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NOTICE 

This report  was prepared a s  an account of Goverm.ent-sponsored 
work. Neither t he  United S ta tes ,  nor t h e  National Aeronautics 
and Space Administration (NASA), nor any person ac t ing  on behalf 
o f  NASA: 

A . )  Makes any warranty o r  representat ion,  expressed o r  
implied, wi th  respect t o  the accuracy, completeness, 
o r  usefulness of the inforna t ion  contaiaed I n  t h i s  
report ,  o r  t ha t  t h e  use of any information, apparatus,  
method, o r  process disclosed i n  t h i s  report  rtlay not  
in f r inge  privately-owned r igh t s ;  o r  

B . )  Assumes any l i a b i l i t i e s  with respect  t o  t h e  use of ,  
o r  f o r  damages r e s u l t i n g  from the  use of ,  any 
information, apparatus,  method o r  process disclosed 
i n  t h i s  report .  

A s  used abo-re, "person ac t ing  on behalf of NASA" includes any 
employee or  cont rac tor  of NASA, o r  employee of such contractor ,  
t o  the extent  t h a t  such employee o r  cont rac tor  of NASA o r  
employee of such cont rac tor  prepares,  disseninates ,  o r  provides 
access to any information pursuant t o  h i s  employment o r  cont rac t  
NASA, o r  h i s  employment w i t h  such cont rsc tor .  
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ABSTRACT 

The objeccive of t he  cont rac t  was the  evaluat ion of poterr t ia l  
reulcable t h r u s t  chamber and i n j e c t o r  concepts f o r  t he  Space 
Shut t le  Orb i t  Maneuveriag Engine. The e f f o r t  s t a r t e d  wi th  
parametric engine calculat iol is  which were car r ied  out by computer 
Frogram $or N OIC/Amine, LOX/Amine and LOX/Hydrocarbon proFellant 

ineulated c3lumbium t h r u s t  chambers. The ca l cu la t ion  methods a re  
c?es.:ribed including the  f u z i  vortex f i l m  cooling method of COR- 
b u 5 o n  gas temperature control ,  and performance predict ion.  
A mtthod of acceptance of a regenerat ively cooled heat r e j ec t ion  
reduction using P s i l i cone  o i l  add i t ive  was a l s o  deaonstrated' 
by heated tube hezt t r a n s f e r  t e s t i n g .  Technical and c o s t  r a t i n g  
of' the  individual  engines were ca r r i ed  out .  Six thousand pound 
t h r u s t  colunlbi-an t h r u s t  chamber assemblies were designed, fabri- 
cated and tes ted .  Test r e s u l t s ,  using t h e  columbium t h r u s t  
chamber, ve r i f i ed  t h a t  The predicted performance could be obtained 
w i t h  a modest margin a t  che design operat ing temperature. Regen- 
e ra t ive ly  c o o l ~ d  t h r u s t  chamber operation was a l s o  demonstrated 
where the  i n j e c t o r  was characterized f o r  the  ONE appl ica t ion  w i t h  
a channel wall regenerative t h r u s t  chamber furnished t o  the 
program from a company sponsored e f f o r t .  MMH regenerative cooled 
cnamber t e s t s  exhibited an I s p  of 317 seconds with low heat 
rejecti.r>n and low nozzle extension temperatures. Bonb s t a b i l i t y  
t e s t i n g  of  the demonstration :hambers/injectors demonstrated 
recovery f o r  the nominal design of  acoust ic  c a v i t i e s .  Cavity 
geometry changes were also evaluated t o  assess  t h e i r  damping 
margin. The f i n a l  t a s k  of the  program was t o  demonstrate t h a t  
t h e  o r i g i n a l l y  developed 10 inch diameter combustim p a t t e r n  
could be compressed t o  operate  i n  an 8 inch diameter t h r u s t  
chamber. T h i s  t a s k  was completed wi th  both performance and 
combustion s t a b i l i t y  demonstrated. 

coinbinations T o r  engines incorporat ing regenerative cooled and 
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FOREWORD 

The purpose of t h i s  cont rac t  was t o  fu rn i sh  information which 
would assist i n  t h e  se l ec t ion  of a cooling scheme f o r  the 
O r b i t  Maneuvering Engine f o r  the  Space Shut t le .  I n  the  course 
of the  contract ,  the  emphasis sh i f t ed  from a n a l y t i c a l  teckniquzs 
t o  design da ta  assembly t o  the  proof of concept of the i n s u l a t t j  
columbium t h r u s t  chamber and f i n a l l y  t o  a d e f i n i t i o n  of c o r 5 ~ ~ s r l c . -  
chamber ope r a t  ion. 

From t he  program r e s u l t s ,  each o f  the changing goals was accom- 
p l i s h e d  w i t h  lata sQpporting t h e  varied design concepts. Alt i tude 
thrust  chamber data supported the contention that  a non-actively 
cooled columbium t h r u s t  chamber of the OME s i z e  could be.operated 
t o  the  program requirements. Additional simulated a l t i t u d e  eata a t  
the B e l l  Aerospace Company's Test  Center and a t  t he  NASA's White 
Sands Test F a c i l i t y  showed tha t  a high performance regenerat ively 
cooled thrust chamber was ava i lab le  and t h a t  f a c i l i t y  bias was 
i n s ign i f i can t .  The s i g n i f i c a n t  cont r ibu t ions  of the program were 
t h e  evidence tha t  a reusable t h r u s t  chamber w i t h  317 seconds 
spec i f i c  impulse was f e a s i b l e  and the concept of r e u s a b i l i t y  could 
also be applied t o  an insulated columbium t h r u s t  chamber that  would 
exceed a performance of 310 seconds spec i f i c  impulse. 

To accomplish these tasks, subs t an t i a l  personal e f f o r t  was required 
i n  various s p e c i a l t i e s  including e f f o r t s  i n  computer assembling 
and programming f o r  t he  study e f f o r t s ,  data co l l ec t ion  and dissem- 
inat ion,  t h rus t  chamber design and t e s t  operations.  The successful  
completion of these major tasks  was made possible  by t h e  cooperation 
and s ign i f i can t  contr ibut ions of Messrs. John Burr, Willard 
Sanscrainte,  Jerauld Panosian and Joseph Martino respect ively.  
Mr. Sanscra in te ' s  assembly and coordination of  the  o r i g i n a l  program 
tasks i n t o  t h i s  document i s  also gratefuLllr acknowledged. 
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SUMMARY 

The requirement for longevity of t h e  Orbit Maneuvering 311 ine 

t h r u s t  chamber concept. The term "reusable" was f u r t h e r  defintci 
t o  b e  an engine which could accomplish 1000 s t a r t s  and 15 hours 
of accumulated run time. These durat ion requirements f a r  exceeded 
current  ha: lware capab i l i t i e s ,  and subsequent Ly d i r e c t l y  this 
program i n t o  a preliminary s k d y  design and f ab r i ca t e  f o r  proof 
sequence o f  tasks .  The i n i t i a l  study entailI:d proyzllarit trade- 
o f f  s tud ie s  where the optimum propel lant  appeared t o  b e  LOX-NMH, 
w i t h  t h e  N 04/Amine propel lan ts  c l o s e l y  following. SxSsequent 
decis icns  g i rec ted  demonstrations t o  be  made w i t h  t h i  N20i;-MMH 
propel lant  Combination. 

f o r  the Space S h u t t l e  prec ip i ta ted  the  requirement f o r  a f reusa3le" 

The t h r u s t  chamber design study recommended i n  favor  of two 
t h r u s t  chamber concepts including the high performance, but 
expensive, regenerat ively cooled thrust  chamber agd a lower 
performance, l e s s  expemive, design ca l l ed  an insulated columbium 
t h r u s t  chamber. The f i n a l  recommendation of t he  study emphasized 
cos t s  and favored t h e  insu la ted  columbium concept. 

The ir isulated columbium t h r u s t  chamber concept, being mildly 
unconventional, was considered t o  requi re  proof testing, which 
was accomplished i n  t h e  next phase of  t h e  contract .  These 
proof t e s t s  included operat ion of a f u l l  s i ze  10 inch diameter 
columbium t h r u s t  chamber a t  simulated a l t i t u d e  conditions.  The 
t e s t i n g  was performed t o  prove bo th  t h e  capab i l i t y  of f ab r i ca t ion  
and t h e  cooling, which would a l l o w  t h e  proper l i m i t  of 2400'F 
w a l l  temperatures. Several  lengths  o f  chambers were t e s t e d  and 
a f i n a l  performance of s l i g h t l y  over 310 seconds ISP was accon- 
pl ished.  

Subsequent i n t e r e s t  i n  the  columbium chamber concept was reduced 
as f u r t h e r  s t u d i e s  of the regenerat ively cooled chamber indicated 
that  cyc l i c  requirements could b e  achieved arid the  higher p?r -  
formanc 12 of' the  rege:lerativel.y cooled chamber u t i l i z e d .  Subsequent 
progrbrn e f f o r t s  emphasized the  use o f  conventional i n j e c t o r  
d e s i g r ~  wi th  the  regenerat ively cooled chamber, combustion 
s t a b i l i t y  t e s t i n g  was a major port ion o f  the  e f f o r t .  The concern 
i n  accomplishing adequate performance wi th  the  regenerat ively 
cooled chamber came about when conpeting designs were found t o  be  
performance s e n s i t i v e  t o  fLiel temperature. This s e n s i t i v i t y  was 
not fiund using the  Bell t r i p l e t  i n j e c t o r  design and led t o  the  
f u r t h e r  t e s t i n g  fc r  combustion s t a b i l i t y  a t  B e l l  and a l t i t u d e  
performance t e s t s  a t  WSTF a s  2roof of concept demonstrations, 
Subsequent t e s t i n g  showed the  acoust ic  damper combustion s t a b i l i t y  
devices t o  b e  very e f fec t ive ,  performance t e s t s  demokstrated 317 
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Number of Tests Conducted) 
ss 1 A 1  1 A 1  2 

S t a i n l e s s  Aluminum Aluminum 
S t e e l  With F l a t  Face F l a t  Face 
Baff le  With Damper With Damper 
( l o "  Dia.) (10" Dia.) (10" Dia.) 

18 42 18 

5 60 

21 23  26 

6 5* 

seconds s p e c i f i c  impulse with a properly shaped ONE s ized nozzle. 
These a l t i t u d e  tests were performed wi th  a channel wal l  regener- 
a t i v e l y  cooled company furnished t h r u s t  chamber i n  combfnation 
with a NASA furnished nozzle s k i r t .  

A1 3 
Aluminum 
F l a t  Face 
With Damp" 
(8" D i a . )  

11 

The f i n a l  task of t h i s  program was t h e  design, f ab r i ca t ion ,  and 
demonstration of  an 8.2 inch diameter t r i p l e t  element i n j e c t o r  
which was compatible wi th  t he  s i z e  of  competing t h r u s t  chambers. 
A l l  previous t e s t i n g  at B e l l  was accomplished t s i n g  a 10 inch 
diameter i n j e c t o r .  Original ly ,  t h e  10 inch i n j e c t o r  design was 
based on extensive empir ical  d a t a  where the  spacing and arrange- 
ment of the  ind iv idua l  elements could be predicted from previous 
designs. The design of the  8.2 inch i n j e c t o r  was a cctrspromise 
where t h e  primary i n j e c t o r  parameters maintained were the  number 
and arrangement of i n j e c t i o n  elements and the  type of element 
used. The t e s t i n g  conducted w i t h  t h e  8.2 inch  i n j e c t o r  confirmed 
t h i s  s e l e c t i o n  of parameters and t h e  sea  l e v e l  combustion e f f i c i e n c y  
was measured a t  a value which would produce 316 seconds IS on an 

posit ive,producing a design w i t h  s u b s t a n t i a l  s t a b i l i t y  margin and 
f u l f i l l i n g  a l l  of the OME requirements. A summary of t he  demon- 
s t r a t i o n  t e s t s  performed within t h e  program i s  a s  follows: 

OME engine. The l imi ted  s t a b i l i t y  t e s t i n g  conducted was a Y so  

I PROGRAM TEST SUMMARY 1 

I n j e c t o r  

Type of  Testing 
I n j e c t o r  Testing 
Performance and 
Heat Rejection 

I n j e c t o r  S t a b i l i t y  
(Bomb) Tests  

Coiumbium Chamber 
Demonstration and 
Evaluation ( A l t i -  
tude)  
Regenerative Cham- 
ber  Demonstrat ion 
and Evaluation 
(Al t i tude)  
*Includes 47 t e s t s  

xviii 
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I. INTRODUCTION 

This docurLent i s  submitted i n  compliance with the  F ina l  Report 
documentation requirements of Contract NAS 9-12803, Space Shu t t l e  
O r b i t  Maneuvering Engine Reusable Thrust Chamber Program. The 
o v e r a l l  ob jec t ive  of t he  con t r ac t  was the  determination of  t h e  
f e a s i b i l i t y  of po ter i t ia l  reusable  t h r u s t  chamber concepts f o r  t h e  
OME by axalyses  followed by t e s t  evaluat ion of  t h e  p r i n c i p a l  
candidates. The information and data developed supported the  
NASA-JSC and s h u t t l e  vehic le  cont rac tor  Orb i t  Maneuvering System 

I. i n a l  d e f i n i t i o n  of the OME engine. 

The program e f f o r t  requirements were divided i n t o  the following 
tasks: 

OMS) studies and provided a f i r m  techniccJ  foundation f o r  t h e  

Task I - Reusable OME Thrust Chamber Evaluation: Def in i t ion  of 
a n d p a r a m e t r i c  study of pressure  fed engine assembly u t i l i z i n g  
N2O4 oxid izer  with MMH and 50/50 blend fue l s .  
w a s  defined as 6000 l b s  t h r u s t ,  125 p s i a  chamber p re s su r t  wi th  a 
nozzle e x i t  diameter of 50 inches.  Three types of regenerat iv-  
cooled and one non-regenerative cooled t h r u s t  chambers were t o  be 
s tudied;  channel wall, d r i l l e d  aluminum and tubu la r  regenerat ive 
cooled and insu la ted  columbium non-regenerative cooled. The 
engine assembly d e f i n i t i o n s  included a s t a i n l e s s  s t e e l  i n j e c t o r  with 
appropriate  t h r u s t  chamber attachment, r ad ia t ion  cooled nozzle 
extension, gas actuated s e r i e s  - p a r a l l e l  redundant engine propel- 
l a n t  valves, and engine gimbal mount. The required parametric 
output data included s p e c i f i c  impulse, engine assembly weight, 
envelope and feed pressures  f o r  the  range of design var iab les :  

The baseliro engine 

Thrust - 4000 t o  10,000 Ibf 
Chamber Pres sure - -100 t o  200 p s i a  
Nozzle Exi t  Diameter - 40 t o  60 inches 
Mixture Ratio - Optimum +20$ 
Nozzle $ Bell  - Approximately 72 t o  100 

The thermal margin d e f i n i t i o n s  f o r  t h e  regencrativf:  cooled engines 
and the  nominal operat ing temperature of the colurnbiwn t h r u s t  
chamber were es tab l i shed .  

The task also required a comparative assessment of t h e  engine 
concepts based on t echn ica l  and cos t  f a c t o r s  and t h e  recommenda- 
t i o n  of t h e  prefer red  engine concept. 

Task II - Alterna te  OME Propel lant  Combinations: E f f o r t  similar 
I except t h  a t  t h  e oxid izer  was LOX w i t h '  MMH, IJ2H4, propane 

and RP-1 fuels-. The engine assembly d e f i n i t i o n s  included a n  
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i g n i t i o n  system. The prefer red  engine concept was t o  be 
es ta9 l i shed  aga ins t  the  same t echn ica l  and cost  r a t i n g s  as 
Task I. A f i n a l  recommendation was a l s o  t o  be made consider ing 
both Task I and Task I1 propel lan ts  and engine d e f i n i t i o n s .  

Task I11 - Columbium '%rust Chamber Design: Es tab l i sh  design 
based on t h e  nominal- engine d e f i n i t i o n  of Tasks I and I1 w i t h  
an e x i t  area r a t i o  o f  i5:l and a c h a r a c t e r i s t i c  length  L* of  
30 inches when assembled wi th  the t e s t  i n j e c t o r .  

Task IV - Columbium Thrust Chamber Fabricat ion:  - 
?rzixTT I t h r u s t  chamber. 

Fabr ica t ion  of 

Task V - Columbium Thrust Chamber Testing: I n j e c t o r  checkout 
f i r i n g s  followed by t e s t s  of t h  e chambera t  a l t i t u d e .  
wi th  and without ex te rna l  i n s u l a t i o n  was required.  

Test ing 

Task V I  - Alterna tc  C b  Chamber Fabricat ion:  This task was 
o r i g i n a l l y  UeYined as  "Reusable OM T ~ I  r u s t  Chamber Update", 
an update of t he  Task I and I1 s t u d i e s  based on program 
demonstration t e s t s .  The r e d e f i n i t i o n  t o  "Alternate  C b  Chamber 
Fabrication" was made t o  enable add i t iona l  Cb chamber demonstration 
a t  reduced and increased L*, 26 34 inches respect ively.  

Task V I 1  - Heat Transfer  Testing: The e f f o r t  was added  s h o r t l y  
a f t e r  program go-ahead t o  evaluate  s i l i c o n e  o i l  ( S O )  add i t ive  t o  
MMH fue l .  The SO addi t ive  was o r i g i n a l l y  proposed f o r  inc lus ion  
i n  t h e  Task I and I1 s t u d i e s  f o r  t he  regenera t ive ly  cooled chambers 
t o  reduce the  average heat r e j e c t i o n  t o  t h e  f u e l  coolant.  

Task V I 1 1  - Alterna te  Thrust Chamber and Testing: The e f f o r t  
required t e s t  f i r i n g s  o f  t h  e 6000 l b  f columbium chambers a t  
a l t i t u d e ,  w i t h  26, 30 and 34 inch L*Is with N2O4/MMH propel lan ts .  
Tests wi th  N2C4/50-50 blend  were a l s o  required.  The t e s t s  were 
niade a t  various values of 4 , the  r a t i o  o f  f u e l  vortex f i l m  
-onling flow r a t e  t o  t o t a l  p rope l lan t  flow r a t e .  

Task I X  - I n j e c t o r  Character izat ion and S t a b i l i t y  Testing: 
The t a s k  required cha rac t e r i za t ion  of  i n j e c t o r  operat ion f o r  
regenerat ive chamber operation. Heaked propel lan t  tests were 
required i n  water cooled hardware followed by short  durat ion 
f i r i n g ,  bomb t e s t i n g  i n  a n  uncooled chamber w i t h  vortex f i l m  
cool ing flow r a t e  s e t  for regen operat ion,  

I-? 
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Task X I  - OME Model In j ec to r :  Required de l ivery  t o  NASA of an 
m r  employed for cnamber demonstration tests. 

Task X I 1  - Heated Propel lant  I n j e c t o r  S t a b i l i t y  Testing: 
Extended' the  range of i n j e c t o r  bomb t e s t  condi t ions and i m l u d e d  
tes ts  t o  def ine the  sbeady s t a t e  opera t ing  temperatures Jf t h e  
i n j e c t o r  acous t ic  c a v i t i e s .  

Task X I 1 1  - WSTF Test and Analysis Support: Called for delivery 
of t h  e Task X h ardware t o  t h e  NASA W h i t  e Sands Test F a c i l i t y  and 
engineering support a t  WSTF t o  conduct a series of regenerat ive 
cooled chamber f i r i n g s  with a f u l l  nozzle extension, area r a t i o  
equal t o  76.7:l. 
t he  Task X data was also required.  

Post t e s t  da ta  analyses  and comparison w i t h  

Task X I V  - Tr ip le t  I n j e c t o r  Dynamic S t a b i l i t y  Testing: Called 
for bomb s t a b i l i t y  .margin demonstration by reducing the  acous t ic  - 
cav i ty  a rea  and depths. Testing of a range of ox id izer  tempera- 
t u r e s  wi th  f u e l  f e d  temperature s imulat ing regenera t ive ly  cooled 
chamber operat ion was a l s o  required.  

Task XV - OME 8 Inch T r i p l e t  I n j e c t o r  Optimization: 
f a b r i c a t i o b .  The 
hydraulic c h a r a c t e r i s t i c s  were required t o  be cons is ten t  w i t h  
OME operat ion and the  t e s t  demonstrations were to include per- 
formance, heat f lux and dynamic s t a b i l i t y .  

Design, 

The i n i t i a l  cont rac t  included Task:; I through V I .  Tasks V I 1  
through XV were ncgotiatcd a s  (:ontract  changes and cxtcnded 
t h c  cont rac t  completion da te  from 6/73 t o  3 / 7 5 ,  Task XVI, 
I n j w t o r  Heat Flux Uniformity was d c l e t e d .  



11. PROGRAM SCHEDULE 

The program tasks were carried out as shown i n  Figure 11-1. 
Task V I 1  heated tube heat  t r a n s f e r  testing was conducted t o  
support the parametric engine s tud ie s  and r a t i n g s  of Tasks I 
and 11. By agreement wi th  NASA-MSC, the  columbium demonstration 
thrust  chamber design was started i n  the second program month 
i n  advance of the recommendations from the  Task I and I1 e f f o r t .  
The f ab r i ca t ion  of t h a t  chamber (Task IV) was complete i n  
January. 

I n i t i a l  columbium chamber testing under Task V was ca r r i ed  
out with a 10 inch diameter indector  incorporat ing baffles f o r  
dynamic s t a b i l i t y .  
permit t e s t i n g  w i t h  higher performance i n j e c t o r s  which were 
made ava i lab le  from company sponsored programs. 
incorporated acoust ic  c a v i t i e s  f o r  dynamic s t a b i l i t y .  

Task Tb was in te r rupted  i n  M a y  and June t o  

Those i n j e c t o r s  

Task V I  consis ted of the f ab r i ca t ion  of a reduced L* columbium 
chamber which was evaluated by f i r i n g  tests under Task V I I I .  
Task I X  included tes t  f i r i n g s  t 3  charac te r ize  a 10 inch diameter 
t r i p l e t  i n j e c t o r  with acoust ic  c a v i t i e s  f o r  operat ion with a 
regenerat ively cooled chamber and t o  conduct i n i t i a l  evaluat ion 
of t h e  bomb s t a b i l i t y  provided by the acoust ic  c a v i t i e s .  Task 
X consisted of t e s t  f i r i n g s  with an MMH cooled regenerat ive 
th rus t  chamber a t  BAC under simulated a l t i t u d e  test  conditions.  
The chamber was then t e s t  f i r e d  a t  t h e  NASA White Sands Test 
F a c i l i t y  (Task X I I I )  t o  confirm i t s  projected performance w i t h  
a f u l l  nozzle extension.* 

The add i t iona l  s t a b i l i t y  charac te r iza t ion  of t he  f l a t  face  
t r i p l e t  i n j e c t o r  w i t h  accus t ic  c d v i t i e s  was conducted under 
Task X I 1  w i th  heated propel lan ts  simulating regenerat ively 
cooled t h r u s t  chamber operation. S t a b i l i t y  tes t ing of t h e  
10 inch diameter i n j e c t o r s  was completed under Task X I V  which 
included add i t iona l  geometric modification of the  acoust ic  c a v i t i e s  
and modified chamber f i l m  cooling. 
evaluat ion of an 8 inch diameter i n j e c t o r  constructed and evaluated 
f o r  performance, heat r e j e c t i o n  and s t a b i l i t y  under Task XV. 

The program concluded with t h e  

The i n i t i a l  input of Task I and I1 e f f o r t  was made s h o r t l y  a f t e r  
program go-ahead by "OME Parametric Data Two Week Data Dump", 
BAC Report No. 8693-953003, Ju ly  1972. A l imited number of cases  
were considered with emphasis placed on Isp  a s  a function of 
regenerative cooling margin ane Ido design th roa t  temperature, and 
ISP versus O/F and Pc f o r  the  nominal engine d e f i n i t i o n s ,  Engine 
feed pressures  were given as a funct ion of mixture r a t i o  chamber 
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pressure; preliminary engine weights were prePented. 
additional effort to complete the ADEPT computer program was 
outlined. Agreements were reached with the program monitor at 
the two week data dump meeting fo r  the definition of regenerative 
cooled engine margin and several other definitions for the ADEPT 
program. 

The 
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111- TASKS I AND I1 - I N I T I A L  E N G I N d  EVALUATION -. __  - 

A. P?rametric Study Defini t ions 

The Task I propel lant  cc:;.Sinations were l imiteu by t h e  coritiac t 
work s t a t eaen t  t o  N2O4/MMH and N204/A-50. TLe log ic  f o r  t h e  
se l ec t ion  of t he  a l t e r n a t e  props l lan ts  of Task I1 inc1;iderl t h e  
p o t e n t i a l  performance improvement r e l a t i v e  t o  the Task I ~;204/ 
A;mine prnpel iants ,  handling chPrac te r i s t i c s  and vzhicle  tankag;;e 
requirements. Performance improvement and handling reduced 
the  a l t e r n a t e  oxid izer  t o  l i q u i d  oxygen. Fluorine and oxid izers  
containing f luorink were considered unacceptable based on handling. 

, H202, offered no perffcrinance Lmproverent. Other oxidizers ,  
The se l ec t ion  of fue s f o r  use with LOX included regenerative 
cooling po ten t i a l ,  s e n s i t i v i t y  of performance with mixtwe r a t i o ,  
p o t e n t i a l  i g n i t l m  problems and cost .  The review of f u e l s  l e a d  
t o  the  se l - c t ion  of MYi;, A-50, N2H4, H and RP-1 w i t h  N2H4 and 
C3H8 l i m i t e d  t o  non-regenerative coole 3 ! hrus t  chanters.  

The t h r u s t  climber concepts were l imited f i rs t  by the  r e u s a b i l i t y  
and long accumulated operat ing l i f e  required f o r  t h e  Space Shut t le .  
Those requirements excluded ab la t ive  a i J  heat  s ink concepts. 
biori-regenerative cooled t h r u s t  chambers were included because of 
t h e i r  p o t e n t i a l  s impl ic i ty  r e l a t i v e  t o  regenerative cooled 
approaches where s impl ic i ty  includes the  el iminat ion of t h e  regen 
f u e l  heat ing c i r c u i t  and the  possible  malfunction problems asso- 
c ia ted  with t h a t  c i r c u i t  f o r  o f f - l imi t s  operat ion arid t o  pressur- 
i z i n g  gas entrainment i n  the  fuel feed t o  the  eng:'w. Non- 
regenerative cooled designs were narrowed tc a s ing le  approach, 
insulated coated columbium, based on the  vehicle  i n s t a l l a t i c n  
cons t r a in t s  (\?:ich eliminated a rad ia t ion  cooled design) and t h e  
l a r g s  technology base f o r  columbium a l l o y s  and coatings.  A 
b e r y l l i u !  inter-regen climber is l imited t o  lciier t h r u s t  l e v e l s  
than required f o r  t h e  OME Reference 1. A graphi te  composite 
chamber presents  exces: ' ;e duratrf 'lity problems. cvhe r  non-regen 
approaches, heat pipe, t r ansp i r a t ion  coolirLg, were considered 
advanced s ta te -of - the-ar t  zpproaches wi th  many unresolved problems 
with respect  t o  the propel lan ts  and :;hrust l e v e l s  o f  i n t e r e s t ,  

HNo? 

The l i s t  of  regenerative cooled approaLhes W ~ S  reduced ' ;o  dr- l l led 
aluminum, "channel wall" and tube w a l l  designs. D r i l l i d  alumintm 
t h r u s t  chambers a r e  supported b y  the many years of operat ional  
exgerience wi th  the 16,000 lb. t h r u s t  BAC Agma engine. Relat ive 
t o  d r i l l e d  aluminum, a d r i l l e d  s t a i n l e s s  s t e e l  chamber would o f f e r  
the  advantage of improved compatibi l i ty  with acrnosphcric moisture 

I S I - I  



and HNO where HNO 

improved compatibi l i ty  of d r i l l e d  s t a i n l e s s  steel  would be a t  
the  expense of  reduced thermal margin and increased f a b r i c a t i o n  
costs.  The "channel w a l l "  regen chamber, s t a i n l e s s  s t e e l  l i n e r  
with longi tudinal  cooling s l o t s  and an electro-deposited n i - k e l  
closeout is considered s ta te-of- the-ar t  based on seve ra l  t e  '1- 

l i n e r  w i t h  8-1 E.D. nickel  jacke t .  A s ing le  case of t he  tube 
wall chamber was included In  the s tud ie s  f o r  comparative purposes. 
The tcbe wall approach has the l a r g e s t  opera t iona l  usage data 
base but also the p o t e n t i a l  problems of tube fab r i ca t ion  for the 
OME s i z e  engin s and the reduced r e l i a b i l i t y  associated with the 
l a rge  number CL tube-to-tube j o i n t s .  

formation requi res  t h e  malfbnctiorr of an N2O4 
leak in20 the  cham a e r  together  w i t h  atmospheric moisture. The 

nology programs (Reference 2 and 3 , and t h e  s i m i l a r i t y  t o  
02/H2 chambers (including the SSME employing a copper a l l o y  

Tables I and I1 present  a swmary of the chamber cooling concepts 
and propel lan ts  studied and the nominal parametric range of the  
engine design cha rac t e r i s t i c s .  The concepts, p rope l lan ts  and 
design c h a r a c t e r i s t i c s  of the tables were based on the proposed 
e f f o r t  as modified by cont rac t  negJtiatior,  w i t h  NASA-JSC. The 
inclusion of MMH + SO, IW w i t h  1% s i l i cone  o i l  was based on 
BAC tests which showed sn average hea t  r e j e c t i o n  reduction with 
the  SO ,additive with negl ig ib le  change i n  performance. Several  
Agena stage launches have been made w i t h  SO add i t ive  t o  UDMH. 
Other t e s t s  have demonstrated the  f eas ib i lZ ty  of MMH + SO as 
described i n  s u b - s x t i o n  E. The d e f i n i t i o n  of o f f - l imi t s  
operat ing capab i l i t y  to be included i n  the engine point  designs 
is disc-*sse9 i n  sub-section C. 

Table I11 gives the  d e f i n i t i o n  of data plots reyuired t o  
summarize the  parametric ca lcu la t ions .  Additional data t o  be 
generated f o r  each point  design i s  l i s t e d  i n  Table IV. 

B. Fiasic Ewine  DescriDtion 

The common fea tu res  o f  a l l  engines studied were the d e f i n i t i o n  
of a s t a i n l e s s  s t e e l  i n j ec to r ,  a f lexure  type gimbal mount 
located near the  t h r u s t  chmber  throat ,  and a s e r i e s  p a r a l l e l  
redundant propel lant  valve assembly. The se l ec t ion  of a s t a i n l e s s  
s t e e l  i n j e c t o r  was based on t h e  long l i f e  and minimum serv ic ing  
reqxired for the  space shu t t l e .  An aluminum i n j e c t o r  d e f i n i t i o n  
would reduce engine weight but add the  complexity of alwnifium 
s a l t  formation and corrosion i n  t he  presence of N2O4 plus moisture 
and atmosphsric moisture alone. The spec i f i c  s e l ec t ion  of  304 
s t a i n l e s s  s t e e l  was baaed on t e s t s  which showed 'hat mater ia l  t a  
be l e a s t  suscept ible  t o  p o t e n t i a l  hydrogen embrittlement from H2 
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and H+ generated by the  combustion process Reference 4 ) .  The 

el iminate  cornbustion s t a b i l i t y  s e n s i t i v i t y  through the  fou r th  
t angen t i a l  mode and acoust ic  s l o t s  a t  i t s  ou te r  per iphery t o  
dampen f o r  t he  first r a d i a l  mode of high frequency i n s t a b i l i t y .  
Regenerative cooling of the baffle was se lec ted  t o  minimize the 
ioss of combustion e f f ic iency  (compared t o  "flow through" 
cooling schemes with propel lant  i n j e c t i o n  from the baffle t i p s )  
and t o  insure  low operat ing tem2eratures cons is ten t  w i th  the 
OMfi: thermal cycle  l i f e  requirement. The b a f f l e  and i n j e c t o r  
face coolant s l o t s  were defined t o  e l iminate  a l l  i n j e c t o r  face  
w e l d s  t o  add t o  the  thermal cycle l i f e  capab i l i t y .  The i n j e c t o r  
concept included fuel-ox-fuel t r i p l e t  i n j e c t i o n  elements except 
for t h e  outermost elements which were ox-fuel doublets with thE ox 
o r i f i c e  c l o s e s t  t o  the w a l l .  The t r i p l e t  elements were taken f o r  
m a x i m u m  combustion e f f ic iency;  the  doublet elements provided 
maximum to le rance  t o  o r i f i c e  contamination plugging. Finally,  
the i n j e c t o r  was character ized as providing f u e l  "vortex" film 
cooling. Vortex film cooling c o n s i s t s  of i n j e c t i o n  of f u e l  
through o r i f i c e s  d r i l l e d  t angen t i a l  t o  the  chamber wal l  and 
perpendicular t o  the chamber center l ine .  The vortex f u e l  i n j ec -  
t i o n  occurs i n  a recess  i n  the w a l l  reducing the number of 
i n j e c t i o n  o r i f i c e s  required.  The film cooling approach also 
provides c i rcumferent ia l ly  uniform fiLm i n j e c t i o n  i n  t h e  event 
of malfunction due t o  plugging of one or two of the  i n j e c t i o n  
o r i f i c e s ,  a c a p a b i l i t y  demonstrated with a 600 lb f ,  fuel  vortex 
film cooled chamber a t  BAC (Reference 5). 

common i n j e c t o r  assembly definLtion include 6 a 5 l e g  baffle t o  

The d e f i n i t i o n  of t h e  series - p a r a l l e l  redundant engine valve 
was made t o  maximize engine propel lan t  valve r e l i a b i l i t y .  The 
des ign  c h a r a c t e r i s t i c s  of tha LM Ascent engine valve assembly 
were followed. The valve was scaled t o  each engine point  design 
t o  maintain a nominal pressure drop of 1.4 psi maximum across  
both p a r a l l e l  legs, matching t h e  LM Ascent e;lgine. 

