a like con-
figuration T9662, without fuel film cooling, which had an approximate Ig, of
30k at an O/F of 2.0 with wall temperatures of 2900 to 3000°F and flange temp-
erature of 2200 to 2300°F. Additional modifications of the T9730 engine are
shown on Figure 36.

A 12 on 12 configuration was also modified to include 12 fuel cooling
holes located radially out from the main pair of doublets. Impingement point
was 0.09 inches below the injector face. This configuration was identified as
T9T715. This engine also demonstrated lower wall and flange temperatures, il.e.,

" at an OfF of 1.6, I., = 285 seconds, wall temperatures equalled 2700°F and
> Lgp ’

flange temperatures were 900°F. At an O/F of 2.0, I, 284 seconds and wall
ttemperatures were at 2790°F. Maximum soakback to the injector head after a 60
second run was 200°F at both O/F = 1.6 and 2.0,

A schematic of Engine T964C is shown on. Figure 37. This configuration
incorporated a premix chamber to provide for test evaluation to determine the
capability of premix chambers to shorten ignition delay time and reduce the
magnitude of ignition pressure spikes.

Effort continued during March, 1964, toward optimization of fuel cooling
and reduction of ignition pressures.

Engine T10050 included those design parameters deemed optimum from the
fuel cooling parameter standpoint. The engine utilized 11% fuel cooling.
Additional coolant (up to 25%) had demonstrated no additional chamber wall or
chamber throat temperature reduction, a loss of 2 to 4t seconds in Tsp, and
additional reduction in chamber flange temperature which it was felt was not
warranted at the expense of performance. It also included an all steel oxid-

izer valve standoff. This configuration is showm in Figure 38.

1-56



THE
%ﬂ,

ORORATION

) \
J:;’QZ.’:’Q : . T-9730 MOD.2

uardt e

VAN NUYS, CALIFORNIA

A-1080

.-..\\\\ /

FUEL COOLED ENGINE CONFIGURATIONS

. ( !
'

T-9730 MO 4+
/ LT-10020) LTI=-2771)

. ;

r
’

/j‘ o.500
/[
:

T-9730

0.073 D'A

MOD. 1 ' T-9730 MOD. 3
) A

{ T-10030)

\</,
4

N
Z

/)\so'

\/j/.l

Ve

. on v v

0.185
ot

o.o8 DlA.—S

o ey e
~

/ Figure-

36




T e g A R i g st S 2y M 8 T AR Sl e e et A i B g by o 0 s Bt b e, st sl s nah S b b sl A s B bt

ar Uardf VAN NUYS, CALIFORNIA

A-1080
CURPORATION ‘

.

T T TR T I I A SR N L AN IR D D DR TR e T |

PRE-IGNITION CHAMBER T9640 CONFIGURATION
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Figure 39 shows the condition of a T10050 engine injector face before
testing. Engine T10050, S/N 0002 was tested and on 31 March 1964 the chamber
shattered during a portion of the tests. At the time a total of 589 starts
and 1993 seconds of burning, including one 90 second run, had been accumulated.
Figures 40 and 41 show the injector face of T10050, S/N 0002 engine after the
tests wherein the combustion chamber shattered. Note the distortion of the
inner edge of the main fuel holes in the aluminum. Part of the aluminum at
the fuel hole exits had been-displaced in such a manner as to partially restrict
the exits. It was believed that the injector hole deformation was the same type
as previously experienced but was slightly different in formation due to the
higher melting temperature of the steel enshrouding the 'oxidizer holes as com-
pared to the aluminum around the fuel holes. It appeared to be due to small
hydraulic-reversed resultant that is formed, in addition to the forward resultant,
when the two liquid streams are impinged together at a significant angle. In
this case, the reversed resultant is made up of hypergolic liquids and hence
high localized pressures and temperatures are created which can cause this type
of damage. This damage causes 'bushy' streams and resultant poor mixing.

;
:Three factors may Lave contributed to the shattering of the chamber.

1. There was a smell crack in the combustor chamber in the failure
area, progressing from the outside surface inward.

2. The injector fuel holes had deteriorated to the point where
good liquid-ligquid mixing was not being obtalned prior to the
pulsing operatlon during which the fallure occurred.

‘ n

3. A facility, propellant leak had cooled the combustor to approx1-
mately -65°F Just prior to failure. ;

The bad fuel 1ngect10d holes could have resulted in greater propellant
accumulation and hence hlghen ignition peak pressuﬂés. The low combustion
chamber temperature (unplanned) could have resulted in the accumulation of
frozen propellant on the coMbustor prior to 1gn1t16n, and a crack could have
provided a weak point from which the failure could progress.

As 8 result of the damaged fuel holes, future engines incorporated a ‘
"y" groove between the fuel and oxidizer hole expts and subsequent tests showed
no evidence of injector hole deterloratlon. Figure 42 shows the "V" groove
configuration, T10060. \ /
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-~ IV. PREIGNITER DEVELOPMENT

A NASA/North American/TMC meeting was held on 15 April 1964 to discuss
the engine program as a result of the chamber shatter experienced on 31 March,
1964, As a result of this meeting, the following programs were undertaken:

l. Eliminate ignition spiking completely.

(a) Detonation Studies, Structure Dynamics, Understanding of
Phenomenon.
(b) Fuel blends and additives.
- (c) Preignition chamber.
(a) off O/F ignition. ,
(e) Improved valve matching - Electrical, Mechanical.

2, Study methods to minimize ignition spikes.

ga) Chamber I¥

b) Chamber shapes.
(e) Fuel change.
(&) Injector Modification.

(e) Repeatability Documentation and separate variables.
(f) Thermal Management Analysis.

3. Determine possible alternate materials for combustion chamber
fabrication.

éa) Pure moly
b) TZM

(e) mTitanium
(@) Columbium
(e) TD Nickel
(£) 1605

\ y, Investigate performance improvement methods.

- (a) Critical tests to verify design criteria.
! (b) Conduct prototype testing.

A, Development

Testing effort was centered around the development of a preignitor.
Both analysis and testing had shown that explosions of liquid and solid phase
" detonable products would not eccur if the chamber pressure was above the vapor
pressure of propellants prior to propellant injection. The preignitor produces

1-65
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a start-up pressure in the main chamber thus mlnlmlzlng and/or eliminating ignition
overpressure spikes.

Figure 43 shows a four valve preigniter test rig used to develop
the preigniter concept and to obtain design criteria. Figures 44 and 45 present
two of the early preigniter engine configurations tested; the preigniter used
to evaluate heat transfer effects and the first preigniter injector.

In, addition; testing had shown that ignition pressure spikes with
fuel lead injection had much greater consistency and repeatability and were
approximately one-half of the peak’/values recorded with oxidjizer lead injection.
This criteria lead to the valve coil design concept of fuel leads. Wherein the
automatic coils of the fuel c011 have fewer ‘turns that the oxidizer coil and the
coils are wired in parallel. {On the direct coil, the fuel coil has more turns
than the oxidizer and the c01ls are in series.

Off O/F tests were conducted and showed that ignition pressures
were much lower for O/F's less than 0.5 and greater than 6.0, than the pressures
experienced .in the O/F range Tf 0.5 and 6.0.

During this period, analytical evaluations were made with respect
to the rate of condensation of oxidizer on cold combustion wall, comparisons of
heat sink properties of various thicknesses of cold combustion chamber walls,
detonation analyses, literature searches, and consultations with authorities in
the field of detonation. Experimental effort included development of a thin film
platlnum resistance thermometer; time reference instrumentation and streak photo-
graphy. Testing included engine firings as well as cold flowing of propellants,
and drop tests were made to determlne the effect of impacting the propellants with
one a liquid and the other a solld Also obtained were indications of the explo-
sive characteristics of 50/30, MMH, UDMH, and NoH,. Among the results noted--
when liquid hydrazine is dropped onto SOlld Ny0y4, exp1051ons occurred in 40% of
the runs. The reverse situation faused no explosions. lSolld mixture of NpH,
and Ny04 were madg at approx1mateiy -60°F as a measure of chemical affinity of
both propellants. Both propellants in cold solid form burned on contact.

A sunmary of the tests is tabulated belo
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SUMMARY OF PROPELLANT DROP TESTS
M UDMH NoHy, - 50/50
No.of | No.of | No.of | No.of | No.of | No.of | No.of | No.of
. Tests | Exp's | Tests | Exp's | Tests | Exp's | Tests | Exp's
Dropping Liguid
N0y, onto 2 0 2 0 2 0 2 0
Frozen Fuels
Dropping Liquid f .
Fuels onto 2 . 0 2 0 5 2 2 0
Frozen Oxidizer ?

NOTE

1. All drops made from & height of 8 inches.

2. All combinations produced much heat due to a vigorous
chemical‘ reaction.

3. Mixing frozen NpHL particles with frozen NoO), particles .

at approximately ~60°F produced immediate burnlng. A
flame was noted but no explosion cccurred.

Fuel additives were ordered and received, however, they were not tested on the

program but were subsequently tested on another NASA program.

The additives

were each mixed with Aerozine-50 (one percent by weight of additive) and supplied

by the Callery Chemical Company.

The additives were: .

N-Allyleneline -/
Pyrolle :

Phenylsulfide : &
Phenylhydrazine a p
Cyclopentadienyliron .
Methylbutynol

P-Xlidine

} -%-Butylthiophenol _
Allylphenylether ,
Furfural alcohol )
Oxamide Dihydrazone

Melamine \

None of these had a significant effect on ignition overpressures.
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Injector testing centered around the 8 on 8 fuel cooled engine
configuration, however, some testing was conducted on 'a T9930 engine which had
a triplet injector (16 on 8). The schematic and the injector face are shown
in Figures U6 and 47, respectively. It was expected that the engine would
demonstrate increased steady state Igy due to better mixing and to have a more
constant performance level as a function of O/F ratio because of the constant
momemtum angle furnished by the triplet mode of injection. Test results indi-
cated the engine ran at two performance levels, one at low performance with
Isp = 273 seconds at an O/F of 2.0 and a higher level with burning conditions
resembling high heat transfer burning with wall temperatures too high to con-
tinue testing. Ig, was 313 seconds at an O/F of 2.0, Further testing was
discontinued on this configuration due to the high temperatures encountered.

Under the alternate materials program considerable laboratory
testing such as torch tests were conducted as well as actual engine tests on
chamber materials of 90 tantalum-10 tungsten coated with both disilicide and
tin-aluminide, see Figures 48 and 49, respectively. (These were chambers fab-
ricated under the early Apollo Program - Alternate Materials Program), two
piece TZM combustor/L605 bell and two piece moly combustor/L605 bell. During
this time period, Summer 1964, the design criteria changed from a one piece
ribbed combustor chamber to a two plece combustor-bell assenmbly. The cambustion

chamber could be fabricated of various materials while the bell material selected
: .was L605. This two piece design was the result of: -

L. Several bells on the one piece molybdenum had been cracked due
mainly to handling and installation difficulties. The bell
fabricated of 1605 was much stronger and had far greater
ductility. . :

2. The L605 bell was no more difficult to fabricate than the
' moly bell,

3. The L605 bell coﬁld be reinforced for boost air loads by the use bf
machined ribs on the external surface and the strength to weight
ratio was much better than a corresponding moly bell.

Results of the tests of the alternate materials was encouraging, However, be-
cause of the immense experience available with molybdenum, it was selected
as the qualification material.

During July 1964, it was agreed that all injector effort would

center around a preigniter engine with fuel cooling, ribbed two piece moly
: combustor/LGOS bell. This basic configuration is shown in Figure 50.
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The development effort centered around optimizing preigniter cooling.
The T10650 engine configuration was tested for both ignition tests as well as
steady state tests. The engine satisfactorily demonstrated a continuous run
of 500 seconds thus meeting this specification requirement.

Additional testing was conducted to determine the preigniter tubes
flow "window" area to obtain the optimum preigniter flow rates and O/F for re-
peatable preigniter ignition. and stable, non-chugging, preigniter -operation.

A computer program was formulated and run to support the test program on optimiz-
ing the preigniter design.

Spikes with the early preigniter configuration occurred when:
1. " Preigniter failed to light.
2. - Spike on preigniter ignition.

3¢ Main chamber splke after preigniter 1gn1t10n due probably to
inadequate pressurization and residual propellants.

4., A spike after normal preigniter ignition but before main chamber
"propellants enter the chamber.

Parameters such as preigniter O/F, flow, and injection pressure
were varied to optimize preigniter performance. Ignition limits of the preig-
niter could be extended by lowering the preigniter O/F. Combustion stability
(1ack of chugging) of the preigniter is governed by the ratio of the Junction
pressure to the preigniter combustion chamber pressure and requires that the
junction pressure be as high as possible within'the limits of the engine supply
pressure, '

' B. PFRT Configuration

During September 1964, the Pre-Qualification and/or PFRT configura-
tion was selected. This configuration is shown in Figure 51.

The general characteristics of the engine were as follows: .
1. Iép (steady state) = 286 + 6 seconds.
2. Igp (minimum impulse bit) = 130 seconds.

3. No severe (>400 psi) start transients for propellant
leads 2 ms Oxidizer and 20 ms Fuel.

L, No engine temperatures in excess of design values.
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During preigniter testing for ignition transients in September 1964,
it became quite evident that the first few pulses of an engine run wherein the
propellant lines had recently been primed, resulted in improper preigniter
operation. Analysis of the causes for this resulted in evidence that gas
bubbles form in the propellant lines during engine priming and these bubbles
interfere with proper preigniter operation during these first few pulses. 1In
addition, while running hot propellants (l00°F+) it was noted that oxidizer
flows would drop off on each succeeding run by a significant amount (0.005 pps)..
After about 30 to 45 minutes under pressurization at about 170 psig, the flow
would stabilize.

Investigation revealed that nitrogen solution or entrainment was
the problem. In order to partially eliminate the problem, a float was installed
in the oxidizer pulse tanks in the cells to limit the area of hot propellant
exposed to pressure. The float appeared to be effective in the subsequent tests'
since the flow of hot oxidizer was now repeatable from run to run.

Degassing of propellants also was accomplished at this time by heat-
ing the propellants to about 100°F under low (very near atmospheric) pressure.
Once degassed, proper preigniter operation was always achieved.

' A preliminary engine study program was completed covering Passive
- Thermal Control (PTC) involving valve heat loss and injector head heat loss
and submitted to North American during September 1964. This program had been
under contract since 18 June 196k. TMC Report S-Lili dated September 12, 1964
presented the results of this study.

During October 1964, the program was oriented into a two phase
program: ’ ./

1. A three engine Preliminary Flight Rating Test (PFRT)’to cover
non-passive thermal control englnes to be dellvered for flight

(in actuallty on AF 009). ,
7
2. A program covering development and Quallficatlon ‘of a Passive

‘Thermal Control (PTC) Engine. /

PFRT configuratlon testlng continued demonstratlng sufficient temperature marglns
in all areas. Some of the temperatures were as follows:

Steady State Maximum
' ‘ Operating Temperature Allowable Temperature

Parameter : °F °F .