A sketch of t he  f lexure type gimbal mount f o r  the  regenerat ively 
cooled and insulated columbium engines i s  shown i n  Figure 111-2. 
The insu la ted  columbium engines required a c y l i n d r i c a l  s t r u c t u r e  
t o  t i e  t h e  gimbal r i n g  t o  t h e  i n j e c t o r .  The r e l a t i v e l y  high 
columbium chamber wal l  temperature precluded a d i r e c t  s t r u c t u r a l  
mounting o f  t he  gimbal r i n g  t o  t h e  chamber. 

The channel wall  regen t h r u s t  chamber (CWR) was character ized 
as a 304 s t a i n l e s s  s t e e l  l i n e r  w i t h  e l e c t r i c a l  discharge machined 
cooling passages p a r a l l e l  t o  t h e  chamber center l ine .  The cooling 
passage closeout and outer  s h e l l  consis ted of electro-formed 
nickel .  The attachment of t h e  i q j e c t o r  t o  chamber was defined a s  
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a s  a welded j o i n t  (Figure 111-3). The t h r u s t  chamber was 
completed w i t h  a r a d i a t i o n  cooled, columbium/titaniua m z z l e  
extension bolted t o  the  f u e l  coolant i n l e t  manifold. The 
f L 2 1  coolant i n l e t  manifold was located a t  a cham3er divergent 
a rea  r a t i o  of approximately l O : l ,  the loca t ion  be ing  f a r  
enough out  such t h a t  t he  uncooled nozzle extension would not 
exceed 240O0F a t  t h e  des ign  operat ing conditions.  The a t t ach -  
ment f lange and higher  temperature a rea  of  the extension was 
designed t o  use coated columbium. A t i tanium sec t ion  coniyleted 
t h e  nozzle extension, w i t h  t h i s  s ec t ion  welded t o  t h t  zclun:~iun: 
por t ion  a t  an a rea  r a t i o  compatible w i t h  t i tanium opsrat ion.  
The s p e c i f i c  extension a l l o y s  se lec ted  were ClO3 coluxbiuni arid 
6A1-4V t i tanium b a s e d  on t h e  demonstrated formabil i ty  and 
welding of these a l l o y s  for t h e  LM Service Module engine. 

The d r i l l e d  aluminum regen chamber consis ted of a 6061 aluminum 
a l l o y  chamber wi th  d r i l l e d  fue l  cool ing passages (Figure 111-4). 
The i n j e c t o r  t o  chamber attachment required a f lange  j o i n t  wi th  
redundant seals. The nozzle extension d e f i n i t i o n  was t h e  same 
as the  CWR assembly. The tube wal l  chamber consis ted of brazed 
s t a i n l e s s  s tee l  tubes,  weld-on-injector and bolt-on rnzz le  
extension. 

The insu la ted  columbium chamber included a bolt-on i n j e c t o r ,  a 
seamless C l O 3  chamber and weld-cn C l O 3  nozzle extension termin- 
a t i n g  i n  a weld -on t i tanium extension sect ion,  F i  re  111-5. 

on the t e s t  r e s u l t s  of Reference 6. The dynaflex i n s u l a t i o n  was 
terminated a t  an area r a t i o  of 1O:l and included a t h i n  t i t an ium 
o u t e r  s h e l l  t o  hold t h e  i n s u l a t i o n  i n  place aga ins t  t h e  coated 
columbium wall. The insu la t ion  thickness  was t o  be defined t o  
l i m i t  the  outer  sur face  temperature t o  300°F. 

The chamber i n s u l a t i o n  was establ ished as 12 l b / f t  !Y dynaflex based 

The Task I1 LOX engines '  ignit.i.on subsystem i s  shown i n  
Figure 111-6. The to rch  i g n i t o r  f u e l  and oxid izer  feed systems 
included s e r i e s  paral le l  redundant valving and a capac i t i ve  
e x c i t e r .  The subsystem a l s o  inzluded redundant pressure  sensors  
and a power supply/tirner t u  provide t h e  following engine s t a r t  
sequence : 

Spark on 
I g n i t o r  ox valves open 
I g n i t o r  f u e l  valves 
Pressure t ransducer  confirmation of i g n i t o r  

Main propel lan t  valves cqen 
Engine P confirmation 
I g n i t o r  habsystern o f f  

operation 



Bell A
erospace C

om
pany 

111- 7 



B
ell A

arospace C
om

pany 
ORIGINAL PAG

E IS 
OF POOR QUALITY 

M
 I 

H
 

H
 

H
 



;
t
 I 

H
 

H
 

H
 







Bell Aerospace Compmy 

C. O f f - L i m i t s  Operation 

By agreement with NASA-MSC, o f f - l i m i t s  opera t ing  condi t ions were 
c'efined a s  -20% Pc, +12$O/F with a gO°F propel lan t  feed tempera- 
t u r e  and t h a t  each regenerat ive cooled po in t  design ca lcu la ted  
would r e f l e c t  an 80% u t i l i z a t i o n  of  the a v a i l a b L  f u e i  heat s i rA 
a t  thme o f f - l i m i t s  condi t ions or a margin of 0.20. Each regen- 
e r a t i v e  cooled poin t  design ca lcu la ted  would r e f l e c t  an 80% 
u t i l i z a t i o n  of the ava i l ab le  f u e l  heat sink a t  those o f f - l i m i t s  
condi t ions or a margin o f  0.20. Each regenerat ive cooled poin t  
design, therefore ,  exhibi ted a higher margin a t  t he  design p o i n t  
conditions:  

' 

- Tsat - Tout 0.20 
- Opdrerting margin 

regen chambers a t  - 
design poin t  'sat T i n  

where 

= the  f u e l  s a t u r a t i o n  temperature a t  chamber 

= ca lcu la ted  f u e l  coolant temperature t o  the 
Tsat w e s s u r e  

+ AT ;:here AT in j ec t ed  o r i f i c e s ;  Tout = Tin  
i s  t h e  ca l cu la t e& regen passage temperature 
r i se  and TFn = the  .?ngine f u e l  feed temperature. 

Tout 

The o f f - l i m i t s  operat ion represent  12% low fuel feed pressure 
combined wi th  an 8s low oxid izer  feed pressure.  

The off-l.imits d e f i n i t i o n s  were intended t o  cover only those  
propel lan t  feed system malfunctions t h a t  would change t h e  engine 
f u e l  and oxid izer  feed pressures .  The add i t iona l  malfunction 
o f  pressur iz ing  gas i n j e c t i o n  o r  gas bubbles i n  the CME propel lan t  
supply and engine i n j e c t o r  malfunctions which could cause loss 
of  ci rcumferentfal ly  uniform hea t  r e j e c t i o n  were not included 
i n  the o f f - l imi t s  definitions. The add i t iona l  p o t e n t i a l  mal- 
funct ions were included i n  the engine technica l  r a t i n g s  as 
described in sub-section G. 

The o f f - l i m i t s  condi t ions of  high O/F and low PC w i t h  high 
propel lan t  feed temperatures represent  t he  worst case o f f - l i m i t s  
condition; t h e  high O/F and low Pc reduced t h e  f u e l  c o ) l a n t  flow 
r a t e  increas ing  i t s  temperature r i se  while the heat r e j ec t ed  t o  
t he  coolant increases .  The heat f lux  increases  because t h e  
reduction of the  gas s i d e  heat  t r a n s f e r  c o e f f i c i e n t  a t  reduced 
Pc i s  more than o f f s e t  by t h e  increased gas drLving temperature. 
As will be discussed la ter ,  t he  d r iv ing  temperature i s  a funct ion 
of the vortex f i l m  coolant flow and tha t  f i lm coolant flow i s  a 
f ixed percentage of  the  f u e l  flow t o  the  i n j e c t o r .  Thus, t h e  
reduce6 f u e l  f low a t  high O/F and low Pc resu l ted  i n  a d r iv ing  
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gas temperature increase  gres':er than t h e  decrease i n  t h e  gas 
s i d e  heat t r a n s f e r  cqeff ic ien, .  

The u t i l i z a t i o n  Df 80$ O P  t he  ava i lab le  heat  s ink  a t  t h e  o f f -  
limits conditions a s  a regen chamber design cons t r a in t  recogn.-zes 
the need f o r  e s s e n t i a l l y  100% OME r e l i a b i l i t y  and sa fe ty .  I f  
the  f u e l  temperature were t o  reach sacmat ion  downstream of the  
regenerat ively cooled passages t h e  bo i l i ng  f u e l  would cause a 
loss of f u e l  flow control ;  t he  f u e l  flow wouA3 drop rapidly 
caujine; burnout of t h e  chamber and, po ten t ia l ly ,  damage t o  the 
s h u t t l e  i t s e l f .  The preceeding conditions would argue f o r  
conservatism i n  t h e  s e l e c t i o n  of  t h e  u t i l i z a t i o n  o f  avai.'abl? 
heat sink, 80s u t i l i z a t i o n  would appear t o  be ';oo high. On the  
o ther  hand, t he  o s s i b i l i t y  o f  departure f ron  the design condi t ions 
by -lo$ P , +12 P O/F together  wi th  a gO°F propel lant  feed temperature 
i s  undoub%-dly remcte given the r e l i a b i l i t y  t h a t  w i l l  be ir,:orpor- 
a ted i n  t h e  OME propel lan t  fe-.d system through redundant) of' 
pressure regula tors  e tc . ,  and incorporat ion of pressure and temper- 
a ture  sensors t o  guard aga ins t  operat ion i n  a degraded mode. I n  
addi t ion,  t h e  thermal cont ro l  of N2O,$/Amine propel lant  which has 
been demonstrated by the  Apollo program suggests t h a t  t he  occurrence 
of piApellant feed temperatures above +gO"F i s  remote. The Task 
I1 oxid izer  vlrould requi re  LOX tank in su la t ion  and proper i s o l a t i o n  
of LOX and f u e l  i n  t h e  ONE propel lant  valve t o  prevent f reez ing  
of t he  fue l .  The Task I1 propel lan ts  would requi re  g rea t e r  care  
of e.igine and tankage design but  PO insurmour,able problems would 
be an t ic ipa ted .  Thus, t he re  i s  R  lo^ probab i l i t y  of OME operat ion 
a t  the  worst case o f f - l imi t s  condi t ions which argdes foi. idduced 
regenerative engine t h e m a l  design margin. 

Another f a c t o r  associated wi th  u t i l i z a t i o n  of a 1;trgt Terczntage 
of ava i lab le  heat  s ink  i s  the  an t ic ipa ted  run-tc-run a c d  engine- 
to-engine to le rance  for t he  regen coolirlg passage tempertiture 
r i s e .  L o w  ternperrture r i s e  tolerance has beer, achieved by  t h e  
Agena engine, +lOUF. That tolerance should be achievable wi th  
t h e  OME engine. 

The se l ec t ion  of t h e  o f f - l imi t s  def ini t ion, ;  was judged t o  
recognize both the  ‘iced f o r  high rel iabi l2 . ty  arid s a f e t y  toge ther  
with f h e  low p robab i l i t y  of  wide departure from the nominal 
operat lng conditions.  

The o f f - l i m i t s  design margin d e f i n i t i o n  o f  t k l e  i.n:;ulated 
columbium engine was taken as follows: 

Margin = TSL - Teff 
TSL - Tnom 
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= the  s t r u c t u r a l  l i m i t  temperature t h e  coated 
columbium. 

= t h e  ca lcu la ted  maximum columbium temperature 
at  t h e  off-l imits condi t ions.  

= t h e  ca lcu la ted  m a x i m m  columbium temper i t u r e  
a t  t h e  des ign  conditions.  

TsL 

Tof f 

*nom 

The log ic  f o r  the establishment of t he  I c b  chamoer margin 
d e f i n i t i o n  included the following: 

-The regenerat ive margin d e f i n i t i c n  inc ludes  a r e l a t i v e l y  sho r t  
durat ion condition; w i d e  departure  of engine opera t ion  from 
nominal and approaching the o f f - l i m i t s  d e f i n i t i o n  could be sensed 
i n  f l ight ,  and co r rec t ive  ac t ion  taken. A t  worst, t h e  l i m i t s  
encompass one mission o r  approximately 1000 seconds of f i r i n g .  

-Ir, the -3ntext of r e l a t i v e l y  short dura t ion  off l i m i t s  operat ion,  
the columbium coat ing temperature l i m i t  i s  approximately 3000°F 
and the  l o s s  of coat ing would not immediately compromise the  
engine operation. An uncoated chamber opera t ing  i n  a vacuum would 
probably survive io00 seconds of f i r i n g .  The coa t ing  a c t s  p r i m a r i l y  
as a barrier t o  hydrogen embrittlement given the reducing atmos- 
phere & G  the w a l l  from t h e  f i lm coolant .  Uncoated columbium 
sec t ions  were embrit t led t o  a depth of 0.010 inches af ter  2400 
seconds of exposure t o  N2H4 decomposition gases. 

-The stress rupture  l i f e  of colu.nbium a l l o y s  a t  var ious tempera- 
t u r e s  i s  ckdwn i n  Figure 111-7. The f i g u r e  a lso gives short term 
thickness requirements as a funct ion of temperature. 
2a ta  w i t h  vortex f i l m  cool ing shows t h a t  the maximum chamber 
temperature i s  a t  Least 600°F less than a t  the t h r o a t  station.) 
SCb 291 columbium would prc>vide a high stress rupture  l i f e  and 
shor t  term yield s t r eng th  w i t h  a th roa t  tfAckness of l e s s  than 
0.10 inches. More e a s i l y  fabr ica ted  ClO3 columbium could provide  
adequate l l f e  and sl!?rt term s t r eng th  a t  0.19 inch wall  thickness  
a t  the  th roa t .  With a C l O ?  chamber, t h e  shor t  term s t r u c t u r a l  
temperature l i m i t  i s 3000' F. 

(Thermocouple 

-Thz maximum operat ing temperature tolerance f o r  vortex f i l m  
c3oled chambers 5 s approximately +50°F. 

-Vith Tnb,,, defined as 2400"F, t h e  predicted oper-ztting tempers-  
t u re  f o r  minus 10% Tc, +12$ O/F and 90" propel lan t  feed ternpiera- 
t u r e  i s  approximat. ~ l y  ~~ou'F, including a +5L\"F t o l e r a n c e .  
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The Icb  margin wi th  t h e  above d e i - , i i t i o n s  and ca lcu la ted  values  
a t  the o f f - l i m i t s  condi t ions would be: 

o r  considerably g r e a t e r  than the  regenerat ive cooled margin of 
0.20 a t  t h e  o f f  l i m i t s  condition. The problem with the d e f i n i -  
tior, of t h e  Icb margin r e l a t i v e  t o  t h a t  of the  regen chambers 
i s  the d i f f i c u l t y  i n  s e l e c t i n g  a cominal temperature, Tnom., 
comparable t o  the  regen T i g .  t he  f u e l  feed temperature. 
d e f i n i t i o n  of  Tnom of  2400 F may be somewhat op t imis t i c  f o r  
t h e  purposes of  margin de f in i t i on .  If Tnom were redefined 
as a minimum temperature of    GOO OF represent ing  e s s e n t i a l l y  
unlimited l i f e ,  Icb margin would be: 

The 

3°00-2600 = 0.20 = regen margin d e f i n i t i o n  
3000-l000 

Therefore, t h e  s e l e c t i o n  of a nominal opera t ing  temperature 
240O0F agains t  an upper l i m i t  of  3OOO" appears t o  provide an 
o f f - l imi t s  operat ing maigin a t  l e a s t  com-Jarable t o  t h e  regen 
de f in i t i on .  

The second element of regen chamber coolirlg margin, t he  ratio 
of max.imum ca lcu la ted  heat flux t o  burnout heat  flux was defined 
as 0.67 a t  the  o f f  l i m i t s  conditions.  The burnout mechanism 
addressed here i s  t h a t  associated wi th  film cooling i n  the 
regenerat ive cooled passages a t  s u f f i c i e n t l y  high hea t  f l ux  o r  
Q/A and/or l o w  coolant veloci ty .  Q/A burnout limits were 
es tab l i shed  empir ical ly  by flow t e s t i n g  var ious p rope l l an t s  
through e l e c t r i c a l l y  heated tube sec t ions  by seve ra l  i n v e s t i -  
gators,  (Reference 7 ) .  
p lo t t ed  aga ins t  VAT sub, the  ve loc i ty  i n  the  heated tube s e c t i o n  
times the  temperature d i f fe rence  between the propel lan t  s a t u r a t i o n  
temperature i n  the  tube sec t ion  and the  recorded f l u i d  temperature. 
The burnout equation employed i n  t h e  regen engine ca l cu la t ions  i s  
superimposed on t h e  data .  Also included is  da ta  from Task V I 1  
of the con t r ac t  e f f o r t ,  comparative t e s t i n g  of MMH and MMH wi th  
s i l i c o n e  o i l  add i t ive .  The equation se lec ted  should be conserva- 
t i v e ,  most of t h e  uata shown was recorded f o r  t e s t  condi t ions 
which d i d  not r e s u l t  i n  burnout of the t e s t  sec t ion .  

Q/A data f o r  MMH i s  shown in Figure 111-8 

The f i n a l  t op ic  under o f f - l i m i t s  opera t ion  i s  i n j e c t o r  baff le  
and face cooling. Fuel c .> l ing  of t he  Icb engine i n j e c t o r  was 
r e a d i l y  accomplished w i t h  h igh  thermal margins. Oxidizer 
cool ing was assumed f o r  the regenerat ive cooled ?I2014 ox id ize r  
engines t o  increase  the  predicted ISP. 
the  regen chamber and i n j e c t o r  were assumed t h e  increased mount  
Oi' gas s ide  fuel f i l m  coolant r e q u i r e d  t o  meet t h e  thermal 
..:argi.rls would reduce Isp. 

If f u e l  cooling of b o t h  

Fuel  cooling o f  b o t h  the chw,ber  dnd 
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PE4I-I ULTIFiTE HEAT FLUX 

0 BELL DATA MMH 
BELL DATA MMH + 1% Si 
ROCKETDYNE DATA (BURNOUT) 

x ROCKETDYNE 
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i n j e c t o r  was required f o r  the Task I1 LOX engines due t o  t h e  
small temperature d i f fe reme between LOX feed temperature and 
i t s  sa tu ra t ion  temperature a t  climber pressure.  

D. Engine Cornouter Program. General 

With t h e  exceptio:: of t h e  tube wall regen engine, a l l  nominal 
and parametric etlgine da ta  was calculated using all engine design 
computer program designated ADEPT (Advanced Cesign Sngine 
Parametric Techco loa ) .  Each point  design was a separate,  ?om- 
p l e t e  series of  ca l cu la t ions  w i t h  a p r i n t  out  of approxiriatzly 
110 i t e m s  of  performance, temperature, weight and physical  
dimensions t o  def ine the point  design. Selected output data 
required f o r  the parametric cases  was a l s o  punched on cards  for 
machine p lo t t i ng .  The l a r g e  number of ca l cu la t ions  required f o r  
t h e  cases  and da ta  defined by Tables I through 111, suggested 
t h a t  the  most cos t  e f f e c t i v e  and accura te  way t o  c a r r y  out  t he  
work would be by def in ing  il complete engine computer program. 
The Task 1 and I1 e f f o r t  centered around t h e  ADEPT program 
de f in i t i on .  This sec t ion  w i l l  b r i e f l y  descr ibe t h e  gerieral 
f ea tu res  of  the  OME engine computer program. The following 
sec t ion  w i l l  descr ibe t h e  d e t a i l  inputs,  def in ing  equations and 
subroutines which were incorporated. 

Figure 111-9 gives  the  basic flow o f  the machine ca l cu la t ions  
f o r  the regenerat ive cooled engines. The program input  includes 
type o f  chamber CWR o r  DAR), t h e  propel lant  combination, engine 
nominal F, Pc, 0 5 F, nozzle e x i t  diameter, nozzle $ b e l l  and 
chamber L*. The o f f - l i m i t s  condi t ions of Pc, O/F and feed 
temperature and the  required thermal margin a t  those condi t ions 
complete t h e  input.  As discussed above, t h e  o f f  l i m i t s  condi t ions 
were set  a t  +12$ O/F, -10% Pc and +gO"F. 

The f irst  s t ep  i n  t h e  ca l cu la t ions  i s  a t r i a l  f u e l  vortex f i l m  
temperature from which a f u e l  vortex flow r a t e  i s  calculated.  
I t e r a t i v e  cooling ca lcu la t ions  a r e - s t a r t e d  w i t h  i n i t i a l  values  
of  nominal propel lant  flow ra t e s ,  Wn9my and by o f f  l i m i t s  
de f in i t i on ,  $off l i m i t : ,  za lculated therefrom. The i t e r a t i o n  
includes ca l cu la t ion  of Cf f o r  t h e  propel lan t  combination, 
mixture r a t i o ,  $ b e l l  and e x i t  diameter, t h r o a t  a rea  from 
F = P c A t C f ,  chamber diameter from a defined func t iona l  r e l a t ion -  
sh ip  f o r  t he  t h r u s t  l e v e l  and P, toge ther  wi th  equations f o r  c* 
which p red ic t  t h e  combustion e f f i c i ency  a s  a funct ion of  t h e  
amount of  f i l m  cooling, p r o p e l l a n t  combination and mixture r a t i o .  
A subroutine ca l cu la t e s  t h e  chamber divergent nozzle area r a t i o  
based on t h e  operat ing conditions and the  upper temperature l i m i t  
for t h e  r ad ia t ion  cooled nozzle extension. The i t e r ab ion  continues 
wi th  cooling passage d e f i n i t i o n s  from a heat  t r a n s f e r  rout ine  
i n i t i a l l y  f o r  t h e  o f f  l i m i t s  d e f in i t i ons .  I n i t i a l  t h roa t  cool ing 
passage s i z e s  a r e  assumed and t h e  thermal ca l cu la t ions  i t e r a t e  
t he  passage s i zes  aga ins t  t h e  burnout heat f l u x  margin. The f u e l  
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temperature r i s e  f o r  the  N204 propellant, cases  i s  then compared 
aga ins t  t ha t  margin d e f i n i t i o n .  The LOX cases  include the  
ca l cu la t ion  of t he  add i t iona l  f u e l  hea t  input  f o r  i n j e c t o r  
cooling. The N2O4 i n j e c t o r  cooling subroutine outputs  the  
thermal  margin f o r  t h a t  heat  t r a n s f e r  process.  The compar'son 

r e s u l t s  i n  a reset of the  b a r r j e r  flow i f  t h a t  c r i t e r i a  i s  not 
met and ca lcua t ions  a r e  repeated u n t i l  it i s  met. 
cases, the f u e l  cool ing margin which can be acnieved is  outputed.) 
Those cases  were encountered i n  t h e  parametric ca l cu la t ions  and 
w i l l  be discussed i n  the following sec t ions .  After t he  o f f - l i n i i t s  
margin is m e t ,  ( o r  ca l cu la t ed ) ,  t h e  program continues with a 
ca l cu la t ion  of t h e  heat t r a n s f e r  t o  t he  fuel  a t  the input nominal 
condi t ions of Pc, O/F and propel lan t  feed temperature us ing  t h e  
chamber geometry d e f i n i t i o n  from t h e  preceding i t e r a t ive  o f f -  
limits ca lcu la t ions .  The ca l cu la t ion  of t he  chamber coolant 
ve loc i ty  a t  each s t a t i o n  allows an i n t e g r a t i o n  f o r  t o t a l  j acke t  
pressure drop. 

of f u e l  temperature rise aga ins t  t he  o f f  l i m i t s  margin of-0.2 5, 
( I n  some 

The chamber coolant passage d e f i n i t i o n  and thermal c a l c u l a t i o n s  
a.re then compared aga ins t  the minimum f a b r i c a t i o n  dimensions 
f o r  t h e  cool ing passages and t h e  gas s i d e  w a l l  temperature l i m i t s .  
The wall temperature (Twg) l i m i t s  f o r  the  operat ion a t  t h e  po in t  
design are based on preliminary thermal cycle  l i f e  ca l cu la t ions .  
Upper temperature l i m i t s  were defined f o r  each regen chamber i n  
order t h a t  the chamber be capable of '+OOO thermal cyc les  of 
operation. If the  coolant passages were smaller  t han  t h e  defined 
minimum passage s i z e  and/or t h e  Twg exceeded t h e  upper temperature 
l i m i t  f o r  cyc le  l i f e ,  t h e  case was reca lcu la ted  a t  an increased 
f u e l  film coolant flow. When those condi t ions were m e t  the  engine 
f u e l  and oxid izer  feed pressures  a r e  ca lcu la ted  from the  appro- 
p r i a t e  d e f i n i t i o n  of f ixed pressure d rops  toge ther  wi th  t he  calcu- 
l a t ed  chamber cool ing passage, in jeTtor  cooling passage and 
combustion zone pressure drops. 

The area r a t i o  f o r  the  nozzle extension junc t ion  between columbium 
and t i tanium i s  ca lcu la ted  based on an upper s t r u c t u r a l  tempera- 
t u r e  l i m i t  of the  t i tanium. The chamber ou te r  s h e l l  thickness  
d e f i n i t i o n s  a r e  based on pressure and inner  w a l l  thermal loads.  
The i n j e c t o r  thicknesses  were defined as a funct ion of chamber 
pressure and chamber diameter f o r  adequate s t r u c t u r a l  s t r eng th .  
The aux i l i a ry  weights, valve assembly, gimbal r i n g  and gimbal 
r i n g  mount a r e  ca lcu la ted  by equations based on prel iminary 
design of  those subassemblies. The combustion chamber and nozzle 
extension thickness  d e f i n i t i o n s  a r e  checked aga ins t  o r  s e t  by 
minimum gage d e f i n i t i o n s  f o r  f ab r i ca t ion .  The weight c a l c u l a t i o n  
of t h e  t h r u s t  chamber follows, completing the  engine weight 
d e f i n i t i o n  as the f i n a l  s t e p  o f  t he  regenerat ive cooled engine 
ca lcu la t ions .  

I 

! 
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The por t ion  of the ADEPT program f o r  t h e  insu la ted  columbium 
chamber and engine i s  less complex than the  regenerat ive cases  
(Figure 111-10). The input  includes a t r i a l  value of t he  f u e l  
vortex film cool ing flow r a t e .  Calculat ion of t h e  a rea  ra t io ,  

, and Cd "actual"  (pred ic ted)  i s  followed by determination 
of c* base on a func t iona l  r e l a t ionsh ip  between the  combustior. 
e f f ic iency ,  t he  chamber L* and the  f u e l  vortex f i lm coolant 
flow ra t e ,  p . The complete chamber geoinetry i s  e s t ab l i shed  
including t h e  chamber i n s u l a t i o n  thickness  for an e x t e r n a l  
temperature of  300°F. 
a t  divergent nozzle a rea  ratio of 1 O : l . )  The c a l c u l a t i o n  of 
t h e  lnaximum columbium wall temperature frcm Tmax =f (f , c* ,  
Pc, A t )  f o r  nominal and o f f  l i m i t s  condi t ions r e s u l t s  i n  
i t e r a t i o n  of  f u n t i l  Tmax = 2400°F f o r  nominal operat ion.  
I n j e c t o r  f u e l  cool ing margin ca l cu la t ions  a r e  followed by 
d e f i n i t i o n  of engine f u e l  pressures ,  and weights s imi l a r  t o  
t h e  regenerat ive cooled engines. The I c ~  engine includes the  
d e f i n i t i o n  of t i t an ium f o r  t h e  nozzle extension downstream of 
the a rea  r a t i o  a t  which the  ca lcu la ted  extension temperature 
equals t h e  s t r u c t u r a l  temperature l i m i t  f o r  t i tanium. 

(The i n s u l a t i o n  i s  assumed t o  tern?inat.e 

E. Calculat ion Def in i t ions  

1) Thrust Coeff ic ien t  
The thrust  c o e f f i c i e n t  a t  i n f i n i t e  a l t i t u d e  Cf 
as follows: a> 

was ca l cu la t ed  

Where : 
= boundary l a y e r  e f f i c i ency  

DIV = divergence e f f i c i ency  

z K I N E T I C  = k i n e t i c  e f f i c i ency  

C = s h i f t i n g  equilibrium t h r u s t  c o e f f i c i e n t  
f m  S.E.  a t  i n f i n i t e  a l t i t u d e  

The th ree  e f f i c i e n c i e s  recognize the  divergent nozzle l o s s e s  
given homogeneous, 100% s h i f t i n g  equilibrium product of combustion 
a t  t h e  physical  t h r o a t  plane.  The departure  of the  real  case from 
homogeneous, 100% s h i f t i n g  equilibrium gases a t  t h e  Fhysical  
t h roa t  plane were considered t o  be self-compensating based on t e s t  
r e s u l t s  w i t h  various t h r u s t  chambers a t  BAC which a r e  described 
i n  t h e  following paragraph. The lack  of 100s s h i f t i n g  equilibrium 
gas products, the  combustion process i s  not 100% e f f i c i e n t  
r e l a t i v e  t o  t h a t  c r i t e r i a ,  and t h e  curvature  of  the  sonic ve loc i ty  
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l o c a t i o n  r e l a t i v e  t o  a geometric t h r o a t  diameter tend t o  reduce 
C . The lack of gas radial homogeneity, "core" gases with an 
OSF above the O/F of the  engine feed i s  surrounded by a heat 
f u e l  film a t  the  wall w i t h  zero O/F,  increases  Cf i n  t he  range 
o f  f i l m  coolant flows under considerat ion.  

Regression ana lys i s  of a l t i t u d e  t e s t  data f o r  a 600 l b  t h r u s t  
u n i t  operat ing wi th  zero t o  13% vortex f i l m  coolant flow (fillr. 
coolant t o t a l  p rope l lan t  flow = . l3) shows t h a t  recorded Pc, 
and vortex flow values are not s t a t i s t i c a l l y  s i g n i f i c a n t  
r e l a t i v e  t o  the  Cf determined by recorded t h r u s t  and Pcr 

measuremen cF = F'pcAt* corrected t o  the  operat ing temperature. Tk;e lack  
of c o r r e l a t i o n  of Cf with P, and vortex flow a l s o  i n d i c a t e s  a 
lack  of  dependence o f  Cf on the  a c t u a l  conbustion e f f i c i ency .  
Therefore, t h e  average Cy value f o r  t he  t e s t s ,  1.736 i s  t h e  
best es t imate  of Cf .  The ca lcu la ted  value of Cf = && ~DI- 

C for the  nominal P, and t h r u s t e r  /F i s  1.7322. 

The t e s t  da';a and analyses  support the s e l e c t i o n  of t h e  method 
of Cf, c a l cu la t ion  employed i n  t he  ADEPT program. 

The t h r u s t  c o e f f i c i e n t  e f f i c i e n c i e s  employed f o r  t he  machine 
ca l cu la t ions  were incorporated i n t o  t h e  program as follows: 

4 L: 15 sample Cf, c a l cu la t ions  were made w i t h  t h e  J A N N A F  
TBR, tu rbulen t  boundary layer ,  program and those r e s u l t s  were 
compared wi th  one dimensional i nv i sc id  Cf f o r  t h e  same nozzles. 
The nozzles were representa t ive  of the t o p a l  rafige of nozzle s i z e s .  

the  TBL and inv i sc id  values  provided V B ~ .  
% u ~ ~ t ~ o f  ~ B L  were inputed a s  a table  w i t h  provis ion f o r  l i n e a r  
i n t e rpo la t ion .  

~ D I V :  defined by equation as a funct ion of a rea  r a t i o  and 
nozzle length f o r  optimum RAO nozzles. The equation was 
es tab l i shed  by curve f i t t i n g  da ta  po in t s  from JANNAF TDK computer 
program data spanning the range of nozzle geometries. The two 
dimensional values were compared wi th  one dimensional ca lcu la-  
t i o n s  t o  def ine an e f f ic iency .  

<KINETIC: 
of the r a t i o  of one dimensional k i n e t i c  computer output t o  one 
dimensional equilibrium da ta .  Standard JANNAF ODK and ODE 
programs were employed. Twelve t o  25 ODK values were chlculated 
f o r  each propel lan t  combination depending on the  parametric range 
t o  be calculated by the  engine IJrogram. 

The value o f  t h roa t  a r e a  i s  based on t h r o a t  

KINETIC f, S.E. 

The 15 

ca lcu la ted  by curve f i t  equation of se lec ted  p o i n t s  
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: the  s h i f t i n g  equilibrium values of t h e  t h r u s t  foo S.E. 
C 
coef f ic ien t  a t  i n f i n i t e  a l t i t u d e  were inputed i n  t a b u l a r  form 
for each propel lant  combination as a funct ion of Pc, O,/F and 
area r a t i c .  Linear i n t e rpo la t ion  o f  the  t abu la r  dat,a was 
included. 

2) Fuel Vortex Gas F i l n  Temperature, T ilm 

Tf i l rn  i s  employed as t h e  dr iv ing  gas temperature f o r  t he  
regenerative cooling calcu1a;ions a t  r e l g t i v e l y  low values of 
f i e 1  f i l m  cooling r a t i o , p ,  w f u e l  f i h / w  t o t a l  flow. Values 
f o r  the  regenerat ive cooled engines were general ly  l e s s  than 4$. 
lPz;m was a l s o  taken as the  wall temperature o f  t h e  insu la ted  
columbium t h r u s t  chambers wi th  values o f p i n  the  range o f  l O i b  
t o  provide columbium temperatures a t  a m a x i m u m  of 24C3"r'. 
Table V shows t h e  func t iona l  r e l a t ionsh ip  between T f i l m  and p *  wheref -  
i s  defined i n  terms o f  P , the  vortex f i l m  cooling length L, 
t h e  chamber diameter Dc, t he  c h a r a c t e r i s t i c  ve loc i ty  e*, 
chamber pressure Pc and the  area of t he  throa t ,  A t .  The 
der iva t ion  of t he  vortex cooling parameter, p *, i s  described 
i n  Reference 5. Fuel vortex f i l m  cooling i s  accomplished by 
t angen t i a l  i n j e c t i o n  of  l i qu id  f u e l  on t h e  w a l l  j u s t  downstream 
of t h e  i n j e c t o r  as described e a r l i e r .  

The values of the  constants  i n  t h e  T f i h ,  f * equation of Table 
V were based on t e s t  data, t he  t h e o r e t i c a l  corr.bustion temperature 
of t h e  propel lant  combination a t  and O/F, and the  f u e l  
decomposition temperature o r  normal poin t  a t  chamber 
pressure.  Figure 111-11 shows the  * re la t ionships  f o r  
N2O4 w i t h  MMH and N204/50-50 blend propel lants .  
T f i h  approaches the  t h e o r e t i c a l  combustion temperature of t h e  
propel lan ts  adjusted downward by an assumed combustion e f f ic iency .  
A t  h igh values of f u e l  vortex fi lm cooling f and / * T f i h  
approaches the  decomposition temperature of the  amine fue l s .  The 
figure includes f i r i n g  d a t a  which was ava i lab le  a t  tIAd t i m e  of  
the  T a s k  I and I1 e f f o r t  which defined the  shape of t h e  curve 

The Tm8)cr p * equatioi: cons+.ants of Table V f o r  t h e  LOX/Amine 
propellan: combinations were estimated based on the  N204/Amine 
t e s t  da ta  w i t h  adjustment of t he  curves t o  r e f l e c t  the combustion 
temperature a t  optimum Isp mixture r a t i o s .  
LOX/C3Hg and L O X / R P l  r e f l e c t  t h e  decrease of Tmax t o  the  bo i l ing  
point of t h e  f u e i  a t  high values 7f  4 and f * ,  
,Two data  poin ts  were obtained witn a 600 l b f  chamber with N204/ 
50-50 blend propel lan ts  i n j e c t o r  feed and separa te ly  f e d  C 118 

l i n e a r l y  upward st those poin ts  f o r  t he  combustion t e r .  e ra tu re  
r a t i o s  of LOX and the  f u e l s  t o  t h a t  of  N29)4/50-:,0. 

A t  * = C 

between the  l i m i t s  of  high values of  ,@* and ( *  = o .  

The values f o r  

Figure 111-12. 

and R P 1  vortex cooling. The Tmax, e * curves were a d j u s t e  a 

I I I - 2 4 
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ENGINE COMPUTER PROGRAM - GENERAL - REGENERATIVE COOLING 

SELECT ENGINE CONFIGURATION 

I 
ROUTINE FOR NOZZLE EXTENSION 

OETERMINL A/% 1 lPe.U.o/F. TF~W. .  . ) e NOZZLE EXTENSION e- -- 
TRANSFER 
ROUtlNL 

I ---- - -  
COOLANT OLTERMINE 

CALCULATE 
NOMINAL HEAT 

TRANSFER 

CHAMBER GEOMETRY 

b (LOX PROP) l%Oi PROP) 

FUELOT CALCULATE - I 

I VCOOLANT AND bP . 
CALCULATE 

MARGIN 

b 
IS COOLANT 

VELOCITV <MAXIMUM 
I CALCULATE FFP,OFP 

NO 

i IS MARGIN > 0.2 + VES - 
YES 

DCTERMINE 
NOZZLE TITANIUM 

CUTOFF 
I 
t 

CALCULATE 
CALCULATE CHAMBER AUXILIARY WEIGHTS AN0 INJECTOR THICKNESSES 

A e E  THlCKNEFjES 

FABRICATION GAGES 

EMCINE WEIGHT 
I I 

F I G U R E  v- 
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3 )  C+, Charac ter i s t lc  Velocity Equations 

The most appl icable  I:* dabs ava i lab le  f o r  t h r u s t  c!:ai:iber o p r a t i o n  
with f i e 1  vortex filn coo!ing c,-nsisted of a s e r i e s  of t,ests con- 
ducted with an unbaffled LM ascsn t  engine i n j e c t c r .  ‘rhe f i r i n g s  
were lrade &,, a nonlinal P,- o f  12’: p s i a  and an O/F o f  sy?roximately 
1-60. The data  i s  shown i n  Figure 111-13 together  with t.hc c* 
equation included i n  the  ADZPT program f c r  N20q./aminz con:binatioiis. 
The equation selected was approiimately 1% lower t.han t h e  da t a  
f o r  an L* of  3 1  i nches  based an arl an t ic ipa ted  reduct ion of 
combustion e f f i c i ency  f o r  the  defined OME i n j e c t o r s  whizh included 
f i v e  l e g  b a f f l e s  as described ir. sub-section B. Yilt;. project ior ,  
qf t h e  ?+ ?quati02 t o  t he  lower values of , appl icable  t o  t he  

experience t h a t  a reasoiiabLe upper l i m i t  of c*- f o r  operat ion with 
na f i l m  coolant i s  aFpraximateiy 93$ of t h e o r e t i c a l  c h a r a c t e r i s t i c  
velc 2 i t y  . 
The N204/Arr?ine I:* eqrxation was assumed t o  be  applicaSle t o  t h e  
LOX/Amine combinations. ?“ne cont r ibu t ion  o f  the vortex c m l a i t  
f low,  4320p f t l s e c ,  t o  t h e  t o t a l  c +  was assumed t o  be  constant  
with LOX oxidizei.. The c*  equations f o r  LOX/RP-l snd LOX/C$-I8 
were based zn the l imited f i r i n g  d a t a  a t  600 l b f  describcd 
i n  the  preceding sect ion.  Tkle t e s t s  inqicated a reduced c* 
contr ibut ion with R17-1 m d  C3‘18 equivalent t o  1600f apd 1500 
respect ively.  Thus the ?* equat.i.orl fcr LOX/RP- l  becaae: 

regenerative c3oled chanber opzratior,,  was 4 based on previous 

t 

where 
= tile LheoretLcal -ralue a t  t he  

il; j ec t o  r O/F core C*  

Ol’F core = (O/F)T 

’ - P  ( O m T  
and 

(O/F)T = the  engine t o t a l  o r  o v e r a l l  mixture 
r a t i o  

4) Chamber Geometrv 

c 

! 
L 

i 
i 

Combustion chamber ins ide  diamEter was defifled (Figure 111-14) 
?y considerat ions of ccrmhustio.i zff ic iency,  vorte.: f i lm cooling 
ef’fectivenGss t o t a l  heat re jec ted  t o  t he  regenerative coolant,, 
pressure drop across  t he  combustion zone, erlg;in? lenqth,  and 
i n j eq to r  p l u s  co1,:bustion chamber weight. With the  exception 

.. . i 
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of weight, the  considerat ions favor  larger diameter u n i t s .  The 
r e l a t i v e l y  h igh  performance, pressure f e d ,  N2O4/5O-?Q blend, Is4 
Ascent and Service Module Sngines were character izea by t h r u s t  
t o  conibustor a rea  r a t i o s  of 72 and approximately 80 lbf./i:tc 
respect ively.  Those t h r u s t  t o  area r a t i o s  t r a n s l a t e  t o  113.0 
and 9.4 inch Dc respec t ive ly  f o r  t he  normal SE; ONE engine. 
Contraction r a t i o s  above 3.0 reduce t h e  pressure drop acr3s.s 
-,he cornbustion zone t o  l e s s  than 2 ps i ,  favoring the l a r g e r  
of t h e  two II minal t n r u s t  engines. The funca t iona l  r e l a t i c i s h i p  
of Tmax and!+ and t!?e d e f i n i t i o n  o f t *  favors lower r a t i o s  af 
chamber lefigth ( i n j e c t o r  face  t o  t h r o a t )  t o  chamber dianieter 
r a t i a s  o r  chanber d i a w t e r s  aFproaching chan.ber lengths.  Far  
t h e  case of  equal  combustion volumes and using c l a s s i c a l  !:eat 
t r a n s f e r  equations a t  a chamber pressure o f  125 ps ia ,  an *3 inc? 
diameter chamber would r e j e c t  over 30$ m G r e  heat  t o  the  f u e l  
regenerative coolar,+ than  a 10 inch diameter chamber. With 
.ninimum length engines, and a f ixed  diameter e x i t  of 59 inches, 
t h e  length d i f fe rence  f o r  6 K  engines w i t h  a n  L* of 30 inches 
represents  approximately 0.4 seconds Is advantage fc>r a 13 
inch diameter u n i t  r e l a t i v e  t o  an 8 incR d i a r e t e r  assembly. 
The weight penal ty  f o r  equal combustion v 0 l w . e ~  i s  approximately 
10 l b s  f o r  t h e  case of t h e  nominal OME engine f a r  a 10 inch 
diameter chamber versus an 8 lnch diameter u n i t .  

3 

I n  general ,  t h e  comparisons o f  t he  e f f e c t s  of chamber dlaneter  
suggested t h a t  t h e  sho r t e r  length,  lower pressure drop larger 
aian;eter chambers designed f o r  a t h r u s t  area r a t i o  combustor 
of approximately 70 lbf / in2  a t  nominal cklamber p ressures  would 
o f f s e t  t h e  iricreased weight of  those e n g i n e s  r e l a t l v z  t o  smaller 
diameter designs.  The net  advantage of t h e  l a r g e r  diameter 
ur i l ts  defiped by Figure 111-14 would be reduced coolafit heat 
f lux,  increased f i l m  coolant e f fec t iveness  arid F o t e n t i a l l y  higher 
combustion e f f i c i ency  . 
The c h a r a c t e r i s t i c  chamber lengths  were selected on the  b a s i s  
of  t h e  t e s t  f i r i n g s  with vortex film cooling a t  3400 l b f ,  t he  
L* ' s  o f  the  LM Ascent and SM Engines and l i t e r a t u r e  data  f o r  
LOX/Amine and LOX/Hydrocarbon un i t s .  The se lec ted  L* was 30 
inches f o r  a l l  propel lant  combinations w i t h  t he  exception of 
:3X/RP-1 which w a s  taken a s  40 iaches.  

5) Thermal Calculat ions;  Regenerative L a l e d  Chambers 

The machine ca l cu la t ions  f o r  the heat iripiil,  to tkt: r2t;lcricratlve 
f u e l  coolant involved an i t e r a t i v e  process a s  described e a r l i e r .  
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CALCULATION D E F I N I T I O N S  CHAMBER GEOXETRY 
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The bas i c  regenerat ive cool ing equation 

Q/A = ( T  film-Twg) = k (TkigT1) = h 4  (T,L - T bulk) 

’ LA 
required subroutines t o  e s t a b l i s h  t h e  t o t a l  (?!lamher length 5, 

t h roa t  was adjusted t o  provide t h e  defined margin relat , ivt .  t-,) 
t he  burnout heat  f lux.  The subroutincs and t h e  dt3fi:iitiori o f  
burno:it heat  f lux a re  described i n  the fallowing paragraphs. 

t h e  f u e l  vortex l i qu id  length L , and hg a:id 11 the  gas s i d c l  and 
Q’A at. t he  l i qu id  s i d e  f i lm coe f f i c i en t s ,  d espect iuely.  

The cha?Aher l e n g t h  from t h e  i n j e c t o r  face  t o  the  th roa t  was 
establ ished by t h e  chanber diameter d e f i n i t i o n  of sec t ion  d )  
togethcr  q i th  the  appropriate  T;* value and ca lcu la ted  ere8 o f  
the  t h r c - t .  The divergent nozzle area r a t i o  f o r  the regenerative 
chamber was es tab i i shed  by a subroutine f o r  t he  r ad ia t ion  cooled 
nozzle extension. 

The ca lcu la ted  T f i l m  and the  gas s ide  hea t  t r a n s f e r  c o e f f i c i e n t  
a t  the t h r o a t  were extrapolated t o  divergent nozzle s t a t i o n s  
and a heat  balance sought f o r  the r ad ia t ion  cooling process 
which provided a maximum nozzle extension temperature of  2400’F 
a t  nominal operat ing condi t ions.  The s t a t i o n  pro-Jiding the  
2430’F extension defined the  required divergent nozzle area 
r a t i o  o f  the  regen chamber. The 2400°F temperature was selected 
based on t h e  use of coated columbium f o r  the  nozzle extension 
from t h e  attachment f lange t o  an area r a t i o  cons i s t en t  with t h e  
s t r u c t u r a l  l imi t a t ions  of t i t an im, ,  as  discussed i n  sub-section 
C.  

Lf?9 was 
The d e f i n i t i o n  o f  t h e  f u e l  vortex liquicd length,  
included t o  account f o r  the  region of low heat  inp t t o  the  
regenerative coolant.  The in jec ted  f u e l  vortex f i l m  coo1ar.t 
persists a s  a l i qu id  f i l m  fer a dis tance along the  chamber 
wall u n t i l  hea t ed  by  t he  corxbustion t o  vaporizat lon and 
decomposition. The low temperatures a t  the  head end of t h e  
chamber were ve r i f i ed  during t h e  3500 l b f  f i r i n g ,  Figure 111-15. 
The LJ 
a similar process of  l i q u i d  f i lm hot qas intc!raztion. The 
reference a l s o  provides an expression of  h e a t  f lux  t o  t h e  wall  
f o r  the  region o f  the  1i.quid f i l m .  Thus thtt t o t a l  heat  input 
t o  thc chamber cJo lan t  included t h a t  calculated f o r  t h e  total 
chamber length from i n j e c t o r  face  t o  the  n o z z l e  extension flange 
minus the  l i qu id  length,  4 - L j  , plus  t h e  low heat  input f o r  
t h e  l i qu id  length region. The p o s s i b i l i t y  o f  a n  opt-imistic 
t o t a l  h e a t  f l u x  reduction by accounting f o r  t h e  l i qu id  length 
was o f f  set b y  t h e  assumption t h a t  t h e  d r iv ing  gas t e q e r a t c r e  
f o r  t h e  remainder of the chamber barrel  sectl . \ ,n a n d  converge?.+ 
nozzle was equal t o  t h a t  calculated f o r  t h e  t h roa t  staticr!  a; 
shown i l l  Figure 111-15. 

was calculat ,ed using an equation frolr reference 1 f o r  
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The gas side and l i q u i d  s i d e  f i l m  coef f ic ien ts ,  h and hl, 
were calc- l la ted using industry acpepted methods. %or example, 
the t h r o a t  s t a t i o n  hg was calculated:  

h =- 0.026(m) W 1 

DT 63 

where W = combustion gas  flow rate, lb/sec 
A = t h r o a t  area, in2  
D = t h r o a t  diameter, inches 

= ra t io  of s p e c i f i c  heats, 'y Prandt l  number and v i scos i ty  for  t h e  combustion 
gases nt t he  reference enthalpy (Reference 8) 
temperature. 

The h for other  s t a t i o n s  was ra t ioed  from t h o  t h r o a t  s t a t i o n  
value. 6 

0.8 

1.2 
h chamber = h t h r o a t  (A/AT) 

Q 
h diverge1.t = hg th roa t  (A/AT) 
65' 

g' nozzle 
f o r  A/A <4.: 

= h t h r o a t  (A/AT) 0.9 
Q 

f o r  A/AT >4:1 

l!he ca lcu la t ions  of h l  and t h a t  of T f i  p lus  
inputs  of k ( t h e r m a l ~ ~ n ~ ~ c ~ i ~ ~ ~ y ~  and values of x Ehickness )  
for t he  chamber mater ia l  under considerat ion and the defined 
f u e l  i n l e t  temperature, allowed i n t eg ra t ion  of the  basic  regen 
cooling equation t o  e s t ab l i sh  t.he f u e l  temperature a t  t h e  
chamber out lec .  

The calculated maximum heat f lux  a t  the  th roa t ,  was compared 
against  heat f lux burnout r e l a t ionsh ips  es tabl ished by heated 
tube t e s t i n g  a t  various f a c i l i t i e s .  The equations employed i n  
the  ADEPT program are given by Table V I .  I n s u f f k i e n t  margin, 
Q/A calculated + Q/Burnout(1.5, lead t o  i t e r a t i cn  of t h e  th roa t  
cooling passage dimensions t o  increase the  coolant ve loc i ty  and 
the value of VBurnout t h a t  i t e r a t i o n  was constrained. The 
m i n i m u m  passage s i z e s  were based on reasonable manufacturing 
l i i r  i t s  and two dimensional heat t r a n s f e r  ca lcu la t ions .  The heat 



I 

t r a n s f e r  analyses indicated m a x i m u m  land w i d t h  (channel w a l l )  
o r  hole spacing ( d r i l l e d  aluminum) t o  preclude excessively high 
values of !Pw~ f o r  t h e  mater ia l  between the  cooling passages. 
Fai lure  t o  reach the  Q/A margin d e f i n i t i o n  o f  1.5 lead t o  a 
complete reca lcu la t ion  w i t h  a higher value of f u e l  f i lm coolaiit. 

Table V I 1  a l s o  shows the gas s ide  wal l  thicknesses assumed on 
fhe  basis of f ab r i ca t ion  l i m i t s  and the  l i m i t s  of t he  gas s ide  
w & l l  temperature. As mentioned e a r l i e r ,  t he  gas s ide  wall  
temperature l i m i t s  were s e t  based on s t r u c t u r a l  c a l c u l a t i m s .  
The ca l cu la t ions  showed t h a t  t he  maximum temperature was dictated 
by the required thermal cycle  l i f e  of 4000 f i r k g s .  
cycle ca lcu la t ions  were base? on t h e  cumulative damage cr i ter ia  
of Robinson-Taira, Reference 9 w i t h  s t r e s s e s  ca lcu la ted  by t he  
methads of Reference 10. The temperatures corresponding t o  the 
neat amine f u e l s  were determined by the  s t r u c t u r a l  ca lcu la t ions .  
The temperatures f o r  MMH w i t h  s i l i c o n e  o i l  addi t ive  and t h e  
hydrocarbon fuels were degraded from the  values f o r  t h e  neat 
fuels because the s i l i c a  and carbon depos i t s  r e s u l t  i n  a 
f luc tua t ing  Twg as the  depos i t s  bu i ld  up and f l a k e  o f f .  The 
process of carbon deposi t ion i s  described i n  t h e  l i t e r a t u r e  
(Reference 11). 
Be l l  w i t h  the  s i l i c o n e  o i l  addi t ive .  

The thermal 

The s i l i c a  deposi t ions were noted i n  t e s t s  a t  

The t o t a l  heat f lux  reductions for t he  carbon and s i l ica  
deposi ts  were taken from t h e  l i t e r a t u r e  and B e l l  t e s t  r e s u l t s .  
The t o t a l  chamber Q/A w a s  reduced by 70% f o r  RP-1 and 52s for 

An average of 30s reduction was assumed for s i l i c o n e  o i l  
a "*s. d t i v e  t o  the  amine f u e l s  based on the  t e s t  r e s u l t s  presented 
i n  Figure 111-16. 

6 )  In j ec to r  Cooling 

The i n j e c t o r  cooling subroutine assumed a gas dr iv ing  temperature 
equal t o  t h e  t h e o r e t i c a l  combustion temperature and an hg equal 
t o  1/2 o t h a t  calculated f o r  the chamber b a r r e l  sec t ion .  Those 
assumptions were cons is ten t  w i t h  b a f f l e  t e s t  data  from the LM 
Ascent engine program. A b a f f l e  length of 1 .5  inches was taken 
as representa t ive  f o r  t he  range of chamber diameters included i n  
the parametric s tud ies .  The s t a i n l e s s  s t e e l  b a f f l e  cooling 
passages were defined as fou r  rectangular  p a r a l l e l  f low passages 
with a min imum wall thickness  of 0.030 inches. Thy0 b a f f l e  was 
a var iab le  t o  allow cooling passage change f o r  coolant ve loc i ty  
adjustment t o  meet t h e  burnout heat f l ux  margin o f  1.5. 

The heat  i n p u t  t o  the i n j e c t o r  face coolant was raticed on t h e  
basis of inJec tor  diameter chamber pressure and combus+.ion 
temperature from a basel ine 10 i n c h  diameter i n j e c t o r  ai; t h e  
nomipal design point w i t h  N204/MMt propel lants  

The O/A burnout eqLation f o r  N2O4 i n j e c t o r  b a f f l e  ' coo l ing  "as 
taken as :  

I 
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= 1.00 + 0.00135 V ATSUB V A B . 0 .  

The se l ec t ion  of 35 p s i  a l s o  allows of f  l i m i t s  operat ion t o  the  
defined conditions of -10s Pc and +12$ O/F without sustained low 
frequency o s c i l l a t i o n s .  

The d e f i n i t i o n  of 35 p s i  for t he  i n j e c t o r s  f u e l  o r i f i c e s  
def ines  the  AP of the  oxid izer  o r i f i c e s .  
e f f ic iency  over a range of mixture ratios requi res  equal ox 
and f u e l  i n j e c t o r  pressure drops  a t  nominal mixture r a t i o  based 
on Bel l  experience with the t r i p l e t  i n j e c t o r  element se lec ted .  

High combustion 

The var iab le  pressure drops ider , . t i f ied i n  Figure 111-17 were 
calculated f o r  each case. The cimnber cooling passage pressure 
drops were calculated by summing t h e  average hp f o r  13 increments 
of cooling passage length:  

Z A P =  
1 

0.125 m where f = 0.00140 + 
&'e 

1 = sec t ion  length 7 
average 

= hydraulic 
/ = f u e l  dens i ty  
V = f u e l  ve loc i ty  
DH 

The pressure drop of the d r i l l e d  aluminum chamber was reduced, 
based on sample calculat ions,  f o r  EDM taper ing of t h e  d r i l l e d  
h o l e s  t o  l a r g e r  diameters i n  the  converge& and divergent 
sec t ions  of  the nozzle. 

The i n j e c t o r  b a f f l e  AP was calculated a s  above except t h a t  
one length was required; the  cooling passages were defined 
wi th  constant cross-sect ion by the thermal ca l cu la t ions .  

I 
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The combustion zone 
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where : 

pC: c- 
AP = 

M =  

I =  - - 
-. 

pc 1 
pC 

- 

AP was calculated by: 

p,3 - pc 

calculated Mach number a t  the  entrance t o  t h e  
t h roa t  
ra t io  of spec i f i c  heats 
pressure a t  t he  l n j e c t o r  face 
design chamber pressure a t  t h r o a t  entrance 

7) Feed I r e s su re  

Engine flow schematics for feed pressure determination a r e  shown 
i n  Figures 111-18 and 111-19 which resu l ted  i n  the  f ixed pressure 
drops of  Figure 111-17. 

The valve AP i s  the same as incorporated i n  the IN Ascent engi& 
and assures  a neg l ig ib l e  change i n  engine th rus t ,  approximately 
I$, f o r  f a i l u r e  o f  one of t h e  para l le l  legs t o  open o r  t o  stag 
open f o r  o r  during engine f i r i n g .  The valve 2nd f i l t e r  weights 
were adjusted as a func t ion  o f  f low r a t e s  and flow passage cross- 
sec t iona l  area over t h e  :arametric range t o  account fo r  the  
constant pressure drops. The d e f i n i t i o n  constant l i n e  and 
manifold drops a l s o  assumed var iab le  flow passage cross-sect ional  
area as a function of propel lant  flow ra.%ec. 

The i n j e c t o r  o r i f i c e  pressure drop, 35 ps i ,  i s  based  on i n  p a r t  
on tes t  r e s u l t s  from t h e  developKent of  t he  LM Ascent engine. 
Opeh t ion  wi th  helium saturated propel lan ts  a t  190 p s i a  tank 
pressure resu l ted  i n  low frequency chamber pressure o s c i l l a t i o n s  
during the  engine s t a r t i n g  t r ans i en t  f o r  Yuel i n j e c t o r  o r i f i c e  
pressure drops below approximately 27 p s i .  The dura t ion  of t h e  
o s c i l l a t i o n s  increased wi th  decreasing f u e l  o r i f i c e  pressure drop 
t o  approximately 2 1  p s i .  Below 21 p s i  t h e  o s c i l l a t i o n s  were 
sustained f o r  the  f i r i n g  duration. The concern wi th  even a shor t  
period of low frequency o s c i l l a t i o n  on start  i s  the  p o t e n t i a l  of 
those o s c i l l a t i o n s  t o  i n i t i a t e  h i g h  frequency i n s t a b i l i t y .  A 
f u e l  o r i f i c e  design AP of  35 p s i  provides margin f o r  t he  low 
frequency o s c i l i a t i o n s  uuring t h e  engine s ta r t  t r ans i en t  a t  t h e  
nomir.al design pc in t .  
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8) Weights 

a. S t r u c t u r a l  Criteria 

The requirement of design f o r  11000 thermal cycles  w a s  es tab l i shed  
as the  l i m i t i n g  s t r u c t u r a l  c r i t e r i a  f o r  the  r2generative cooled 
t h r u s t  chamber. The gas side w a l l  temperatures l i m i t s  imposed 
by that  requirement were discussed e a r l i e r .  

The insu la ted  columbium t h r u s t  chamber and i t s  i n t e g r a l  nozzle 
extension and the nozzle extension of t h e  regenerative cooled 
chambers were sized on the b a s i s  of creep l i f e .  The creep l i f e  
design requirement was 60 hours a t  the  nominal operat ing tempera- 
tu re .  The nozzle extension operat ing d e f i n i t i o n s  included the 
th roa t  load and an assumed 12g gimbal load. A value of 2.5 
times the th rua t  load w a s  assumed f o r  non-operating v ibra t ion .  
Minimum gage f o r  f a b r i c a t i o n  was taken as 0.020 inches. The 
assumed loads s e t  t he  upper temperature limit f o r  t h e  t i tanium 
nozzle extension at  1400°F. With the exceptior, of the columbium 
i n  the  v i c i n i t y  of t h e  mounting flange, t he  con t ro l l i ng  d e f i n i t i m  
of the  extension thickness  w a s  the  0.020 inch  minimwr, gage. 

The engine elements designed on the basis o f  pressure and t h r u s t  
included f a c t o r s  of s a fe ty  of 1.5 and 2.0 on y i e l d  s t rength  
and u l t imate  strengths, respect ively.  

b. Thrust chamber Assembly 

I c j e c t o r  weights were developed from 7 equations 
f o r  the  various sec t ions  a s  a funct ion of i n j e c t o r  diameter 
w i t h  appropriate  ihickness  changes a s  a funct ion of diameter 
and design chamber pressure.  The i n j e c t o r  mounting f lange 
weight f o r  the insulated columbium and d r i l l e d  aluminum chambers 
was a separate  equation. 

The t h r u s t  chamber was divided i n t ,  5 sec t ions  longi tudina l ly  
w i t h  each sec t ion  capab?z of beinL defined by 5 l aye r s  of 
materinls or,  i n  t h e  case of t he  regen chamber, p a r t i a l  voids.  
The f i v e  sec t ions  were the  ba r re l ,  convergent nozzle and 3 
sec t ions  of divergent nozzle. The coritoured sec t ions  were 
defined by curve f l t  equations checked at  severa l  chamber s i z e s .  
The 3 t o  5 l aye r s  were defined by material, mater ia l  densi ty  
and thickness.  The thicknesses were set  by thermal/s t ructural  
requirements. For sxample, t he  insulated columbium chamber 
b a r r e l  s ec t ion  weight ca lcu la t ions  included ins ide  s i l i c i d e  
coating thickness  of .OO5 inches, the  columbium wall of thickness,  
t ,  based on pressure and diameter, a n  outs ide  s i l i c i d e  coat ing 
of .005 inches. a l aye r  of 1 2  1 b / f t 3  dynaflex in su la t ion  of 
calculated thickness tl and a 0.005'' t h i c k  t i t a n i u m  ou te r  .jackel.. 
The e l w t r o  deposited nicklc  cl.osr?oul of  the: channe l  wall 



chamber was set a t  0.09 Fnches based on s t r u c t u r a l  checks. 
The d r i l l e d  aluminum chamber thicknesses  from the cooling 
holes  t o  t h e  outs ide  surface was taken as 0.250 inches a t  the 
throat and 0.120 inches i n  t he  b a r r e l  sec t ion  and divergent 
nozzle. Chamber and nozzle extension f lange weights were 
added when appropriate.  The regenerat ive i n l e t  manifold was 
a separate equation based on a constant c rossec t ion  torus .  
The nozzle extension weight included a 1/2 by 1/2 x 0.20 th i ck  
titanium s t i f f e n i n g  r i n g  a t  the nozzle e x i t  and 0.005 inch  
s i l i c i d e  on t he  in s ide  and outs ide  surfaces.  

c .  Prooellant Valve Assembly 

A study t o  def ine the  s e r i e s / p a r a l l e l  redundant OME propel lan t  
valve w e i g h t  was car r ied  out i n  some d e t a i l .  The basel ine 
of t h e  valve ca l cu la t ions  was a modified vers ion of the LM 
Ascent engine s e r i e s - p a r a l l e l  redundant valve. The base l ine  
weight include a l l  s t a i n l e s s  steel  main valve and ac tua to r  
bodies and stainless s teel  gas operated solenoids.  The valve 
body and f i l t e r  weights were scaled on the b a s i s  of t h e  propel- 
l a n t  volumetric flow rates t o  the  M E  t h r u s t  l eve ls .  B e l l  s e t  
torque requirements were defined as a frinction of set diameter 
t o  s i z e  the  valve ac tua tors  and t o  e s t a b l i s h  an ac tua to r  and 
solenoid weight cor rec t ion  f o r  changes i n  operat ing pressure.  
The s i z i n g  included the  assumption t h a t  the gas ac tua t ion  
pressure w a s  equal t o  the engine feed pressure.  Valve assembly 
weight ca l cu la t ions  were then ca r r i ed  out a t  nominal and a t  
the  extremes of prcpe l lan t  volumetric flow r a t e s  and feed 
pressure.  The more de ta i led  valve equation weights were found 
t o  be e s s e n t i a l l y  equal t o  a s implif ied form of t h e  valve 
sca l ing  equation. Therefore, the s implif ied equations were 
employed i n  the ADEPT program. Those equations a r e  as follows: 

J+- N,O~/AMINES-VALVE ASSEMBLY WEIGHT = 32.1 

pGG] LOX/FUELS-VALVE ASSEMBLY WEIGHT = 33.6 

The 32.1 and 33.6 values reduce the  d i f fe rence  between the  
simplified and more de ta i led  weight ca l cu la t ions  t o  rtO.5 
pounds over the  complete parametric ranges. The 1.1 f a c t o r  
applied t o  the  U X  valves attemnted t o  account f o r  g rea t e r  
fuel-LOX i s o l a t i o n  and/or i n su la t ion  t o  prevent f u e l  f reezing.  

111-46 



d. Gimbal Ring and Engine Mount 

The stainleos steel  gimbal ring included the engine mount as 
shown on Figures 111-3 and 111-4. The r ing  and engine mount 
ca lcu la t ions  r e f l ec t ed  the d i f fe rences  i n  the chamber d e f i n i t i o n s .  
The regen engine rings were at tached to c i rcumferent ia l  hat 
sec t ion  supports which were considered welded t o  the chmber  
o u t e r  surface.  Separate valve support  s t r u c t u r e  was included. 
The ring/mount arrangement f o r  t he  insu la ted  columbium engine 
required a s t r u c t u r a l  support cy l inder  a t tach ing  i’ie gimbal 
r i n g  near the t h r o a t  s t a t i o n  t o  t h e  in j ec to r .  
temperature and thermal expansion precluded gimbal r i n g  a t tach-  
ment t o  the  t h r u s t  chamber. The support cy l inder  eliminated 
the need f o r  a separate  valve mount. 

The high columbium 

The equations def ining the gimbal r i n g  and mount weights were 
established by layout  and ca l cu la t ions  of weights for seve ra l  
chamber diameters. The r e s u l t i n g  parametric d e f i n i t i o n s  were 
as follows: 

Ring and Engine Mount Weight 

Dr i l led  A 1  - - 505) 21.5 l b s  
J-3 

Channel Wall = ( D~ll  3.9) 21.5 l b s  

Insulated 
Columbium 

- - (Dcl: 6.9 21.5 l b s  

Ring t o  Chamber Attachment and I’alve Mount Weight 

D r i l l e d  A 1  
Channel Wall 

(0.21 D, + 6.45) 

Insulated Columbium = \1= 3.2 + ( ) 13.25 

Where 
= the chamber i n s i d e  diameter 

L = length t h r o a t  t o  i n j e c t o r  

111-4’7 



e. Other WeLghts 

The e l e c t r i c a l  i g n i t i o n  system valving and i g n i t e r  f o r  t h e  LOX 
pro e l l a n t  combination (Figure 111-6) w a s  added a s  a constant 

t h a t  subsystem. 
22. E 5 l b s  by def ining reasonable weights f o r  each component of 

Engine propel lant  l i n e  and flange weights were added as a 
f'unction of t h e  propel lan ts  volumetric flow rates t o  assure  
constant l i n e  pressure drop a l loca t ion .  The propel lant  l i n e s  
were defined without l i n e  f lexures  t o  accommodate g inba l l ing ;  
the  assumption was made t h a t  t he  l i n e  f lexures  were included 
i n  t h e  system feed l i n e s  between the  engine i n l e t s  and t h e  
propel lant  tanks. 

Each point  design engine w e i g h t  t o t a l  was mult ipl ied by a f a c t o r  
of 1-05 f o r  the f i n a l  predicted weight t o  account for f l i g h t  
instrumentation and t o  provide a weight contingency. 

A layout of t he  tube w a l l  chamber was made at t h e  nominal 
design conditions t o  e s t a b l i s h  a weight estimate f o r  t h a t  
chamber. 