Chamber Throat 2200 2900

Bell Attach Nut 1550 1750

. Bell Nozzle Exit ' 1625 . 2200
Bell at Joint . 1850 /! 1880
Injector Head Soakback 300. 350

1-79
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Figures 52, 53 and 54 present typical performance curves of this

engine configuration.

Acceptance tests on the first PFRT engine P/N X21lkek, s/N 0001 were
conducted on October 21, 1964, and S/N 0002 was acceptance tested on November
14, 1964, One of the PFRT engines, S/N 0002, was subjected to electrical bond-
ing tests (not as a part of the PFRT program but rather as a supplemental test.)

Resistances for all mechanical discontinuities were measured., The
combustor offered no convenient contact surface for the electrical clip leads
used and contact resistance was relatively high, however, the engine was within
specification limitations. Figure 55 presents the results of the test.

. The Performance Flight Rating Test (PFRT) to Marquardt Test Plan
(MIP) 0019P was a three engine test. Its objective was to demonstrate Engine
P/N 227486 performance level and suitability for unmanned flight test within
the nominal performance requirements of NR Procurement Specification MC 901-

0004D, The three 227486 engines selected for this test were instrumented after

acceptance test and reidentified as P/N X21k2k, §/N's 0001, 0002, and 0003.

The PFRT Program consisted of essentially two types of tests; environmental or
engine structural tests and engine firing tests. These tests were followed by
engine disassembly and inspection. Figure 56 shows the tests and order of test-
ing conducted in each of the three engines. A short description of each test
is included below. : .

1. Environmental Tests

Environmental tests conducted to establish engine structural integ-
rity included the following: : -

(a) Boost Vibration Tests - Appendix G of MIP OO19P
To demonstrate structural integrity of the engine when sub-
Jected to the maximum vibration loads expected during the '
Apollo launch.

%

(b) Salt Fog Test =~ Appendix H of MTP 0019P
To demonstrate engine contamination and corrosion resistance
to a salt fog atmosphere.

(¢) Water Flow and Valve Ferformance =~ Appendix K of MTP 001L9P
To provide checks of valve response, valve electrical charac-
teristics and integrity of valve and other engine seals at .
one or more times during the test program.

(d) static Load (Limit) - Appendix T of MIP 0019P

To demonstrate engine structural integrity under maximum
expected boost phase airloads. )

1-80
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SPECIFIC IMPULSE, Isp’ - SECONDS

PULSE SPECIFIC IMPULSE VS'ELECTRICAL PULSE WIDTH

. "PFRT CONFIGURATION, CALIBRATION TEST- RUNS
- TEST NUMBER: 3201, CELL 1, RUN DATE: 9/29/64
ENGINE P/N T-10670, S/N 0002-3
CHAMBER P/N T-10176/T-10188, S/N 002/004
2 PIECE RIBBED MOLY CHAMBER / L-605 SKIRT
24.6% FUEL BLEED FLOW
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= 74 8501 25 60.2 100 2.5
D - 8502 15 99.7 100 2.4
0 38503 10 200.6 300 2.2
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i \;X:
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TOTAL IMPUISE, I

PULSE TOTAL IMPULSE vs. ELECTRICAL PULSE WIDTH

PFRT CONFIGURATION, CALIBRATION TEST RUNS
TEST NO. 3201, CELL NO. 1, RUN DATE: 9-29-6L
. ENGINE P/N T-10670, S/N 0002-3 .
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PFRT TEST PROGRAM

Test Eng. No. I Eng. No. II Eng. No. III

Calibration Test

Appendix A L, 5 T, 11 7, 11

Pulse Operation Survey Test

Appendix B 2 .10 8

Boost Vibratlon Test

Appendix G 1 5 3

Salt Fog Test 1
Appendix H s . .

Water Flow and Valve - . o
Performance 6 2, b, 6, 12| 2, 4, 6, 12
Appendix K .

Direct Coill Duty Cycle Test 3 8 9
Appendix N

Static Load to Destruction .
Test 13 :
Appendix S ' .

Static Load Limit Test ‘ / 5
Appendix T . . ' Y

Teardown Evaluation
Appendix V

Special Duty Cycle Test L

/
Appendix W 9 , 10

¥Valve Rebuild following this test.

Apﬁendices noted are to Marquardt Test Plan (MTP) 0019.

-
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(e) Static Load (Destruct) - Appendix S of MIP OOL9P
To demonstrate engine structural margin beyond the maximum -

specification airload requirements.

Engine Firing Tests

Engine firing tests conducted to demonstrate engine operational
capability included the following tests. All engines were tested
to all of the firing tests.

(a) CcCalibration Tests - Appendix A of MTP OO19P
Calibration tests were run prior to and following all other
firing tests. These tests documented engine performance at
pulse widths from 13 milliseconds to 5.0 seconds.

(b) Pulse Operation Survey Tests - Appendix B of MTP 0OLOP
These tests demonstrated operational pulse capability. Pulse
widths of 13 to 500 milliseconds were run. Repetition rates
resulted in engine off times from 8 to 300 milliseconds.

(c) Direct Coil Duty.Cycle Tests - Appendix N of MTP 0O19P

These tests demonstrated engine operational capability using
the valve direct coils. The test included operation under
pressure transients fram relief to nominal operating pressures.
Further demonstration of "off-design" capability was shown

by commanding engine starts at the voltage extremes (21 to 32
volts dc) under cold envirommental conditions.

(4) Special Duty Cyclé Tests - Appendix W of MTP 0019P
The Special Duty Cycle Tests demonstrated engine capability
to perform specific duties for limited application usage.
The test required performance of specific maneuvers consisting
of commands varying from 13 milliseconds to 60.0 seconds,
including firings from a temperature soakback condition.

Engine Teardown

Following completion of all testing, each engine was disassembled
to the lowest practical component level. Detailed visual examina-
tions were made of all components to determine possible structural
degradation. Measurements were made of all critical areas, e.g.,
valve and chamber attach bolt torques, bell to combustor attach
nut torque, etec. In addition, an assessment was made ty TMC Relia-
bility of the remaining functional capability of the hardware.

- 1-86
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PFRT testing on S/N 0001 engine was essentially completed in
Jammry 1965 (Testing initiated on 20 November l96h)

‘Engine S/N 0002 was removed from the PFRT test program in Januery
1965 in order to incorporate the latest solenoid valve pintle configuration
described below. Valve leakage during various development tests had necessita-
ted the need for an expanded valve development program to isolate the problem
and eliminate the Jleakage. Early assessment of the problem indicated that gall-
ing of the armature pintle and the valve seat was the prime reason for leakage
of the valves, Valve design changes made at this point to correct the leakage
consisted of returning to the hardened armature pintle (prev1ous history indica-
ted there was no galling when hardened pintles were used) and incorporating
specific visual inspection requirements for detecting burrs on valve seats.
Evaluation tests were conducted on valves incorporating these changes and de-
monstrated ‘that the changes were desirable.

In additlon, a valve development program was initiated to evaluate
other valve variables which could substantially influence valve leakage. Among
these variables were properties of teflon under operational conditions and the
dimensional variation in the teflon during a life cycle. Other variables eval-
vated included poppet geonmetry (cone versus spherical), valve dimensions (loose

‘ vs. tight) and impact eccentrlcltles. :

Rework of S/N 0002 valves incorporating the hardened poppet change
were completed and the engine was acceptance tested on 28 March 1965 and it
wag reinstated into the PFRT program. Completion of PFRT testing was accom-
plished in late May 1965. \ ,

Engine S/N OOO3,mod1f1ed to iInclude the hardened poppet changes,
was acceptance tested on 20 March 1965 and the englne was placed into the PFRT
Test Program. Testing was completed by mid-May, 1965 Final teardown, in-
spection and Final evaluatioh of all three engines|was accomplished by 25
June 1965. | 1

Figure 57 presenté the planned test plan requlrements with respect
to valve actuations and burn time. Figure 58 presents the actual operational
summary and 1t may be noted that all planned requlrements were exceeded,

I

All phases of the PFRT program were guccessTully completed. The
engine demonstrated the capabllity to reliably meet the requirements for boost
vibration, boost air loads and porros1ve salt fog environment. Engine firing
tests adequately demonstrated the required operational levels as well as the
required structural levels under firing conditions. The engines, under periodic
checks, demonstrated a high level of consistency in operational characteristics

‘with no degradation of any parts.
. - ! i
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OVERALL FFRT FLAN REGQUIREMENTS
VALVE ACTUATIONS AND BURN TIME
Ho, Times Performed Valve Actuations Sec. Burn Time
Test Appendix
Eng. II Eng. I1| Eng. IIT | Eng. I|Eng. JI |Eng. 111 |Eng. I Eng. II |Eng. IXI
A 2 -2 2 1738 1738 1738 102 102 102
B 1 1 1 - 3600 3600 3600 Le2 L62 Loz
G 0 1 1 () 20 20 0 0 0.
‘ H o (o 1 0 0 0 o . (o] 0
K - 2 3 ‘25 50 100 (4] o] [¢]
N 1 1 1 31 31 31 20 20 20
I 1] 1 (o} (o} 0 0 0 0 0
T o] 1 "1 [¢] 0 (o} (o] (o} 0
v 1 1 1 0 0 0 0 o] 0 .
W S .1 1 k9 49 Lo 109 109 , 109 -
" Est. Trim Runs 39 | 3k 394 2k ok, [ 24
Totals 5837 5882 5922 7 L7 717
/
s
i
I
/ f
! }
¢

1-88.
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PFRT ENGINE OPERATIONAL SUM4AKY

ACTUAL EXPERIENCE

© Engine No. IIX

Engine No, I Engine No, II
Total Burn Time (sez.) . 1297.6 823.7 1207.3
Total Number of Firings 8548 6111 . 9699

Total Propellant Exposure

134 hr.-47 min.

(hrs. )-(min. ) 150-tr.-k3 min. | 102 hr.-25 min,
Total Oxfdizer Valve - :
Actuations '8665 6284 9973 .
Total Fuel Valve , . !
Actustions 86k o 6}9( : 1001h
e A1) volues shown are exclusive of acceptance test.’
— #Total valve cycles (fuel to oxidizer for one engine) different
R ‘due to purging, bench testing or valve checkouts.

1-89
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Final teardown inspection of the engines revealed normal, expected
wear characteristics with no indication of &tructural degradation which could
lead to a performance or reliability reduction. All engines were capable of
further operation, indicating operational capability in excess of that required.
Figures 59 through 64 present some of the pertinent performance results obtained
during the ‘program on the three engines. Performance in every case met or ex-
ceeded spiiification and Test Plan requirements. Figure 61 presents the varia-
izzanve ratio as a function of electrical pulse width for Engine Number
1. This =uy-typical-of all engines. The mixture ratio decreases as the pulse
widths beruﬁe smaller due prlmarlly to valve mismatch, valve pressure 4Arops
and the hlbner oxidizer vapor pressure.  The characteristic performance varia-
tion as a function of propellant (oxidizer) temperature is shown in Figure 6.
The same trend is noted with fuel temperatures. The effect of propellant temp-
erature on performance was first noted during the PFRT program.

The PFRT Flne; Report-TMC Report A1055 was published on 20 September
1965. ' : .
.cf;I.§§¥Z

. }\

e In the fall of 1964, North American, Grumman. and NASA were consid-
SRR erlngva {design change in the spacecraft in the interest of weight reduction.
©¢7 .- .7 This change involved going from an active thermal control achieved by means of
a liguid glycol loop which NAA had in their modules to a passive thermal control
system to be achieved by inherent design characteristics. Grumman did not have
active thermal control on the Lunar Module and did not want the weight penalty
associated with such a system. Based on this, TMC was directed to initiate
studies, .analysis, design changes and subsequent development tests to determine
the necessary changes @9 the \engine to incorporate tpe concept of Passive
Thermal Control in the spacecraft.

: i

C?ncurrent with the conduct of the PFRIxProgram, the Passive Thermal
Control (PTC)/development program was being pursued/leading toward the design
that would go into Qualification.

The study program showed that with relZulvely minor engine changes,
significant improvement could %e made in the engnne s lL.eat transfer to a space
environment. ;The relative mer;t of the 1mprovemcnts depended on the passive
heat transfer to the engine from the vehicle and /the operation modes in which

. - the englne As used. .

Enough testlng was %ccompllshed as ;a part of the study to define
. within a close tolerance the thermal characteristics of the Prequal engine
(PFRT) and.to predict the thermal characteristics of a PTC engine configuration.
Farther testing was required to validate some of the values measured in the
stuﬁy';Lu o more fully investigate phenomena that could lead to a much higher
. resigionce and more reliable combustor seals
(= =
/
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i
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CALIBRATION TEGT
MEAN STFADY STATE PERFORMANCE GUMMAKY
Thrust - 1b. o/F Igp - sec.
Spec. Data Mean Spec. Data Mean Spec. Data Mecan
Engine No. I
> . , ! ’ '
, g:;;%::t{g:“‘;::’ 95 + 2.5 9%.2 2.0 + 0.05 1.98s | 272 to 294 286.1
" Results from sece . .
o ond Calibration 95 + 2.5 9.0 2.0 +0.05 1.983 272 to 29% 287.1
Test - ‘
‘. ine No. II
g:i‘;;::tg?'xg:“ 95+2.5] 951 1.95 + 0.05 |  1.948 | 272 to 29 284.1
. !
Results from sec~ . ‘ '
ond Calibration 95 + 2.5 %.8 1.95 + 0.05 1.940 | 272 to 294 292.1
Test L/
Engine No. III ¢/
Results from first . :
Calibraticn Test | 92 225 [ 941 2.0 £0.05{ 1.979 2712/‘;0 294 277.7
Results. from sece- 4
. ond Calibration 95 + 2.5 97.1 2.0 +0.05 1.991 RT2 to 294 289.0
Test : :
1
’ ¢
i .
Y
-
1-91 '
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CALIRRATION TS
INDIVIDUAL STHADY STATE RUN PFRPORMANCE SUMMAKRY
Run Thrust ~ 1b. Igp ~ sec. o/F nam;
Eng. X | Eog. II | Eng. III || Eng. I | Eng. II | Eng. III || Eng. I | Eng. II | Eng. IIT
RESULTS FROM FIRST CALIBRATION TESTS.
1 9%6.6 95.0 9.2 285.1 | 286.5 277.8 2.006 | 1.972 1.978
B B 9%6.2 9.8 93.2 286.1 | 283.6 | 275.k ' 2,000 | 1.945 1.960
© {3 | %a | da 9.7 286.5 | 282.6 | 279.6 1.973 | 1.%7 | 1.9%
L] "95.9 | 95.3 94,2 286.8 | 283.7 | 277.9° 1.955 | 1.946 1.990°
. RESULTS FROM FINAL CALIBRATION TESTS ’
1 96.0’ 96.2 97.0 287.0 | 29%0.6 288.1 1.935 | 1.937 1.998
" 2 | %61 %.9 97.6 -286.6 | 2%.7 | 2%0. 1.984 | 1.9 | 1.995
31 5.3.1 o701 96.7~ || ‘287.5 | 292.8 | 288.2 1.9%2 | 1.939 | 1.987
. 3 95.8 9.9 97.2 287.h 292.2 289.4 1.972 1.939 1.98%
1-92 Figure 60
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MIXTURE RATIO VS. ELECTRICAL PULSE WIDTH
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Two areas wherein concentrated effort were expended were in the fuel
valve standoff and the injector head to combustor seal.

The Qual configuration program effort was concentrated on the design,
analysis and bench testing of the fuel valve standoff to determine the thermal
resistances. An analysis of the anticipated qualification design was completed.
The minimum thermal resistance of the fuel valve to head was calculated to be
60,600 sec.- °F/BTU based upon the following assumptions:

(a) No internal valve resistances.
bg No ball seat resistarnce.

¢) No contact resistances.

d) Nominal dimensions.

The predlcted test value for this configuration was T0,000 sec. =
°F/BTU, based on a nominal ball seat resistance of 10,000 sec.- F/BTU which was
ca}culated from test results. This compares to the requirement of hh 600 sec.~
°F/BTU.

Steady state thermal tests at high vacuum conditions with a non-
preigniter engine assembly were completed to obtain preliminary data for valve~
to-head and head-to-combustor thermal resistauces. '

!

The thermal data was analyzed using the following criteria:

(a) The comnplex, parallel heat transfer paths in the engine valve
assembly were simplified to a single path between each valve and
the injector head, and a single path between the head and the

© combustor. ;

(b) Radiation heat transfer between adjacent components ‘and to the
. surroundings was neglected.

(¢) The overall temperatures of the valves were repfésented by their
valve seat temperatures.

(d) The heat flowing in the simplified thermal circuit was identical
to the heat generated in the valve electrical coils.

k.
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The test sequence and the results of the analysis are summarized
in the following table:
. Thermal Resistance
(°F-sec/BTU)
Oxidizer: Oxidizer Fuel
‘ Omni-Seals Valve Valve Seat | Valve Seat
Test No.| (Both Valves) Phenolic Remarks to Head to Head
1 Yes Yes Valves empty 47,800 13,600
and seated. :
2 Yes Yes Valves empty 42,100 12,700
and seated.
3 Yes No Valves empty 55,100 13,500
and seated. ' .
L ) No No Valves empty 58,300 13,700
and seated.
5 No No Valves empty 62,100 14,800
and seated.
6 No No Water in valves - 12,950
(oxidizer empty
at end)
7 No B\ Water in. valves| 71,200 12,550

The fuel valve conduction test rig (FVIR) was designed to provide
detail thermal resistance data for the fuel valve head connection. Figure 65
shows this test assembly. Tabulated below is a portion of the test results
and Figure 66 is a plot of this thermal data using AT valve seat to head and
electrical input heat as coordinates. Ideal thermal resistance (no variatim
with temperature, etc.) would yield data which would plot as a straight line
through the origin. The slope is equal to the magnitude of the equivalent
thermal resistance. The extrapolation of the thermal data for the tests with
the short stainless bolts resulted in an equivalent thérmal resistance of 56,570
°F-sec/BTU for the low temperature valve seat (35 + 10°F) and 43,580 °F-sec/BIU
for the high temperature valve seat (184% + 2°F). TFor the tests with the long

. titanium bolts, the high temperature valve seat data (185 + 15°F) yielded a .

resistance of 52,620 °F-sec/BTU. The cold valve seat date could not be extrapo-
lated in a similar fashion. The extrapolated lines crossing the zero AT point

1-98
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THERMAL RESISTANCE TESTS
AT - Valve to Head
B ; ) VS C
Electrical Input Heat

FVTR #2

® Short S.8. Bolt
A Titanium Bolt

0 EmR#A

Titanium Bolt (No Phenolic)
(Numbers near symbols denote
run numbers)

| ' ' T ?f}
: 200 . ez q - .
‘ o 275 f/«
‘ vau|
cET" 3/A 2}@ E/
. 30/° / 2192 “
a KEPIN , & 27 '
2 / 1/ z;a/ J
2 ) 2 /
:1: /?-5'@.570/ / / /;
" 100 .’ . :
65 . / e /
é // // a // .
RlF52,420 “—ed4s sdo0
\\é g ‘/ o .’ .
E 2RV
= / .
= //
A /w / [} ! !
/
/ .
‘ VAL /]
0 / / , o
‘ 0 : 10 S ' 20 -
ELECTRICAL INPUT HEAT - BTU/HR L
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at positive values of heat input can be accounted for-as heat leakage to the
surroundings. )

RESULTS OF FVIR NO. S1 AND 2 THERMAL TESTS

i : L L T T Equiv.Thermal
‘ . Head | Valve Seat’'| Valve Ears Electrical . Res. Valve
i + Temp{ +to Head ' to Seat |Int.Fluid{ Input Heat , Seat to Head
i Run No. (°F) (°F) P (°F) to Seat | (BTU) Hr. : (°F-sec) BTU
:o2h 15 171 2 19 13.8
{25 | -148 193 0 2l 15.2
26 + 57 128 0 21 17.3 56,570 Short SS
| 271 31 151 0 ol 19.2 | 13,580 Bolt
.t 28 39 164 9 21 15.5 52,620 FVIR
- 29 35 153 9 el 14,3
¢ 30 125} 162 1k 23 9.7 Long TC
P31 .1 -131 171 13 e3 9.7 Bolt
| 39 ~11h 148 .13 19 10.0
: i ko -23 192 12 21 17.0 52,620
Poh ~165 202 18 18 12,1 FVTR
Pk i3 162 16 16 16.1 #1 Long TC
i { . Bolt, no
' i , , phenolic

‘e

A cold wall space simulation facility was fabricated for use in
the passive thermal control test program. This facility had the capability of
a vacuum of T X lO'h mn of Hg, wall temperatures approximating liquid nitrogen
temperature and black space environment with an € of 70.9. The ‘Pacility is
shown in Figure 67. Figure 68 presents the data obtained for steady state
temperature distribution and steady state heat, loss for several configurations.
Heater blankets were installed on valves to provide heat inpu¥ and chamber con-
figurations and seal materials were changed so that varying/rate of steady heat
loss was obtained. This data was used to calculate the thermal resistance be-
tween the valves and the injector head. The results of this analysis showed )
the oxidizer valve to head resistance to be 44,000 °F-sec/BTU and the fuel valve
to head resistance to be 30,000 °F-sec/BTU for the particular configuration
tested (short stainless steel bolts, then phenolic spacer and fuel valve standoff
with Q0% of the thermal resistance of the Qual standoff). Calculated values for
the same configuration were 30,000 °F-sec/BTU for the fuel and 46,000 °F-sec/BIU
for the oxidizer valve at TO°F, thus showing good agreement.

’
i

¢

2
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SPACE SIMULATOR COLD SOAKV TESTING

Building 32 .

STEADY STATE TEMPERATURES

Test 2 Test 3 , Test 4 _ Test 5
Run #1 -~ Run #2 Run #1 Run #2 :
Parameter 12-30-64 1-5-65 1-6-65 1-9-65 1-11-65 1-13-65
i P-110L42 T-110k2 T-11043 T-11043
Hardware {Head . Pyrolytic Pyrolytic Graphite o - L-605 L-605
Description |Seal Graphite Un-Fired " Un-Fired Fired Chamber
:Chamber Firgd > 800 secs Un=-Fired Ribbed Not Connected - Not Connected
{ Bell Smooth L605-Fired 1,-605
‘Heat | Fuel 10.6 7.9 8.06 L8k 5.83 T.57 /
Input lox - 7.8 5.6 5.72 2.27 .55 5.92 K
BTU/HR ,Total 18.4 13:5 13.78 7.11 10.38 13.49 ,
Calcule led 1 Temp Tfoil = =-170°F -160°F -167°F ~-156°F -137°F -129°F [
Heat Loss | gq g'?"};65.._--__-—a-79i"” 1.73 2.0 2.63 3.1 /
Chamber ;BTU/WI o A /
Heat Loss jHR 16.7 11.6 12.05 5.11 T.75 10.h
FUEL VALVE
Under Heater N.GC. +54.5°F +58.0°F +8.0°F +55.0°F +53.0°F
~--. _Flange +40°F +h47 +49 +3.0 +48 +h5.- =
Seat .. _ - 431 +39 +hl -2.5 +143 +38
Armature ‘\\,\ +h7 +h7.5 +50 +3.0 - 450 +H4T
0X VALVE i '
Under Heater \+55\\ +53.5 +56 -11 +55 +55
Flange . 5 “Hp——-- +h9 -13.5 +50 +h9
Seat +39 +42.5 4l -15.5 +47 +hly
Armature +48 +48 +50 -13.5 —— | --+451 +50
HEAD -43 -12.5 -12 -30 +11 -5
CHAMBER
Moly Flange -63 -24 -22.5 -33 . + 8 -10
Throat -5 -30 -29 -38 ' + 3 -16
BELL
Nut -81 -37.5 -37 - - -
Mid-Point -162 -128 -128 -226 ~-210 -236
End -198 -145 -145 -228 -212 -238

NOLLEHOMHO:

VINYOINYD ‘SANN NYA /pjgﬁzjg-
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Inherent errors in the measurement of temperature will cause the
resistance values to have some variations. The amount of heat loss is dependent
upon the assumed emissivity, the effective area, and the internal conduction paths
to the outer foil of the insulation. Every effort was made to make the heat loss
a minimum. However, significant heat loss did occur as evidenced by the outer
foil temperatures listed in Figure 68, The heat loss was calculated based upon
an emittance area factor of 0.15 and the outer foil temperature in the standard
radiation heat transfer equation. The surface area was determined to be about
1.5 to 1.75 square feet and emissivities from 0.085 to about 0.l were assumed.
These wvalues of emissivity are reasonable for much handled aluminum foil. That
the losses are approximately correct is indicated by the intersection point of
the net heat flow versus AT, (Figure 69). The resulting variation of thermal
resistance with average temperature of the standeff is shown by Figure TO. The
resistance decreases with average temperature because of the increase of thermal
conductivity of the materials with temperature.

In conjunction with the fuel valve standoff design activity, a com-
bustor to injector head seal design configuration was being pursued in an effort
to obtain a design which would increase the resistance. Pyrolyﬁic‘graphite mat-
erial, asbestos phenolic and the PFRT design 1605 seal were being considered.

. Structural tests were conducted on the material. Random vibration tests were

performed on engines with pyrolytic graphite seals without any structural damage.

Compression tests performed on the pyrolytic graphite revealed ultimate stress
loadings of 30,000 to 36,000 psi. Engine ignition tests resulted in failure
of the pyrolytic graphite seal. The asbestos phenolic seal withstood compressive
loads to above 100,000 psi without any damage, however, the seal was not effective
as a pressure seal because of high leakage rates. Based on these results, the
1605 seal was retained which has a thermal resistance of approximately 1800°F-
sec/BTU compared to specified design criteria of 18,000 sec.°F/BTU.

In early December 1964, TMC was directed by North Amerlcan to con-
duct a valve heater program. This program had as its objective to evaluate the
possibility of attaching thermostatically controlled heaters on each valve,

The heaters were required to operate at 21 volts dc and to qupply valve temp-
eratures of 50°F or less, 8.0 + 0.8 BTU/Hr. to the ox1d1ze; valve and 12.0 +
1.2 BTU/Hr. to the fuel valve and were to be thermostatically controlled "on'
at fuel valve temperatures of 60°F or less and "off" at fuel valve temperatures
of 100°F or greater. This program was discontinued in late January 1965 and no
design changes were incorporated as a result of it.

In late January 1965 and early February 1965, the PTC program was
brought to a stop and Figure 71 shows the PFRT/AFOO9 configuration and Figure
T2 -shows the PTC incorporated changes for the Qual configuration.

i
1}
¢
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SPACE SIMULATION TESTING

Building 32

Tests 1-5.
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THERMAL RESISTANCE VS. AVERAGE TEMPERATURE

Valve Temperature Constant at ~ S50°F
Space Simulator Tests 2 through 5
Qual Type Oxidizer Valve Configuration
Short Bolts, Thin Phenolic
'T Standoff - Fuel Valve Configuration
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Basic differences are:
1. Fuel Valve Standoff
(2) Valve on A286 standoff rather than aluminum head.

(b) Valves secured to head by long 6 AL-4V titanium screws rather

- than short Cres 17~k PH screws (17-4 PH fasteners were deleted
F from Apollo acceptable materials list). A286 thermal spacers

' were used to ;ncrease the heat flux path. -

2. Oxidizer Valve Standoff
s i
[" i N
~wo. " (a) 17-b PH screw replaced by Cres A286 screws (to eliminate
i 17-b PH fasteners)and 17-7 PH spacer replaced by Cres A286
spacer.

. Test data values showed an equivalent fuel valve to head thermal
resistance of 52,600°F-se§/BTU compared to specified value of 4L,600. The
oxidizer valve to head reﬁistance is approximately 6l,OOO°F-sec/BTU.

. During testingg in the fall of 1964, oscillations had been noted
with the engines. This instability had a frequency of 350 to 400 cps and the
cause was traced to entrained Ny, gas bubbles in the propellant. Elimination
of entrained gas during acceptance testing was accomplished by installing floats
in the propellant run tanks. The floats reduced the area exposed to the pressur-
izing gas to a minimum value:(clearance between the float and the tank wall).

In addition, experimental and analytical efforts have shown that nitrogen dig-
solved in the propellants can have a degrading effect on engine start performance,
both immediately after priming the engine and later during engine operation.
Experimental evidence indicatéd that dissolved nitrogen should have no effect
on steady staté performance; ﬁowever, there is a digcernable improvement in
apparent preiéniter operation.during a run series when degassed propellants are
used to fire the engine. Full scale engine tests were conducted using propell-
ants which were degassed by heating to 100°F with @ﬁe pulse tanks vented to very
nearly atmospheric., Runs with\both degassed and gassy propellants indicated
essentially no, difference in engine steady state performance level as a result
of the degassing operation. Igpition characteristics appeared to be somewhat
more clearly discernable in the  oscillograph thrust signature when degassed
propellants/were used than whem\gassy propellanté were used. Figures T3 and T4
show the comparative start chargcteristics as a /function of propellant condition.
/ ) .

" Preigniter ignitionﬁoccurs at abcuf the same time with either gassy
or degassed propellants; howeveﬁ, again the p;éigniter characteristic is clearer
vhen degassed propellants are used. Sampleslﬁaken of gassy and degassed propellant

/
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were subjected to physical and chemical ahaly51s. begass1ng does not appear
to affect either propellant density or chemical properties. in that all samples
tested to date meet the propellant specifications.