A spearate study was made t o  determine the weight savings 
f o r  engines with the gimbal r i n g  and engine mount a t tached 
d i r e c t l y  t o  the i n j e c t o r  o r  a "head end mount". 
engine assembly weight reductions were reported as follows: 

The nominal 

Insulated Coluz!bium - W.38 l b s  
Dr i l led  Aluminum - 4.50 l b s  
Channel Wall - 3.74 l b s  

F. Predicted Engine Data 

Nominal engine data provided by the  ADEPT program i s  presented 
i n  Tables V I 1 1  and I X .  The Isn f o r  t he  N204/Amine Icb engines 
is  approximately 6 Eec. below the  regenerat ively cooled designs.  
The predicted f u e l  feed p r e s s w e  of the  Icb is  about 20 p s i  
below the  CWR which i n  t u r n  is  about 13 p s i  below the  DAR. The 
DAR engine i s  the  l i g h t e s t  followed by the  Icb and CWR. The 
tube wall  regen has t he  highest  weigh+,. Use of s i l i c o n e  o i l  
aciditive improves the  rsgen engine IsF: by 3 seconds a t  t h e  
expense of about 20 l k s  higher engine weight. The addi t ive  
reduces the  amount of f i lm cooling t o  e s s e n t i a l l y  zero using 
I s p  and increases  the  size (and weight) of the regen chamber 
divergent nozzle t o  a higher a rea  r a t i o  f o r  the  r ad ia t ion  cooled 
extension attachment. 
1.60 is  predicted t o  reduce Isp by 9.6 t o  1.9 seconds r e l a t i v e  
t o  NzOl+/!"'H a t  an O/F of 1.64. 

Operation w i t h  N2'?4/50-50 at  an  O/F of 



b The LOX/Amine engines of Table IX show an Is 

r a t i o s  r e s u l t i n g  from the  reduced nominal PC de f in i t i on .  The 
U X / C  and IlIX/RP-l Icb enginear performance show l i t t l e  o r  no 

same I s p  as its UX/MMH counterpart  and lower f u e l  feed pressure 
but over 20 l b s  higher weight. The weight of the LOX regen 
engines is over 25 l b s  higher than the N2O4 designs due t o  the 
i g n i t i o n  system and s l i g h t l y  larger chamber diameters f o r  t h e  
lower nominal chamber pressure.  The weight difference f o r  t h e  
LOX Icb engines i s  about 40 l b s  above t h e  values predicted f o r  
NZOuAmine operation. 

improvement of 
about 20 seconds r e l a t i v e  t o  N204/A1nine a t  t R e lower area 

advan 2 age r e l a t i v e  t o  I;Oy/MMH. The IX)X/RP-l CWR engine has the 

Samples of da ta  from the f i n a l  repor t  of the  Task I and I T  
e f f o r t  a r e  shown i n  Table X and Figures 111-20 through 111-22. 
Approximately 1200 engine point designs were presented i n  Volume 
I1 of the  report  "Parametric Engine Data Report" No. 8693-953006, 
November 1972, i n  the  format of Table X. Table X i s  a copy of 
t he  computer pr int-out .  
up t o  130 values of input data, and calculated performance, 
cooling margin, temperatures, pressure drop, material thicknesses,  
c?imensions arid weights. 
of  Table X can be found i n  the report. A t o t a l  of 254 data p l o t s  
were presented i n  Volume I of the report .  The samples of p lo t t ed  
data, Figures 111-20 and 111-21, show i d e n t i f i c a t i o n  of operating 
conditions f o r  where the  cooling margin and maximum wall tempera- 
t u r e  l i m i t s  could not be achieved without a l a rge  reduction i n  
predicted Isp. 

The report  of the  Task I and I1 e f f o r t  f u l f i l l e d  a l l  the  
requirements of the  cont rac t  statement of work. The development 
of tile ADEPT computer program w i t h  automatic machine p l o t t i n g  of 
selected parameters considerably s i m p l i f i e d  t h e  preparat ion of  
the data .  The program a l s o  insured t h a t  a l l  in t e rac t ions  of the  
defining equations, input  data,  and the various thermal and 
mechanical l i m i t s  were included i n  each point design. Each 
point des ign  r e f l e c t s  a l l  the  engine d e f i n i t i m s  described i n  
t h i s  sect ion.  

Each point  design was character ized by 

The descr ip t ion  of the heading terms 

G. Engine Ratings and Recommendations 

1. General 

The contract  work statement defined a comparative evaluat ion 
and r a t i n g  of the various concepts of OME reusable t h r u s t  chamber. 
The evaluation was t o  inc lude  predicted design and operat ing 
('-harac t e  ri s t i c s, potent .i a1 (1 cvc-loprncnt, r i. nk , r l  e v c  Irqmctn t arid 
upr:rat,.i (,rial f:o:;'iz, ma-i rii,t!riar1r-f! nrifl ~ - h ~ : r : k . o i i l , .  ' t 1 ) t f *  r j r j !Jroar*h  f , u k f ! r 1  



t o  meet t h e  work statement requirement consisted of t he  
d e f i n i t i o n  of technica l  rating factors and the numerical ranking 
of engines against  those f a c t o r s  followed by an  ana lys i s  which 
r e l a t ed  t h e  predicted engine operating c h a r a c t e r i s t i c s  and tech- 
n i c a l  rating t o  engine and OMS development ccs t s .  

The technica l  rating w i l l  be described first and w i l l  be 
followed by a descr ip t ion  of the  cos t  comparison sand recommenda- 
t i o n s  made a t  the  conclusion of t he  Task I and I1 e f f o r t .  The 
recommendations a r e  updated on the  basis of test r e s u l t s  and 
analyses which became ava i lab le  from t h e  NAS 9-12803 and NAS 
9-12802 demonstration testing. 
change t h e  o r i g i n a l  recommendation of an insu la ted  columbium 
engine and N204/MMH propellants t o  an engine w i t h  a channel w a l l  
regenerat ively cooled t h r u s t  chamber w i t h  the same propel lant  
combination. 

Tnose tes t  r e s u l t s  and analyses  

2. Technical R a t i q  

The technical  r a t i n g  f a c t o r s  f o r  t he  Task I and I1 chamber 
cool i rg  concepts and propel lant  ccmbinations a r e  shown i n  
Table 11. The l i s t i n g  o f  f a c t o r s  attempted t o  cover a l l  oper- 
ating and non-operating c h a r a c t e r i s t i c s  of t he  engines under 
t he  headings of 

Complexity 
Service and Maintenance 
Fabr i cab i l i t y  
Start 
Steady S t a t e  Operation 
Design Life 

The heatings were defined by 5 t o  8 f ac to r s .  Each f a c t o r  is 
described four  ways w i t h  a correspondjng numerical ratLnq of 
4, 3, 2 or 1. Certain f ac to r s  a r e  repeated; the requirements 
f o r  "start aux i l i a ry  controls"  ( A 5 )  and "feed system rilalfunction 
detect ion" ( A 6 )  define engine complexity and they were a l s o  
included as pa r t  of t he  d e f i n i t i o n  of se rv ice  and maintenance, 
start and steady s t a t e  operation. The r e p e t i t i o n  of those 
f ac to r s  increases  t h e i r  impact on t h e  t o t a l  numerical r a t i n g  
fo r  each engine. The "weight" four  o ther  f a c t o r s  was defined 
as 3. Those f a c t o r s  which were considered t o  represent  high 
technical  r i s k .  
cos t  impact t o  t h e  engine development program f o r  problems 
r c s u l t i n e  from the higher technical  r i s k  a:; will be descritjrd 
i n  t h e  following sect ion.  

The weighing of 3 recognizes the  p o t e n t i a l  

The "perfect"  engine would have a t o t a l  numer€cal score of  165 
f o r  t h e  d e f i n i t i o n s  of Table X I .  

The seleLtion of t h e  individual  f a c t o r s  and t h e  4 r a t i n g  d e f i n i -  
t i o n s  of Table XI t r i e d  t o  include a l l .  engine c h a r a c t e r i s t i c s  
which were applicable 50  t h e  Task I and I1 engine de f in i t i ons .  
The def in i t i ons  of each element sought t o  provide a reasonable 
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Self explanatory q u a n t i t a t i v e  r a t i n g  which would el iminate  t h e  
q u a l i t a t i v e  judgement of t he  rater.  
a l s o  r e f l ec t ed  engine technology a t  the  time o f  the r a t i n g  and 
sought t o  include a11 areas of which pra-sected p o t e n t i a l  develop- 
ment problems. The following comments provide f u r t h e r  d e f i n i t i o n  
of the technica l  r a t i n g  f a c t o r s  of Table X I .  

The ranking d e f i n i t i o n s  

Number of  mechanical j o i n t s ;  injector-to-chamber, 
chamber-to-extension. 
Number o f  metal-to-metal j o i n t s ,  chamber; weld, 
braze and ind iv jdua l  e lectrodeposi ted metal j o i n t s .  
In su la t ion  requirements; reference t o  the engine 
valve was made f o r  the  LOX propel lan t  combinations. 
Start a u x i l i a r y  con t ro l s ;  " aux i l i a ry  valves" coveis  
chamber gas purges, "sequence" descr ibes  e l e c t r i c a l  
timing of s t a r t i n g  components. 
Feed system malfunction de tec t ion ;  sensors  required 
t o  insure  safe shutdown for ingested gas malfunction 
of the feed system. 
Compatibility; the  n icke l  j acke t  of the CWR chamber 
i s  at tacked by HNO3 l'ormed by moisture f N2O4;  the  
DAR chamber has a p o t e n t i a l  problem of water corro- 
s ion  of t h e  d r i l l e d  cooling passages. 
Inspec tab i l i t y ,  surface,  v i sua l ;  the  l i q u i d  passages 
of t h e  regen chambers cannot be v i s u a l l y  inspec. d .  
Reflect  add i t iona l  components t h a t  requj re  checkout 
and p o t e n t i a l  maintenance and se rv ic ing  problems. 
P o t e n t i a l  restart r e s t r i c t i o n s :  < 5  min., i s  f o r  
example: engine cannot b e  r e s t a r t e d  i n  less than 5 
minutes a f t e r  any dura t ion  f i r i n g .  
Malfunct im Sensing (Time t o  PJ ;  an engine wi th  a 
c lose ly  repeatable  s t a r t  t r a n s i e n t ,  t i m e  t o  908 Pc 
f o r  example, could employ a t imer  t i e d  i n t o  a P, 
pickup t o  i n i t i a t e  shutdowr, i f  P, i s  not obtained 
i n  the  "nominal" time. T?? t imer c i r c u i t  could be 
employed f o r  increased engine sa fe ty .  
Chamber cool ing e f f e c t  on i r i ject ion;  p o t e n t i a l  
change t o  engine combustion e f f ic iency ,  heat 
r e j e c t i o n  o r  s t a b i l i t y  due t o  regenerat ive hea t ing  
of the  propel lan ts .  
Feed system malfunction de tec t ion  s e n s i t i v i t y  - 
time ava i l ab le  t o  sense a malfunction before 
chamber teinpqratures exceed l i m i t ,  f o r  thermal cycle  
l i f e .  
S e n s i t i v i t y  f -  design pc;int, Is-, ca lcu la ted  Isp 
v a r i a t i o n  o v t r  t h i  defiried o f f  limits opcrat ion 
requirement of +lo$ P,, .t12$ O/E' 
Confidence i n  prcd.i r ted ISr, basC;d r m  cool:i rle r \ r iy i i  
confidcnce i n  predicted vortex Y i l r r  c:ooling arid hea t  
re jec ted  t o  regenerat ive coolant; 

e 

; 
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Design margin of f  l i m i t s  i n j e c t o r ;  t h e  p o t e n t i a l  of 
i n s u f f i c i e n t  i n j e c t o r  face o r  baffle cooling margin 
could lead t o  c o s t l y  i n j e c t o r  modification - impacts 
regenerative coolet  chambers w i t h  N2O4 i n j e c t o r  
regen cooling. The chamber and extension margin 
can be improved a s  necessary by increasing f i lm coolant,  
a change more e a s i l y  *ade .  
DemonstratSon recpired; the demonstrafion of t h e  
required engine cycle  and accumulated firing l i f e  
represents  a r e l a t i v e l y  l a rge  deveLpment c o s t  impact. 
The d r i l l z d  A 1  concept has been denonstrated f o r  over 
1 h-ur of P i r i n g  by the  Agena Engine operat ing a t  
500 p s i a  Pc and,  therefore ,  l i m i t e d  add i t iona l  
demonstratior would be required f o r  OME, i'he Icb 
demonstration can take advantage of svbscale engine 
firings t o  denonstrate coat ing l i fe .  The CWR chamber 
has not been demonstrated and subscale t e s t i n g  i s  not 
appl icable  because the  design is thermal cycle  l i f e  
l i inited.  The -ofclrence t o  "extrapolate  f u l l  duration" 
was intended t o  cover the  t e s t i n g  ol" columbium chambers 
P:Id nozzle 
problem, P Fitt lement,  by measuring the  H2 
diffusiorr iirpt.:l penet ra t ion  a t  l e s s  than f u l l  durat ion 
pnd ex t rapola t ion  of t h a t  quant i ty  t o  f u l l  duration. 

"3ns.ions and sssessment of one p o t e n t i a l  

Table XI1 shows t h e  engine ratir.ge aga ins t  t he  Table Xi def in i t i ons .  
The insulated co lw~~ 'x rn  approach wi th  N2OUAmine propel lan ts  has 
t h e  highest  t o t a l  135.5) followed by t h e  dril.l.ec? a.?lminum N204/ 

LoX/C3Fd and LOX/N;1H4 call be considered only w i t h  t h e  Icb chamber 
becac;e of the  l imited r t j e n  cooling p o t e n t i a l  of C 3 H 8  and N H4. 

which reduces its ove ra l l  technical  ra t ing .  

Amine design (118. Q ) and t,hp Ict engine with LOX/MMH (110.5). 

The w e  of N Q f o r  vortex film cooling has no t e s t  v e r i f i c a  ? ion 

3. Cost Comparisons 

The engine's  cos t  comparisons a r e  presented i n  Table XIII. The 
ISP, faed pressure and engine weight A c o s t s  were developed 
from the McDonnell-Douglas OMS t rade  s tud ie s  or: t h e  basis  of t h o  
nomica1 engine d e s i g n  data. A separate  base l ine  feed pressure 
was wed  f o r  the  Task I and Task I1 propel lan ts  because of  t he  
difference of nominal chamber pressure,  125 versus 100 p s i a .  The 
"$A :ech rating;" i s  included i n  the  cos t  comparison t o  es t imate  
the change i n  OME program cos t  based on the  engine's  t echnica l  
r s t i ngs .  That A cos t  r e f z e r t s  the  r a t i n g  of t he  insulated 
columbium engine as b-.-,ziine, the  estimated engine manufacturer 's  
cos t  of $25,000,000 m d  a f a c t o r  of 1.5 t o  r e f l e c t  the cos t  t o  
NASA. The 1.5 facto:. r e f l e c t s  the  a d d i t ? . c n s i  cos t  t o  t h e  
subcontractor,  and t' s h u t t l e  prime cont rac tor .  The t e c h n i r a l  
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rating w e i  
c o s t  f r o m  r 825,000 m i n i m u m  t o  $2,475,000 m a x i m u m  f o r  the high 
t echn ica l  r i s k  elements. 

t of 3 was selected i n  order  t o  impact the'developrnent 

The last element of A cos t  was the  estimated d i f fe rence  t o  t h e  
OMS f o r  the  Task I1 propel lants .  The 10 mi l l ion  dollars is 
primari ly  associated with the  development and q u a l i f i c a t i o n  c o s t s  
of t he  insulated u)X tank- 

4. Recommendations 

The recommendation f o r  t h e  OME reusable  t h r u s t  chamber and 
propel lant  combination based on t h e  Task I and I1 e f f o r t  
resu l ted  from t h e  technica l  a n d  cos t  ratings. 
approaches uc-re: 

The four  "best" 

Technical Rating Cost Rating (X10-6) 

135.5 Icb N20b/Amine -3.31 Icb LOX/MMH 
118.8 DAR N20,q,/Amine -1.13 DAR N204/IYIYH + S i  

1.08.3 CWR N20uAmine +1. 10 CWR N204/MMH + S i  

The apparent high technica l  r a t i n g  of t h e  Icb with N20JAmine 
propel lant  appeared t o  o f f s e t  the  small cos t  advantages of t h e  
LOX/MMH propel lant  combination with the  Icb chamber and t h e  DAR 
design with N204/MMH + Si .  Therefore, t he  insu la ted  columbium 
t h r u s t  chamber engine with N204/MMH propel lan ts  was reported as 
t he  b e s t  choice based on the  Task I ana I1 s tud ie s  and r a t e s .  

Subsequent e f f o r t  under cont rac t  NAS 9-12803 as presented i n  t h i s  
report ,  showed t h a t  both the  Icb and CWR were capable of achieving 

i t s  nominal temperature d e f i n i t i o n  o 6" 2400'F. The heat r e j e c t i o n  
t h e i r  predicted performance with N20 

t o  the  MMH regen coolant was shown t o  be s i g n i f i c a n t l y  less than 
predicted providing higher thermal margins and allowing t h e  use 
of an uncoated Haynes 25 nolz le  extension i n  place of t h e  coated 
columbium extension. A f l a t  face i n j e c t o r  w i t h  acoust ic  c a v i t i e s  
was shown t o  provide damping f o r  bomb induced combustion d i s t u r -  
bances. The successf'ul bomb t e s t i n g  showed t h a t  t h e  Task I and 
I1 d e f i n i t i o n  of an i n j e c t o r  with a 5 l e g  b a f f l e  could be  changed 
t o  an i n j e c t o r  wi th  no b a f f l e  and incorporat ing the  acoust ic  
c a v i t i e s .  Final ly ,  analyses of t he  feed system gas inges t ion  
malfunction showed t h a t  engine damage coula be prevented by 
chamber pressure sensing only. 

. The I C b  design a l s o  met 

The subsequent t e s t s  and analyses changz the  technica l  and c o s t  
comparisons described above. Changes t o  tile techrlical  r a t i n g  
fartors o f  T a b l e  X I 1  a rc  as f ~ 1 l . o ~ ~ :  

11 1-6 3 



A6, B5, E3 - a l l  en i n e s  change t o  a r a t i n g  of 4, chamber 

t ec t ion .  
C2, C5-chsnge CWR r a t i n g  from 2 t o  3 r e f l e c t i n g  m i l l i n g  
of l i n e r  cooling passages rather than EDM. 

pressure sensing on B yprov ides  t h e  necessary engine pro- 

E l  

E2 

E5 

E6 

E8 

E 5  

Change rating of N 0 regen engines from 3 t o  12 

on performance o r  s t a b i l i t y ;  LOX engines change 3 
t o  9.  
Change regen engine ratings from 1 o r  2 t o  3 ;  
chamber pressure  sensing of f e e d  system malfhnction 
negates  the  effect of de tec t ion  s e n s i t i v i t y .  
Raise regen chambers w i t t i  i;@4 ox id ize r  t o  12, 
LOX t o  9 based on increased confidence of predicted 

R a  se regen chambers from 2 t o  3 ,  irrA-jroved cool ing  
margin demonstrated. 
Raise regen chambers from 6 t o  9 f o r  improved 
injector cool ing margin by e l imina t ion  of baffles 
a n d  change from N2O4 face cool ing t o  f u e l  face 
cool ing  p e r m i t t e d  by lower heat input  t o  f u e l  i n  
chamber. 
Raise CWR from 3 t o  6 based on t h r u s t  chamber 
f i r i n g  demonstrations. 

(weight of 3), hea $ 3  e fuel shown t o  have no impact 

IS! - 

The r e s u l t  of  t h e  above changes on t h e  r a t i n g s  for  the  6 "best" 
arl. as follows: 

Technical Rating Cost Rating (X10-6 )  
142.5 Icb N204/Amine -6.93 CWR N204/MMH + S i  
141.8 DAR N2O,$/Amine -6.26 DAR NzOy'MMH + S i  
137.3 CWR N204/kmine -3.84 Icb LOX/MMH 
117.5 I C b  a x / M  -3.09 CMR N204/MMH 
113.5 DAR IXIX/Amine -0.88 DAR N2OIJMMH 
209.0 CWR LOX/Amirie 0.00 I C b  K:,OJMMH 

The technica l  r a t i n g s  of all engines increase.  The d i f f e rence  
i n  t echn ica l  ra t inre  between Icb and t h e  regen chambers and 
between t h e  DAR and CWR i s  reduced. The r e l a t i v e  rating between 
N?G4 ox id izer  and LOX oxidizer engines increases  f o r  t h e  regenera- 
t i v e l y  cooled chambers. Theref'ore, w i th  l i t t l e  technica l  r a t i n g  
d i f fe rence  between the  var ious chambers t h e  c o s t  r a t i n g s  would 
recommend e i t h e r  CkrR and DAR wi th  N 2 0  and M M H  with s i l i c o n e  o i l  
addi t ive .  
propeLLants f o r  t h e  OMS and RCS makes CWR w i t h  N234/MMII t h e  
-;ucrzll choicc.  

Prohib i t ion  of MMH b Sj an 3 LOX i n  order t o  have common 

111-64 



In conclusion, the large technology base established by the 
remainder o f  the program changes the recommended t ype  of thrust 
chamber f r o m  Icb t o  CWR end confirm the  selection of N2O4/MMH 
as the OME propellant combination. 
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IV. 6000 LBF COLUMBIUM CHAMBER DESIGN, FABRICATION 
AND DEMONSTRATION TEST 

A. Columbium T h r u s t  Chamber Design (Task 111) 

The columbium t h r u s t  chamber was designed i n  accordance wi th  
t h e  Task I s t u d i e s  which set t h e  chamber diameter a t  10 inches, 
chanber and t h r o a t  thicknesses  a t  0.105 and 0.150 respec t ive ly  
and t h e  combustion chamber length a t  10.013 inches. The chamber 
l e n  t h  provided an L* o f  30 inches with the  combustion volume provided 

nominal N20 

r e sx r i c t ed  t o  an a rea  r a t h  of l 5 : l  by t h e  a l t i t u d e  t e s t  f a c i l i t y  
a t  B e l l .  The developr.lent nozzle contour was es t ab l i shed  as 8 
truncated sec t ion  of t h e  f u l l  nozzle contour r a t h e r  than an 
optimized l5 : l  shape. The contour s e l e c t i o n  was based on an 
agreement wi th  t he  program monitor i n  order  that  the data gener- 
ated would be comparable t o  the  r e s u l t s  generated under the  
second technology cont rac t ,  NAS 9-12802. The chamber is  shown 
i.? Figure IV-1. 

by f he i n j e c t o r  assembiy. 

ps ia .  The ‘d/ ivergent  nozzle of the Cemonstration chamber was 

The design was cons i s t en t  t o  t h e  
MMll 6000 l b f  chamber a t  a chamber pressure  of  125 

The predicted opera t ing  c h a r a c t e r i s t i c s  for t he  columbium t h r u s t  
chamber from t h z  Task I s t u d i e s  included the following from 
Table V I I I ,  Sect ion 111. 

2400 F 

2548°F 

7.657 

Design nominal maximum temperature 
( i n s u l a t e d )  

O f f  l i m i t s  (-10% P,, +12$ O/F) 
maximum temperature in su la t ed )  
Noninal b a r r i e r  flow t $ of t o t a l  

flow 1 
I ‘ ( co r rec t ed  t o  e = 74.3) 
SP- 

W 

310.5 see.  

The chamber des ign  r e f l e c t e d  a study of a l t e r n a t e  f a b r i c a t i o n  
tecnniques t o  reduce c o s t  and the  f ab r i ca t ion  schedule. The 
se lec ted  chamber d e f i n i t i o n  included a weld-on i n j e c t o r  mount- 
ing flange, a longi tudina l  weld seam i n  t h e  barrel  and convergent 
divergent nozzle, and a weld-on nozzle extension t o  an a rea  
r a t i o  of l5:l. The extension was defined w i t h  two long i tud ina l  
weld seams. A l l  w e l d s  were es tab l i shed  a s  f u l l  pene t ra t ion  
e l ec t ron  beam type. Tes t in .  a t  13611 on other programs has shown 
t h a t  no s i g n i f i c a n t  colwnhim property reduction i s  encountered 
across  narrow beam E.B.  welds. The demonstrated c h a r a c t e r i s t i c s  
of t h e  columbium E.C.  welds permitted t h e  mul t i - sec t ion  chamber 
design. The chamber colmbium a l l o y  se lec ted ,  C-103 ,  was based 
on s t r u c t u r a l  ana3.yses t h a t  confirmed i t s  adequacy, the  supe r i c r  

f 
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forming c h a r a c t e r i s t i c s  of t h a t  a l loy  r e l a t i v e  tc 5igher 
s t rength  Cb a l loys  and the  mater ia l  avai1abi l i t ; - .  Thz multi-  
sec t ion  approach and a l l o y  se l ec t ion  minimized mater ia l ,  
tooling and f ab r i ca t ion  coste  and insured a c s l a t l t e l y  shor t  
mater ia l  ?rmv.remen+ and ?hamber f ab r i ca t ion  lead times. 

The coat ing selected t o  prevent oxidat ion or t h e  columbium 
shel l  and embrittlement from t h e  combustion gas hydrogen species  
was HITEMPCO R-512E. The coat ing se l ec t ion  was based on i t s  
demonstrated compatibi l i ty  wi th  t he  propel lan ts  and a l l  combina- 
t i ons  o f  propel lants ,  moisture and f lush ing  f l u i d s .  The R-5l2E 
has demonstrated s tea?y-s ta te  temperature l i f e  i n  combustion 
atmosphere (oxyacetylene torch)  i n  ex3ess of  212 hours a t  2200°F 
and 80 hours a t  2400'F. 
10,000 thermal f a t jgue  cycles  t o  2200OF. (Y! Previous experience 
a t  Bel l  and elsewhere has shown t h a t  the coat ing i s  nc t e a s i l y  
damaged during normal handling. The columbium cca t ing  d i f fus ion  
zone has a Vickers hardness of 1000 which provides a high 
r e s i s t ance  t o  scra tch  damage. The d i f fus ion  zone also reduces 
base metal hardness increase by hydrazine enibrittlement. Essen- 
t i a l l y  no columbium elongation o r  t e n s i l e  s t rength  changes 
have been noted a f t e r  10,000 seconds of f i r i n g  with RCS un i t s .  

The coating has survive: more than 

Use of Vac Hyde VHlOg coat ing was considered p r i o r  t o  coat ing 
t h e  second 6000 l b f  columbium chamber (Task V I ) .  Data from 
NASA CR712119 was reviewed. The r e l a t i v e  merits of  VHlOg and 
R512E were a l s o  discussed wi th  Lockheed, NASA Lewis and A i r  
Force Material  Laboratory Personnel. The data and discussions 
confirmed t h e  se l ec t ion  of t h e  f i j l 2 E  f o r  t h e  demonstration 
columbium chambers. 

B. Columbium Thrust Chamber Fabricat ion (Tasks I V  and V I )  

The procurement of mater ia l  fo r  chamber described above and 
the chamber f ab r i ca t ion  under Task I V  was accomplished over a 
4 month time span through January 1973. Material  lead time 
was approximately ?-1/2 months. 
fabr icated as fo l lohs :  

The chamber components were 

1. In j ec to r  Mounting Flange 

The flailge was machined from a forged ClO3 b i l l e t  w i th  excess 
mater ia l  t o  machine t h e  i n j e c t o r  mating Lurface and the  I.D. 
t o  lo". 
i n  Figure IV-2 .  

The flange and the o t h e r  chamber components are shown 

(x)Holloway, J. F. Jr.,  "?valuation of Coated Columbium 
Alloys fo r  Burner Application" AFML-TR-71-1n7, August 1'371. 
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C. Demonstration Test ing (Task V and V I I I )  

1. General 

The i n i t i a l  columbim chamber testing (Task V)  w i t h  the 30 L* 
chamber was ccrnducted i n  two phases. A f i v e  l e g  baffle s t a i n -  
l e s s  steel  i n j e c t o r  was used f o r  the first t e s t  series. That  
I n j e c t o r  was designed i n  accordance wi th  the Task I and I1 
OM3 d e f i n i t i x s  which incl ided a 10 inch diameter chamber and 
in j ec to r .  '1. ' i n j e c t o r  9,icorporated t r i p l e t  elements w i t h  an 
muter r ing  or' unlike doublets.  T e s t  r e s u l t s  w i t h  t he  stainless 
steel ' n j ec to r  f e l l  approximately 2% shor t  of the predicted 
ISP L'  the design operat ing condi t ions of 125 p s i a  chamber 
pressure,  N$IlJMM€I p r o p e l l a r t s  a t  a mixture r a t i o  of 1.64 and 
a maximum insulated c h a b e r  temperature of  2400°F. The i n j e c t o r  
operation i n  t he  columbium chamber w a s  character ized by non- 
mifo rm th roa t  temperatures associated w i t h  t he  baffle config- 
ura t izn .  An attempt t o  h p r o v e  the temperature uniformity 
was successful but was acnieved a t  the expense of  combustion 
eff ic iency.  The ne t  r e s u l t  of the change was l i t t l e  o r  no Isp 
improvement within t h e  2400°F maximum temperature r e s t r a i n t .  
With the agreement of the program monitor, t h e  Task V testing 
was interrupted u n t i l  a second f n j e c t o r  became ava i lab le .  

The second 6000 l b f ,  N2O4/MMH, 10 inch diameter i n j e c t o r  was 
fabricated from aluminum and incorporated qcoustic c a v i t i e s  
f o r  t he  suppression of high frequency combustion i n s t a b i l i t y .  
Fuel vortex f i l m  cooling was maintained as t h e  approach t o  the 
gas f i lm temperature reduction. The t r i p l e t  i n j e c t o r  element 
was used exclusively and the f l a t  face  design allowed the center-  
l ir-e of the t r i p l e t  elements t o  be i n  l i n e  wi th  t h e  chamber 
radius.  Alminum was employed t o  expedite t h e  i n j e c t o r  fabr ica-  
t ion .  Testing w i t h  the  second i n j e c t o r  w i t h  the  30 inch I,* 
chamber demonstrated operation within 0.5 seconds of t h e  I 
goal a t  the maximm temperature of 2400'F a t  nominal operat,ng 
conditions.  The t e s t s  confirmed the  o f f - l imi t s  operat ion temper- 
attlre predict ions.  

Tests under Task MII, "Alternate Thrust Chamber and 4 Testing", 
evaluated operat ion with chamber L*'s of 26, 30 and 34 inches 
wi th  e. second aluminum i n j e c t o r .  me second aluminum i n j e c t o r  
p a t t 3 r n  was similar t o  the  f irst ;  modifications were made 
primarily i n  t he  oxid izer  i n l e t  manifolding t o  improve t h e  
t r i p l e t  element impingement. Tests wi th  t he  second aluminum 
i n j e c t o r  showed t h a t  the p r e d k t e d  Isp could be exceeded by 1 
sec.  with an L* of 34 and t h a t  the  Isp wi th  N204/50-50 blend 
was e s s e n t i a l l y  equal t o  ~ 2 0 4 / ~ h f ~ .  

T 



2. Test In j ec to r  Descriptions 

The s t a i n l e s s  s t e e l  i n j e c t o r  was designed with t r i p l e t  elements 
(2 fuel on 1 oxid izer )  w i th  a single r i n g  of un l ike  doublets 
near the outs ide diameter and separate  o r i f i c e  f o r  f u e l  vortex 
f i l m  cooling. The i n j e c t o r  design includes a 5 legged baffle 
( i n t e g r a l  w i t h  the i n j e c t o r  face)  and acoust ic  s l o t s  designed 
f o r  t he  f irst  r a d i a l  mode t o  assure  stable operat ion i n  combina- 
t i o n  w i t h  the  baffles (Figure IV-4). A view of t h e  completed 
i n j e c t o r  is shown i n  Figure IV-5.  The i n j e c t o r  baffle wad face- 
p l a t e  are f u e l  cooled through radial feed holes w i t h  the fuel 
flowing radially outward thmugh the  baffle, then inward throagh 
the face coolant passages te the fuel o r i f i c e s .  The fuel vortex 
film separately fed t o  permit va r i a t ion  of fuel f i lm flow inde- 
pendent of main i n j e c t o r  flow. The i n j e c t o r  propel lan t  feed 
system cons i s t s  of a s ing le  center  feed fuel p o r t  and a single 
oxidizer  por t ,  each feeding t h e i r  respect ive manifolds and 
o r i f i c e s .  A l l  weld j o i n t s  a r e  designed so that any leakage 
would be overboard. 

The first aluminum i n j e c t o r  is  shcwn i n  Figure N-6 af ter  seve ra l  
f i r i n g s .  The u n i t  was designed w i t h  184 radial t r i p l e t  elements; 
the inJec t ion  holes  of each element a r e  on a rad ius  l i n e .  
face of the i n j e c t o r  has e l ec t ron  beam welded r i n g  sea l ing  c i r -  
cumferential  propel lznt  manifold s l o t s .  The acous t ic  cavi ty/  
f u e l  vortex film coolant r i n g  subaJsembly made provis ion f o r  
8 c a v i t i e s  of 1.65 inches depth and 4 c e v i t i e s  of 0.76 inches 
as shown i n  Figure IV-7. The 8 deeper c a v i t i e s  were desi ned 

deep c a v i t i e s  were s ized f o r  the th i rd  t a n g e n t i a l  and first 
radial modes. 
manifold changes as described ‘,n t he  following sect ion.  

The 

t o  damp the first t angen t i a l  mode 3.f i n s t a b i l i t y ;  t h e  0.7 t! 
The i n j e c t o r  was dnsignated AL #1 Mod A after 

The second aluminum i n j e c t o r  i s  shown in Figure N-8. The 
number of t r i p l e t  elements a r e  i x r e a s e d  t o  196 t o  provide 
consis tent  spacing between t h e  outer  and second r i n g  of elemerts.  
The f u e l  i n l e t  is  on the i n j e c t o r  cen te r l ine  supplying radial 
d i s t r i b u t i o n  holes.  The o x i d i i c r  i n l e t  i s  of f  cen te r  supplying 
a f la t  ennular C i s t r ibu t ion  manlfold. The c i rcumferent ia l  
manifolds near t he  face required E.B. welded face  r ings .  