An additional phenomenon noted during this time period was the I
decreasing approximately 3 seconds after about 20 seconds of run time. This
effect had not been noted in non-preigniter engines. One possible explanation
is that there is a slight change in weeper flow characteristies resulting in
lower effective performance from this portion of the propellant however, this

possibility was later found to be invalid. )
)

Sp

Another p0551ble explanation seems to be relgted to variations in
the amount. of fuel flow to the preigniter. The effect of a variation in pre-
igniter fuel flow upon engine performance is twofold. First, variations in
preigniter fuel flow rates cause inverse variations in the main doublet fuel
flow rates. This causes variations in the doublet Rupe number and accompanying
performance changes. Second, preigniter engines are not as efficient as non-
preigniter engines, which indicates that the propellant is not burned as effic-
iently in the preigniter itself as it is when injected through the main doublets.
Therefore, changes in the jamount of propellant in the prelgniter cause changes
in the overall level of englne efficiency.

. \ :

A quantitative measure of the two above effects obtained from the
engine test results show that an increase in preigniter fuel flow of 5% of the
total fuel (i.e., say an increase from 12% to 1T7% of .the total fuel flow) will
lead to a doublet Rupe number change sufficient to cause a 2-second decrease
in Igye In addition, if the!performance levels of preigniter engines are com~
pared to those of non-preigniter engines, and if the,difference is attributed
to the inefficiency of combustion in the preigniter,then an increase in pre-
ignlter fuel flow of 5% of the total fuel flow will cause a decrease in engine

of 1.3 seconds. Thus, the total decrease in spec1flc impulse will be 2.0
+ 3.3 = 3.3 s?bonds.

{

The numerical valyes given above assume no change in the oxidizer
flow rate to the preigniter. (\If the preigniter oxidilzer flow rate should in-
crease, the reduction in doublet Rupe number would/cause an Igp increase which
would approximately balance the decrease in Ig cdused by the increased amount
of propellant in the prelgnltef. If the preignitér oxidizer flow rate should
decrease, the doublet efficiency would decrease,/but this would be balanced by
the increasé in efficiency due ito less propellant in the preigniter. Thus, it
appears that the performance effects of prelgniter oxldizer flow variations may
be negligible. No conclusive evidence has been made of the above possible
cause, ! /

~—
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Although not believed to be related to the above phenomenon, the
effect on performance due to thermal growth and manufacturing tolerances of
small nozzle throat area changes on rocket engine parameters is summarized below
for throat area changes of + 2%, '

. A differential analysis was used to calculate the relative change
from assumed reference engine performance parameters for nozzle throat area
changes as great as * L, Figure 75 shows the percentage change in thrust
‘chamber pressure, specific impulse and propellant flows for throat area changes
from O to + L%. . Characteristic exhaust velocity (c*) and O/F were assumed to
be constants for this analysis.

Summary of Results for Change of + 2%

P
For iﬁ% =% 02 . '
| - ep = F 0018
Do : Isp o
. o ar e Yooess ,f
~ : F ' * /
dPc ‘& + ,0128
Pc
Ppe e a e ut oo | ‘
v ) ) L/
p £ o J
C 24
de* = 0 Asgumption (
c¥* . /
z.
dO/F = 0 Ascumption //é
. O/F _— ,
Agssumed Reference Engine Performance . - .
I w 290 seconds
sp L]
vac
Fvac w 95 pounds - '
Pc . - = 90 psia ' o d
v = ,3276
: P ) , .
o/F = 2,00 {’
Pﬁo = me a 170 psia. : ' .
2 /‘/’

Nominal throat area = 0,5915 in,
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During early 1965, tests were conducted on engines wherein
slight design modifications had been made in an attempt to increase performance.
One such change was to increase oxidizer doublet size from .0355 to O. 0365
diameter. This change resulted in increased performance both with hot and cold
propellant, as compared to PFRT, AFRM 009 and PTC engine experience. The re-
sults are shown on Figure T6. Each of these engines had the same injector con-
figuration except for T11605, S/N 0001-l which had fuel hole diameters smaller
by 0.001 inch compared to the other engines. The above change was not incorpor-
ated into the Qual design. It was believed that additional testing would be

required to substantlate the change and it was decided to remain with the
doublet sizes as used in the PFRT design.

A low pressure drop preigniter tube for 100 Xb. thrust was developed
and . incorporated into the!design such that the Qual engines would have 100 1b.
thrust rather than the nomlnal 95 1b, thrust of the PFRT engine.

In late March'and early April 1965, Design Substantiation tests
were initiated on the engine and the solenoid valve. This hardware was identical
in every way to the Qualification engine design. Where possible, Qual procedures
etc., were used - the expilclt objectives were:
\

1. Steady State Ehgine Performance

(a) Demonstrate the effect of the supply propellant temperature
upon thrust, Igp and O/F.
: \

¢ (v) Demonstrate‘the effect of run time dpon thrust, Isp and O/F.

(c¢) Demonstrate the efféct of variable O/F upon the engine
specific impulse. i
]
(&) Demonstrate $afe engine operating df off de51gn O/F's with
j hot propellants.

i

(e) Define trang{ent and steady statej%ngine operating temperatures
at design and, off O/F design conditions.

2. Puise Performance f

AR

i

/(a) Define the puibe specific impulse, total 1mpulse and O/F for
various pulse bn times as a fupction of: .

\
l. Valve full\open mismatch //
2. Propellant temperature /
3. Valve voltage /
Lk, Off time | /

-

’
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PERFORMANCE WITH LARGER OXIDIZER DOUBLET
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~ 3.  Ignition Behavior

(a) Determine the maximum ignition pressure levels obtained at
various valve mismatches and 170 psia manifold pressures
when the engine component temperatures are the minimum
expected (Qual design).

(b) Determine the maximum ignition pressure levels resulting from
pulses conducted with off design manifold pressures at a
design valve mismatch,

The Design Substantiation Test of the propellant injector valves
of the Apollo Qualification engine configuration were conducted principally to
provide assurance of Qualification test capabllity on a component level. Since
the predominant valve failure mode had been seal leakage, the objectives were

- directed toward demonstrating sufficient seal life. Based on considerable

evidence that the seal design utilized on this valve is subject to wear and
this wear is accelerated by various environments, the tests were designed to
expose the valves to a cyclic pattern of these environments which would simu-
late a seal wear condition as severe as that which will be experienced during
engine qualification. :

The valve configuration being tested (P/N 228198 and 228199) was
identical to the AFRM 009 design (P/N 228109 and 228111) on a geometrical basis.
There were detail differences, the most significant of which are listed below.
These changes are all related to seat assembly and its detail parts. The
differences are:

1. ' The seat assembly detail parts (insert, seal, and seat)

(a) A change in the insert detail tb provide a recess for the
Teflon seal (this recess was previously in the seat detail).

(b) An insignificant geometric change to the Teflon seal.

(¢) A change in the seat detail compatible with the seal recess
in the insert. -

2. The seat assembly details of the Qual configuration were assembled
by cooling the insert and seal with ligquid nitrogen and squeezing
them into the heated seat. With the AFRM 009 assembly, the insert
was cooled with N, and the seat was heated and the Teflon seal
remained at room Temperature just prior to squeezing into an
assembly.

c. A closer Tit between the valve body and the seat assembly register
diameters has reduced possible body seat eccentricity.

1-117
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' There was no evidence of a cﬁange in the Teflon physical character-
istics at room temperature due to the liguid nitrogen soak prior to assembly.

‘ Based on results from that portion of the Apollo valve DST program
completed, it became apparent that the 228198 and 228199 valve assemblies had
the sealing capability necessary for successful engine Qualification test per-
formance. Four valves of the present configuration (two fuel and two oxidizer)
were subjected to over 12,000 cycles of operation (including 10,000 cycles
vith propellant), and exposed to 200°F and 20°F (and actuated at these extremes).
During this exposure, each valve was measured at least 18 times for leakage
(2 total of T2 individual meastrements); and of these measurements, T were
made during or after the propellant exposure. During only 7 of these measure-
ments (total for all valves) was any measurable leakage detected, and the maxi-
mum'perio@it leakage checks were made and plastic molds made of the seats before
and after 10,000 cycles in propellants.

‘The original Design Substantiation Program (DST) was expanded to
include off design ignition tests and minimum and maximum temperature environ-
mental tests to the Qual {est conditions and included a second engine, as well
&s the conduct of a Pre-Qualification test phase to check out procedures, test
setups, ete. Steady state and pulse runs showed satisfactory operation, and
ignition tests showed the engine did not generate ignition spikes of sufficient
level to cause hardware degradation. Maximum pressures encountered were 2900
psi which occurred under off design conditions of a 10 ms oxidizer lead. '

C Temperature tests did indicate design deficiencies. Under hot pro-
pellant conditions (injector\head approximately 300°F, valves 175°F, and pro-
pellants 100°F), oxidizer flow rate decreases were noted. Subsequent teardown
revealed that the seat had.degraded to the point where the flow was being
affected. During ignition te?ting, a fuel valve exhibited excessive leakage.

. Design SubstantiaLion and Pre-Qualification tests showed the need
for the following changes: i

l. Valve seat modification to provide betﬁér resistance to high
temperature. \
« ' ki .
2. Propellant degassing to be accamplished frequently during
qualification testing. .
g :
3. Changes to test setups to accomplish better temperature condition-
ing and temperaturesmeasurement.
/
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As a result of the DST valve seat problem, a high temperature pro-
pellant exposure valve program was started to determine the operational modes
and mechanism under which such leakage would occur. The seat assemblies used

were:
(a) Double angle, élass Tilled Teflon design which failed test.
- (b) Double angle, pure TFE grade T Teflon..-

-(c¢) Single angle, pure TFE grade T Teflon (design developed by TMC
IRXD). The single and double angle configurations are depicted

in Figure T7.
The tests performed were:

(a) Valve actuation at high and low propellant temperatures with
steady state pressure drops measured before and after cyclic test.

(v) vVibration to the boost levels of the present requirements.

(c) Regular GNo leakage checks, in which the valve was totally sub-
~merged in water (ambient leak check) or alcohol (+35°F leak check)
and the valve oriented to permit direct observation of the poppet
seat area. The valves were disassembled and visually inspected
at regular intervals to assess the effects of the tests.

During the early phases of testing, the single angle TFE Teflon
seat showed considerable promise, while the double angle seat (with both the'
filled and unfilled Teflon) indicated sufficient Teflon flow, in contrast to
the single angle seat, to preclude further evaluation. Consequently, the major
part of the investigation was directed toward ensuring the suitability of the
single angle, pure TFE Teflon seat for qualification testing.

: This program was, in reality, a continuvation of tﬁé valve seat
development program, undertaken in late 1964. Engine tests/hére also conducted
to evaluate the new single angle, pure Teflon seat configuration. The valve
seats, during hot calibrations, were heated to 1L75°F and no valve seat leakage
occurred. , i

During mid-Summer 1965, helium saturation tests were conducted on

.the engine to determine engine operation stability when operated with propellants

saturated with gaseous helium. Farly results indicated the engine operated with

- stability under all conditions, where helium was used as the pressurant and satur-

ating gas. A crosscheck, using gaseous nitrogen as the pressurant and saturating
gas, resulted in definite unstable engine operation. However, subsequent testing
with helium showed thrust oscillations occurring intermittently at a frequency

o
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VALVE SEAT DESIGNS
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of 300 to 350 cps and an amplitude of Pc up-to + 50 psi. Measurable specific

impulse does not appear to be affected and ignition overpressures increased in
magnitude.

Although it became definite that helium saturation had to be con-
sidered in the design of the engine, it was decided to conduct the Qualification
Test Program with "degassed" -(low saturation level) propellants pressurized with
helium for the initial calibration tests .on three engines and run one Qualifica-
tion engine through its complete test matrix with "degassed" propelleants. Hel-
ium effects tests were to be.conducted in parallel with Qualification.
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V. QUALIFICATION

North American approvals of Qualification drawings, Qualification Test
Procedures, and End Item Acceptance Test Procedures were received on August 13,
1965. Selection and instrumentation of Qualification Engines #1 and #2 were
accomplished on August 14, 1965, Engines #3, #4, and #5 were selected on
August 18, 26, and 30, 1965, respectively. .

The Qualification engines, TMC P/N 228687 were:

Engine Number Serial Number Letter Description

0002
0009
0005
0013
0017

A g UL VI
Hoaowr

The first of the five engines began Qualification testing on August 16, 1965.
Qﬁg . , Marquardt Report A1051-4, dated 9 August 1965, is the Qualification
Test Plan and Procedures. All requirements for inspection and testing were in
accordance with NASA NPC 200-2,

A. Qualification Test

Figure T8 presents the Qualification test matrix for the five

engines, and the following presents a brief description of each test.
/

Calibration Test -~ Three types of calibration tests‘were conducted
on the Qualification engines; these were with "HOT", "AMBIENT", and "COLD" pro-
pellant temperatures. The tests consisted of several series of pulses, plus
steady state firing, in order to determine engine performsnce,characteristics.
The "HOT" calibration was conducted with 100°F propellant temperatures and
valve voltages of 2k volts. The "AMBIENT" calibration was;ﬁonducted with T5°F
propellant temperatures and valve voltages of 27 volts dec.’ The "COLD" calibra-
tion was conducted with LO°F propellant temperatures and valve voltages of
30 volts dc. ' .

Transportation Shock Test - The engine, packed in the shipping
contalner, was subjected to a terminal peak sawtooth shock of 30 g's with a
period of .11 milliseconds in each direction of the three orthogonal axes.
' 2

v

)
L)
t

LS
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- g QUALIFICATION TEST PROGRAM
) Engine Number

%;g?t Teot Name 1 o 3 4 5
L Calibrotion Test (Ambient) X X X X . X-
& Shock (Tranuportation) X
3 Vibrotion (Transportation) X
L Humidity ' X
=% Salt, Fog X
‘ 6 Static Load X
7 Boost Vibration X X
8 Doost nnd Space Vidbration X X X
g Electrical and Structural Integrity X X X X X

10 Calibration Test (Hot) ' X
' ! 11 Calibration Test (Co.ld) X

| 12 Mission Simulation (Hot) X
13 Mission Simulation (Cold) X
1k Pulse Operation Survey X X X . X X
15 Colibrotion Test (Ambient) - o X
16 Mission Calidbration (An;‘oient)' X
17 Orbit Retrograde x | X
18 Direct Coil Duty Cycle DX X X X X
19 anlibration (Ambient) X X X X X
20 FElectrical and Structural Integrity X X X X X

Total valve nctustions 18,h91 [15,057| 17,507 | 11,463 | 16,100
Total ourn time (seconds) 1,490 | 1,758( L1,46T| 1,393| 1,k05

Propeiiants (Controlled Saiurahon)

Fuel - A5C)
Oxidizer -
Pressurant - Hzelnum

1-123
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Transportation Vibration Test .- The engine, packed in the shipping
container, was subjected to a sinusoidal vibration for 1 hour in each of the
three orthogonal axes. The vibration levels were as follows:

Frequency ) Level
10 to 27.5 cps” + 1.56 g's.
i  27.57fo 52 cps 0.043 inch double amplitude.
52 to 500 cps -+ 6.0 g's.

Space Vibration Test - The engine was subjected to random vibra-
tion levels as might be encountered during operation of the upper stages of a
launch vehicle in space.. The engine was at the minimum temperature to be ex-

pected during a space mission. Vibration was conducted for 10 minutes in each
axis with levels as follows:

‘ 20 to 100, cps Linear increase on a 1og-1og

scale from 0.003.to 0.15 g2/cps.
100 to 2000 cps ~ Constant 0.015 g2/cps.
Ca ’ '

\
Boost Vibration Test - The engine was subjected to random vibra-
tion levels as might be encountered during operation of ‘the Tirst stages of a
launch vehicle. Engine temperatures were ambient., .Test duration was 5 minutes
in each axis at the following vibration levels: :

10 to 90 cpsi . 0. 055 ge/cps at 10 cps with an
R \ increase of 3 db per octave to
0.5; g2/cps at 90 cps.
i .
90 to 250 cpsl Codstant at 0.5 g2/cps. .
] 250 to 2000 cps 0.5 g°/cps at 250 cps with a

[ decrease of 3 db per octave to
: 0,06 g°/cps at 2000 cps.

Static Load Test \ The engine was subjected to tests which simu- |,
lated the expected static air loads during launch.

Loads were applied at 2.42
) and T.84 inches from the englne mounting flanges/ The loads applied were in-

creased tosa maximum of 210 and 319 pounds at the two loading points. No engine
damage or deformation resulted from the test. /

Humidity Test =~ The engine was subgected to an env1ronment of

greater than 95% relative humldlty and a temperature in excess of 125°F for
10 days.
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Pulse Operation Survey - An engine was subjected to two surveys
of 4000 pulses with a range of pulse widths from 10 to 500 milliseconds and at
various repetition rates resulting in 10 to 300 millisecond off times.

Salt Fog Test -~ The engine was subjected to LS hours of a salt
fog environment of Method 509 of MIL-STD-810.

Orbit Retrograde Test - The engine was subjected to a test to
demonstrate capability for safe steady state operation for 500 seconds.

Mission Simulation Test - The engine was subjected to a series
of 5,650 pulses with a total burn time of 530 seconds to simulate firing se-
quences to simulate operation during a typical mission. Tests were conducted
at "HOT", "AMBIENT", and "COLD" conditions, as in the Calibration Test.

Direct Coil Duty. Cycle Test =~ The engine was operated with 21
and 32 volts de, using the direct coil, and with static valve inlet pressures
of 181 and 250 psia. The engine was tested with pre-firing temperature at
ambient and at minimum non-operative levels.,

‘ Electrical and Structural Integrity Test .- EFach Qualification
test engine was tested for electrical and structural integrity at the completion
of a series of envirommental tests, and again at the completion of firing tests.
The engine was pressure checked to demonstrate structural integrity. The valves
were subjected to a transient voltage spike of 50 volts peak with a pulse width
10 microseconds to demonstrate that they would not be damaged by transient vol-
tage. The valve response and resistance characteristics were measured and com-
pared with characteristics determined during acceptance testing to demonstrate
electrical integrity. ,/

On 17 September, approximately one month after the %%art of the
Qualification Program, Qual Engine No., 2 (designated as Engine B), experienced
a combustion chamber failure during cold mission testing. Q

. /Q

During the conduct of the cold mission test an/indication of a
large oxidizer leak was observed part way through the run. The test was halted
and attempts made to determine the cause of the leak. Pressure checks of the
facility did not reveal the cause and the altitude chamber was opened and visual
observation of the engine revealed the damage. A failure investigation was
promptly initiated and all hot firing testing of Qual engines was suspended.
Evaluation of the data during the failure runs indicated that an explosion
oceurred in the oxidizer passages of the injector head during the sixth pulse
of the failure run. This explosion caused severe damage to the oxidizer seat
which in turn resulted in a massive oxidizer leak, which continued until the
end of the run. As a result of the oxidizer leak, the combustion chamber failed

14
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~" on the 20th pulse due to an ignition pressure spike. All of the above was

substantiated by various parameter traces recorded during the run.

During the investigation, tests were conducted on a Development
engine to attempt repetition of the Engine B failure. Injector head explosions
were generated under the temperature and duty cycle conditions with valves
which did not leak. Additional tests demonstrated that the explosions were
caused by fuel being retained in the oxidizer propellant passages from the end
of one engine firing until the beginning of the next. The presence of this
fuel then caused an explosion when the oxidizer was introduced. Tests indicated
the occurrence of such explosions are strongly dependent upon engine temperatures,
times between engine firings, and engine back pressures., Tests were also con-
ducted with monomethylhydrazine (MMH) and revealed that ignition pressures were
much lower than those with Aerozine-~50.

The formal Failure/Malfunction Report (FMR 279-110) for the structur-
al failure of Qualification Englne B was submitted to NAA/S&ID on November 5,
1965. The report established the cause of failure as being an explosion.in the
injector oxidizer passageway which damaged the oxidilzer valve seat, resulting
in a large oxidizer leak. The oxidizer leak led to cambustion chamber over-
pressures during subsequent pulses, and finally to a chamber failure.

The failure report concluded that the failure mode experienced was

" caused by operating the engine under improper environmental conditions. It was

established by test and analysis that the injector head explosion which led to
the failure was caused by the relatively high engine back pressure maintained
in the Marquardt Test Cell (i.e., Cell No. 1). It was shown that the explosion
would not have occurred in the true space env1ronment. N

A program of addltlonal work to understand the transport mechanism
for getting fuel into the oxidizer manifold was conducted and any abnormal oxid-
izer inlet manifold overpressure was classified as a "zot". The results of this
program are presented in TMC Report S-483 and discussed in Chapter 3.

Hot firing tests of the Qualification program were resumed on October

28, 1965.

A replecement engine for Englne B was selected and completed ambient
calibration tests on November 23, 1965. The engine selected was S/N CO49 and was
designated as Engine BLl., The taped portion of the cold mission simulation test
was conducted in TMC's Cell 9 rather than Cell 1 in order to obtain a closer sim-
ulation of space conditions. . ‘
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. o Valve:Actuations Firing Tihe -~ Seconds

) : Planned ! Actual Planned Actual

" Engine No. 1 17,220 18,491 . 1hk6 1490.37
Engine No. 2 13,147 15,057 1562 1758.38
Engine No. 3 17,173 \ 17,507 1399 1467.22
Engine No. 4 10,538 11,463 1360 |  1393.05
Engine No. 5 15,673 | 16,100 a3y | 1hok.so
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Engine A completed final testing on November 22, 1965, Engine C on
December T, 1965; Engine D completed all tests on November 8 1965; Engine E
completed final tests on December lh 1965, and Engine Bl canpleted all tests
on December 31, 1965. The Quallflcatlon Test Report, TMC Report A1057, was
submitted to NAA/SXID on 17 January 1966. All five engines successfully completed
the structural, environmental and firing tests. Figures T8 through 85 present
the performance of Engine A during the Qualification test and the average pulse
performance for all five engines.

ts T

‘A summary of planned and actual valve actuatlons and firing tlmes
are presented below: p

— l

\

In summary, the\Apollo SM RCS Engine Qualiflcatlon Test Program
was successfully completed. |

¢

All, engine env1ronmental tests were successfully completed. They
demonstrated capability of the engine to reliably meet the requirements of
boost and spage vibration, bQost air loading, transbortatlon shock ard vibration
and high humidity and corrosive salt fog exposure ds defined in NAA/S&ID Procure-
ment Specification MC 901-0004E.

i
Six engines were fired during this program. One was damaged duvue to

a facility-induced explosion within the 1n3ector./ Periodic checks of the other |

five englnes’ electrical and structural 1ntegrity were made throughout the test
program. They demonstrated a hlgh level of cons1stency of component operatlonal
characterlstlcs, with no degradation of engine geals.

The five engines whlch succeSbfully completed the Qualification Test
Program demonstrated greater operatlonal life ‘capability than that requlred by
the test plan. /
f
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At the conclusion of the firing tests, all five engines were capable
of further operation, indicating operational capability in excess of that required.

The Qualification Program demonstrated that the performance of the
R-UD engine met or exceeded all specification performance requirements that were
to be demonstrated, with one relatively minor exception (hot injector thrust
decay time for pulses of greater than 40O ms duration). The test provided the
first significant statistical sample of data on this engine design. Based on
these data, Marquardt recommended specification changes to more accurately define

. steady state specific impulse, steady state mixture ratio, pulse specific impulse,

pulse mixture ratio, and hot injector thrust decay rates.

The program resulted in improved knowledge on engine propellant flow
rates. Testing of Engine No. 5 revealed errors in the propellant flowmeter cali-
brations used both for Acceptance and Qualification testing. These errors were
found to be caused by using water instead of propellant as the calibrating fluid.
As a result, flowmeters have since been calibrated on propellant.

The program resulted in improved knowledge of the processes that
occur during engine shutdown, both in the test cell and in space. Engine No. 2
was damaged during the cold mission simulation test. The resulting failure in-
vestigation showed that this situation was due to processes which happen on

.shutdown and restart in the facility, and would not occur in space. This inves-

tigation sheds light on similar instances that have occurred both on this program
and on other rocket development programs.

B. Off Limits Test

Immediately following the Qualification Program, an Off Limits Test
Program was initiated. The five Qualification Engines were used for these tests
and disassembly of the engines was postponed until the completion of the Off
Limits Test Program. The purpose of this program was to increase confidence in
design margins ‘by conducting tests at off design conditions. Testing was initia-
ted on January 13, 1966 and post checks on all engines were completed by 27 Jan-
uary 1966 except for Engine No. 3, which was completed on 3 March 1966. ,

A brief description of each test is as follows: .

Pulse Operation Survey - Two additional Pulse Operation Surveys
were conducted. The pulse survey consisting of subjecting an engine to two
surveys of 4000 pulses with a range of pulse widths from 10 to 500 milliseconds
and at various repetition rates resulting in 10 to 300 millisecond off times.

Hot Oxidizer Test - One engine was subjected to 60 second engine
firings with the oxidizer temperature at 120°F and at 150°F.
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2100 Second Run ~ Two engines were subjected to 2100 seconds of
continuous steady state operation.

Boost Vibration - One engine was subjected to increasing vibration
to a maximum vibration equal to 3 times the power spectral density listed below:

10 to 90 cps . 0.055'g2/cps at 10 cps wgth an increase of
o . 3 db per octave to 0.5 g=/cps at 90 cps.
9G to 250 cps ;, Constant at O. Sge/cps.. '
. 250 to 2000 cps 0.5 g /cps at 250 cps w1 th & decrease of
R T 3 db per octave to 0.06' g=/cps at 2000 cps.

! 1

Valve Leakage Test ~ Document engine ignition characteristics when
operated with simulated leakage rates of known amounts of oxidizer and fuel. No
economical method of simulating controlled leakage was found in the time available.
Therefore, at the request of North American, Space Division, further investigations
of the optimum controlled ueakage meth od and subsequent testing of Engine No. 5
were terminated. \

Ty b * ‘
. Post Examination -~ The engines were subjected to Electrical and
Structural Integrity tests. The engines were checked as follows:

The engine was pressure checked to demonstrate structural integrity.
The: valves were subjected to.a transient voltage spike of 50 volts peak with a
pulse width of 10 microseconds to demonstrate that they would not be damaged
by transient voltage. The valve response and resistance characteristics were
measured and compared with characterlstlcs determlned during acceptance testing
to demonstrate electrical 1ntegr1ty. . /

Th engines were Ahen disassembled for detailed inspection and’
engineering evaluation. i

The Off Limits tes% matrix and a listing of total wvalve actuations
and burn time for each engine is shown below.
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Quelification Engine Number
TEST 1 2 3 4 5
Pulse Operation Survey (twice) X X
Hot Oxidizer Test X
2100 Second Run X X
Boost Vibration ' | : X
Post Examination - X X X . X X
Total Valve Actuations 8,062 | 8,0k2 29 25 o
Total Burn Time Seconds - 3,0k2 | 3,062 0 135 0
¥Total Valve Actuations 26,553 | 23,099 17,536 {11,488 |16,100
_*Total Burn Time Seconds 4,532 1 4,820 | 1,467 i, 528 | 1,k05
; 4

*Actuations and burn times include totals accumulated during Qualification
Testing and Off-Limits Testing.

Propellants (Controlled Saturation)
: Fuel - A-50 ‘
Oxidizer - NoOj /

Pressurant - Helium , ’ ;
. .

A1l requirements of the Apollo SM RCS Engine Off-Limit Test Program
were successfully completed. Engines No. 1 and No. 2 successfully demonstrated
the life capabilities of the Part Number (P/N 228687T) Engineﬂﬁesign. Each engine -
completed two Pulse Operation Surveys and a continuous 2100 second steady state
“run. Engines No. 3 and No. L documented the design margin of the P/N 228687
engine. Engine No. 3 successfully completed a Vibration Test at three times
the level anticipated during the boost phase. ZEngine No. 4 demonstrated opera~-
i on with hot propellants up to 150°F. Engine No. 5 was reserved for the valve
leak test; however, difficulties in establishing a technique for controlling
very low flow leaks precluded testing the engine.

At the conclusion of the above specified tests, the electrical and
structural integrity of all four engines was verified by the Post Check Test.
The successful completion of this test indicated that all four engines were

capable of further operation. .
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This conclusion was further verified by the Post Examination tear-
down inspection of the five engines. Inspection of the disassembled parts did
not reveal any engine design and/or operational deficiencies which would prevent
the engine from exceeding reliable operating and total operating life require-
ments. g

TMC Report A1058 dated 20 May 1966 presented in detail the results
of the Off-Limits Test Program.

c. . Helium Effects and Ignition Tests

Concurrent with the conduct of the Off-Limits Test Program, a helium
effects program was conducted to evaluate the effect of helium saturated
propellants on the engine and to conduct ignition tests under saturated propell-
ant conditions. Special equipment was designed, developed and installed in the
propellant tanks. S

This special saturating equipment consisted of paddles or stirrers
which continually agitated the propellant during the saturation period. Samples
of the saturated propellant were delivered to Jet Propulsion Laboratory, Pasadena,
for analysis. Results showed that propellants, pressurized to 180 psia
with mechanical stirrers in the tanks agitating the propellant, would exceed 90%
of their ultimate steady state saturation level in one (1) hour of exposure for
fuel and four (&) hours for oxidizer. Figures 86 and 87 present these results.