The nomlnal i n j ec t ion  o r i f i c e  pressure drop of t he  second 
aluminum i n j e c t o r  (AL #2) was desjrned f o r  40 psi, approximately 
5 p s i  above AC f l  Mod A.  
acoust ic  cavi ty  vortex r ing  subassembly employed with AL #1 
Mod A.  

The AC #2 i n j e c t o r  u t i l i z e d  the same 
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3. I n j e c t o r  Check-oLt F i r ings  

a .  S t a h l e s s  S t e e l  I n j e c t o r  

F i r ing  t e s t s  a t  sea l e v e l  were conducted t o  def ine performanee, 
c*, as a funct ion of chamber pressure,  o v e r a l l  mixture r a t i o  
and percentage of f u e l  vortex f i l m  coolant.  The t e s t s  a l s o  
character ized t h e  hea t  r e j e c t i o n  t o  the  t h r o a t  sec t ion .  The 
t e s t s  were conducted using a t h r u s t  chamber assembly cons i s t ing  
of  an uncooled s t e e l  combustion chamber and a segmented weter 
cooled nozzle, Figure IV-9. The longi tudina l ly  segmented nozzle 
was used t o  obta in  a per iphera l  heat r e j e c t i o n  s igna ture  fzr 
the  i n j e c t o r .  

A t o t a l  of 15 t e s t s  were made f o r  an accumulated run time of 
201 seconds (See Table I) .  Testing was performed over a 
mixture r a t i o  (O/F) range of 1.42 t o  1.92, a chamber pressure  
ran e of  112.5 p s i a  t o  139.8 ps ia ,  and a vortex flow ( p )  range 

durat ion except for t h e  i n i t i a l  t es t s  conducted and f o r  one 
inadvertent  f u e l  propel lan t  exhaustion t e s t ,  run 4407. During 
t h a t  t e s t  t h e  f u e l  exhaustion was gradual and was a t t r i b u t e d  
t o  vortexing around the  feed tank s t a r d  pipe.  The decrease i n  
f u e l  flow caused a gradual drop i n  zhamber pressure u n t i l  t h e  
chamber pressure low l e v e l  switch i n i t i a t e d  shutdown a t  approxi- 
mately 95 p s i a .  T h i s  pressure t r a n s i t i o n  was gradual and showed 
no s igns  of o s c i l l a t o r y  combustion a t  the  lower pressures .  

of E .65$ t o  10.36%. Run durat ions were nominally 15.0 seconds 

The bas ic  t e s t  setup and ins11 .;ion coverage i s  shown i n  
Figures I V - 1 0  and IV-11. Th- .o r  w9.s fed through a bipro- 
pe l l an t  valve. A separate  f , $ ~ . i c . .  employed f o r  t h e  
f u e l  vortex f i l m  coo l ing .  Tkv, flowmetcrs were used i n  each of 
t he  th ree  propel lant  fee6 l i n e s .  Thrust nezsurements were not  
made f o r  the  sea l e v e l  t e s t s .  

The c* data  i s  p lo t t ed  i n  Ftgure I V - 1 2  a s  a fun,:tion of f i l m  
c o o l a n t , p  w i t h  l i n e s  of constant O/F i n fe r r ed  from the  data. 
In  genersl ,  the  da ta  follows t he  predicted c *  f o r  t h e  ind iv idua l  
run conditions hlJt a t  0 .4  t o  1.3% lower values.  
c* a s  used i n  t;j\: Task  I s tud ie s  w 3 s :  

The predicted 

p‘ c* core 
C *  = 4320 + 0.99 (1- P 

The higher percentage d i f fe rences  we-e observed a t  low mixture 
r a t i o  and nominal O/F a t  the  h igher  percentages of f i l m  cooling. 
Chambvr jJr?sziir(? varlat ior i  from aj)proxl.rnaf-,(?ly 11 ‘J, i,n 137 I :; i :I 
was obsc!rved t o  have little cff’(:(:t, on thr? charar . t t ! r is t ic  7 ~ ~ 1  oc I t y ,  
a:; p r l ! i i i ( - t ; t !d :  i” rc)r(! at; a reT8reL nt .a l . iv ( :  I’ i x l , i i r* l !  ra , t , io  (;’.?j 
changes approximately 114 f‘t/sec between Pc - 110 and l’ln Tjs ia .  
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FIGURE IV-9 
Start Chamber Assembly 
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Nozzle redect ion d a t a  is  shown i n  Figures IV-13 and JX-14. 
The t o t a l  heat re jec ted  as a function off is less than predicted,  
The trend of increasing heat r e j e c t i o n  with reduced O/F i s  
cons is ten t  w i t h  t he  T film,p* equation and t h e  d e f i n t t i o n  of 
/*; a t  lower O/F and higher c* ,p+ decreases and T fAn 
increase,  The e f f e c t  o f  chamber p.ressure i cons is ten t  w i th  
theory showing an increase of Q wi th  (Pc)o-8,  The polar  p l o t  
of Figure YC.r-14 suggests reasonably unirorm c i rcumferent ia l  
heat re jec t ion .  

Measurement of f u e l  temperatur- af ter  flow through the  baffle 
and i n  the  f u e l  vortex film manifold provided average Q/A f o r  
the baffles and the  passages t o  the vortex manifold. The 
average Q/A f o r  t h e  b a f f l e  and t h e  passages t o  the  manifold 
agreed c lose ly  wi th  predicted values.  

Testing of t he  demonstration columbium chamber a t  a l t i t u d e  w i t h  
the  s t a i n l e s s  s t e e l  i n j e c t o r  was character ized by below goal 
c+ and non-uniform heat r e j e c t i o n  as discussed i n  the following 
sect ion.  
heat r e j ec t ion  uniformity.  

I n j e c t o r  modifications were evaluated t o  improve the 

b. Aluminum I n j e c t o r  KO. 1 

The in i t i a l  check f i r i n g s  of A L # l  showed performance improvement 
r e l a t i v e  t o  the  s t a i n l e s s  steel  in j ec to r ;  e s s e n t i a l l y  the same 
c*  was obtained as a funct ion of but  w i t 1 1  an average water 
cooled nozzle heat flux reduction of 10%. 
with a sea l e v e l  columbium nozzle indicated that the  goal c* 
could be approached for insu la ted  columbium operat ion of 2550°, 
150" above the design temperature. The nozzle, barrel sec t ion  
and in Jec to r  re ta ined the  c h a r a c t e r i s t i c  length of 30 inches.  
The tes t  set ups is shown i n  Figure IV-15. 
columbium nozzle became ava i l ab le  a f t e r  t h e  completion of the  
s t a i n l e s s  s t e e l  i n j e c t o r  check-mt f i r i n g s ) .  

Subsequent f i r i n g s  

(The sea l e v e l  

The firing data and observations from water flow t e s t i n g  lead 
t o  oxidizer  manifold changes t o  improve the uniformity of t r i p l e t  
element im2ingement. 
ment was st i l l  below standard.  The i n j e c t o r  was then designated 
AL #1 Mod. A. 

Improvement was achieved but the impinge- 

Test da ta  of AL #I Mod. A wi th  the sea  l e v e l  columbium nozzle 
j s  shown i n  Table 11. The d a t 9  indicated t h a t  t he  columbium 
zhamber operat ing goals could be c lose ly  approached. The maximum 
"pyroscanner" temperature data w i l l  be described i n  t h e  following 
section. 
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c. Aluminum I n j e c t o r  No. 2 

The lack  of d e s i r e d  t r i p l e t  element impingement exhibi ted by 
A L # 1  Mod. A was corrected wi th  AL #2. I n l e t  manifolding was 
changed es described i n  the  preceding sec t ion .  The sea  l e v e l  
tes t  data from the u n i t  i s  presented i n  Table 111. More 
uniform pyroscanner temperatures were obtained than wi th  A 
#1 Mod. A as shown by the agreement between t h e  pyroscanner 
a t  9:OO o'clock (S/N 5) and the pyroscanner a t  3:OO o'clock 
(S/N 2). The c h a r a c t e r i s t i c  ve loc i ty  i s  e s s e n t i a l l y  equal 
t o  t h a t  of AL #1 Mod. A. 
an t ic ipa ted  based on t he  improved i n j e c t o r  impingement. A 
t h i rd  pyroscanner was i n s t a l l e d  f o r  t e s t  4491 as a check on 
pyroscanner r epea tab i l i t y .  
with that  a t  9:OO o lc lock  w i t h i n  

An improvement of c* had been 

from 1O:OO o'clock agreed ? T p x  F or 0.2%. 

4. Chamber Demonstration T e s t s ,  Task V 

a. Test F a c i l i t y  

The a l t i t u d e  simulation system employed f o r  the 
t h r u s t  chamber demonstration t e s t s  i s  located a t  t h e  B e l l  T e s t  
Center. 
The 1BN f a c i l i t y  was constructed f o r  the development of the 
LF4 Ascent engine f o r  t he  Apollo program and was la ter  modified 
and used for the Space Shu t t l e  APS reverse  iow engine program 
(Contract NAS 3-14353). 
a 9 l/2 f e e t  diameter by 24 feet long chamber (Figure IV-17) 
a water cooled d i f f u s e r  duct, a water spray chamber, a s i x  
f e e t  diameter vacuum i s o l a t i o n  valve, a steam generator and a 
two s tage  non-condensing steam ejec tor .  A mechanical vacuum 
pump i s  connected t o  t h i s  system f o r  i n i t i a l  pumping down and 
ca l ib ra t ions  p r i o r  t o  f i r i n g .  The steam source for the  e j e c t o r  
system is  a gas 
alcohol, and 34. 8 pounds/second of l i q u i d  oxygen which is quenched 
w i t h  102 pounds/second o f  water t o  produce approximately 163 
pounds/second of steam and C02 a t  300 psig.  

The 1BN e j e c t o r  sub-system included a cen te r  body d i f f u s e r  
j u s t  downstream of t h e  engine e x i t  t o  maintain a c e l l  pressure 
of 90,000 f e e t  equivalent a l t i t u d e  while hot f i r i n g  the  34.00 
pound t h r u s t  LM Ascent engine f o r  a durat ion of 600 seconds. 
The thermal load imposed by t h a t  engine exhaust WRS cooled t o  
1000°F i n  the  water spray chamber by i n j e c t i n g  water d i r e c t l y  
i n  t h e  exhaust gas stream. 

The f a c i l i t y  i s  iden t i f i ed  as 1BN (Figure IV-16) .  

The a l t i t u d e  simulation system includes 

enera tor  which burns 19.3 pounds/second of 

Thermal expansion of t h e  e j e c t o r  system i s  achieved by permit t ing 
all. components t o  roll on tracked casters. Provision i s  a l s o  
made t o  r e t r a c t  the  e n t i r e  system approximately two f e e t  by a 
hydraulic cyl inder  t o  f a c i l i t a t e  s e rv i ce  on the  t e s t  s t a n d  i n s ide  
the a l t i t u d e  chamber. 
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The t e s t i n g  of the  OME demonstration t h r u s t  chamber u t i l i z e d  
the 1BN f a c i l i t y  with some modifications and addi t ions.  Since 
the centerbody d i f fuse r  was s p e c i f i c a l l y  des igned  f o r  the LM 
engine i t  was used only as an interconnect ing duct. A new 
cy l ind r i ca l  straight d i f fua5r  was designed, fabr icated,  and 
i n s t a l l e d  t o  assist irL maintaining a vacuum pressure equivalent 
t o  approximately 100,000 f t .  a l t i t u d e .  The 02-H2 plumbing 
from the NAS 3-14353 program was removed from the a l t i tude  
chamber and t h e  N2O4 and fuel  l i n e s  were r e h s t a l l e d .  The 
thrust  chamber assembly propel lant  feed system included 8 
r e l a t i v e l y  c lose ly  coupled bipropel lant  valve assembly. The 
l i n e  lengths  from valve o u t l e t  t o  i n j e c t o r  i n l e t  were a9proxi- 
mately 3 fee t  long. The valve was an unmodified LM Ascent 
engine, series/parallel redundant assembly. The fuel feed l i n e  
t o  the i n j e c t o r  contained a branch l i n e  f o r  t h e  fue l  vortex 
f i l m  cooling c i r c u i t .  The f i l m  flow rate was adjusted by 
o r i f i c e .  The vortex c i r c u i t  volume was analyzed t o  provide 
e s s e n t i a l l y  simultaneous i r i ject ion of i n j e c t o r  and f i lm coolant 
flow a t  engine s t a r t .  The oxid izer  feed l i n e  from the  bipro- 
pe l l an t  valvewas designed f o r  a nominal 60 m s .  ox id izer  lead. 

The 1BN f a c i l i t y  included one channel of closed c i r c u i t  tele- 
v is ion  t o  monitor the  thrust  chamber assembly. 

b. Instrumentation and Data Acquisit ion 

(1) Instrumentation 

Fropellant feed pressures  and chamber pressures  were measured 
wi th  Taber transducers,  Model 226 o r  equivalent.  The test 
c e l l  ambient pressure was determined by 3 CEC s t r a i n  gage t rans-  
ducers w i t h  a 0-2 p s i a  range. Propel lant  f l o w  rates were 
measured by redundant Fisher  Por t e r  tu rb ine  type flowmeters 
which were ca l ib ra t ed  i n  place wi th  water. Thrust measurement 
was obtained by a dual  bridge Transducer Incorporated load c e l l  
mounted i n  a hor izonta l  f lexured t h r u s t  stand. The t h r u s t  moni- 
t o r ing  i n s t a l l a t i o n  included t h e  capab i l i t y  for remote c e l l  
ca l ib ra t ion  a t  a l t i t u d e  w i t h  propel lant  feed pressure t o  t he  
se r i e s /pa ra l l e l  redundant b ipropel lan t  -ralve. Platicwn/Platinwn- 
Rhodium thermocouples were used f o r  columbium t h r u s t  chamber 
outisde surface temperatures,  Propellant feed temperatures 
employed Chromel/Alwnel thermocouples. Columbium temperatures 
were a l s o  obtained f o r  chamber operat ion without ex te rna l  insula-  
t i o n  as described below. 

Thermocouple t h r u s t  chamber sk in  temperatures were augmented 
by data  measured by  two o p t i c a l  br ightness  scanning pyrometers 
o r  pyroscanners s ta t ioned on both s i d e s  of the  chamber. The 
instruments were ,;<,LrLLly developed by B e l l  and t h e  Instrument 
Development Laboratories of Attleboro, Massachusetts. Wall o r  

! 
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sk in  temperatures i n  t he  range of 1,400'F t o  4,OOO"F can be 
accura te ly  measured. The de.:ice uses a unique image plane 
scanner - a rap id ly  moving endless  b e l t  containing small 
apera tures  i n  a geonetr ic  p a t t e r n .  The l i g h t  energy passes 
through the  aper tures  and a monocromatic f i l t e r  ( 6 5 3 p )  t o  a 
photomult ipl ier .  Synchronous pulses  and i n t e r n a l  c a l i S r a t i o n  
data are included i n  each "frame" of da ta .  Each frame c o n s i s t s  
of 10 l i n e s  of scanned data and scan rates can b e  var ied.  
Al te rna te  frames o r  l i n e s  can be in te r laced  s i m i l a r  t o  a 
t e l e v i s i o n  r a s t e r .  Typically,  a f i e l d  of i n t e r e s t  6 i n .  long 
by 3 i n .  high w i l l  have a spot  r e so lu t ion  of 0.18 square inches.  
The sample f i e i d  of i n t e r e s t  i s  converted i n t o  a temperature 
matrix 90 x 40 a t  a frame rate of 15 pictures/second. 

The d a t a  generated by the pyroscanner are recorded on the FM 
analog tape recorder system, played back i n t o  the High Speed 
Dig i ta l  Acquis i t ion System (Beckman), and d i g i t i z e d  a t  an 
equivalent rate of 16,000 samples/second per  channel. 
data a r e  then formated by computer programs. 
t h e  r ad ia t ing  body anC c a l i b r a t i o n  data are i npu t s  t o  the computer 
program. Isotherms, t i m e  h i s t o r y  p l o t s  and/or simple data/time 
tabula t ions  may be  obtained as outputs  from t h e  computer. 

The 
Emissivi ty  of 

Cal ibra t ion  and alignment of t h e  pyrometers a r e  performed 
pe r iod ica l ly .  Pyroscanner c a l i b r a t i o n  i s  t r aceab le  t o  NBS 
through NBS ribbon fi lament lamps manufactured by General 
E l e c t r i c .  Lamp br ightness  as a func t ion  of  f i lament  cu r ren t  
i s  c e r t i f i e d  as lt5"r" between 1900 and 2000°F and +12'F a t  
3900'F. The accuracy of  t h e  pyroscanner i s  t50"F ( 3 a ,  90% UCL). 

Pyroscanner p r i n t o u t  data i s  presented i n  t h e  following 
subsections.  

2. Accelerometer Automatic Shutdown 

Three Endevco Corp. Model 2273 accelerometers (range t o  8 KHz) 
were used i n  conjuqction w i t h  K i s t l e r  Model 504 e l e c t r o s t a t i c  
charge ampl i f ie rs  t o  measure engine acce le ra t ion  i n  t h r e e  
mutually perpendicular axes. The accelerometers were emFloyed 
as t h e  primary combustion monitor and were t i e d  i n t o  t h e  f i r i n g  
c i r c u i t  t o  provide automatic shutdown i n  case of rough cornbustion. 
Normally, combustion pressure i s  monitored by a K i s t l e r  pressure 
transducer f o r  automatic shutdown. However, t he  chamber opening 
f o r  the K i s t l e r  pick-up would d i s t u r b  the  f u e l  vortex f i lm  on shut- 
down. The acce le ra t ion  l e v e l  which was  immediate w i t h  no d e l a y  
incorporated a t  the peak value. 

The analog t ransducer  s i g n a l s  a r e  d i g i t a l i z e d  by Beckmari systems 
and  t h e  d i g i t a l  data s tored on  rxagnetic tape .  me d i g i t a l  t a p e  

3. Data Acquisit ion and  Accurhcy 
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data  i s  presented i n  engineering u n i t s  with selected derived 
parameters a f t e r  processing by IBM 360 computers. 
type flowmeter c y c l i c  data a r e  d i g i t i z e d  w i t h i n  t h e  Beckman 
system and processed through t h e  computers. 

Provision was made f o r  d i r e c t  reading and osc i l lograph  d isp lay  
of  se lec ted  t e s t  parameters. 

Turbine 

Table I V  gives  Lhe frequency response and estimated o v e r a l l  
data accuracy f o r  t h e  instrumentation and recording systems. 

c .  Test Results,  S t a i n l e s s  S t e e l  I n j e c t o r  

Twenty-one f i r i n g  t e s t s  were ca r r i ed  out  i n  t h e  1BN fac t l l i ty  
wi th  30 inch c* columbium chamber and t h e  s t a i n l e s s  s t e e l  i n j e c t o r  
from 3/22 t o  4/30/73. All f i r i n g  t e s t s  provided usable  da ta ;  
each operat ion was character ized by acceptable s t a b i l i t y ,  run and 
shutdown c h a r a c t e r i s t i c s .  There was no ind ica t ion  of low f re-  
quency or high frequenzy chamber pressure o s c i l l a t i o n s .  The 
d a t a  i s  summarized i n  Table V. One of t h e  run numbers a l loca ted  
t o  the  s e r i e s  of  tes ts  was used f o r  1BN f a c i l i t y  checkout and 
t h r e e  runs were terminated before  columbium chamber f i r i n g  due 
t o  f a c i l i t y  problems :-nt assoc ia ted  w i t h  t h e  t e s t  hardware. 

R u n s  790 through 813 of Table V were conducted without ex te rna l  
i n su la t ion  t o  assess maximum columbium temperature a s  a fur,ctPon 
o f  t h e  percentage of f u e l  f i l m  coolant,  chamber pressure  and 
o v e r a l l  mixture r a t i o .  The objec t ive  of  t h e  t es t s  was t he  
determination o f  t h e  s p e c i f i c  impulse which could be achieved 
with a maximum columbium chamber temperature of 2300°F. The 
2300°F temperature, uninsulated,  i s  equivalent  t o  insu la ted  
chamber operat ion a t  2400'F maximum. The insu la ted  columbium 
chamber operat ion d e f i n i t i o n  of 2400°F was es tab l i shed  by the  
Task I and I1 s tud ie s .  The l a s t  t es t ,  run 814, was ca r r i ed  out  
with ex te rna l  i n su la t ion .  

The i n i t i a l  f i r i n g  runs 790 and 791 iridicated temperature 
va r i a t ions  i n  t h e  th roa t  region. Pro jec t ions  of the temperatures 
t o  steady s t a t e  operat ion indicated unacceptable operation. The 
i n j e c t o r  assembly was removed from t h e  s t a n d  and water flow tes ted .  
The assembly of vortex r i n g  and i n j e c t o r  showed t h a t  p a r t  of 
t he  vortex was back flowing toward the i n j e c t o r  face.  The r o t a t -  
i ng  back flow was stopped a t  each b a f f l e  l e g  r e s u l t i n g  i n  a 
local ized f i l m  flow buildup downstream of each leg. The back 
f low conciition was not apparent i n  e a r l i e r  water flow t e s t s  
which were conducted on t h e  r i n g  and i n j e c t o r  subassemblies. 
The loca l ized  buildup of f i l m  coolant  was i d e n t i f i e d  a s  contr ib-  
u t i n g  t o  the  lack of t h r o a t  ten ,? ra ture  uniformity and lead t o  
mo5ification of the  vortex ' fdamft .  The vortex cooling dam height  
(Figure I V - 9 )  was reduced and t h e  back flow was l a r g e l y  eliminated. 
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, Acceleration Freauency Response 

108 0-5000 CPS 

I 

TABLE IV 

XNSTRURENTATION ACCURACY 

1. 

2, 

3. 

4. 

5. 

Pressure 
Measurements 

Thrust 

Flcw Measurements 
(For water flow 
callbra tion) 

Temperature 

C hr omel , 'A1 umel 
Thermocouples 

Pla tinum/Platinum- 
Rhodlum 10% 
Therao c o up1 e s 

Pyroscanner 

Accelerometers 

Digital Recorder 

Accwacy 

&0.5$ F.S. 

+0.7$ F.S. 

+loo$ of 
Reading 

&0,4$ of 
Reading 

Reading 
*0.25$ of 

2 5 0 0 ~  

Frequency 
Response 

0-20 cps 

0-20 cps 

I 

Oscillograph 

m2.864& F.S. 

fl . 05% 

N/A 

N/A 

N/A 

FM TaDe 

r.itor Only);. 
400 cpa 

6C-70 CPS 

200-300 CPS 

N/A - Not Applicable 
P.S. - I f ' U l l  S c a l e  
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F i r e  testing was continued w i t h  incrcssed durat ion f i r i n g s  
approaching thermal equilibrium of the chamber ( R u n s  793 through 
797). Firings of 30 and 60 second durat ion followed including 
operat ion at l o w  O/F and low Pc. Attempts t o  reduce t h e  vortex 
f i l m  coolant down t o  9% t o  r a i s e  I, were not successful;  run 
803 was terminated a t  a run time ofplO.9 seconds because th. 
nlaximum columbium tsmperature had exceeded 2300°F. The lack of 
Zircumferential  temperature uniformity i n  t h e  t h r o a t  region das 
evident throughout the  tests. Pyroscanner data f o r  runs 799 
and 804 Figures N-18, IV-19 and IV-20 i nd ica t e  over 400°F 
circumferent ia l  va r i a t ion  a t . t h e  th roa t  plane. The higher 
temFeratures were approximately i n l i n e  with t h e  center  of each 
of thc  5 i n j e c t o r  sec tors .  Theraocouple da ta  confinned t h e  
temperatures aF w i l l  b e  discussed i n  the following subsection. 
The lack of te:,perature uniformity and the  higher than predicted 
film coolant flow l i m i t e d  Isp {corrected t o  i n f i n i t e  a l t i t u d e  
and an area r a t i o  of 75:l) t.; approximately 302 seconds. 

The Sta in less  s tee l  i n j e c t o r  was modified Setween runs 804 and 
805 t o  attempt t o  improve che temperature uniformity at  the  
th roa t .  Two oxidizer  o r i f i c e s  v e r c  plugged i n  each of t h e  5 
s e c t w s  near the  sec to r  center l ine .  

The modification was based on the o r i g i n a l  "pressure map" of 
the Injector ,  and the  apparent need t o  reduce the  combustion 
gas generation on the  sec to r  center l ine .  The modification could 
e l s o  be made i n  a Ehort period of t i m e .  While the  plugging of 
the  o r i f i c e s  was a n t i . i p a t e d  t o  imprwe t h e  th roa t  temperature 
unifcrm+ty it was a l so  recognized t h a t  t h a t  bene f i t  would be 
accompanied by a reduction of t he  combustion e f f ic iency  of t he  
remainder of  the elements. 

Tes+,s 805 through 813 (Table V) evaluated opera t ion  w i t h  t he  
nodified s t a i n l e s s  s t e e l  i n j e c t o r .  Far more cons is ten t  tempera- 
t u r e s  were achieved allowing operation a t  reduced vortex f i lm 
c o o l h g .  

d. Test  Results.  Aluminum In-iector #1 

The next s e r i e s  of twenty-three t e s t s  were performed on the  
columbium chamber using t h e  aluminum flat  face i n j e c t o r .  The 
f e a t w e s  of t h i s  i n j e c t o r  system were the  b u i l t i n  acoust ic  
combustim s t a b i l i t y  dampers, and a f u e l  vortex f i lm  coolant 
r i n g .  

Majority of t he  tes ts  were of 20 seconds duration w i t h  t he  
chamber radiat ion cooled. Two t e s t s  were of longer duration, 
30 and 60 seconds, and wi th  t h e  chamber i n s u l a t e d .  During t h e  
uninsulated t e c t i n g  the chamber .J 1 tempcratures were measured 
by pyroscanner .41iLe t h e  w a l l  terr,peratures were measured wi th  
thermocouples only during the  insulated ~ b q . .  ?.e:. - s .  Sa t i s -  
f a c t o r j  t e s t  r e s u l t s  were rbtained dur; 1 - : ;-es, including - .  
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stable operation, acceptable s t a r t  and shutdown t r ans i en t s ,  
and en increase  i n  performance aver  the s t a i n l e s s  s teel  5 Leg 
b a f f l e  i n j e c t o r  S/N 1 at  appmximately the  same chamber wal l  
temperature. A projected f u l l  a rea  r a t i o  nozzle performance 
of 310 seconds s p e c i f i c  impulse was found t o  be representa t ive  
for t h i s  i n j e c t o r  i n  a columbium engine with a 75 t o  1 area 
r a t i o  nozzle. Improvements of l o c a l  i n j e c t o r  impingement 
anomalies were a l s o  considered t o  be an area  f o r  improvement. 
Where performance values f o r  a similar, but improved manifold 
i n j e c t o r  should exceed the 310 second 1s . The peri'srmance 
da ta  obtained i n  t h i s  cerics aPe provideg ir .  T 3 b l e  V I .  

_.-I .- . 

T e s t  Hardware 

A Photugrfipk: o f  the  t h r u s t  chamber assembl? i s  shown i n  Figure 
IV-21. i'he 30 L* (8693-470006-1) columbium chamber i s  the same 
chamber previously tested wi th  the s t a i n l e s s  s t e e l ,  5 leg b a f f l e  
i n j ec to r .  This chamber i s  fabr ica ted  f r o m  columbium C-lo3 
mater ia l  and coated w i t h  a s i l i c i d e  HiTemco 5 l 2 E  coating. The 
aluminum i n j e c t o r  #1 mod A was fabr ica ted  from aluminum and 
u t i l i z e s  t r i p l e t  combustion elements. A removable s t a i n l e s s  
steel acoust ic  r i n g  is  used on t h e  i n j e c t o r  periphery t o  provide 
high frequency s t a b i l i t y .  This acous t ic  r i n g  cons i s t s  of twelve 
(12) acoust ic  s l o t s  ( o r  c a v i t i e s )  w i th  eight (8) s l o t s  designed 
f o r  t he  t h i r d  t a n g e n t i a l / f i r s t  r a d i a l  mode. 
t h i s  design i s  shown i n  Figure IV-22. The vortex r ing  i s  fab-3- 
cated from s t a i n l e s s  s t e e l  and is  s imi l a r  t o  the  vcrrtex r i n g  
used for  t e s t i n g  the  s t a i n l e s s  s t e e l  i n j e c t o r  S/N 1. 

Further d e t a i l  of 

T e s t  Resul ts  

The i n i t i a l  por t ion  of t h i s  tes t  s e r i e s  was con"ucted w i t h  the 
hardware uninsulated (Run Numbers 815 t o  826) followed by two 
insulated tests ( R u n  Numbers 827 and 828). 

Resul ts  of these  t e s t a  revealed achievement of t he  predicted 
310 seconds spec i f i c  impulse, but w i th  wal l  temperatures a t  
l e a s t  100°F above the  desired l eve l .  
time h i s t o r i e s  a r e  given f o r  the  60 second durat ion insu la ted  
t e s t  i n  Figures IT-23 and IV-24. As l i s t e d  i n  Table I X  and 
shown i n  Figure m-24 the maximum t h r o a t  temperature measured 
was 2511°F, exceeding the  goal of 2400'F. During the  assembly 
of the  hardware p r i o r  t o  t h i s  s e r i e s  a s l i g h t  s t e p  was noted a t  
the i n t e r f a c e  between the  vortex r i n g  and the chamber wall .  
Previous experience with both water flow and f i r e  t e s t s  has 
shown t h a t  t he  vortex f i l m  can be affected by such a s tep .  This 
i s  only t r u e  where the  misalignment I s  an abrupt " s t ep  up" (flow 
must rise over a s t e p ) .  Ir i terfacc d i scon t lnu i t i c s  cons is t ing  of 
a "s tep d o m "  (smaller diameter t o  l a rge r  diameter) have not 
appeared t o  cause any disturbance t o  t he  f i l m  f low charac te r i s -  
t i c s .  

Thermocouple temperature 

An e f f ec t ive  temporary rework can be made by " f i l l i n g "  
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t h e  s t e p  wi th  a high temperature ceramic cement producing a 
smooth flow surface f o r  t he  f i l m .  This  ceramic cement pro- 
cedure was used on t h e  chamber p r i o r  t o  run 829 t o  provide a 
smoother t r a n s i t i o n  surface.  

Following t h i s  rework add i t iona l  t e s t s  were conducted i n  the  
r ad ia t ion  cooled condi t ion (Run Numbers 829 t o  839). 
rework t o  smooth the! chamber i n t e r n a l  surface resulted i n  no 
perlormance va r i a t ion  (Figure IV-25) ,  b u t  m a x i m u m  wal l  tempera- 
tu res  were reduced by more than 100 F, a s  gi-Jen i n  Figure 
IV-26. The longi tudina l  temperature d i s t r i b u t i o n  was adjusted 
due t c  t h e  smooth chamber wall f o r  t h e  60 sec2iLd insu la ted  t e s t  
using a predicted 2400'F gas temperature. 
a c t u a l  temperature data obtained as tes ted  w i t h  t h e  " s t e p  up" 
condi t ion versus t h e  predicted insu la ted  condition i f  t h e  engine 
were t e s t ed  w i t h  a smooth i n t e r f a c e  i s  provided i n  Figure IV-27. 
Note-the approximate 100°F reduction i s  e f f e c t i v e  from the con- 
vergent nozzle downstream. 

The 

A csmparison of  t h e  

Regression analyses were completed f o r  these tes t s  on t h e  
aluminum i n j e c t o r  as l i s t e d  i n  Figure IV-28. Low m a x i m u m  
r e s idua l s  e x i s t  f o r  c*, Cf and m a x i m u m  temperature (Pyroscanner). 
A p l o t  of wall temperature versus o v e r a l l  ( t o t a l )  mixture ratio 
using t h e  regression ana lys i s  equation is  shown i n  Figure IV-29. 
A performance/te!mperature map L t i l i z i n g  t h e  t e s t s  with t h e  
smooth chamber wall (Run Numbers 829 t o  839) i s  provided i n  
Figure IV-30. The predicted maximum w a l l  temperature i n  t h e  
insu la ted  condi t ion versus  t h e  vortex cDoling parameter i s  shown 
i n  Figure I V - 3 1  same tests.  T h i s  f i gu re  a l s o  shows t h e  compari- 
son t o  the  data during (Task I a t J  11) predicted value f o r  heat  
r e j ec t ion .  

Data CornParison f o r  Aluminum and S ta in l e s s  S t e e l  
I n j e c t o r s  

A data comparison was made using t h e  r e s u l t s  o f  t e s t i n g  the  
unmodified and modified s t a i n l e s s  s t e e l  i n j e c t o r s  and t h e  
modified aluminum i n j e c t o r .  A conparison of the representa t ive  
uninsulated temperature da ta  and performance i s  shown ir. 
Figure IV-32. The spec i f f c  imnulse displayed i s  again based on 
combustion e f f i c i enzy  and the  performance expected from a 75 t o  
1 area r a t i o  nozzle. Sfnce t h e  o r i g i n a l  u n o f f i c i a l  performance 
objec t ive  of these  tasks was t o  ob ta in  310 seconds s p e c i f i c  
impulse, i t  would appear t h i s  ob jec t ive  i s  not o ~ l y  f eas ib l e  
but should be obtained w i t h  reasonable developnient expenditures.  
Tho a h i l l t y  t o  ob ta l  n tk;i s performance is ~ v ~ ~ r ~  mor(' riotahI(: 
w i t h  consj dcring, t h a t  t h  i n j ec to r ,  car) b-2 i ! n ~ ) r o v ~ ~ d  ti:! k , r 1 o ~ ~ ! 1  

d e s i g n  rhangcs.  
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D. Demonstration Testinn (Task V I I I )  

1. Chamber Demonstration Tests - Aluminum InJector  #2 

a. Test Results - Effec t  of L* and A50 Fuel 

Testing t o  define the  e f f e c t  of L* on performance was accomplished 
after the  a v a i l a b i l i t y  of the  second aluminum i n j e c t o r  (See Task 
XI). Along with the  L* (combustor length)  evaluation, t he  e f f e c t  
on heat  r e j ec t ion  of reducing the  amount of vortex barrier, and 
the comparison of performance between MMH and AfJO f u e l s  were 
a l s o  t e s t ed  wi th  t h i s  i n j e c t o r .  The method of obtaining these  
var iab les  included t h e  f i lm coolant reduct i sn  by reducing the  
flow through the separate  vortex manifold. The L* (combustor) 
va r i a t ion  was accomplished by using a shor t e r  ( a l t e r n a t e )  
columbium chamber f o r  the  26 L* t e s t i n g  and a s t a i n l e s s  chamber 
i n s e r t  f o r  the 34 L* t e s t i n g .  
as t o  allow a d i r e c t  comparison with MMH using both 34 and 30 
L* chambers. The da ta  accumulated during t h i s  t e s t i n g  i s  assembled 
i n  Table V I I .  