With respect to the ignition tests, important points were uncovered,
one being that helium bubbles were being trapped in the propellant system and
when one was located properly with respect to the valve injector assembly, large
ignition pressures would occur. Secondly, a large ignition pressure experienced
at normal zero fuel lead condition was accompanied by long engine ignition delays
(greater than 4 ms after last valve full open) and ignition delays of 8 to 9 ms
were not uncommon, with 1 to 3 milliseconds being the normal delay. On oxidizer
lead starts (6 ms), engine ignition frequently occurred prior to the initiation
of fuel flow. This occurred during pulse with 100 ms off time and definitely in-
dicates the presence of residual fuel. Testing continued with further setup
modifications including equipment for introducing sized and measured gas bubbles
in both the oxidizer and fuel propellant lines plus capability for firing of the
engine in the bell up position. Subsequent testing in'a vertical up position with
predetermined sized bubbles disclosed that no ignition pressure occurred with the
engine at temperature conditions of ambient (Thead = Tthroat = 70 + 20°F) or cold
(Thead = 30 # 10°F; Tihproat = O°F). The presence of a helium bubble in either pro-
pellant systems did, however, affect various ignition parameters. The ignition de-
lay increased as a function of bubble size in both propellant systems, but this
effect was more pronounced and orderly with oxidizer bubbles. The nominal mech-
anical fuel lead was 1.9 ms for these tests; however, the presence of gas
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-~ immediately upstream of a valve caused variations in the mechanical lead. The
lead varied from 1.2 ms gaverage) with a .560 in3 oxidizer bubble to 2.4 ms
(average) with a .520 in3 fuel bubble.

The ignition delay was not influenced by either engine temperature
or propellant condition (saturated or degassed) for all tests for which a helium
bubble was present. However, for runs without a helium bubble against a valve
seat, an influence was observed. .The ignition delay for runs with no bubble
and degassed propellants ranged from 2.5 ms to 5.5 ms, as opposed to 10 ms with
saturated propellants under the same engine temperature conditions. Only one
"no bubble" run was made with saturated propellants and a cold engine; the ig-
nition delay for this run was 2.5 ms. Ignition delays of 10 ms were noted for
an ambient engine under the same saturated propellant and "no bubble" conditions.

Data obtained during the helium effects program led to a better, al-
though still incomplete understanding of the effects of helium dissolved in the
propellants on the SM RCS engine ignition and performance characteristics. In
general, the data indicate that helium saturated propellants have an adverse
effect on engine performance margins.

Steady state and pulse performance did not appear to be affected by
helium saturation of the propellants at design conditions. However, at off
design conditions, engine roughness was experienced. Combinations of high
head and propellant temperature with high O/F ratios (0/F = 2.2) and/or low
thrust levels (90 pounds) resulted in thrust oscillations as large as + 25
pounds. The limited test results indicate engine performance during periods
of thrust oscillation to be lower.

Ignition characteristlcs of the englne appeared to be compromised
during operation with helium saturated propellants. Ignition delay times
measured during these tests were significantly longer when the engines were
operated on saturated propellants than when operated on unsaturated propellants.
High ignition overpressures (with normal fuel lead valve timing) are usually
associated with long ignition delays. Results of vertical up firing tests,
where known volume helium bubbles were injected immediately upstream of the
propellant valves, demonstrated that an effective oxidizer valve lead can occur
when helium comes out of the solution into the propellant. Subsequent testing
was conducted to determine the regime of engine duty cycles where potentially
destructive engine overpressures did not occur. These tests were conducted
using oxidizer leads to simulate saturated, bubbly propellant. Test results
indicate that engine duty cycle and chamber temperature definitely affect the
maximum ignition spike pressure level. .

TMC Report S-501 dated 29 June 1966 presents the results of the
helium effects program. ,
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The results of the helium effects program pointed out the need to

" conduct further tests including ignition tests to define the most critical

engine operating duty cycle modes at various engine temperatures and to deter-

- mine the minimum combustor temperature for which safe ignition spike levels

can be reliably predicted and controlled with helium saturated propellants.

' An arc suppression program was conducted early in 1966 to evaluate
the effects of the arc suppression circuit on the performance of the propellant
valves. Analysis of test data obtained in testing valves with the arc suppress-
ion circuitry in the pulser setup revealed that the dirdct coil circuit arc
suppression affected the valve’ performance as follows: i

l.ﬂt There was no hiscernible effect on automatic!coil Operaﬁion.
2.' Direct coil dpening times are increased by 5 ms for the fuel

valve and by 10 ms for the oxidizer valve.

3. Direct coil closing times are increased by a factor of T for
. the fuel valvT and by a factor of 9 for the oxidizer valve.

k., During direct coil closing, the oxidizer valwe will occasionally
close before the fuel valve,

Subsequently, an engine test program utilizing arec suppre551on circuitry was

performed and will be discussed later.’ .

\

¢ : !

D. Minimum Chamber Temperature Test
4
As a result. of* the helium effects program, a minimum chamber temp-
erature mapping program was conducted. The obgective was to define "red line"
conditions for up attitude firing with saturated prcpellants at cell pressures
less than 0. O} psia.

i
The major parameters which were specifically evaluated were:

-
(a) The effect of engine attitude (vertical up or vertical down)
; on ignition pressure.
/‘ 11
(b) A comparison of ignition characferlstlcs for two fuels (MMH
/ and Aerozine- 50) when used with N0y, oxidizer.

(c) A comparison of the effects of combustion chamber material
(steel, alumlnum) on ignltlon characteristics.

|
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(@) A comparison of ignition characteristics using helium-
saturated and unsaturated propellants.

(e) A traverse of engine conditioning temperatures (5°F to 80°F)
to determine minimum safe temperature firing range.

(f) Evaluation of firing mode effects, including pulse width,
‘engine "ON" and "OFF" times, programmed ignition lead for
oxidizer, cycle frequency, and firing duration, as related

. to ignition overpressurization.

A total of eight engine tests were run during the program. These
tests are summarized in Figure 88 which lists the engine attitude and the pro-
pellants employed for each test.

Ignition overpressurization throughout the program cen generally
be attributed to the "condensed phase" explosion mechanism, where an accumula-
tion of unburnt propellants and combustion products are condensed on the walls
of the combustion chamber, as residues from preceding short-duration pulses.

: g : The ignition overpressurization almost invariably .occurred on an
oxidizer lead pulse, following previous short pulses. The criteria employed
for this program for definition of "overpressurization" was a combustion chamber
pressure in excess of T50 psia measured on a Kistler pressure transducer.

The level of ignition overpressurization was modified by various
influences. Some of these modifying influences, and their results, are as |
follows: )

-/
1. The use of MMH fuel resulted in lower peak ignition,pressures
than the use of Aerozine-SO/NEOh propellant combination.

2. Colder conditioning temperatures for the engine hardware resulted
in higher ignition peak pressures.

3. Ignition pressures varied as a function of "OFF" times between
pulses. The peak pressures for the Aerozine- so/Neou propellant
cambination occurred at "OFF" times of 1000 milliseconds, while
for the MMH/N ~0) combination the highest pressures were at 100
to 200 mllllseconds "OFF" times.

L, The combustor material also influenced the level of the ignition
overpressurization. This 1s attributed to the thermal diffusivity
of the material. :

©xt
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SUMMARY OF M]i‘lDIUM TEMPERATURE IGNITION OVERPRESSURIZATION TESTS
ATL~PAD G
Propellants
| Test Atti- Un-
Iten . Engine Date No. Runs tude Ox Fuel Satu~ satu- Remarks
, rated
rated
1 |12e85-001-21) 5/8  |3bo7 {az0-147{ up |OF™ | wm| «x Large (™ 2800) ox mani-
p
- ‘ N2OY fold pressure
2 606-001-8 _ Creen Large (> 5000) ox mani-
1 001' 5/12  [3koT |148-155 | up 1204 M X 1201a pressure
11606-001.~ -k L " Green Good ignition; largest
3 606-001-9 |5/13-1 3koT [156-204 |Dovn 20, MMH X | chamber pressure = 150
. . peia
) Movies; good ignition;
L ] 11606-001-10 | 5/15, 18 |3407°|205-240 |Down g;gzn A-50 ]| x largest chember pres-
sure = 1100 psia
) Good ignition; largest .
5 | 11606-001-11 |5/18-19 {3407 |241~311 |Down grge“ A-50 X | chamber pressure =
. 2k 1850 psia
. Poor ignition; ox mani-
6 |11606-001-12 | s5/2h  f3ho7 [312-325 | vp [ STEem | a5 % |fold pressure > 5000
; - 2% psia
Green &
T |24100-001 5/26, 6/6 13407 |326-T7h |Down | Brown |A-50 | x X
. N20,
8 200 . . Green A-50
14200-001 6/13-20 |[3k19 341 [pown 3,0, wr | X
1-144
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5. The gas content of the propellant (saturated or unsaturated)
had no significant effect on ignition overpressurization for

firings which were programmed with oxidizer leads (to simulate
& bubble blocking the fuel lead).

6. Long ignition delays were experienced with the engine firing
in the "vertlcal-up" position.

7. 'The chamber-head seal ring cavity influenced the occurrence r
and magnitude of the ignition pressure due to an apparent accumu- .
lation of residue in the cavity. Evidence of explosions in the
cavity was found on this hardware after testing. When this

Y. cavity was filled with an O- ~ring or gasket material, these

effects were eliminated.

.8, Engine Tiring.attitude apparently affected the frequency of

' occurrence of both -seal ring cavity explosions and injector
head oxidizer manifold explosions because of gravity drain of
the unburned &ombustion residues to those areas. Analysis
indicates that lower cell pressures would aid in prevention of
these problems by increasing residue' evaporation rates.

TMC Report A1065 dated 16 November 1966 presents the results of
the Minimum Chamber Temperature Evaluatlon Progranm.

¢ E. Structural Proof.Test f~

1 i
! i

During July 1966; an engine Structural Proof Test Program was
Anitiated. The object of the Minimum Safe Temperature Mapping program using
the SM RCS engine with aluminum or steel combustors,/Klstler pressure instru-
mentation, and;helium saturated MMH and A-50 fuel, was to determine the mini-
mum temperature where engine damaglng ignitions would not occur. Comparison
of the measured ignition pressures with molybdenum combustor ultimate fracture
pressures, however, was 1nconc1u51ve because of thej/lack of knowledge concerning
localized stresses in the combustor during a high pressure ignition. The ob-
jective of the Proof Test was therefore to demonstrate, by using a molybdenum
combustor durlng testing, what the minimum safe temperature is when using
helium saturated A-50 and MMH fulel with "green" (0.4 to 0.8% NO content) NTO
oxidizer. Qhe minimum safe temperature with each’ fuel was to be demonstrated
by firing over 500 pulses at numerous duty cycles in the Up, Horizontal and
Down firing attitudes without damaging the englne.

‘ Test demonstration of the structural adequacy of the SM RCS engine
was accomplished by conducting numerous pulse runs at certain temperature con-
ditions.in the Up, Horizontal and Down firing'attitudes. The following Table
identifies the three engines used their former designation, and their former
usage. T,

!
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Proof Test Engine . Former Designation Former Usage

P/N 228686-501, S/N 0002 | P/N 228687, S/N 0002 | Qual Engine No. 1
P/N 228686-501, S/N 0049 | P/N 228687, S/N 0049 | Qual Engine No. 2

p/N 228686-501, s/N 0234 | P/N 228687, S/N 0234 New Engine

’ The engines used for these tests were modified by replacing the
original chamber expansion bell by a test "bell" which adapts to the test fac-
ility duct and collects combustion residue condensed in the bell when firing
in the Up attitude. Figure 89 schematically shows an enginé with the modified

- bell in the Up firing attitude as well as instrumentation points. The O-ring
flange seals against the facility duct (see Figure 90). '

Extensive facility mocdifications were made for conduct of these
tests. These modifications give ATL-Pad G the following capabilities.

1. Low environmental pressure (demonstrated as low as 0.00015 psia}.

2. Space radiation simulation using a black surfaced radiation
sleeve surrounding the chamber that is maintained at,llquid
nitrogen temperature.

3. Engine firing in any attitude without facility modification.
. K4
h, Video monitoring of preigniter and main chamber/combustion.

Figure 90 shows the facility with an engine installed in the Up
firing attitude. The very low cell pressure capability is achieved using the
Root's blower inline with the steam exhaust system. The large cold trap upstream
of the Root's blower is used to condense out unburned propellants (to protect
the blower) and to improve pressure recovery time after engine firing. The
cold trap requires periodic "defrosting" to eliminate the condensed material
that accumulates on it. , ‘

N
*

i
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The "T" or "hammer head" test chamber.with the engine mounted on

one end and the TV camera on the other can be rotated, along with the propellant

lines, into any desired firing attitude by swiveling at the three locations in-
dicated on Figure 90. The necessity of swiveling the propellant lines made
them undesirably long. . To preclude long ignition delays that. are caused by
long propellant lines, gas interface accumulators are installed just upstream
of the propellant line swivel. The accumulators are located about six feet

- away from the engine propellant valves, as compared to about four feet on the

SM RCS. The accumulators were intended to function as small propellant tanks.

The environmental can that surrounds the engine consists of a
cryogenic sleeve surrounding the engine combustor and bell and a GNp ring used
for approximate temperature conditiming. To simulate space radiation, the
inside of the can was maintained at cell pressure using normally open check
valves that close upon engine firing. The check valves prevent combustion pro-
ducts fram condensing on the cryogenic sleeve and the engine, thereby affecting
the radiation.

The approach used to demonstrate the minimum safe temperature for
the SM RCS engine was to test the engine in three attitudes: Up, Horizontal
and Down, at various nut temperatures with both A-~50 and MMH fuel. Various
types of pulse runs were conducted at each condition, and the success or failure
criteria was whether or not the engine, particularly the molybdenum combustor,
was damaged during this testing. The minimum temperature where & sufficient
number and types of runs were made in all three attitudes without combustor
failure would be considered the demonstrated minimum safe temperature.

Engine temperature conditions were represented by the bell attach
nut temperature. A given nut temperature designated an engine temperature dis-
tribution when the nut temperature is steady state in a space colﬂ soak situa-
tion; the energy needed to maintain this distribution being supplled by an
electrical resistance heater attached to the injector head. The engine component
temperature distributions and tolerances as used during the test are given below:

. ’ v

SPACE COLD SOAK ENGINE COMPONENT TEMPERATURES/'

) Propellant

Nut Temperature Flange Temperature- Head Temperature Temperature
50 + 5°F | 69 + 2°F ° As Required to 40 + 5°F
ho‘i 5°F 58 + 2°F Obtain Tnut 40 + 5°F
30 £ 5°F - L7 + 2°F and Tpy e, 40 + 5°F
20 + 5°F 36 + 2°F ] 4o’+ 5°F

- - i =
10 + 5°F 26 + 2°F 40 + 5°F

Cat
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The procedure of installing a clean engine after every cold trap

defrosting was followed during most of the program so that subsequent testing -
would be free of residue generated during previous tests. Three engines were

used during the test program.