The A50 f u e l  t e s t s  were made so 

b.  The Effec t  of Varying L* Using MMH Fuel 

I n  order  t o  e s t a b l i s h  the  bes t  estimate of engine performafice 
as a function of the  design and operat ing parameters, 
L* and P,, of t he  three  L* configurations (26, 30 and94)lf  t h e  

fk9, on t h e  columbium t h r u s t  chamber were subjected t o  s t a t i s t i c a l  
evaluation. Short durat ion f i r i n g s  were not considered and 
standard regression ana lys i s  techniques were employed. 

Results indicated a l i n e a r  trend i n  I (€=75:1) witnf , 
L* and Pc. 
requir ing higher order  terms i n  the  regression f i t .  The 
s ignff icance of  each influence,  including non l inea r i t i e s  i n  
parameters, was t e s t ed  S t a t i s t i c a l l y .  

A l l  performance da ta  were normalized t o  a f of 8% t o  provide 
a common reference f o r  perfomance comparison of t he  th ree  L* 
configurations.  A p l o t  of Ispa w i t h  mixture r a t i o  f o r  the  
t h r e e  L* configurations i s  shown i n  Figure IV-33. A high 
degree of consistency was achieved w i t h  m a x i m u m  deviat ions 
between best  f i t  and experimental r e s u l t s  of  l e s s  than +0.2$. 

erformance da ta  accumulated from a l l  t he  t e s t s ,  841 through 

The mixture r a t i o ,  €+,, deE%%ence was non-linear 

n 

A comparison of maximum temperatures i n  the  columbium chamber 
a t  30 L* i s  also included as Figure I V - 3 4 .  
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CORREC'I%D TO VACUUM OPERATION 
AND AREA RATIO 75:l AND NORMALIZED 

TO 8% p FILM COOLING 

Is P 

AL* = 34 N204/MMH PROPELLANTS 

, .  

1.5 1.7 1.8 

MIXTURE RATIO, TOTAL 

FIGURE V-8 
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MAXIMUM PYROSCANNER TEMPERATURE 
VS 

)IIXTURE Fa T I 0  
ALUMINUM INJECTOR NO. 2-3OL" CHAMBER 

- 

RUNS 841-846 

MAX. 
PYRC 
TEMP. 
OF 

2600 

2500 

240C 

2200 

2100 

1.4 

I 
1 

1.5 1.6 1.7 

MIXTURE RATIO, TOTAL 

FIGURE V-9 
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P c. The Effec t  on Performance o f  Varying 

A series of t e s t s  were made varying? ( f i l m  coolant percent. 
of  t o t a l  p rope l lan ts )  a t  a constant  26 L*. 
given graphica l ly  i n  Figure N-35.  The data presented approxi- 
mates only two po in t s  and because of t h i s  s c a r c i t y  of data, 
subsequent specxla t ion  ret-ated t o  design was not attempted. 
Howsver, i n  t h e  t e s t  region the  r e s u l t s  appear t o  produce a 
two second performance decrezse, a s  a 1% increase  i n  f i l m  
coolant is  in j ec t ed .  

These r e s u l t s  a r e  

3 
' I  Ir 

rl 
11 

. .  

, 

. *  

i .. 

d.  E f fec t  of  p on Nozzle Temperatures 
I 

The data obtained with 34, 30 and 26 L* chambers r e l a t i n g  the 
effect  of changing the amount of film cool ing ( p  ) on t h e  
m a x i m u m  chamber temperature i s  shown i n  Figures  IV-36 and IV-37. 
The data p lo t t ed  i n  both curves i s  a s  recorded although the 
shape of t he  curves shown i n  Figure Iv-36 present  some d i f f i -  
c u l t y  i n  i n t e r p r e t a t i o n  and understanding. 
appears s t r a i g h t  forward and be l ievable .  However, t h e  30 L* 
and 34 L* data appear t o  be repressed i n  t he  expected e f f e c t  
of  increas ing  t h e  f u e l  flow. 

The reason fo r  t h i s  seeming r e v e r s a l  i n  e f f e c t  of 30 and 34 L* 
f u e l  f i l m  e f f e c t  has been examined both wi th  respec t  t o  da t a  
accuracy and t o  poss ib le  causes. To date, it remains t h a t  t he  
data accuracy i s  considered acceptable and t h e  poss ib le  cause 
i s  unknown. The most reasonable explanation would appear t h a t  
an "unknown" e f f e c t  of mixing between the  f u e l  f i l m  and the  
primary combustion was changing as the  f i l m  coolant  quant i ty  
changed and the  r e s u l t i n g  maximum temperature, a t  t he  throa t ,  
was a s  shown. Subsequent t e s t  da t a  using the  same instrumenta- 
t i o n  pr3duced predicted r e s u l t s  lending credence t o  t h e  accuracy 
of the  information. 

The 26 L* data 

A s e r i e s  o f  seven t e s t s  were conducted s u b s t i t u t i n g  A50 f o r  t h e  
f u e l .  The objec t ive  of t he  t e s t s  was t o  provide d a t a  on the  
performance l e v e l  and columbium chamber temperatures which 
would be expected of A50 were subs t i t u t ed  f o r  MMH as the  f u e l .  

Tests  859 through 863 were performed with P!20 /A50 Fropel lan ts  

chamber. The 30 L* t e s t s  coveredf values from 6.82% t o  8.02% 
and the  34 L* t e s t s  covered values from 8.l7$ t o  9.06%. 

Performance i n  the  30 L* chamber was almost similar t o  that 
wi th  N20 /MMH propel lan ts ,  s p e c i f i c  :.,iipulse of 310 seconds 

i n  the  30 L* chamber, and t e s t s  864 thrnl;gh 8 2 7 i n  the  34 L* 

versus 3 4 0.4 seconds, a t  rated r a t i o  of  1.64. 

P 

These data  were a l s o  subjected t o  s t a t i s t i c a l  eva lua t ion  and 
normalized t o  a f o f  8% t o  provide a d i r e c t  comparison t o  the  
N20l1-/MMH propel lant  data. A I j l o t  o f  Ispa, w i t h  mixture r a t i o  

n 
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SPECIFIC IMPULSE VS MIXTURE RATIO 
ALUMINUM INJECTOR NO. 2 - 26L* CHAMBER 

RUNS 847-854 

CORRECTED TO VACUUM OPERATION Is P 
A N D  AREA RATIO 75: 1 

I 
spcQ 

E = 75 

1 . 3  1.4 1.5 1.6 

MIXTURE RATIO, TOTAL 

FIGURE V-10 
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MAXIMUM PYROSCANNER TEMPERATURE 

PERCEXT VORTEX FLOW 
v s  

ALUMIENM INJECTOR NO, 2 - 30L*, 34L* 
N204/MMH TROPELLANTS 

RUNS 841-846, 855-858, 868, 869 

A L* = 34 

L* = 30 

FIGURE 17-11 
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i s  shown i n  Figure IV-38. 

Wall temperatures i n  both cases followed a similar p a t t e r n  t o  
the  26 L* NzCIC/MMII t e s t s ,  decreasing w i t h p $ ,  but opposlte t o  
the  30 L* a2d 34 L* N204,/VMH tests trhere w a l l  temperature 
increased withf$.  
approximately 7.1% f i n  t he  30 L* chamber, with a corresponding 
Ferformance of apFroximately 312 seconds spezifi,:  impulse. The 
2400°F vallie ' as  obtained a t  3.3$/ i n  t h e  34 L+ chamber, with 
a ( 'qrrtspondi - :pecif 'ic impulse of appreximatel.: jll seconds. 
The ien;perat,.L mta f o r  b o t h  configurat ions a re  p lo t t ed  ir, 
F i s r e  11-39. 

The 24OO'F design value was obtained a t  

- 

The conclusion drawn from t h i s  t e s t l n g  was t h a t  the two fuels, 
A 5 0  and MMH, a r e  near ly  interchangeable.  Some adjustment .in 
the  m x n t  of  f i lm coolant - ,uld be reqvlired t o  ad jus t  w a l l  
temperatures,  ut :he bas ic  hardware would appear, on t h i s  
cursory evaluation, t o  be r ead i ly  usable f o r  e i t h e r  p ro re l l an t .  

e. Conclusions From Testing 

The extensjve t e s t i n g ,  conducted the  columbim t h r u s t  chamber 
during the  Task V and V l I l  e f f o r t  proved that  the operat ion 
of t h e  columbium chamber was not only a v iab le  concept but  that 
operation could be predicted and adjusted t o  meet t h e  design, 
operation and msrgln requirements of t h e  engine. The f ab r i ca t ion  
of t h i s  engine was simple i n  comparison t o  most o the r  contemporary 
concepts of reusable rocket t h rus t  chambers. The simple use of 
a spun metal she l l ,  coated and lnsu la ted  far s impl i f i e s  comparable 
multi-channel o r  multi- layer conceDts of  regenerative o r  a b l a t i v e  
cooled u n i t s .  However, with o ther  non-perfect systems, a s l i g h t  
penalty wwla be p a i d  w i t h  usage and t h i s  penal ty  would be i n  
arA inc: s s e d  w a l l .  coolant,  and consequent performance, reduction 
t o  pay >or t he  s impl ic i ty  and low cos t  usage of  t he  concept. 
With the  achievement o f  310 seconds i n  t h e  cur ren t  desigr, the 
performance perlalty would be expected t o  be approximately 1 1/2$ 
a s  compared t o  a regenerat ively cooled t h r u s t  chamber. It is  
possible t ha t  t h i s  penal ty  could be reduced w i t h  f c r t h e r  de f in i -  
t i o n  of c o a t i  ig capab i l i t y  o r  cycle reduction o r  metal improve- 
ment. However, a t  the present t h e  it would appear t h a t  the  
current insu1a;ed columbiurr. engine design would be l imited t o  
t h e  mater ia ls  and coatings cu r ren t ly  being used. 
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5'. TASK VI1 HEAT TRANSE%R TESTING 

It has been known f o r  years  t ha t  propel lan t  add i t ives  can be 
used t o  decrease the  heat r e j e c t i o n  t o  a combustion chamber 
w a l l .  B e l l  experiments wi th  amine f u e l s  dates back - 3  the  
50's and e a r l y  60)s where medium chamber pressure (500 p s i a )  
operat ion was demonstrated but t h i s  add i t ive  coolant was not 
required.  The demonstraticn w a s  t o  add s i l i c o n  o i l  (SO) i n  
small quan t i t i e s  t o  the  UDMH o r  MMH and the r e s u l t a n t  oxidized 
p rec ip i t an t s  have been theorized t o  coa t  the combustor W a l l  
p r e s e n t i w  a thermal r e s i s t a n t  surface t o  heat flux. 
heat r e j ec t ion  reductions of from 30 t o  40s have been measured 
and one system has recent ly  been made operat ional .  

Consistant 

Since a similar thermal reduction would a l s o  provide margins 
f o r  a low pressure engine such as the Space Shut t le ,  i n t e r e s t  
i n t o  heat t r a n s f e r  s p e c i f i c s  at  lower chamber pressure were 
generated within t h e  scope of the  OME program. P r i o r  t o  t h i s  
invest igat ion,  t he re  was no awareness of information generated 
on the  heat t r a n s f e r  c h a r a c t e r i s t i c s  and the p o s s i b i l i t y  of 
cooling passage p r e c i p i t a n t s  r e l a t ed  t o  t h i s  lcwer chamber 
pres  sure  operat  ion. 

The objec t ive  of t h e  heated tube heat t r a n s f e r  test  program 
was t o  determine, i n  an exploratory fashion, the e f f e c t  of 
s i l i c o n  addi t ive  t o  MMH and t o  50-50. The r e s u l t s  of t h i s  
program were intended to  support  the Space Shu t t l e  OME Technology 
Program. 
add i t ive  i n  both Hastelloy X and CRES 347 s t a i n l e s s  s t e e l ,  1/81t 
O.G. tubes, w i th  nominal v e l o c i t i e s  of 30 f t /sec. ,  and 200 t o  
250 p s i a  pressure.  Generally, t h e  tests were conducted by 
cycl ing up t o  and beyond the  onset of nucleate  bo i l ing  two o r  
t h ree  times and then proceeding t o  t h e  point  of peak nucleate  
boi l ing  with the  associated tube burn out .  Seven tubes were 
u t i l i z e d ,  each of which were destroyed at  t h e  culmination of a 
t e s t  s e r i e s .  There were 25 heat-up and 18 cool-down half 
cycles.  One tube was subjected t o  a 67 minute d u r a b i l i t y  tes t  
cons is t ing  of  6 cycles  each of which had about 6 minutes at  
temperature, 3 minutes t o  heat up, and 2 minutes t o  cool  down. 

The program was conducted w i t h  and without s i l i c o n  

Generally, t h e  MMH wi%h a d d i t i v e  behaved t h e  same as t h e  c lean  
MMH, a peak nucleate  bo i l ing  point  of between 5.0 and 5.3 
Bt=l/inZ sec. ,  w i t h  t h e  cnse t  of nucleate bo i l ing  occurring at  
2.0 t o  2.3 Btu/in2 sec., the  heat t r a n s f e r  c o e f f i c i e n t  i n  t h e  
forced convection region was between .007 and .OOg Btu/in2 
sec.  O F .  The long durat ion run seemed only t o  have the  e f f e c t  
o f  r a i s i n g  the  wall temperature somewhat but t he  peak nucleate  
bo i l ing  heat f lux  was unaltered. T h i s  probably neans that  an  
in su la t ing  f i l m  was deposited on the  in s ide  wal l  tkat reduced 
the  e f f ec t ive  f i l m  coe f f i c i en t  very s l i g h t l y .  
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The 50-50 had e slightly higher peak nucleate  boi l ing,  and 
the a d d i t i v  seemed t o  raise it a small -ut, 5.64 and 

wm a t  2.5 and 2.8 BtU/inz sec., and there was no di f fe rence  
i n  the forced convection film coe “ rc ien t .  The wall  tempera- 
t u r e  i n  t he  nucleate  bo i l ing  regime as a r e s u l t  was about 35°F 
higher with addi t ive.  

One p a r t i c u l a r l y  noteworthy finding, was t h a t  the onset of 
nucleate bo i l ing  appeared t o  take p lace  at  a lower temperatwe 
than the sa tu ra t ion  temperature as indicated by the literature 
f o r  MNH vapor pressure-temperature func t iona l i t y  f o r  c l ean  MMR 
w i t h  no and l i m i t e d  cycles.  It is poss ib le  that  film depos i t  
disallovod decomposition of MMH that  may have happened w i t h  a 
new tube . 

6.17 Btu/in 8 sec., respect ively,  the onset  of nucleate  boil ing 

A. T e s t  ?lan 

The object ive of t h i s  task was t o  determine the effects of 
c e r t a i n  va r i ab le s  on f u e l  blend heat transfer c h a r a c t e r i s t i c s  
using res i s tance  heated c i r c u l a r  tubes.  
cons is t  of cyc l i c  hea t ing  of approximately seven tubes.  
Because of the l imited scope, the program was intended t o  be 
exploratory i n  nature.  Init ially,  it was considered desirable 
t o  do the  tes t  using CRES 347, however, due t o  a l ack  of avail- 
able tubing a s u b s t i t u t i o n  of Hastelloy X w a s  proposed, and 
was deemed acceptable.  
steel and Hastelloy X with similar tes t  condi t ions t o  M h e r  
a s c e r t a i n  what t h i s  inves t iga to r  had found on a previous program, 
t ha t  the  choice of mater ia l  was not s ign i f i can t .  

!l!he program was t o  

Two check cases  were planned using 

The test  specimens were t o  be subjected t o  cyc l i c  heating t o  
a sce r t a in  whether changes t o  the  hea t  t r a n s f e r  c h a r a c t e r i s t i c s  
d i d  occur. Also, MMH and 50-50 were t o  be compared w i t h  each 
o ther  and w i t h  add i t ives  that have been used t o  s u b s t a n t i a l l y  
reduce the  gas s i d e  heat f luxes  on o the r  technology programs 
tha t  have been conducted by t h i s  contractor .  

Finally,  a d u r a b i l i t y  at temperature w i t h  repeated cycles  was 
planned f o r  MMH with one percent additive-Hexamethyldisilazine. 
The de ta i led  t e s t  program a s  it was a c t u a l l y  conducted i s  
tabulated i n  the  t e s t  r e s u l t s  sect ion.  

B. Test Specimens 

Each t e s t  specimen was constructed from a 10.7 inch sec t ion  of 
e i t h e r  CRES 347s s t a i n l e s s  s t e e l  o r  Hastelloy X seamed tubing. 
The nominal outs ide diameter of t h e  tubes was 1/8 inch. 
ac tua l  outs ide diameter varied between 0.1258 and 0.1265 inches. 
The wall thickness  was 0.014CI t 0.004, and 0.015 f 0.002 inches 
f o r  the  s t a i n l e s s  and Hastclloy X tubes, respect ively.  

The 
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me 10.7 inch sec t ion  allowed six inches for the heated sect ion,  
four inches f o r  the two electrodes,  and 0.7 inches for attach- 
ments t o  the upstream and downstream adapter  fittings. 

!Pwo pred r i l l ed  copper s leeves  were s i l v e r  brazed onto t h e  t e s t  
specimens. This allowed f o r  the a t tachaent  of large c o p ~ a -  
bus-bar clamps for e l e c t r i c a l  power input.  Because of the very 
small resistance associated with t h i s  bus-bar clamp arrangement, 
almost all the res i s tance  and thus  temperature r ise occurred i n  
the six inch test sect ion.  

The heated length of six inches w a s  se lec ted  because it provided 
sufficient electrical resistance t o  generate a heat flux w e l l  
beyond the expected msucimurn burnout heat f lux ,  and it w a s  a 
convenient length with enough room t o  attach five surface thermo- 
couples. The o v e r a l l  l ength  of  10.7 inches was selected because 
it provided s u f f i c i e n t  upstream length t o  establish turbulen t  
f l o w  before the heated por t ion  of the test speclrnen. 

The surface temperature thermocouples were made by -: ightly 
tw i s t ing  number 28 gauge chromel-alumel wire toge ther  and 
forming a junc t ion  bead by a r c  welding. The thermocouple Function 
bead was made as small a 3 a s  smooth as poss ib le  and then turned 
t o  the ins ide  as shown i n  Figure V-1. 

The surface temperature thermocouples were e l e c t r i c a l l y  insu la ted  
from t h e  tube surface by an i n i t i a l  uniform ceramic coa t ing  
of aluminum oxide which was 0.005 2 -001 inch thick,  see Figure 
V-2. After t he  i n i t i a l  0.005 inch ceramic coa t ing  was applied,  
the outer- insulat ion of each thermocouple lead was pushed back 
t o  allow s l ipp ing  t h e  bead over t h e  t e s t  specimen and onto the 
tube surface.  The outer  i n su la t ion  was pulled down and a recheck 
made of each thermocouple bead t o  assure  contac t  t o  the i n i t i a l  
coating. 

A second coatin&: cl' Rokide "A", approximately 0.030 inches 
th ick ,  was then  a2:l ied over t he  e n t i r e  length of tes t  sec t ion  
of t he  tube t o  secare ly  f a s t e n  the  surface thermocouples. 

C. T e s t  Apparatus 

Power was provided by four  28 v o l t  VDC-750 ampere, compound- 
would Hobart motor generators.  These u n i t s  were connecteci i n  an 
equal izer  bus connection i n  the  p o s i t i v e  leg,  wnich t i e d  t h e i r  
s e r i e s  f i e l d s  i n  p a r a l l e l .  

A contactor  rated a t  1000 amps d.c., complete w i t h  a r c  chute and 
blowout c o i l  was i n s t a l l e d  i n  the  negative l e c  of  each macnine, 
so that it could be switched on-line ind iv idua l ly .  The field 
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of each generator was separately excited by a 0-72 vdc supply, 
r e su l t i ng  i n  a s a tu ra t ion  no-load terminal  voltage of 50 vdc. 

Generator bus bars and cable were sized f o r  1000 amps pe r  
machine. 
amps. 

The e n t i r e  system was wired for a capaci ty  of 4000 

When the  tube f a i l e d  the current  ceased and the generators  were 
shut down, t h e  upstream and downstream propel lant  valves were 
closed and a C02 f i r e  extinguishing system was automatically 
t u r n  on. I n  a l l  cases, the  termination of the t e s t  was w e l l  
controlled with no t e s t  s tand  damage. 

The heat up-cool down cycles  t o  approximately 70s of peak 
nucleate bo i l ing  was accomplished by increasing the  power input 
i n  s t e p s  allowing t h e  amperage and sk in  temperatures t o  s t a b i l i z e  
before proceeding t o  the  next s tep.  After the  power was shut- 
of f ,  the  l i qu id  flow i n  the tube was shut o f f .  

The power source c h a r a c t e r i s t i c s  map shown i n  Figure V-3 was 
constructed t o  depict  t he  voltage and current  values expected 
for each tube mater ia l .  It can be seen that Hastelloy X has a 
considerably higher e l e c t r i c a l  r e s i s t ance  than s t a i n l e s s .  
Superimposed on the map a r e  l i n e s  of constant heat f l u x  covering 
t h e  heat flu range for the  f u e l s  t e s t ed .  

D. Propellant Supply System 

The propel lant  supply system i s  shown schematically i n  Figure V-4. 

The supply tank and rece iver  tank each have a capaci ty  of 100 
gal lons and can be pressurized t o  1200 ps i a .  For t h i s  program 
the  supply tank contained 55 gal lons of propel lant  which allowed 
f o r  t e s t  durat ion of up t o  80 minutes f o r  an 1/8 inch tube a t  
30 f e e t  per second. Both the  supply and rece iver  tanks were 
pressiir h e L :  rri th a regulated gaseous nitrogen source t o  obta in  
the  relyJtrsr! TC.) t o  250 p s i a  operat ing pressure a t  t he  t e s t  
spec icw , 

The prop :.Ear-: c were conditioned t o  t h e  required i n l e t  temperw- 
t u r e s  of' S.?":.'by a system cons is t ing  pr imari ly  of a c i r c u l a t i o n  
p ~ m l ~ ,  and a st.?am hes t  exchanger. The system is a closed loop 
system, circvlaCing =he propel lant  from the supply tank only, 
and can provide uniform propel lant  temperatures over t h e  e n t i r e  
range of 30" t o  200'F. The propel lant  was conditioned t o  the  
desired temperature p r i o r  t o  t he  s ta r t  of each t e s t ,  and during 
t h e  t e s t ,  the propel lant  conditioning system was i s o l a t e d  from 
t h e  supply t ank .  

A 1/2 inch diameter l i n e  car r ied  the propel lant  t o  the  t e s t  
sect ion.  Flow was control led by two p a r a l l e l  valves (one f o r  
coarse adjustments, and one f o r  f i n e  adjustments) which were 
located downstream of the t e s t  s ec t ion .  The t e s t  sec t ion  could 
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be i s o l a t e d  from the  supply and rece iver  system by upstream 
and downstream pneumatic operated valves.  Under normal 
operat ing conditions,  flow through the  tes t  specimen was remotely 
control led by these  valves, see F i  re V-5; however whenever 
a r ap id  drop i n  pressure occurred T as i s  t h e  case a t  tube 
des t ruc t ion) ,  a pressure switch automatical ly  closed these valves  
i s o l a t i n g  the  t e s t  sec t ion  (Figure V-6 and V - 7 ) .  

The t e s t  specimen was simultaneously deluged with C02 from a 
nozzle located d i r e c t l y  over t h e  t e s t  speclmens t o  preclude 
f i r e  damage. The rece iver  tank was vented t o  sea l e v e l  atmos- 
pheric  cond i t iom during a l l  t e s t i n g .  Whenwer necessary, .he 
system back pressure was regulated by a remote cont ro l led  valve. 

E. Test Instrumentation 

The standard instrumentation set-up provided the  c a p a b i l i t y  of 
recording propel lant  f lowrate,  supply and r ece ive r  tank pressures ,  
i n l e t  and o u t l e t  pressure and temperature a t  the t e s t  specimen, 
surface temperatures a t  pre-determined poin ts  on the  t e s t  
specimen, and the cur ren t  flow and vol tage drop across  the t e s t  
specimen. 

Pressure measurements were made w i t h  Tat%r Teledyne psia  t rans-  
ducers and Statham psid t ransducers .  
measure the  i n l e t  and o u t l e t  p ressures  were e l e c t r i c a l l y  isolated 
from the  heated t e s t  s ec t ion  by s p e c i a l  i n s u l a t i o n  blocks. The 
demonstrated measurement unce r t a in ty  f o r  t h i s  type of t ransducer  
i s  kO.7$ ( three sigma) of nominal output.  

The t ransducers  used t o  

Propel lant  temperatures were measured using Conax probe type 
chromel-alumel ungrounded thermocouples. The thermocouples are 
imbedded i n  a mineral  insu la ted  and protected from the  2ropel- 
l a n t s  by a s t a i n l e s s  s t e e l  sheath. The demonstrated measurement 
uncer ta in ty  f o r  these  thermocouple probes i s  _+2.0°F of nominal 
temperature. 
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Surfac, temperatures of the t e s t  tubes  were measure:! wi th  
thermocouples made a t  Bel l  from number 28 gauge chromel-alwnel 
wire w i t h  an asbestos/glass  f i b e r  i n su la t ion .  The accuracy of 
these thermocou l e s  i s  rated a t  ?4.0°F up t o  530"F, and +0.75$ 
from 530'F t o  1 f l  OO°F. 
A l l  of t h e  thermocouples, f c u r  propel lan t  temperatures, and 
f i v e  surface temperatures, were referenced t o  150°F using a 
Pace Reference Junction. 

The power del ivered t o  the  t e s t  s ec t ion  was determined by 
measuring the  cur ren t  flowing i n  the c i r c u i t  and the t o t a l  
voltage drop across  t h e  heated sec t ion  of the  tube. Current 
was measured wi th  a shunt ca l ib ra t ed  t o  generate  50 mv a t  
2000 amps. Voltage was measured d i r e c t l y  across  t h e  t e s t  
sec t ion  by wires a t t a c h e d  t o  t h e  bus-bars. The measured 
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voltage was divided by a ca l ib ra t ed  c i r c u i t  t o  obtain a 
n i l l i v o l t  output . 
Redundant Fischer-Porter turbine-type flowmeters were used t o  
measure p r o p e l l h t  f lowrates.  P r i o r  t o  t h e  i n i t i a t i o n  of the 
tes t  program the flowmeters and t he i r  i n s t a l l a t i o n  l i n e  was 
calibrated as a u n i t  i n  water. A t  least two ca l ibra t ions ,  
over the expected region of  operation, were condllicted on the 
flowmeter set and an average s e n s i t i v i t l  derived f o r  test data 
reduction. 

The measurement uncer ta in ty  associated with t h e  type of flow- 
meters used f o r  t he  tes t  program has been demonstrated t o  be 
approximately 21  . 0s. 
The m i l l i v o l t  outputs of the transducers and the cur ren t  
l e v e l  and voltage drop across  t h e  tes t  specimen were patched 
t o  s igna l  conditioners and recorded on a Brush Recorder, with 
an accuracy of 23s of f u l l  sca le ;  a CEC Oscillograph, w i t h  an 
accuracy of less than 258 over the range of t h e  galvanometer 
used; and on- a Beckman Model 210 Data Acquisit ion System, with 
an accui'acy of +0.1$ fcrr 20 m i l l i v o l t  nil1 s c a l e  inpLt. 

The B~lckman 210 Data Acquisit ion System converts the  conaitioned 
m i l l i v o l t  outputs of  t h e  various transducers and measuring 
devices t o  CI dig i ta l  data b i t ,  and records the data on magnetic 
tape i n  a format. s u i t a b l e  f o r  data reduction on an IBM 360 
Model 44 computer. 

F. T e s t  Procedure 

The general  procedare f o r  condmting a t e s t  was t o  first 
condition the propel lant  t o  t he  desired i n l e t  temperature by 
c i r c u l a t i n g  the  propel lant  from t h e  supply tank through the  
heat excnanger. The test specimen wa.c i n s t a l l e d  i n  the  t e s t  
stand pressure t e s t ,  and an instrumen+2tion check made. The 
next s t ep  was t o  pressurize  the  p r o p e l l m t  system t o  the  annin 
va1.,-es by means of the  gaseous ni t rogen regulator .  The flow 
cont ro l  valves were then adjusted t o  ob ta in  the  proper i n l e t  
ve loc i ty  and 0peratip.g pressure a t  the  tes t  specimen. Once 
the  desired propel lant  system conditions were obtained, a 10 
second data f i l e  of t he  t e s t  parameters, such as supply pressure,  
flowrate, t e s t  specimens, i n l e t  and o u t l e t  temperature and 
pressure,  and recezver tank pressures  were recorded on magnetic 
tape. 

Power was then applied t o  the  t e s t  specimen i n  pre-determined 
increments. 
as evidenced by a v i sua l  recording (Brush Recorder) of the  
tes" specimen outs ide wall thermoccuples, a 10 second da ta  
f i l e  of  all per t inent  parameters was recorded on magnetic tape.  

Once Jteady s t a t e  was a t t a ined  a t  eacn increment, 
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G. Data Reduction 

The t e s t  data were obtained from t h e  e l e c t r i c a l  output of the 
various pressure transducers,  flowmeters, and thermocouples. 
These e l e c t r i c a l  outputs were converted and recorded as d i g i t a l  
data on a magnetic tape. 
a s e r i e s  of assembler and Fortran language programs which per- 
formed the ca l cu la t ions  necessary t o  produce engineering u n i t s  
and data  e s s e n t i a l  f o r  assessing t h e  test r e s u l t s .  The data 
reduction programs alsc requi re  a s  input data,  the  physical  
p roper t ies  of the  tube materials and propel lants .  These data 
were obtained from References 12, 13, 14, and 15. 

These data were then used as inputs  to 

The following descr ibes  the engineering r a t i o n a l e  and r e s u l t a n t  
equations which were programmed f o r  t h e  computer. 

B 

where: A and B a r e  t h e  c o e f f i c i e n t s  of the appropriate  thermal 
conductivity re la t ionship .  

The energy t r a n s f e r  i n t o  the  system i s  given by the following 
equation: 

BTU = 0.000984 (AJ3) (I) - Qin sec 

The energy t r a n s f e r  out of t he  t e s t  a r e a  was given t h e  following 
equation : 



This equation assumes that  a l l  of t h e  e l e c t r i c a l  energy released 
i n t o  the system is removed by t h e  enthalpy increase i n  the  f’uel. 
The heat lo s ses  due t o  convection and r ad ia t ion  have been cal- 
culated and found t o  be in s ign i f i can t ,  and a r e  therefore  wgle2ted .  
Changes in 3he k i n e t i c  energy of the f l u i d  as it passes thraugh 
t h e  system is  a l s o  negl ig ib le .  The equation f o r  one phase flow 
is used because the  small amount of vapor formed a t  the  liquid- 
tube wal l  i n t e r f a c e  w i l l  be mixed with t h e  cooler  l i q u i d  and 
condensed before reaching the  o u t l e t  bulk temperature thermo- 
couple. 
f r i c t i o n a l  e f f e c t s  and thermocouple errors which are present  
before power is  applied.  

The (To - Ti)# = term is included t o  account f o r  

The flowrate used i n  the  equation above was derived from the 
measured volumetric flowrates:  

w = p =  q 

Where: 

q is  the measured volumetric flowrate.  

and 
pis t h e  propel lant  dens i ty  and i s  derived from the 

propel lan t  temperature measurements a t  t h e  turb ine  
flowmeters. 

The heat t r a n s f e r  coe f f i c i en t  can be calculated a t  any s t a t i o n  
by applying t h e  equation shown below. 

Flow ve loc i ty  is  calculated by applying t h e  simple one-dfrnensional 
cont inui ty  equation, 

where densi ty  i s  given above and r is  the  in s ide  radius  of t h e  
appropriate  t e s t  specimen. 

The computer was a l s o  programmed t o  ca l cu la t e  t he  following 
dimensionless co r re l a t ion  parameters wi th  f l u i d  p rope r t i e s  
evaluated a t  local bulk temperatures and estimated mean f i l m  
temperatures. 

v- 1.4 



Nusselt Number 

Reynolds Number 

Prandt l  Nmber 

Nu = ( h) ( 1 . D - )  

R e  - - ( I . D . )  .. (V) ( p )  

The heat f l u  i n t o  t h e  l i q u i d  at any point  i s  given by the  
following equation: 

0.000948) (AE) (I) BTU 
P I = (  n ( I - D . )  (L) sec-in 2 

The heat flux was treated as a constant along t h e  length o f  
the  tube. 