Figures 91 and 92 note the order of engines tested, the dates,
attitude, types of runs, etc., for the A-50 and MMH tests, respectively. All
pulses were 12 ms in duration. Tests with OFF times of 100, 350, 600, 1000
and 1500 milliseconds were conducted. The last pulse of every run was a pro-
grammed oxidizer lead; the other pulses were nominal fuel lead pulses. The
last pulse oxidizer leads tested with each engine, each attitude, and each nut
temperature are indicated in Figures 91 and 92.

The testing with Aerozine-50 fuel was limited to vertical Up firing
on two engines, both of which were fired only at a nut temperature of 50°F.
Figure 91 summarizes the A-50 testing. As indicated by Figure 91, molybdenum
combustor failure occurred on both engines after more than 300 pulses had been
conducted. The S/N 0002 engine combustor failure occurred on a fuel lead pulse,
while the S/N 0049 engine combustor failure occurred on a 15 ms oxidizer lead
pulse. During the conduct of the vertical Up testing with A-50, 1t was observed
on the. TV monitor that condensed conmbustion residue accumulated in the bell
collector ring as testing progressed. Testing with A-50 as the fuel was dis-
continued when a joint NR/sp-TMC decision was made to abandon the objective
of demonstrating a safe engine temperature condition with A-50 and to proceed
with MMH fuel. ‘

Testing was accomplished in the Up, Horizontal and Down firing

attitudes with MMH fuel. In the Up firing attitude, tests were conducted at

nut temperatures ranging from 20° to 50°F; while in the Horizontal attitude,
the nut temperature range was 10° to 50°F. Tests were conducted only with &
30°F nut temperature in the Down firing attitude. A summary of the MMH testing
is given in Figure 92.

Initially, tests with MMH were conducted in the Up firing attitude
with nut temperatures of 50°F, L0°F, 30°F and 20°F without combustor failure.

~ Following tests in the Horizontal attitude where 30°F was determined as the

minimum safe nut temperature, additional runs were conducted in the Up attitude
with a 30°F nut temperature. A total of 1,04l pulses at numerous duty cycles
were conducted in the Up attitude with a 30°F nut temperature.

In the horizontal firing attitude, runs were conducted at 50°F,
4L0°F, 30°F and 20°F nut temperature conditions without engine damage. A combustor
failed at 10°F, and it was decided that 20°F was probably marginal. Thus, 30°F

‘was decided to be the minimum saf e temperature in the horizontal attitude. Addi-

tional pulses were repeated at 30°F, bringing the total at this condition to 615.
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Engine Attitule Tx.mt Total} | Total_ ~ Times Ieads | Pulses Date Comznents
.-~F -}~ Runs" | Pulses
. e ] (ms) {ms) | per Run ~ .
228686-501 350, 600 [ ¢ g Combustor failed on 309th
s/x ookg Up 50 58 | 309 iggg' 15 b, T 1 8-he66 | e (15 ms ox lead)
228686501 350, 600 |, Combustor failed on 345th
8/t 0002 Up 50 68 3.“ i%’ 6, 8 4 T 8'6',66 pulse (nominal fuel lead)
e _ Totals| 126 | 656
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/ T ] Total '1'01:1 |~ OFF ] Ox “No. of
Engine | Attitude l};t R u:s pu1:es Times Leads Puises Date Comments
: (ws) (ms) per Run

228686-501| Hori- ) 100, 350

s/u 0234 | zontal | M0 | 22 k2 goés ’ 6 b, 7, 9 | 8-14-66| No engine damage
228686-501| Hori- "100, 350, S

S/5 0002 | zomtar | 0 | ¥5 | 303 60%03000 6i58’ 4, 7, 9 | 8-16-66 | No engine damage
228686-501| Hori- o 100, 350,

5/ti0002 | zontar | MO | M5 | 300 602%001000 Giss’ % T, 9 | 8-17-66 No engine damage
228686-501| Hori- 100, 350,

s/n 0234 zontal | 0 | P 607 60(])50(];000 6;_58’ Lk, 7, 9 | 8-19-66| No engine demage
208686-501 100, 350,

8/n ook9 Dovn 1 % 60k . 60%0(];000 6i58' 4, 7, 9 | 8-19-66 | No engine damage

100, 350
228686-501 600, 1000} 0 :
B/N 0002 Up 30 | 5h 555 15()0: 5000 ’8?’1? k, 7,’9 | 8-24-66 | No engine damage
& 15,000
Totals = b9 | se25
\;“\4 .
X
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Only a 30°F nut temperature was tested in the Down firing attitude.

-~ No engine damage was incurred during these tests. No nut temperature other

than 30°F, which was established as the minimum safe temperature in the Horizon-
tal firing, was tested due to the abundance of previous TMC ignition test data
in the Down firing attitude. A total of 604 pulses were fired at this condition.

Figure 92 indicates a variation in the numbers of pulses, number of
runs, last pulse oxidizer lead, ete., were conducted at each nut temperature .
and attitude. The number of pulses and variety of types of runs conducted at
& 30°F nut temperature in all three attitudes is considered adequate to demon-
strate safe ignition at this temperature. No combustor failure ocecurred with
a 20°F nut temperature, but fewer runs were conducted than at 30°F, thus, less
confidence existed as to the safety of firing at this condition.

During the conduct of the Up firing tests with MMH, combustion
residue was observed accumulating in the bell collector ring as the testing
progressed. After the engines were removed from the facility, samples of this
residue were taken and analyzed. It was also observed that the inside of the
combustors appeared clean shortly after engine removal from the test facility;
but after several minutes exposure to ambient air, small liquid beads appeared
on the cambustor wall. These beads grew in size and number with time and were
fairly evenly distributed. Samples, as well as photographs, were taken -of this
residue. '

Sampleé of combustion residue found in the .engine cambustor and
bell collector ring were analyzed to determine their composition. Analysis

~of the samples taken from both A-50 and MMH tests showed that hydrazine ions

and nitrate ions existed in all samples with occasional determination of the
presence of ammonium ions. The amount of residue found in the bell collector
ring after tests with MMH was somewhat less than the residue found after A-50
tests. The equipment used to analyze this residue was inadequate to further
define the components; e.g., hydrazine nitrate, ammonium nitrate, etc. These
compounds can only be speculated to exist. Also, the technique used to identify
the components ‘present in this residue was qualitative only, and was unable to

‘determine the amounts or quantity of each component present.

Immediately after each engine's removal from the facility, a visual
inspection of the inside of the molybdenum combustor showed little noticeable
residue to be present. Small beads of liquid began appearing in great numbers
on the wall after about 15 to 30 minutes exposure to ambient air. Photographs
of these beads were taken, with Figure 93 being a representative example. It
seems that a small layer of crystals remains on the combustor wall after engine
firing. This crystal layer cannot be easily seen until it absorbs moisture
and becomes a liquid, which happens when it is in contact with ambient air.

‘Samples of this residue proved to contain the same ions as the samples taken

from the bell collector ring.
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Laboratory tests were also conducted to demonstrate that unreacted
fuels, as well as some of the propellant reaction products, are explosive under
certain conditions. Samples of hydrazine, A-50, MMH and crystals formed in
the reaction between MMH and dilute nitric acid were heated slowly in confined
metal tubes. 1In each case, the tube was burst with explosive violence when a
sufficiently high temperature was reached. The crystals formed in the reaction
between MMH and dilute nitric acid were believed to be the same as the residue
found in the engines after firing with MMH.

The following conclusions were reached from this program:

1. An engine space temperature condition corresponding to a 30°F
bell attach nut temperature is the minimum condition where the.
SM RCS engine can be safely ignited in all attitudes with MVH
fuel and "green" NTO oxidizer.

2. The minimum safe space temperature condition for the SM RCS
englne with A-50 fuel is greater than that corresponding to
a S50°F bell attach nut. ‘

3. Combustion residue is left in the engine when firing with both
MMH and A-50 fuel. The residues left after firing with both
fuels, as well as samples of the fuels themselves, explode when
they are heated in a confined volume.

TMC Report A1066 dated November 11, 1966 presents the detailed
report on this Structural Proof Test Program. ,

F. Lunar Module Design Verification Ignition Test

) o

! After the Service Module Structural Proof Program, a Iunar Module
Design Verification Engine Ignition Test Program was conducted. The purpose
of this program was to determine the minimum engine flange temperature at which
safe ignition would occur when the Lunar Module (IM) RCS engines (same as used
on Service Module) were fired vertically Up, Horizontal and»vertlcal Down
attitude with helium saturated propellants, Aerozine-50 fuel and "green" nitro-
gen tetroxide oxidizer. This program was conducted in a manner quite similar
to the Service Module Structural Proof program, the same englnes were used in
order to save costs.

It was concluded that safe engine ignition did occur in this test
program with saturated Aerozine-50 fuel regardless of attltude at a flange

temperature of 80°F or greater. )

TMC Report 11038 dated 23 November 1966 preéents the results of
this program.
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| G. SM RCS Supplemental Qualification Test

After the Structural Proof Test Program, the fuel for the SM RCS
was changed from Aerozine-50 to MMH because the ignition characteristics of
MMH were better. Accordingly, a Supplemental Qualification Test program was
conducted with MMH. The objective of the test was to qualify the Service Module
Reaction Control Engine as an Apollo manned flight item when utilizing helium
saturated monomethylhydrazine and nitrogen tetroxide, with a nitric oxide con-
tent of 0.4 to 0.8% by weight, as the propellants; and with an engine electrical
command system that incorporates arc suppression circuitry designed to limit
the amount of overvoltage induced when the engine is operated on direct (manual)
coils. .

The test was conducted per Marquardt Test Plan (MTP) 0056. Testing
started on October 8, 1966 and was completed on November 9, 1966. . The test
sequences to which the three engines were subjected is presented in Figure 9k.
These were similar to the tests in the Qualification tests and a description
of them can be found in Section V-A. :

Engines No. 1 and 3 were used in the SM RCS Qualification program
and Structural Adequacy Proof Test, respectively; and to reduce costs, were
© refurbished for use in the Supplemental Qualification program. This refurbish-
- ment included new combustors, valve seats, valve armatures, valve springs and
seals. Engine No. 2 was randomly selected and purchased from the common engine
production line. Prior to the Supplemental Qualification Test, each of the
three engines was required to’undergo and pass an Ambient Calibration Test with
nonsaturated Aerozine-50 as the fuel and nonsaturated nitrogen tetroxide as the
oxidizer. Tabulated on Figure 95 are the starts and burn time accumulated by .
the three engines during the test..

Figures 96 through 99 show the steédy state and pulse performance
for the Number 1 engine. '

The three engines successfully completed the required tests, demon-
- strating that the Apollo R-UD SM RCS engine will operate safely under the en-
vironmental conditions for which it was designed when utilizing helium saturated
monomethylhydrazine as the fuel and helium saturated nitrogen tetroxide as the
oxidizer. ;

TMC Report A1068 dated 7 Decembervl966 presents the detailed results
of the R-UD Supplemental Qualification Test.

1-156



%rquardf VAN NUYS, CALIFORNIA \\:\'“" / ~

CORIIRATION

SUPPLEMENTAL QUALIFICATION TEST MATRIX

Test .
Sequence| - . ~ Test ‘ Engine No.
. No. - . 1]12]3
';i 1 | calibration - Ambient (Non- X1 x| x
saturated propellants) a
, 2 Calibration - Hot (Nonsatu- X X
VRS I rated propellants)
3 | calibration - Cold (Nonsatus x| x
rated propellants)
- N b Calibration - Ambient . X X
5 Mission Simulation (Cold) X
Part 1
‘ 6 Mission Simulation (Cold) X
Part-a '
o T | Mission Simulation (Cold) %
‘ Part 3 )
8 Mlssion\Simulation (Cold) ]} X
Part 4,
.
| 9 | Mission {Simulation (Ambient) / X
10 | Mission Simulation (Hot) / X
R v .
\
11 Pulse Temperature Survey *
/12 | Direct Coil Duty Cycle X
i . ‘
: /13 |orbit Reti-ograde X
\
ik Celibration - Ambient (Non- X | x|x
saturated propelle.nte) , : :
15 | Biectrical ana Structur&l x | x|x.
" Integrity

//
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R-UD SUPPLEMENTAL QUALIFICATION
ENGINE BURN TIME AND VALVE CYCLE TABLE

ACTUAL | RELIABLE !
ACTUAL, | RELIABLE
mgom el i M. OF | NO. OF
(sec.) (sec.) PULSES . PULSES
1 492.367 | 282.95 8,225 L, 575
-3 290.346 85.89 5,977 2,066
3 1320.69 1112.04 13,175 8,031
" Note: | .

The reliable burn time and reliable number of pulses re=
fers to the total actual burn time less those burn sece
onds and number of pulses accrued during the ambient
calibration test with A-50, the first ambient calibra-
tion.test with MMH, and the final ambient.calibration
test with MMH. This definition of relisble burn time

and reliable number of pulses epplies to the Supplemen~ /

. tal Qualification Program only by mutunl agreement be- [
tween MC and NAA/S&ID. - o —

2

Figure 95

o




s

651-1

06 aINITJ

/
B/

y % ~4
N3
ENGINE ASsEMBLY___ 228686501 SUPPLEMSNTAL QUAL EVGINE £1 s/n___ 0049 pace_1___or__1 ' \ S
- . -

. ‘ - - :Q
TasT NO.__3438 CELL NO. 1 TEST DATE 10-9-66 N
WTP.__ 0OS6_. . APPENDIX PARAGRAPH A-4,3 SEQUENCE # 1 S

- <
. . . ) P_- P . P~ P 3
RUN e Tt e Tem Frosr Peere Pe - - - )
INPUT . TIME o (3 W TEST Psl PSIA PSIA PSIA z

' > - o -F sfes T - PSIA _psia SET  INLET.  SET  mieT s

- . « . . . . . -, e . ] AP 'n

B w, ", e O/F Foce 0. c' C.TEST AP0- s >

outeUT  se, | sop . tr’sfr . JEST  PTEST OfFregr e v::rcgsﬂ oerEsT  mes - o pub . 5
So. 3% s 1302, 81,7 1117 81.4 "98.0 [ 0692|9505 7 18375 16‘5.—6""3.‘75'._9' 2

1.4288 .8683

2413 1167

73.9

<3580 2.067 5375.

199.6 278.3 1.764. 74,1

1295,

72.8 1112. 173.6

97.9 [.c692} 94.9 183.2 hsv.al 175.7 {159,

H CR P

. T%ROF LBTZL ZXI9 L TT67T <3585 2073

99,5 Z7T.5 I.7T7Z 5038. T14.5 Taeb.