The bulk temperature a t  any s t a t i o n  is given by the following 
equation: 

TB = Ti + (To - Ti) - "F 
L 

This assumes that no s i g n i f i c a n t  change i n  temperature occurs 
outs ide  t h e  heated sec t ion  of t h e  tube i n  the  2 1/2 inch 
sec t ions  between the  thermocouples and t h e  heated sec t ion .  It 
is  a l s o  assumed f o r  s impl ic i ty ,  t h a t  the  temperature va r i a t ion  
along the  length of t h e  tube i s  l i nea r .  This assumption w i l l  
introduce some e r r o r  i n t o  the  calculated bulk temperature as 
C, var i e s  somzwhat with temperature, t h e  g rea t e s t  e r r o r  occuring 
near  the  center  of t he  tes t  sect ion.  

The equation f o r  l o c a l  s t a t i c  pressure i s  similar t o  the  
equation f o r  bulk temperature. The pressure,  however, is assumed 
t o  drop l i n e a r l y  between the  two pressure t a p s  which a r e  placed 
a t  e i t h e r  end of the  11-inch t e s t  sect ion.  The pressure is  
t h e r e f m e  given by t he  following equation: 

2.5 + x P = Pi - (Pi - Po) 
1 1  
L A  

'. 

'I : The i n s i d e  wall  temperature a t  each thermocouple s t a t i o n  along 
the heated sec t ion  of the  tube was calculated from the  thermal 

I .  conductivity of the  tube mater ia l  and the  measured power i n p u t ,  
surface temperature, and tube dimensions i. e. ,  t :  

i !  
* a  

v-15 



H. Resul ts  of T e s t  Program 

The r e s u l t s  of  t h e  test program a r e  summarized i n  Table 1. 
Typical Q/A vs i n s i d e  w a l l  temperature f u n c t i o n a l i t i e s  a r e  
shown i n  Figures V-8, V-9, and V-10 f o r  MMH no cycl ing,  53-50 
and MMH with cycl ing.  
hexamethyldisilazane, and 1% methylcyanoethylpolysiloxane was 
added t o  50-50. The following s ta tements  a r e  made based on 
t h e  l imi ted  number of tests t h a t  were conducted. 

The add i t ive  used wi th  W was 1s 

MMH 

For MMH wi th  and without add i t ive  there is no apparent d i f fe rence  
i n  the heat  t r a n s f e r  c h a r a c t e r i s t i c s  whether the specimer, be 
Hastelloy X o r  CRES 347 s t a i n l e s s  steel. 
bo i l i ng  point  appears t o  be independent of' number of  cyc les  o r  
time a t  temperature. The onset of nucleate  b o i l i n g  was very 
cons i s t en t  f o r  a l l  tests with and without add i t ive  a t  2.15 k 
.15 Btu/in2 sec., rather remarkable r ep roduc ib i l i t y .  The 
temperature a t  which t h e  nucleate  b o i l i n g  occurs seems t o  
ip s rease  with increased numbers of cyc les  o r  time a t  temperature 
o r  both. It can be noted t h a t  t h e  first two t e s t  series us ing  
c lean  MMH had the  onset of nucleate  b o i l i n g  occur at a lower 
temperature than sa tu ra t ion .  This occurred with t h e  f i rs t  two 
MMH with add i t ive  tests, but t o  a lesser degree. The long dura- 
t i o n  series 1191 through 1196, and the  subsequent burnout 1197 
had a Q/A vs. i n s ide  wal l  temperature more l i k e  one would expect. 
Perhaps some decomposition takes  place within t h e  tube u n t i l  a 
f i l m  i s  b u i l t  up on t h e  tube wall. 

The peak nucleate  

An0thc.r s l i g h t  v a r i a t i o n  t h a t  might have some bearing i s  t h a t  
t h e  l a t e r  t e s t s  were run a t  about GO p s i a  lower pressure.  The 
forced convection f i lm c o e f f i c i e n t  tended t o  be s l i g h t l y  lower 
with add i t ive  than without and it seemed t o  decrease s l i g h t l y  
w i t h  repeated cycl ing 1191 through 1196, see Figure V-10.  

5u - 50 

'I"n2r2 were only two s e r i e s  run, one w i t h  c lean 50-50, t e s t s  
117'7-1180; and w i t h  add i t ive - - t e s t s  1181-1183. It would appear 
a s  though the  onset of nucleate  b o i l i n g  was delayed and t h e  
peak nucleate  bo i l ing  ,:oint was increased from 5.6 t o  6.2 Btu/ 
i n 2  sec going from c lean  propel lan t  t o  addi t ive .  
a t  which bo i l ing  begins t o  occur appears t o  be about 35°F 
higher with addi t ive .  Similar  kinds of t e s t s  conducted by t h i s  
inves t iga to r  using these  same p rope l l an t s  b u t  a t  750 psia,  and 
v e l o c i t i e s  of 50 and 80 f t / s ec . ,  resu l ted  i n  3 t o  '1 Btu/in2 sec.  
increment, however, these  specimens were not cycled. When a 
t c s t  was conducted w i t h  addi t ivp  and cycled t h i s  e f f e c t  was 
found t o  be 1 t o  1 1/2 Dtu/in? S C C .  1t'ss. T h a t  t c s t ,  was ,-onducted 

The temperature 

I ) \ .  I\\rat,iiat i nc: f f i l l \ ( \  t 0 l t l i ' ,  ! ' t  , :: ' ?y \ i i ?aI  I-,! n l t  itiiLit. 3711 
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TEST NO. 1172 CELL X-1 
TEST DATE: 8/11/72 
PROPELLANT TEMPERATURE: 90°F 
INLET VELOCITY: 30 FT/SEC 
METAL TYPE: HASTELLOY 
TUBE SIZE: 1/8" 
PROPELLANT TYPE: MMIi 

HEAT F'LUX 
BTTJ/SEC-IN~ 

13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 
100 200 403 boo 

AVERAGE INSIDE WALL TEMPERATURE yo F 
FIGURE V-8 
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TEST NO. 1177 - C m  X-P 
TEST DATE: 8/15/72 

PROPELLANT TEMPERATURE: gO°F 

METAL TYPE: H A S T E U O Y  
TUBE SIZE: 1/8" 

INLET VELOCI!~: 30 FT/SEC 

PROP. TYPE: 50/50 

80 loo  120 140 160 180 200 220 240 260 280 300 320 340 3,50 ?2049G 
AVERAGE INSIDE WAIJJ.3 TEMP. + O F  

FIGURE V-'3 



MI Aerospace Company 
, . , . . r-. -f" .,-. ._ FIGURE V-10 

1 TEST NO. 1191 - CELL X1 I 
i 

. -  . TEST DATE 8/2267,2 - 1  . 
PROP. TEMP. 90 F 
INLET VELOCITY 30 PT/SEC. 
METAL TYPE HASTALLOY 

. TUBE SIZE 118" 
! PROP. TYPE FlMH C 1% SILICONE OIL 

0 TEST 1191 CYCLE 

D TEST 1193 CYCLE 
O T E S T  1194 CYCLE 

OTEST 1192 CYCLE 
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shut  down. 
tha t  peak nucleate  bo i l ing  poin t  was suppresscd. 

Since the  series 1181-1183 was cycled, it i s  poss ib le  

J. Conclusions 

Although t h i s  t e s t  series was very l i m i t e d ,  c e r t a i n  tentatZve 
conclusions can be set fo r th .  The r e s u l t s  d i d  provide add i t iona l  
questions that could be answered wi th  a more exhaustive t e s t  
series. 

This t e s t  s e r i e s  po in ts  up t h e  following conclusions: 

The MMH heat t r a n s f e r  c h a r a c t e r i s t i c s  were unal tered by the  
s i l i c o n e  addi t ive .  

The onset of nucleate  bo i l ing  w i t h  MMH occurred below the  
purported s a t u r a t i o n  temperature when t h e  tube was c lean  or 
had very l i t t l e  time a t  temperature. Subsequently, a change 
appeared where it was hypothesized that a film bu i lds  up on 
the  in s ide  of the tube tha t  e i the r  i n s u l a t e s  the  tube wall o r  
prevents decomposition because of pass iva t ion  o r  that t he  f u e l  
does m t  contact  t h e  Hastelloy X o r  CRES 347. 

The cyc l ing  o r  time a t  temperature had no e f f e c t  on the peak 
nucleate  bo i l ing  hea t  f lux,  however, the tube wall  temperaturd 
was s u b s t a n t i a l l y  higher,@lOO"F. 
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VI. 'i'ASK IX - I N J E C T O R  CHARACTERIZATION A M ,  

STABILITY TESTING 

During the  course of t h i s  contract ,  two basic  t h r u s t  chamber 
concepts were being evaluated f o r  use on the  OME. The two 
concepts being the  insulated columbium chamber described in 
previous taLks ,  and the  regenerat ively cooled chamber, a c t i v e l y  
pursued on o ther  NASA cont rac ts .  Comparative da ta  between 
Lhese cont rac ts  had indicated some concern re la ted  t o  t h e  pe r -  
formance of conventional i n j e c t o r s  when t h e  f u e l  temperature was 
elevated t o  the  temperature e x i t i n g  from the regenerative chamber 
jacke t  and consequently en ter ing  the  i n j e c t o r .  Due t o  t h i s  
concern, and other  contract  experience, t h e  t r i p l e t  i n j e c t o r  
was subjected t o  simulated regenerative chamber operation, t o  
evaluate  i t s  performance and s t a b i l i t y  a t  those conditions.  
The simulated regen operation was performed with t e s t s  a t  ele- 
vated f u e l  temperatures (200 t o  250°F) and ambient oxidizer .  
This increased f u e l  temperature simulated t h e  heat 9 i c k  up of 
t he  regeneratively cooled jacke t  and d i f fe red  from t h e  ambient 
temperature f u e l  t e s t i n g  was used f o r  t he  insulated columbium 
chamber. 

This task was performed i n  t h r e e  sub-tasks. The f i rs t  subtask 
being the charac te r iza t ion  of performance w i t h  increased f u e l  
temperature ( w i t h  mixture r a t i o  and chamber pressure va r i a t ions ) ,  
a f t e r  t e s t i n g  t o  show i n j e c t o r  accep tab i l i t y .  The second and 
t h i r d  t e s t  tasks were performed, both concerning continued 
s t a b i l i t y  and included a sLior t  t e s t  stand and  system checkout 
s e r i e s  wi th  t he  baff led s ta inless  s t e e l  i n j e c t o r ,  and the s e r i e s  
t e s t  evaluatioii  o f  the #1 aluminum acoust ic  damper s t a b i l i z e d  
i n j e c t o r .  

A f u r t h e r  change incorporated i n  t h i s  t e s t  s e r i e s ,  was i n  t h e  
amount of vortex cooling required during the  tescirig.  Pre-  
viously during t h i s  cont rac t ,  t he  operat ion cf the  columbium 
chamber required the  f u e l  f i l m  cooling amount t o  be 6 t o  8% 
of the  propel lan ts  in jec ted .  The regenerat ively cooled chamber 
only requires  from 2 t o  4$ of t he  propel lan ts  as f u e l  cJoling, 
allowing a rnodest increase i n  performance and a l s o  somewhat 
d i f f e ren t  wall  cpcrat ing conditions.  Thus, t he  t e s t  obJect ives  
of' t h l s  t a s k  was t o  e, ialuate as c lose ly  as practicial ,  the  
t,r i;)l-c.t, .in,iec-:l,or ai, the corlrli f ions s i n i u l a t i  nr: oyleration j n a 
r(!f:~.!r~(!rai, 1 vc:l .y r * o o  I-(!(] OMJf  r : r l f l ,  : uc. 

t 
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heated propel lan ts  on performance and hea t  r e j ec t ion .  The tes t  
object ive was t o  evaluate  performance a t  simulated maximmi 
propel lant  temperatures f o r  a regenera t ive ly  cooled chamber. 
The i n j e c t o r  arrangements f o r  th2se tests d i f f e r  (from previous 
i n s t a l l a t i o n s  only) i n  the use of a low flow vortex cooling 
r i n g  required t o  simulate the  coriditions f o r  the regenera t ive ly  
cooled chmber.  All t e s t i n g  was c -Apleted with a steel  'work- 
horse" chamber and a watc?r cooled aluminum nozzle. 

Baseline tests were i-rxitially coriducted f o r  two 1 irposes. 
F i r s t ,  t o  establish co r rec t  sequencing and operat ion with the 
d i f f e r e n t  vortex 'iardware, and second t o  e s t a b l i s h  a base l i ce  
on both the hardware and instrumentation f o r  comparison t o  high 
temperature operation. Th.2 heated propel lan t  t e s t s  w e r c  of 10 
seconds durat icn.  Heat r e j e c t i o n  data i n  the  water c o d e d  
nozzle were determined by chromel/aluxr,el thermocouple probes 
i n  water jacke t  i n l e t  and o u t l e t  manifolJs. 

Sa t i s f ac to ry  t e s t  r e s u l t s  w ~ e  obtained with heated f u e l  and 
heated fuel/he.ated oxidieer .  No performance decay w a s  noted 
with herted fc2l  (240°F' 
with  combLleS heated fi %!OF) and heated Gxidizer (1lOOF). 
The perforn1e.lce data  obzained i n  t h i s  series are l i s t e d  i n  
:able I. 

.--I less than 1% performance decay 

The cha rac t e r i za t ion  of t h e  aluminum t r i p l e c  i n j e c t o r  config- 
uratiori a t  various +.-Lrperatures was ad3lzd t o  t h i s  t a s k  as 
required i f  considerat ion w a s  &ven t o  s t a b i l i t y  a t  t ne  d i f f e r e n t  
coolirig schemes. S inc t  concern has been noted t h a t  performance 
night  be mater ie i ly  e f fec ted  a t  f u e l  temperatures, representa t ive  
of reger, op2ration, it was the  objec t  of t h i s  task t o  check out 
the  irtjec';Dr operat ion at the higher  tenperatures  a s  a prerequi- 
s i t e  of bombing a "representat ive"  i n j e c t o r .  Test ing was t h u s  
conducted a t  the elevated temperatures t o  e s t a b l i s h  a pex fomance 
pa t t e rn  and indeed the d e s i r a b i l i t y  of bombing t h e  ava i l ab le  
in j ec to r .  

B. Test Hardware 

A c r e s s  sec t ion  of  the  t e s t  hardware i s  shown i n  Figure VI -1 .  
The iti,jnctor and acogs t ic  cav i ty  i s  the  same a s  previouzly 
tes ted  b i t h  the  columbium chamber. ?he vortex r i n g  has modified 
t c  accept t h e  lower film flow of a regen configurat ion.  The 
on ly  instrumentation change inTorporated was t h e  add i t ion  of 
added f u e l  flow meters such that f u e l  was measured wi th  two 

- : t  ;; of' dr :1 flowmeter..: v! ' e re  t h e  oxid i zc!r f'l.owratc!s we-e 
m;a:;urctcl h i t h  o r i t '  wl, : L dual. I'l.owmc:t,cr,;. 
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C. T e s t  Resul ts  

The cha rac t e r i za t ion  of the t r i p l e t  i n j e c t o r  with heated 
p rope l l an t s  has  been s u r i e s s f u l l y  demonstra5ed during t h i s  
series. The test dura t ion  of 10 seconds is s u f f i c i e n t  t o  
a s su re  high temperature propel lan t  t o  reach the i n j e c t o r  as 
shown i n  Figure VI-2. Heat r e j e c t i o n  data was bas i ca l ly  sta- 
b i l i z e d  also within t h i s  durat ion.  The ambient temperature 
base l ine  performance data are p lo t t ed  i n  F i g w e  V I - 3  wi th  data 
a t  three chamber pressure l e v e i s  and three l e v e l s  cf f ie1  
vortex cooling across  the mixture r a t i o  range. Test ing a\ 
various mixture ratios and chamber pressures  with t h e  me1 
heated t o  approximately 2M0F revealed no performance degra- 
da t ion  as given i n  Figure VI-4. 
hnd a g r e a t e r  e f f e c t  and some performance loss  was encountered 

1' Figure V I - 5 ) .  A comparison of the hea t  r e j e c t i o n  data f o r  
ambient and heated p rope l l an t s  i s  made i n  Figure V I - 6 .  

Raising t h e  ox id ize r  tenpera ture  

when the  oxid izer  was heated t o  approximately l lO°F 

A regression ana lys i s  w a s  made with t h e  heated p rope l l an t  data 
revealing very small r e s i d u a l s  f o r  performance and heat  r e j e c t i o n  
with heated fue l .  Data f o r  t h i s  ana lys i s  i s  given in Figure VI-7 .  
These small r e s idua l s  i d e n t i f y  t h e  neg l ig ib l e  effect with heated 
f u e l .  The ana lys i s  with t h e  combined heated f u e l  and heated 
oxid izer  flow performance loss of approximately 2/3$ wi th  a l so  
a s l i g h t  reduction i n  hea t  r e j ec t ion .  

D. Conclusions From I n j t c t o r  Character izat ion With Heated 
Propel lant  

Resul ts  from t h i s  t e s t  series agree w e l l  with previous subscale  
t e s p %  of t r i p l e t  elements with heated propel lan ts .  1 
per Or  ante decrease with f u e l  heated t o  240" was expected a t  f u l l  seal 
while t h e  e f f ec t  of ox id izer  was more pronounced. Even t h e  
e f f e c t  of ox id izer  temperature was found t o  be neg l ig ib l e  within 
t h e  spec i f ied  100°F temperature range ind ica t ing  t h a t  re3enera- 
t i v e l y  cooled chamber opera t ion  J L t h  t h i s  i n j e c t o r  would not 
produce any so-called "blow apart" phenomena o r  per1 rmance 
degradation. T h i s  conzlusion, and t he  t e s t  r e s u l t s ,  presumed 
t h i s  i n j e c t o r  t o  be fully q. ia l i f ied  as a representa t ive  i n j e c t o r  
f o r  fu r the r  s t a b i l i t y  testh-12.. 

No not iceable  

E. Homt: Chamber Checkout Tests 

As s e r i e s  of tests were made w i t h  t h e  s t a i n l e s s  s t ee l  i n J e c t o r  
S/R 1 t o  insure the  operat ion of the  combustion s t a b i l i t y  
systems i n s t a l l e d  i n  t h e  t e s t  c e l l .  These systems included t h e  
bomb detonation sequence wiring and tiniing, t h e  Instrumentation 
f o r  monitoring r e s u l t s ,  t he  au-drnatic shutdowri ::ystms and  t h e  
bombs themselves. These t e s t s  were comple'.cd w i t h  t h e  r e  :if.; 
shown i n  Figure VI - i )  and t h e  t e s t  engine was i m c d i a t e l . ~  ?hanged 
t o  use the  acoust ic  damper injec2tor. 

1 600# t h r u s t  subscale t e s t s  were conducted up t o  150°F f u e l  
i n l e t  temperatures w i t h o u t  a Ft'rformance d e c r e a s e .  

V'i - '1 
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F. Acoustic Damper S t a b i l i t y  Tes t in6  

A s e r i e s  of tests were conductzd i n  the  bomb t e s t  chamber using 
aluminum i n j e c t o r  #l. This program was i n i t i a l l y  defined t o  be 
a screening program where a general  idea of t he  10 inch f l a t  
f ace  i n j e c t o r  combustion s t a b i l i t y  could be examined. The 
projected program was designed t o  make severa l  bomb t e s t s ,  
modify the  damper as required t o  ob ta in  s t a b i l i t y  snd r e t e s t .  
Originally,  I +  such i t e r a t i o n s  were planned. The t e s t  r e s u l t s  
were somewhat d i f f e r e n t  as t h e  i n i t i a l  design produced stable 
r e s u l t s  and the  add i t iona l  t es t s  took t h e  form of l i m i t  and 
a l t e r n a t e  operat ing condition examinations. 

The damper arrangement tes ted  i s  shown i n  Figure VI-10 .  The 
damper cons i s t s  of 8 deep and 4 shallow gromres a t  t he  i n j e c t o r  
periphery.  The 8 deep grooves were t o  damp t h e  f i r s t  t angen t i a l  
mode a id  the  4 shallow grooves f o r  t h e  t h i r d  t angen t i a l  o r  first 
radial modes. Actually, t he  shallow damper slots were sized f o r  
t h e  mid  point  between the  t h i r d  t angen t i a l  and f irst  radial, 
these  frequencies being only a few hundred cycles/second apar t .  

A sketch of  the  bomb chamber t e s t ed  i s  shown i n  Figure V I - 1 1 .  
The da ta  obtained i s  included i n  Table 11. 

A l l  t e s t s  produced s t a b l e  r e s u l t s .  Over pressures  wi th  the 
bombs used appeared t o  be sharp enough and o r  such rragnitude 
as t o  produce s t r ingen t  damping requirements. The bombs were 
10 gra in  ?ETN/RDX and were detonated i n  two pos i t i ons  i n  t h e  
chamber . 
Two bombs per  t e s t  were normally used except when e i t h e r  an 
unusual t e s t  condition, o r  bomb i n s t a l l a t i o n  change was incor- 
porated.  

I r l i t i a l  t e s t i n g  was conducted w i t h  ambient propel lan ts  a s  
would be noL*mally encountered w i t h  the  non-regen coliunbium 
chamber. i'he t e s t  matrix evaluated included the  normal va r i a t ions  
i n  mixt.ure r a t i o  and chamber pressure.  

Successful s t a b i l i z a t i o n  of t h i s  matrix allowed .;everal added 
t e s t s  t o  be conducted and these were made a t  longer  t imes  int,o 
a t e s t ,  t o  e n s i r e  a steady s t a t e  operat ion o the r  than t rar is ient ,  
and t o  evaluate  increased fue l  temperature, t o  simulate regen 
operation. No difference i n  the  damping capab i l i t y  of the t h r u s t  
chamber was noted : . i th  the l a t e r  tes+.s. The data obtained during 
t h i s  t e s t i n g  i s  l i s t e d  i n  Table I. 
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G. Conclusions From Bomb Tests  

The o r i g i n a l  ob jec t ive  of t h i s  t a s k  was t o  perform a scieening 
of  information t o  ind ica te  dynamic combustion s t a b i l i t y  could 
b e  achieved cn a 10 inch diameter OME i n j e c t o r  s t a b i l i z e d  with 
acoust ic  slot type dampers. The task  was approached w i t h  some 
concern tha t  t h e  10 inch diameter chamber would require sig- 
n i f i c a n t l y  more damping than previously demonstrated by o t h e r  
cont rac tors  a t  smaller  diameters. The test r e s u l t s  of this 
task indicated t n i s  concern t o  be unwarranted, a t  l e a s t  within 
%he confines of  t h e  t es t s  conducted. 

Althouch t h e  data  generated was somewhat meager by previous 
development program %tandards, the almost immediate damping 
of t h i s  i n j e c t o r  when subjected t o  t h e  tes t  bombs, indicated 
exce l len t  r e s u l t s  and encouragement t h a t  the  10 inch  acous t ic  
damper app l i ca t ion  was warranted. These successful  r e s u l t s  
a l s o  provided encouragement t h a t  f u r t h e r  t e s t i n g  a t  o the r  
operat ing condi t ions should be  conducted t o  more adequately 
examine the f u l l  range of OME operat ing conditions.  



VII. TASK X - REGENERATIVELY C001;ED THRUST rn C 

The successfu l  demonstration of  t h e  use of t h e  t r i p l e t  i n j e c t o r  
with hot f u e l  allowed the  extension of t e s t i n g  w i t h  ;his i n j e c t o r  
t o  a regenerat ively cooled t h r u s t  chamber. The regenerat ively 
cooled channel wal l  chamber was furnished t o  t h e  program and t h e  
t a sk  evaluat ion consis ted of ob ta in ing  performance and hea t  
r e j e c t i o n  i r formation.  The tes t  assembly consisted o f  t he  S/X 2 
aluminum in, '2ctor wi th  i t s  associated vortex cooling: r ing ,  t he  
channel wall regenerat ive thrust  chamber furnished by Bell, a 
columbium rc:zzle extension ( t o  nozzle a rea  r a t i o  of 15) and a 
propellan'  valve adopted t o  t h e  flow q u a n t i t i e s  f o r  t h i s  engine. 
The nozzle a rea  r a t i o  was determined by t h e  a l t i t u d e  t e s t  f a c i l i t y  
where t e s t i n g  of t h i s  assembly was conducted. This al+!tude test  
f a c i l i t y  was previously ra ted  a t  3500# t h r u s t  and the  t h r o a t  
seckion of the duct r e s t r i c t e d  t h e  s i z e  of engifie opera t ion  t o  
the  15 t o  1 nozzle a rea  ratio used. The expense of modifying 
t h i s  f a c i l i t y  t o  accept t h e  full size OME nozzle was not considered 
t o  be necessary f o r  t he  preliminary t e s t i n g  scheduled. 

A. Test Hardware 

The t e s t  engine consis ted of four  bas ic  components including the  
Injector/Vortex Ring Assembly a channel wal l  regenerat ively 
cooled t h r u s t  chamber, a nozzle  ex te r s ion  (area r a t i o  6 t o  15) 
and a Bipropellant Valve. An assembly drawing of t h e  company 
sponsored t h r u s t  chamber i s  shown i n  Figure VII-1 with the i n j e c t o r  
shown i n  Figure VII-2. The acoust ic  damper vortex r i n g  d e t a i l  
i s  included a s  Figure VII-3. The regenerat ively cooled chamber i s  
a channel wall configurat ion a t  a nominal i n t e r n a l  diameter of 
(10) inches a s  shown i n  Figure VrI-4. 

The main po r t ion  of t he  inner  l i n e r  was machined from a 304-L 
s t a i n l e s s  s t e e l  forged b i l l e t .  This p a r t  of t he  l i n e r  contains  
60 flow channels of a constant d e p t h  of 0.045 inch and vary i n  
w i d t h  from 0.248 inch t o  0.469 inch. The lands a r e  a constant 
w i d t h  o f  0.060 inch. 
i n n e r  l i n e r  i s  .050 Inch. 

The hot gas s i d e  wall thickness  of t he  

A f lange r i n g  i s  EB welded t o  the forward end of the  inner  
l i n e r .  A flanged concia l  rint? containing 120, 1/8 inch diameter 
coolant holes  i s  EB welded t o  +.he a f t  end of t he  inne r  l i n e r .  
Both these flanged r ings  a re  cotistructed of 3011-L s t a i n l e s s  s t e e l .  
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Bell Aerospace Company 

Four s t a i n l e s s  s t e e l  reinforcement r i n g s  a r e  provided over t h e  
lands of t he  inner  l i n e r .  The ou te r  she l l  i s  fabr ica ted  by 
e lec t rodepos i t ing  p w e  n icke l  over t h e  lands, channels and 
f l a r g e  ends. The approximate thickness  o f  t he  s h e l l  i s  0.055 
inches. A s t a i n l e s s  s t e e l  t o r u s  manifold i s  we lded  a t  each 
flange end which c loses  out  the  coo3ant c i r c u i t .  Propel lant  
l i n e  connection f i t t i n g s  a r e  welded  t o  each to rus  manifold. 
The e x i t  a r ea  r a t i o  of t h e  channel nozzle i s  6:l. 

A columbium nozzle extension was used f o r  a l l  t e s t i n g  a t  RAC 
with an e x i t  area r a t i o  of 15:l. This columbium C-lo3 nozzle 
extension i s  coated wi th  a s i l i c i d e  512-E coat ing and i n t e r -  
f aces  wi th  t he  regenerat ive chamber a t  an a rea  r a t i o  of 
approximately 6: 1. (Shown i n  Figure vII-5. ) The i n t e r f a c e  
w i t h  t h e  regenerat ive chamber i s  sealed us ing  a velbestos  
gasket.  

The engine valve i s  a LM ascent  valve ( B e l l  P/N 8258-472225-23 
valve assembly) with t h e  exception tha t  a normally open solenoid 
valve has been i n s t a l l e d  on t h e  valve assembly. The reason f o r  
the addi t ion  of t h i s  solenoid i s  t o  augment the  ac tua to r  sp r ing  
load. This was required due t o  t e s t  c e l l  conf igura t ions  and 
the use of the LM valve for OME development t e s t s .  Feed pres-  
sures  up t o  350 p s i g  were required which resu l ted  i n  higher 
than normal ba l l  and shaft torque loadings.  Because of t h i s  
increase,  t he  ac tua to r  r e t u r n  spr ings  were marginal i n  c los ing  
of the valve. 
i n s  t a,l l a t  i o  n . See Figure VII-6 fcr a schematic of t h i s  solenoid 

The normally opened solenoid i s  e l e c t r i c a l l y  connected i n  
p a r a l l e l  with the fou r  LM valve solenoids.  When t h e  four  LM 
solenoids are deactuated closed, t h e  ac tua t ing  pressure  i s  
vented overboard which permits the a c t u a t o r  r e t u r n  spr ings  t o  
start  c los ing  of t h e  bal ls .  A t  t he  same time, the N.O. solenoid 
i s  de-energized opened which permits a present  N2 gas pressure 
t o  e n t e r  t he  spr ing  cav i ty  of  each ac tua to r  which he lps  t he  
spr ing  t o  insure  f u l l  c lo s ing  of each b a l l .  See Figure V I I - 7  
f o r  t h e  recommended ac tua t ing  pressure and spr ing  cav i ty  
pressure f o r  var ious i n l e t  feed pressure conditions.  

The nominal pressure drop fo r  the  valve a t  the  6000 l b f  OME 
condi t ion is as follows: 
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B. 

Fuel - 
F i l t e r  Assembly 
Flow Bodies 

Total  

Pressui-e Drop (p s i d )  

8.2 
2.8 - 

11.0 

Name P a r t  Number - 
Aluminun I n j e c t o r  S/N 2 
Acoustic Rlng (1T  and 3T/U,) 

8693-4 3050-1 
8693-7431 3-1 2 Vortex Ring 8693-4731 0-3 

Channel bil Regenerative 8693-470205-1 

Columbium Nozzle Extension 8693-470213-1 
2hmber 

- -  . - ( e  = 15:l) 

(€ = 73.5) 
Adapter (Nozzle Extension) 8693-470228-1 

Regeneratively Cooled Thrust Chamber Test i3esults 

The regenerat ively cooled 6,000 pound t k  *ust 10 inch 4 '  Pe t e r  
channel wall chamber was t e s t  f i r e d  i n  accordance w i t L  ne 
t e s t  plan out l ined i n  Report 8693-928002. 
with an accumulated run time of 199 seconds were conducted 
somewhat exceeding the  17 t e s t  f i r i n g s  vJith an  accuiiulafed run 
time of 158 seconds ca l led  f o r  i n  the Test Plan. 

Eighteen t e s t  f i r i n g s  

The attached Table I show6 thc, comparison of planned t o  actdal 
t e s t  conditions.  

The main change;; dere i n  t e s t  s e r i e s  11. 
tests were replaced by high/low O/F r a t i o  t e s t s ,  and 15 and 
25 second t e s t s  were made p r i o r  t o  t h e  30 second t e s t .  The 
e f f e c t  of mixture r a t i o  changes were considered t o  be of more 
importance a t  t h i s  time than the  chamber pressure s e r i e s .  mha 
15 and 25 second t e s t s  were added t o  obta in  a b e t t e r  d e f i n i t i o n  
of kzrdware thermal c h a r a c t e r i s t i c s  p r i o r  t o  the  30 second z e s t .  

The high/low P, 

Table I1 is a summary of t he  t e s t  data. 

The high vortex flow at  nominal chamber prebsure (125 psia) 
and nominal mixture r a t i o  (1.65) was 4.1% w i t h  spec i f i c  impulse 
for 'tho rc?gc:ri chamber , ] acPe i ;  I;wrq,- 

c ra tu re  rise was 00"V and 1 , 1 1 t !  . i a ( :kc t  1)rossurc ditf.,lb b . w ;  :jr{ [J:: i (I, 

= 75/1 of 31.3.8 l , b p : i t * ( ! .  
J "rr, 
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while the maximum sk in  temperature was 154°F and occurred at 
the  i n j e c t o r  end of t h e  chamber f o r  the 15 second firing. 
The msximum indicated temperature i n  t h e  columbium nozzle 
extension was 1711'~. 

The low vortex flow a t  nominal chamber pressure and mixture 
r a t i o  was 1 - 9 8  w i t h  8 s p e c i f i c  impulse for = 75/l of 316.4 
lbf * set* p * c  re---- r e ~ r .  L A ~ C ~ ~ ~ U C L  - 2 - * - - 8 - - - -  jac:Xett imperaiure rise was 

l b m  
119°F and the jacket pressure drop was 26 psi ,  while the 
max imum sk in  temperature was 175OF and occurred a t  the i n j e c t o r  
end of the  chamber f o r  the  15 second firing. The maximum 
indicated temperature on the columbium nozzle extension was 
1597" F 
The 30 second durat ion firing at  nominal chamber pressure and 
mixture r a t i o  indicated the  following performance values: 

'SPC = 75/1 = 316.3 lbf-sec 
Jacket AT = 122OF' Ib, 
Skin Max Temp = 176°F 
Extension Max Temp = 1718OF 

Jacket 0 = 26 p s i  

- -  - __ _. .- _._.. _ _  - - - 

Very l i t t l e  performance d i f fe rence  is  noted between t h e  15 
second and 30 second runs ind ica t ing  t h a t  the  engine is  operating 
a t  o r  near equilibrium. 
impulse gain of 2.5 l b  sec when vortex flow is  reduced from 4.1s 

It i s  also noted t h a t  t h e r e  is a spec i f i c  

37 m 
t o  1.9s. 
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1. .- trformance 

The per?:mw.ce data ax% presented i n  p l o t s  or s p e c i f i c  impulse 
and c h a r a c t e r i s t i c  ve loc i ty  versus mixture ratio for all t es t  
durat.iop3 of 10 seconds or greater. 
mixture ratio i s  shown i n  Figure VII-9 f o r  fuel vortex percen- 
tages of 4.1s and 1-98 at high, nominal and low chamber pressure.  

A similar p l o t  f o r  c h a r a c t e r i s t i c  ve loc i ty  versus mixture ratio 
i s  given Ln Figure VII-10. 

The s p e c i f i c  impulse versus 

The specl Pic impulse and c h a r a c t e r i s t i c  ve loc i ty  versus test  
duracion for the 30 second test (1Bw-887) is shown i n  Figure 
VII -11 .  
approximately 5 seconds duration. 
a s l ight  decrease with durat ion due t o  apparent t h roa t  area 
change which was not  applied t o  these data. 