-~ . . - - .

.395%

57 12940 T4.7

LSAL NOLLVOIATVOD TVINSHIIJINS

1. 7s.1

96.0° 95.3

- Vivad £$31 31VLS AQYILS

183.2 175.7

1.4378 .B714

<2413 L1165

(m’loﬁl =x0)( BUi ~1o04 Jsjuviiedoxd pojumiua-uoy

«3578 2.071 99'.6 27845 1.768 5067. T4.l 73.9 :
. .- . - é E -
;_ 3554 1 1293, 73,6 1113, 73.5 371.9 L0702} 95.5 183.3 |169.5| 175.§!lb°-‘3| §
. . .-' . . :\ . (O N . . g
s AR |-}
- 1.4392 .8722 .2413 <1168 .3581 2.066 99.5 277.9 1.762 5074, 7ﬁ.0 73.8 E-’_
. B e R - - — e - e —— iy e e o e ™ PR S S, -
- . . . ’ : m
- HEAE_E\’_"_C A Fvac ¥PAN Isp Alsp o~

- . 9. 0.1 - 278.1 1.0

0801 -V

K



Ve,

¥

THE

A-1080

ar(]uardf
“ECORMWIRATION N

- - - : .u ¥ .
xd oz 87
_— oy ¥ T PRy 5 b
e foe g EAE Rl P = o
e ) R el SUN g Sy (PR totn o
T T
b, e Ry fontnge oy frr e 1
e P [ e E P S e e o
N " Flee o imIsiaam gy
- oy ey
sy e s epmg-g -JILLJ

(3]
e

lanl

<0

.
18 ERId SDVEZAV -

154
&

>
N
©f

o

T SI9NON MZHUZM
HmMH NOILVOIAITVAD TVINAWAIAIAS WS

HIQIM FSTAd 'TVOI¥IOHTIH

‘SA HSTINIWI JI1JI0HdS

5 Sk

s B R

Figure 97

1-160



A-1080

SM SUPPLEMENTAL QUALIFICATION TEST
ENGINE NUMBER 1

TOTAL IMPULSE VS. ELECTRICAL PULSE WIDTH
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H. IM RCS Supplemental Qualification Test

After the Lunar Module Design Verification Ignition Test, heaters
vwere added to the RCS engines to hold the flange temperature at 120°F, since
the test had shown that safe ignition will occur with saturated Aerozine-50
regardless of engine attitude at a flange temperature of 80°F or greater,
Accordingly, a Supplemental Qualification test program was conducted with
Aerozine-50 as the fuel and with the flange temperature controlled to 120°F.
The objectiye of the test was to qualify the Lunar Module Reaction Control
Engine assembly as an Apollo manned flight item when utilizing helium saturated
Aerozine-50 and nitrogen tetroxide, with nitric oxide cohtent of 0.4 to 0.8%
by weight, as the propellants; with an engine electrical:command system that
incorporates are suppression circuiltry designed to limit'the amount of over-
voltage induced when the engine is operated on direct (manual) coils; and with
flange temperature controlled to 120°F.

The test was conducted per Marquardt Test Plan (MTP) 0059. Testing
started on 23 November 1966 and was completed on 20 January 1967. The test
sequences to which the two engines were subjected is presented in Figure 100,

A description of each test is given below.

{ :
Calibration Tests - Appendix A -of MIP 0059

Four types of calibration test were conducted; ambient, hot, and
cold temperature condition tests, all with saturated propellants, and one
ambient calibration test (Referee run) with nonsaturated propellants. In all,
ten calibration tests were conducted, each engine being subjected to five cal-
ibration tests. These tests\were designed to serve as an index and monitor
of engine performance at the above stated conditions. Each test consisted of
four 5-second steady state -runs and eleven pulse modé runs with burn times

|

ranging from 0.013 to 0.500 seconds. f
R . ]

./ of MTP 0059

These tests were conducted in two partsj Part A consisted of sub-
Jecting the engimes to a series of taped duty cycleﬁ which were generated by
the Apollo Mission Simulator. \All Part A tests used automatic coils, and

Migsion SimulatioA (Cold) - Appendix B
|

- saturated propeliants. Part Blof the Mission Simulation Test (Cold) was de-

signed to demonstrate safe engihe operation when commanded by the manual (direct)

. valve coils. AXL direct coil operation was conducted from a pre-programmed

pulser. , \ ‘
All Mission Simulatipn Tests were pre-qualification

type tests. Two types of chambe; pressure instrumentation were used; flight

type chember pressure transducers, (TMC P/N 228658) and flight type chamber

pressure switch {GAEC LSC 310-651). Iwo engine attitudes were tested; horizontal
and vertical up. ; /

o At ——————
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SUPPLEMENTAL QUALIFICATION TEST MATRIX

TEST
SEQUENCE TEST NAME ENGINE NO.
NO. ‘ 1 | 2
REF REFEREE RUN x | x
1 CALIBRATION - AMBIENT x | x
2 CALIBRATION - HOT X | x
3 CALIBRATION - COLD X | x
A MISSION SIMULATION - COLD X
5 MISSION SIMULATION - COLD X
6 MISSION SIMULATION - COLD X
7 'MISSION SIMULATION - COLD . X
8 MISSION SIMULATION - COLD o Jox
9 MISSION SIMULATION - COLD R X
10 MISSION ABORT . . X
11 CALIBRATION - AMBIENT , 7 X | X
12 . BLECTRICAL AND STRUCTURAL INTEGRITY / X | x
| f
i
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Mission Abort - Appendix C of MTP 0059

This test, conducted on one engine, consisted of intermittent
steady state runs with an accumulated engine firing time of 350 seconds followed
by 150 pulses from a pre-programmed pulser.

Electrical - Structural Integrity Test =~ Appendix D of MTP 0059

This test consisted of a series of electrical and mechanical bench
tests designed to demonstrate the post burn electrical and structural integrity
of -the engine. Thils was the final test to be conducted on each participating
engine.

Ambient Referee Run (Non-Saturated Propellants)

The Referee Run Test consisted of firing the engine in both steady
state and pulse modes with firing durations ranging from 0.013 seconds to 5,00
seconds. The Referee Run was the first burn test to be conducted on each par-
ticipating engine. ‘

The two engines used during the test were randomly selected and
purchased from the Common Engine production line. The starts and burn time as
accumulated during the test are tabulated in Figure 101.

Both engines successfully completed the required tests, demonstrating
that the LM RCS engine will operate safely with flange temperatures controlled
to 120°F when utilizing helium saturated Aerozine~50 as the fuel and helium sat-
urated nitrogen tetroxide as the oxidizer. :

IMC Report L-1041 presents the detailed results of the LM RCS
Supplemental Qualification Test. - o
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I R Actual v Actual

. . Engine -Burn Time i Number

‘ No. : (Sec) 5 of Pulses
e e 4 amees B . C e e e e ) I
S, \ 437.90T# : 7873% !
: —n ] L Valve JL Laker !
2 838.673% B 2 3L S
L 1 36.613 T valve 2 5737

. *Includes Referee Run Actuation and Burn Time as follows:

Engine No. 1, 1262 actuations - 68.965 sees;
Engine No. 2, 1178 actustions - 76.550 secs.

\ ]

'

.

/M Supple%ental Gualific%tion Engine Burn Time and Valve Cycle Table

>

{
I

Figure 101
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VI. CONCLUSION -

In conclusion, The Marquardt Company R-4D rocket engine is an extremely
reliable, versatile liquid bipropellant 100-1b. thrust rocket engine. An early
model was used as a mid-course and orbit adjust engine on the highly successful
NASA Lunar Orbiter program and, in one instance, was used for orbit adjust after
being in lunar orbit for 335 days.

It has performed flawlessly in its intended modes of operation as reaction
. "~ control engines on the Apollo Service Module and Lunar Module vehicles. In this
‘ \ capacity it performs the following functions:

.o  Provides CSM/S-IVB Separation

e Provides docklng attitudes in the LM and LM eJectlon maneuvers

e Provides attltude control during mid-course corrections

"e Provides thrust for rotisserie temperature conditioning roll for
passive thermal control

¢ Maintains attitude during translunar coast and navigational
sightings., .

© Small mid-course corrections
o Orients spacecraft for SPS burn during lunar orbit insertion
¢ Orients and maintains spacecraft during lunar orbit.

® Orients and maintains attitude during any SPS burn and prov1des

ullage for SPS tank ‘ ,/
e Provides attitude control and propulslon for CSM/1IM undocking and
separation maneuvers ’
: : . K4
- o ° Provides attitude control for LM decent and lunar yanding

° Provides attitude control for IM ascent

4

e Provides attitude control and thrust during LM orbit adjustments
for CSM rendezvous.,

o Provides attitude control and thrust during CSM~IM rendezvous
.

o Provides for LM jettison during CSM-IM separation maneuver,

o Orients and maintains attitude control during SPS burn and
provides ullage for SPS tanks during trans-earth injection
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0'4"Provides attitude control and AV translation and maintains roll
for passive thermal control during the return to earth.

~

L

o Provides attitude control and thermal for CM and SM separation.

A total of 758 R-4D engines have been fabricated, acceptance tested and
delivered to North American Rockwell Corporation for use on the Apollo Service
Module and to Grumman Aerospace Corporation for use on the Apollo Lunar Module.
In addition, several R-4D's have been delivered to NASA/MSC for use in ground.
testing. Eleven of the earlier models were delivered to The Boeing Company for
‘ use on Lunar Orbiter.

The engine is completely qualified and operates dn helium saturated propel-
lants: Aerozine-50 (MIL-P-27402) and MMH (MIL-P-27404) fuel and both "brown"
(MIL-P-2653A) and ''green" (MSC-PPD-24) oxidizer. ‘

The engine has also been pre-qualified (Design Verification Tests) with a
‘Columbium chamber replacing the molybdenum chamber.

The engine historical test firing sumnary for both molybdenum and columbium
chambers is presented below: .

RATED NO. OF TOTAL
ENGINE THRUST ENGINES NO. OF  ACCUMULATED
"MODEL____(1lbs) TESTED __ IGNITIONS FIRING TIME

MOLYBDENUM
Total Engines Tested R-4D 100 612 774,693 1,99 days
Individual Engine and Combustor Performance
1. Maximum no. of engine R-4D 100 103,548
ignitions by a single eng. (T-12285) .
¥ ¥ 2. Maximum accumulated burn R-4D 100 5.41 hours
time by a single engine

3. Maximum accumulated burn R-4D . 100 i : 8.85 hours
time using a single comb. '

4. Maximum continuous burn R-4D 100 2.0 hours

time by a single engine (T-12321)
COLUMBIUM
Total Engines _ R-4D 100 32 29,744 7,08 hours
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'RATED NO. OF TOTAL
ENGINE THRUST ENGINES NO. OF ACCUMULATED
MODEL __ (1bs) TESTED IGNITIONS FIRING TIME

Individual Engine and Combustor Performance

1. Maximum No. of ignition by R-4D 100 . 7,051 2.14 hours
a single engine , (228686-501, S/N 004)

2. Maximum accumulated firing ~ R-4D 100 50 2.32 hours
time by a single engine (T-11606-001)

‘ 3. Maximum accumulated firing ; R=4D 100 26 1.95 hours:
/ time using a single (T-11606)

combustor ‘ ,

4. . Maximum ¢ontinuous firing R-4D 100 o 1.00 hours

time by a single engine

The Model R-4D space firing summary as of July 24, 1969 is as follows:

y
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JULY 24, 1969
LUNAR ORBITER PROGRAM (FIVE FLIGHTS)
SPACECRAFT TOTAL ENGINE TOTAL SPACECRAFT E':S';‘F?AZ'EME NO. OF
IDENTIFICA
ICATION STARTS BUR'N TIME TIME IN SPACE (ENGINE DAYS) ENGINES
L. 0.1 5 12.2 MIN. 80 DAYS 80 DAYS 1
L.o. 11 7 12,5 MIN, 338 DAYS 338 DAYS 1
L. O. 1N 7 12.5 MIN. 243 DAYS 243 DAYS 1
‘/ L, 0..1v 4 11,9 MIN, 176 DAYS 176 DAYS 1
L. 0.V 6 12.5 MIN, 180 DAYS 180 DAYS 1
TYOTAL TIME
HISTORY FOR 29 1.05 HOURS 2.79 YEARS 2.79 YEARS 5
LUNAR ORBITERS
APOLLO SPACECRAFT PROGRAM (TEH FLIGHTS)
$AUSSION SPACECRAFT ET:GTl:Lé TOTAL SPAi?'::AFT ETSISNPEA:;'EME NO. OF
IDEMNTIFICATION IDENTIFICATION STARTS BURN TIME IN SPACE: (ENGINE DAYS) ENGINES
APOLLO (AS201) SC 009 1,818 4.1 MIN. 0.5 HRS. 0.3 DAYS 16
APOLLO (AS202) SC 011 7,040 8.0 MIN. 1.5 HRS. 1.0 DAYS 16
APOLLO 4 SC 017 15,749 8.3 MIN. 8.5 HRS. 5.7 DAYS 16
APOLLO § LM 1 8,540 36.5 MIN, 8.0 HRS. 5.3 DAYS 16
APOLLO 6 SC 020 19,472 17.5 MIN. 9.6 HRS. 6.4 DAYS 16
APOLLO 7 SC 101 61,000 41.5 MIN. 10.8 DAYS 172.8 DAYS 16
APOLLO 8 SC 103 46,240 27.3 MIN, 6.0 DAYS 96.0 DAYS 16
APOLLO o {sc 104 41,100 25.8 MIN. 10.0 DAYS 160.0 DAYS 16
LM 3 25,230 17.4 MIN, 4.2 DAYS* 67.2 DAYS 16
SC 106 44,700 28.1 MIN. 8.0 DAYS 128.0 DAYS 16
APotLo 10 {Tha 34,650 23.9 MIN. 4.5 DAYS* |  72.0 DAYS 16
sC 107 50,900 27.8 MIN. 8.0 DAYS 128.0 DAYS 16
APOLLO 11 LM 5 16,950 12.1 MIN. 5.5 DAYS 88.0 DAYS 16
TOTAL TIME HISTORY . /
FOR APOLLO R.C.S. ENGINES 373,389 4.65 HOURS 58.2 DAYS 2'5’5:/,((EARS 208
-4 :
iy} !
TOTAL SPACE FIRING TIME HISTORY FOR R-4D ENGINES
USED ON APOLLO AND LUNAR ORBITER SPACECRAFT
+ TOTAL SPACECRAFT ENGINE TIME NO., OF
ENGINE STARTS BURN TIME TIME IN SPACE IN SPACE ENGINES
373,418 / 5.68 HOURS 2.94 YEARS 5.34 YEARS 213

* TIME PERIOD FROM EARTH LAUNCH TO FINAL JETTISON OF LM ASCENT STAGE FROM COMMAND SERVICE MODULE.
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