S t a b i l i z a t i o n  of s p e c i f i c  impulse was achieved after 
Charac te r i s t i c  ve loc i ty  shows 

2. Heat Rejection 

The f u e l  j acke t  temperature rise effect versus mixture r a t i o  
is shown i n  Figure VII-12 for the two vortex flow condi t ions 
and a t  $:he three chamber pressure l eve l s .  These data are 
presented at. the 10 second point .  The f u e l  jacke t  temperature 
r i s e  versus t e s t  c' . r a t ion  f o r  the 30 second test is given i n  
Figure VII-13. The t o t a l  chamber heat load vs chamber pressure 
is shown i n  Figure VII-14. 

3. Shell and Nozzle Temperature 

The external  shel l  ci' t he  regenerat ively cooled chamber was 
instrumented with a t o t a l  of  f i f t e e n  (15) chromel/alumel thermo- 
couples as show* ..n Figure VII-15. Thir teen (13)  of these 
being located O ~ I  t h e  outer  surface of t h e  chamber i n  two c i r -  
cumferential  (12 o'clock and 9 o'clock) and two (2) 
being locat.-f on the  chamber flange. The i n j e c t o r  was i n s t r u -  
mented wi t .1  two (2) flange thermocouples. The columbium 
nozzle 7 .tenE.ian was instrumented with th ree  (3) chromel/alwnel 
and ~ $ 1 .  (6)  tlatinwn/~iatinum-rhodiwn thermocouples f o r  a l l  t e s t s .  
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Bell Aerospace Company 

Two ( 2 )  addi t iona l  platinwn/platinwfl-rhodiwn thermocou2les 
were added  f o r  the  l a t t e r  t e s t  ser ies  from test numbel- 1RN- 
880 t o  887. 

The maximum chamher s k i n  temperature versus mixture r a t i o  i s  
Shawn i n  Figure VIX-16 f o r  al.1 t e s t s  of 10 seconds durat ion o r  
greater.  The da ta  presented a r e  f o r  al.1 1C second po in t s .  
The m a x i m u m  temperature measured i s  located a t  t h e  in Jec to r  end 
of t h e  chamber (thermocouple T-1 or  T-2). The increase  or' 
m a x i m u m  chanber temperature between t h e  10 se(.oiid data  yoi i i t .  
and  the  thermally s t a b i l i z e d  end of run data point i s  l e s s  f;ha!I 
10" F. 

The temperature p r o f i l e  o f  t h e  chamber sk in  ternperaturzs and 
nozzle extension temperatures f o r  the  30 secona durat ion t e s t  
i s  shown i n  Figure VII-17 ( a t  the  end of run data p o i n t s ) .  

The tzmperature p l o t s  of a l l  the  chamber and nozzle extensior. 
thermocouples except extension thermocouples 1C and 11 a r e  
l i s t e d  f o r  t he  30 second durat ion t e s t  i n  Figures '111-18 
through VII-23. 

4. S t a r t  Transients  

S t a r t i n g  of t h e  regenerat ively cooled engine was predicated 
on severa l  s e t  up requirements. These being an oxid izer  lead 
requirement and a l s o  t h a t  t he  f u e l  f i l m  2oolant and main f u e l  
flows en te r  as simultaneously as possible  t o  e l iminate  poss ib le  
flashback and overheating. Unfortunately, i n  t h i s  separa te ly  
fed hardware,  t o  achieve t h i s  type of propel lant  t iming required 
orificin,? and volume changes because of  d i f f e r e n t  flow adjust-  
ments t c  t h e  f i l m  manifold. While t h i s  c r i t e r i a  ( f i l l  time 
en t ry)  was accomplisy-d, the  feed system used was much more 
involved t h a n  normal, leaving very l i t t l e  u se fu l  atlta t o  p r o -  
j e c t  t o  a f i n a l  f l i g h t  eng ine  t r a n s i e n t  ana lys i s .  However, t h e  
starts achi.  ved were usefu l  i . r i  de f in ing  a l t i t u d e  s ta r t  information 
arid can be uscd as a c r i t e r i a  o f  successful  operation. 

Two basic systems were used f o r  t h e  regen chamber t e s t i n g  t o  
accornmodat,e vortex flows of approximately '1% and 2%. Thc 4% 
vortc:x :;ystent was simpler arid ava i l ab le  when the  regen chamber 
was ava i lab le  f o r  irii-tial t e s t ing ,  and consequently was used 
f i rs t .  The 276 vortex s y s t e m  required a bypass system uti!.izirig 
a pa ra l l e l  l i n e  c i r c u i t  w i t h  a valve and o r i f i c e d  l i n e  arrange- 
ment, as shown i n  Figure 2 3 .  T h i s  system was used t o  obta in  
proper  propel lant  sequencing on s t a r t  t r a n s i e n t s  withou adding 
addi t iona l  volumes between the  bipropel lant  valve and  ~urr~L1ist: i  on 
chamber ( p -  4% on s t a r t ) ,  and permitted operat,irig a t  a 2,;; 
vortex flow during steady-::%ate. The 2% flow r e s u l t e d  whcr: f-iit- 
valve was closed a t  t he  2.5 second poin t  of' the t e s t ;  fj?j.!ly:;. 
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Bell Aerospace Company 

The volumes and o r i f i c e  diameters were determined with a start 
and shutdown t r a n s i e n t  inodel. 

Prior t o  i n s t a l l a t i o n  i n  the  test  c e l l ,  t h a t  por t ion  of t he  
feed system containing the  o r i f i c e s  was water ca l ib ra t ed  and 
modified u n t i l  t he  desired vortex flow and o r i f i c e  pressure 
drops were obtained. The complete propel lan t  system was then 
flow ca l ibra ted  i n  the t e s t  c e l l  t o  assure  that oxid izer  pre- 
ceded the  f u e l  ii:to the chamber, and that the vortex fuel flow 
reached the  chambcr within 100 mill iseconds of the  i n j e c t o r  
me1 flow. 
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V I 1 1  TASK XI - OME MODEL INJECTOR 

The o r i g i n a l  i n t e n t  of t h i s  cont rac t  was t h e  dev.zlopment of 
information leading  t o  reusable  t h r u s t  chambers vJhich would 
prove t h e  a c c e p t a b i l i t y  of cooling systems propc.sed f o r  use 
on the OME. The i n i t i a l  t a s k s  o f  t h i s  cont rac t  carried through 
t h e  parametric t r a d e  studies, s e l e c t i o n  of  a design, design, 
f ab r i ca t ion ,  and demonstration of  the chamber t i l  prove t h e  
cooling concepts t o  be rea l  and v iab le .  
task, i n j e c t i o n  systems were furnished t o  the  program. However, 
with t h e  advent of more s t r i n g e n t  and var ied s t a b i l i t y  c r i t e r i a ,  
t h e  complete use of an i n j e c t o r ,  modified t o  s u i t  the  program 
needs, was required.  As a consequence, t he  des igna ted  i n j e c t o r  
S/N 2 which was designed a s  a company sponsored project, .  
(Figure VLII-1) w i t h  i t s  assoc ia te  vortex cooling assembiy, was 
t r ans fe r r ed  t o  t h e  program. 

This i n j e c t o r  (8693-473050-1) was fab r i ca t ed  from aluminum. 
The i n j e c t o r  was designed for cons t ruc t ion  from s t a i n l e s s  steel ,  
with a l l  i n t e r n a l  hydraulic passages of f l i g h t  design. The 
f l i g h t  design concept was a l s o  maintained i n  the face  thickness  
and mmifo lds  such that, f l i g h t  c h a r a c t e r i s t i c  o r i f i c e  LJD 
hydraul ics  and manifold v e l o c i t i e s  were examined. However, t h e  
construct ion was carried out  i n  aluminum as a cos t  reauct ion 
item. I n  t h i s  case, t he  c o s t  reduction was warranted due t o  
both funding l i m i t a t i o n s  and a l s o  because the  primary i n j e c t o r  
parameters could be demonstrated with e i t h e r  type mater ia l .  

To accomplish t h i s  

The cos t  reduct ion a t t r i b u t e d  t o  t h e  aluminum cons t ruc t ion  i s  
pr imar i ly  associated with decreased machining t i m e  i n  both 
formed p a r t s  and i n j e c t i o n  o r i f i c e  f ab r i ca t ion .  The two p r imary  
p a r t s  forming t h e  i n j e c t i o n  system are the  8693-473150-1 
i n j ec to r ,  and the  8693-473140-1 vortex assembly. This vortex 
assembly i s  comprised of t h e  manifold, i n j e c t o r  o r i f i c e s ,  and 
vortex coolant generation s l o t s  f o r  t he  f u e l  f i l m  coolant cf 
the  t h n s t  chamber. 

This i n j e c t o r  was a second generation i n j e c t o r  based on the  
o r i g i n a l  f l a t - f a c e  i n j e c t o r  S/N 1. 
made w i t h  changes i n  the propel lan t  manifolds t o  reduce ve loc i ty  
and therefore ,  c ros s  flow e f f e c t s  a t  t h e  entrance of t h e  i n j e c t i o n  
o r i f i c e s .  The water flow t e s t s  of t he  o r i g i n a l  S/N 1 i n j e c t o r  
pointed out  the  o r i f i c e  d i s t o r t i o n  and immediate changes were 
made i n  t h i s  un i t  (S/N 1 A )  t o  reduce the degrading niarlif'old 
e f f e c t .  Unfortunately, t he  feed system on that  in,ject;or wa:; not 
adr-.quate t o  allow a romplctely e f f i c i e n +  sytw:'.fi+,r i (,a? ! > r r : r  #::-?ant 
supp ly  and t h e  redesign of  the  manifolds r e s u l t e d .  Tl-1~ iricor- 
po:*ated manifold changes made t o  t he  desigr, o f  t h e  S/N 2 3.n.i.tctor 
were highly e f f e c t i v e  and th1.s i n j e c t o r  was ?onsidered aypllr!able 
f o r  a l l  fu tu re  - .es t ing  opera t ions ,  

The design evolut ion was 
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TABLE I 

I 
1 

E 
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I INJECTOR CORE DESIGN I 

10 INCH PIAXETEE 

DIAME%ER (INCH) 

THRUST (LBS) 

ELEMENT TYPE 

NUMBER OF ELEMENTS (PRIMARY) 

THRUST/ELEMENT (LBS ) 

OX MANIFOLD VELJCITY (FT/SEC) 

FUEL MANIFOLD vF;LOCI'TY (FT/SEC) 

PROPELLANT FLOW/A~ ( LBS/IN~) 

NUMBW OF ZEMENT ROWS 

ammr CONFIGURATION 

IMPINGEMENT DISTANCE ( I N C H )  
IMPINGEMENT ANGLE ( " )  
OX ORIFICE DIAMETER ( I N C H )  
FUEL ORIFICE DIAMETER ( I N C H )  

L/D FUEL 
L/D ox 

AP ox (PSI) 
AP FUEL (PSI) (2$/ ) 
FACE R I N G  WIDTH ( I N C H )  

TRIPLET 

1 jc: 

31 

( 8  

<9.5 

0.24 

7 



The c r i t i c a l  design information used f o r  t h i s  i n j e z t a r  i s  
included i n  Table I with t h e  i n j e c t o r  drawing included a s  
Figure V I I I - 2 .  I n  addi t ion,  t he  vortex r ing  used t o  I n j e c t  
t h e  f u e l  film cooling i s  a l s o  included as Figure V I I I - 3 .  
These two parts complete t h e  i n j e c t i o n  system wi th  approximately 
93% of the propel lan ts  in jec ted  through the  primary in j ec to r ,  
and approximately ’?$ cf the  propel lants ,  as fue l ,  i n  t he  vortex 
film cooling. This propel lant  d i s t r i b u t i o n  was used f o r  the 
t e s t i n g  of the  insulated columbium t h r u s t  chamber. 

The regeneratively cooled t h r u s t  chamber required inuck l e s s  
fuel f i lm cooling, and only 2% of the propel lants ,  or l e s s ,  
was in jec ted  through the  vortex r i n g  when t e s t i n g  the  regen- 
e r a t i v e  chamber. 

A series of acceptance t e s t s  were performed on t h e  S/N 2 i n j e c t o r .  
The t e s t s  were conducted on a sea l e v e l  tes t  stand wi th  a 
t h r u s t  chamber cons is t ing  of an uncooled s t e e l  chamber and a 
columbium th roa t  arrangement. Testing was conducted i n  t h i s  
manner t o  observa the  th roa t  temperature and a l s o  t o  examine f o r  
s t reaking  of the  in j ec to r .  Since the  i n j e c t o r  was o r i g i n a l l y  
designated for use with an insulated columbium chamber, t h i s  
acceptance procedure was not only appl icable  but presen%ed a 
measure of acceptance Gf temperature d i s t r ibu t ion .  ‘I?IE: a?r:sp%- 
ance t e s t - d a t a  i s  shown i n  the  following t ab le .  

T A B U  I1 
ALUMINUM INJEX OR S/N 2 

- 
Dur . 
Sec. - 
2 .7 
2.4 

10.5 
1.4.3 
1 5 .5  
lI,.O 
I.’, . ’< 

15.0 
15.4 
30.4 

Data 
Point 

Sec . 
2.2 
1.3 

10.0 
14.4 
15.0 
15.1 
111.. i :  
1. :) . 1 
14.9 
29.9 
-- 

Ro/f 

1.630 
1.719 
1.582 
1.65 
1.611 
1. ‘,I2 
1 .4 =jfJ 

1.810 
1.438 
1.680 

’c co r r  
Ps ia  

129.8 
124.4 
125.0 
121.4 
I..- 3 .  ‘I 
127.2 
I N .  f) 
I 1 0.4 
134.0 
121.8 

C ”  
Ft/Sec 

4 
k 

3.81 
7.58 
7.77 
7.97 
7.40 
i ; .  1.1, 
7.27 
7.07 
7.68 
7.81 

Pyro 
M a x i m u m  O F  
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IX. TASK X I 1  - HEATED PROPELLANT INJECTOR 
STABILITY TESTING 

The p r inc ipa l  object ivn of t h i s  t a s k  was t o  ob ta in  high 
frequency combustion s t a b i l i t y  data using an h J e c t o r  rcprescnta t ivc  
of regenerat ive chamber operation. T h i s  rcpresentatiot:  i<aS 
accomplished by heating the f u e l  t o  a temperature esl lzt* t . td r 'r~w 
t h e  o u t l e t  of a cool ing jacke t  and detonat ing bombs a t  i!itcrvals 
i n  the  s t a r t i n g  t r ans i en t .  

To insure  s t a b i l i t y  o r  at least a representa t ive  condition, it 
was a l s o  desired t o  evaluate  the  temperature ir, the  acous t ic  
cavity. The cav i ty  temperature w a s  o f  concern as t h e  o r i g i n a l  
design was based on an acous t ic  frequency, which ir. t u r 9  9 s  
based on temperature. Some t e s t s  related t o  t h i s  r;rGgrar:-, had 
previously indicated that t h e  cavi ty  temperatures could be s i g n i f -  
i c a n t l y  above t h e  design values. Since a s u b s t a n t i a l  increase  
i n  temperature should reduce (or a t  l e a s t  change) the  s t a b i l i z i n g  
e f fec t iveness  of  the cavi ty ,  kgowledge of  t h i s  temrerature was 
?onsidered necessary t o  obta in  a reasonable assessment o f  t h e  
t e s t  data o r  t o  make recommendation r e s u l t i n g  from t e s t  data. 
As a consequence, the  i n i t i a l  t e s t  was of  10 seconds t o  ob ta in  
acous t ic  cavi ty ,  tlme-temperature data. Ten seconds of  operat ion 
was considered s u f f i c i e n t  time t o  reach equilibrium condi t ions i n  
t h e  acous t ic  c a v i t i e s .  

The bomb thermal detonation time also became a r e s ' x i c t ion  when 
i t  was found t h a t  cav i ty  thermal equilibrium occurred a f t e r  the 
normal maximum detonation time of 2.5 seconds. The temperature 
data obtained indicated tha t  some 6 t o  10 seconds opera t ing  
t i m e  i n  the  chamber would be required i f  f u l l  thern;al s t a b i l i t y  
was t o  be achieved. It was suspected tha t  t h e  bomb would not 
l as t  more than 3 t o  5 seconds and indeed t h i s  was confirmed i n  
t e s t ing .  As a consequence o f  these i n i t i a l  tests,  t h e  t e s t  
durat ion was programmed f a r  approximately 7 seconds and a bomb 
i n s e r t i o n  device designed which would a l l o w  the  bomb t o  remain 
out  of' the chamber  u n t l l  the  needed t i m e .  

Sixteen t e s t s  were conducted a s  the  combustion s t a b i l i t y  t a s k  
of t h i s  program. The. s t a b i l i t y  t es t s  were conducted w i t h  an 
objec t ive  of def ining a l i m i t  where t he  i n j e c t o r  was marginal 
o r  produced i n s t a b i l i t y .  To accomplish t h i s  end ,  a bui lding 
b lock  acoust ic  damper arrangement was used where t h e  open &rea  
could be varied t o  reduce both open a r e a  and depth of t h e  
individual  c a v i t i e s .  With t h e s e  var ia t ions ,  t he  1 2  deep (1T) 
c a v i t i e s  coulZ have depths o f  1.65, .78 and 0 inches (from t h e  
i n j e c t o r  f ace ) .  The percent open area roul:! be increren t ,a l ly  
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a d j u s t e d  t o  have 7.8, 11.6, 13.7 and 15.6%. The four  shallow 
c a v i t i e s  could only have .78 and 0 depths and open areas of 
7.8, 3.9 and 0%. 

The tes t  sequence was such t h a t  the deep cavi t les  were var ied 
from 15.6 t o  11.6 t o  0 t o  7.85 open area where t h e  t e s t i n g  t c  
date indicated s t a b i l i t y  a t  11.6% open area and i n s t a b i l i t y  a t  
7.8%. The shallow c a v i t i e s  (3T) were varied down t o  0 without 
unstable  r e s u l t s .  Recovery from the  bombs on t h e  stable tes t s ,  
occurred i n  less than 5 mil l iseconds i n  a l l  cases. No api'arent 
recovery was noted on any of  t he  three unstable  tests a f t e r  the 
first bomb was detonated. 

The msnner i n  which the  t e s t s  were conducted was somewhat 
unusual. P r i o r  t o  t h e  tes t  series, temperature recordings i n  
the  c a v i t i e s  hari shown temperatures i n  excess of design values.  
These temperatures recorded were i n  the order  of 3Q93'F where 
the o r i g i n a l  "guess"  frcm l i t e r a t u r e  was i n  the  or23 r  of  602'F. 
Concern was expressed a t  t h e  cav i ty  c a p a b i l i t y  t o  d a r q  ar:? a 
t e s t  procedurt? evolved which would take  ad-fantage of thi:; high 
temperature. Silice a s u b s t a n t i a l  t i m e  was required f o r  t h e  
tempcrature t o  come t o  equilibrium {7 t o  10 seconds), a bomb 
sequence was incorporated detonat ing charges a t  0.5, 2.0 and 
7 seconds represent ing approxixately 1000, 2000 and 3000CF i n  
the  acoust ic  cavi ty .  It was suggested t h a t  by bombing over 
t h i s  temperature range, a broad spectrum of conditions r e l a t i n g  
t o  the speed of sound would be covered and shoLld produce a 
large amount of  u se fu l  data wi th  a modest nurr,ber of t es t s .  

I n  re t rospect ,  no e f f e c t  of temperature i n  t h e  cavi ty  llas been 
found t o  date.  There were only two occurrences of  i n s t a b i l i t y  
noted and these occurrences were w i t h  t h e  1T raivrities r e j u c e d  
t o  3T depths. Both t e s t s  were s t a b l e  u n t i l  tI-15 bor,b xas 
detonated, and ne i the r  bomb t e s t  recovered a f t e r  dztonaCjrJn of 
t h e  f i rs t  bomb. The t e s t  r e s u l t s  a r e  summarixed i n  Tab;lc:r, 1 
wi t h  tht? .indivl dual t e s t s  tabulated i n  Tablf;  T I .  A l l  hmh:; 
l-ml a I'W" t)ascl r.harGc of 6 .o 1p;ra.i I t : ; .  

A .  IJreliin.inary Test Resul ts  

The i n i t i a l  t e s t s  i n  t h i s  task were conducted t o  obta in  
informaticn on t h e  thermal s t a b i l i z a t i o n  time of t h e  acoustil: 
c a v i t i e s .  Previous oomb tests had been conducted i n  the  f i r s t  
1 t.0 2 seconds of chamber operation, and  some re l a t ed  procram 
data ;;ad indicated t h e  acous t ic  c a v i t i e s  t o  be i n  a thermal 
t r ans i en t  i n  t h i s  t h e  period. A s  a consequence, ar, acous t ic  
manifold was instrumented t o  obta in  t r a n s i e n t  data on t e s t s  
conducted. I n  addi t ion,  t h e  normal bomb insu la t ion  which h a s  
been used i n  t e s t i n g  1.12s provided thermal  pro tec t ion  f o r  o n l v  
IC o r  5 seconds. If a longer t e s t  was required,  then a rt5des.i.griE-d 
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bomb thermal pro tec t ion  or an i n s e r t i o n  device would be 
desirable .  To confirm tha t  t h i s  added e f f o r t  was neaded, a 
bomb was inser ted  i n t o  a chamber and t e s t ed  t o  themla1 detoi7a- 
t ion.  The r e s u l t s  of these  preliminary tests shc'ured t h a t  
thermal equilibrium was not achieved u n t i l  7 t o  9 seconds and 
that the  bomb thermal detonation occurred at  4.2 seconds. 
These r e s u l t s  indicated the  need for the  longer bomb run &lid 
the  bomb i n s e r t e r  was designed as a r e s u l t  o f  t he  t e s t s .  

By using a longer run t b e  and by using mul t ip le  bombs, the 
s t a b i l i t y  program was redesigned t o  present a more coniprehsi- 
sive s t a b i l i t y  survey. 

The t h ree  bombs were considered t o  represent entirrcly d i f f e r e m  
temperature (and possibly acoust ic)  conditions i n  t h e  dmyer 
cav i t i e s .  The bomb detonation times of .5, 2.0 and 7.0 secorxis * 

roughly q?roximate temperatures of 1000°F, 2000°F, and 33OJ'Z 
i n  t h t  a a s i s t i c  damper cavi ty  (PR #16). This t e s t  procedure 
WRS devised t o  take advantage of t h e  high temperature of these 
cav i t i e s ,  espec ia l ly  s ince  the  temperature t r a n s i e n t  i , c  s u f f i c i e n t l y  
slow, so t h a t  t he  bomb can h detonated wi th  some time l a t i t u d e  
without being too far away from the-expected temperature condi- 
t ion .  

1. Hardware Changes f o r  Prelimi,iary Testin& -- 

Acoustic Damper - As a r e s a l t  of separate  s tudies ,  some add i t iona l  
cooling f o r  tke  acoust ic  danper was indicated.  Original  es t imates  
of c a v i t y  temperatures werp nium lower than those encountered i n  
t e s t .  A s  a r e s u l t  of t h i s  ini'ormation, ac t ive  cooling, and con- 
sequently cavi ty  s i z e  changes were indicated and incorporated 
in to  the i n j e c t o r  chamber in t e r f aces .  

The changes consisted of a 0.015 inch increase i n  t h e  cavi ty  
w i d t h  t o  compensate f o r  t he  th icker  lands, thus maintaining 
a basel ine ope11 area  t h a t  was t h e  same a s  t h a t  on previously 
demonstrated hardware. The land thickncss  of the acoust ic  r ing  
was increased t o  a l low the  incorporation of coolant passages cjn 
fu ture  designs.  To def ine s t a b i l i t y  margin, the  acoust ic  r ing  
was designed t o  pe rmi t  var ia t ions  t o  the  acoustic c a v i t y  open 
area by t h e  attachment of  i n s e r t s  t o  the  lands (Figure IX-1). 
'These r.ings were designed so t h a t  t he  1T t angent ia l  c a v i t i e s  
(dcse] .er  one)  c o u l d  be vari6.d t o  have from 15.7 t o  11.6% open 
arFa. The t i . i r d  t angen t i a l  c a v i t i e s  could have 7.8 t o  3.0% 
opttri a rea .  'l'ht? basic symmetry o f  the  acoust, i ( *  c a v i t i e s  was 
1na.i ritairicd, c1iminat.i nil; 1:onccrn o r  r 3 f  f ' ec t  of unequal area  dis- 
t r i b u t  ion,  and a l s o  :;imulat i n g  the  corifj c u r a t i o n  expected on 
tiic f i n a l  design.  P r o v i s i o n s  ) lave a l s o  becn made t o  vary t he  
c a v i t y  cit-tpth from I..(-? t o  1.77 i r i c t i  d q ~ t , l ~  from the i n j e c t o r  fac5. 
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VORTEX RING INSTRUMENTATION 

FIGURE IX-2B 

IX- 8 





I 





H
 

U
 

U
 

ti! 2 m 

a 
t

a
m

 

I
 

t 
a

x
 

m
 

aJ 
a 

I
I

W
 

a
 

I 
I

1
4

 
N

 

h
 

V
l 
..- -_ 

(
u

-
 

L
 



TABLE IV 

HARDWARE CONFIGURATION 

I HARDWARE DESCRIPTION 

Aluminum Injector ,  S/N 1 A  
(8693-473115-1) 

Aluminun Injector ,  S/N 2 

Fuel Vortex Ring, S/N 1 

(8693-473050-1) 

(8693-473140-19) 

Fuel Vortex Ring, S/N 1 A  

Acoustic Csvity Ring, S/N 1 

Bomb Chamber, S/N 1 

Bomb Chamber, S/N 1 A  

Heat Sink Nozzle, S/N 1 

Water Cooled Nozzle, S/N 1 

(8693-473140-3A) 

(86.)3-473112-1) 

(8693-470103-1) 

(8693-470021-1A) 

(8693-470104-1) 

( 8693- J1700 16 - 1) 
S/N 1 

4556 

X 

RUM E-14 

4557 

X 

4533 4553 



The 13 secocd durat ion test  produced a mixture r a t i o  (o~ 'F \  
of 1.664, vortex flow at  2.03% and chamber pressure  a t  
121.0 ps i a .  The m a x i m u m  gas t m p e r a t u r e  recorded i n  tl:r 
acous t ic  cav i ty  was 3320°F (Temp. No. 3j andoccurnd i!i deep 
cav i ty  number 1, and was a t  t h e  t o p  (gas s i d e )  of t h e  c-avity. 

The tungsten/rhsnium thermocouples operated very sat,-; sfal-torily 
during t h e  t e d t  and produced a bel ievable  time h i s t o y ,  On 
t h e  o the r  hand, t he  platinum-platinm/rhodiwn tlierniocouples 
opened a t  the combustor i n t e r sec t ion ,  where temperatures 
apparent ly  exceeded the  couple capabi l i ty .  Figures IX-t; 
through IX-9 are temperature time h i s t o r i e s .  The temperature 
r e s u l t s  indicated t h a t  a much longer bomb t i m e  than the  pre- 
viously used 2 seconds was required t o  reach s t a b i l i z a t i o n .  
From t h i s  data,  it was concluded t h a t  approximately seven 
seconds would be t h e  minimum bomb detonation t i m e  t h a t  c id ld  
be  used t o  represent  a s t a b i l i z e d  temperature. 

Fost run exanination of the  hardware revealed seve ra l  cracks 
on t h e  vortex r i n g  j u s t  upstream of t h e  t apgen t i a l  o r i f i c e s  
as shown below. 

Combust i on  
Gas Flow 

It appears that the cracks may have w i g i n a t e d  a t  t he  weld 
j o i n t  where high s t r e s s  concentrat ions a r e  l i k e l y .  Repair of 
t h i s  u n i t  was not considered productive and the  p a r t  was set  
a s ide  and replaced w i t h  vortex r i n g  8693-473140-3A f o r  the  
next t e s t .  

Due t o  the  requirement t o  change the hardware, a r e o r i f i c i n g  
t e s t  was a l s o  scheduled f o r  test  4558. The r e s u l t  o f  t h e  t e s t  
w e s  a confirmation of t h e  h i  h temperatures i n  t he  acous t ic  
cavi ty ,  r e s u l t i n g  from t e s t  &557. Since t h e  primary ob,ier-t,ive 
of t he  program wa3 t o  confirm the  high temperature, i t  wI;s 

-v---- '-- 
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considered t h a t  f u r t h e r  t e s t i n g  t o  confirm temperatures was 
not warranted. The th ree  second checkout t e s t  resu l ted  i n  a 
n,ixture r a t i o  (O/F) of 1.644, vortex flowrate of 2.10$, and 
chamber pressure of 122.9 ps ia .  
bomL d u r a b i l i t y  t e s t s  a l s o  helped by some hardware damage 
r e s u l t i n g  from the  t e s t .  
was damaged i n  the tes t  and r epa i r s  were required.  Since 
further t e s t i n g  of the  water cooled nozzle  d i d  not appear 
necessary, the bomb durat ion t e s t  was set up i imediately.  

The decis ion t o  change t o  the 

The water cooled l i n e r  of the nozzle 

The set-up f o r  t h i s  run 4559 i s  a l s o  depicted in Figure IX-5 
with t h e  hardware l i s t e d  i n  Table IV.  The objec t ive  of t h i s  
test  was t o  def ine the time f o r  thermal detonation of a bomb. 
More precisely,  s ince 6 seconds of operation was required 
t o  represent equilibrium temperatures, the t e s t  was made t o  
see if the  current  bomb decis ion would last tha t  long i n  the 
t h r u s t  chamber. A 10 g ra in  bomb was i n s t a l l e d  i n  the upstream 
por t .  Provisions were a l s o  made f o r  e l e c t r i c a l  detonation i f  
the  expected thermal detonation d i d  not occur. 

The bomb detonated thermally at  4.23 seconds from f i r e  switch 
and shutdown was made a t  4.5 see 
a mixture r a t i o  (O/F) of 1.645, 8":' 2.19% and P, = 124.2 p s i a .  
Maximum acoust ic  cav i ty  temperature of 3080OF was recorded and 
occurred a t  t he  top of cavi ty  number 1. 

. The test was made a t  

A temperature time h i s to ry  p l o t  i s  shr-.~r, i n  F igu re  IX-10. The 
four second da ta  point  was plotter-  o:: igures  IX-6, IX-'7, IX-8, 
and IX-9 f o r  comparison wi th  t h e  
tabulated below: 

s.,its of  t e s t  4557 and are 

Data R u n  4557 Run 4559 
Time Temp. Temp. Cavity 

4.0 22 30 2400 Deep 
6 . * P .  C 3040 2550 Deep 
2 

G.0 3080 Deep 
7 .'; . i! 2480 2450 Shallow 

11 

Temp. No. (See) (OF! (OF) Configuration 

'The f o u r  :.em.*i'? temperatures were of  s p e o i f  i c  i n t e r e s t  t o  
ensure thcL t i ic  higher temperatures (up t o  3000°F) were 
encountered near  3r a t  the  time of bomb detonation. Also, 
some concern had besr, exhibited i n  t h a t  t h e  l o n g e r  bomb detona- 
1,ioti tirnc would occur a t  a higher cavf.ty t m l ' c r a t u r s  t h a n  Fre- 
viously encountered.  

1x49 
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The t e s t  was conducted without incidence.  The bomb detonated 
thermally at  a s l i g h t l y  longer operating time (4.2 seconds) 
than o r ig ina l ly  predicted (3.5 seconds). Recovery was 5 
mill iseconds,  comparable t o  previous t e s t s .  

4. Preliminary Test Conclusions 

Two conclusions were made from these t e s t s .  The first being 
r e l a t ed  t o  a longer run time requirement f o r  t h e  acoust ic  damper 
s t a b i l i z a t i o n  than o r i g i n a l l y  an t ic ipa ted .  The second being a 
much higher acous t ic  cavi ty  temperature than l i t e r a t u r e  informa- 
t i o n  had indicated.  A s  a consequence t o  the  above conclusions,  
it was decided t o  reconfigure tne  bomb chamber t o  incorporate 
the capab i l i t y  of both long and short  duration bombs by having 
8 wall mounted bomb for shor t  durations,  and a bomb i n s e r t e r  t o  
be used for detonating bombs a t  durations g rea t e r  t h a n  4 seconds. 

a. Bomb Inserter 

me technique of i n s e r t i n g  bombs i n t o  a combusticn chamber was 
developed during the I;EB Ascent engine program and r ead i ly  
accomplished. Unfortunately, that  program has been completed 
for severa l  years  and a l l  r e l a t ed  equipment scrapp-ed. Thus, 
a l s o  w i t h  t he  bomb i n s e r t e r s .  On the  current  program, it was 
decided t o  design and f a b r i c a t e  a new i n s e r t e r ,  one of reduced 
complexity and therefore  cos t .  The design se lec ted  i s  shown 
i n  Figure IX-11.  

Operation of t he  i n s e r t e r  i s  pneumatic. The bomb i s  mounted 
i n  the i n s e r t e r  such t h a t  t h e  top in su la t ing  cap i s  f lu sh  w i t h  
the  chamber w a l l .  On command, t h e  i n s e r t e r  i s  actuated, pushing 
t h e  bomb and its pro tec t ive  cover i n t o  the  chamber. An elec-  
t r i c a l  s igna l  then detonates the  bomb a t  the  time designated. 

B. Heated Propel lant  S t a b i l i t y  Test Results - Test Hardware 

The hardware used for t h i s  s t a b i l i t y  evaluat ion i s  l i s t e d  i n  
Table V and the assembly i s  shown i n  Figure IX-12. Figure IX-12 
a l s o  shows the  loca t ion  of the  3 bomb por t s  and t h e  5 high fre- 
quency response transducers.  The s t a t iona ry  bomb arid i n s e r t e r  
bomb assemblies are shown i n  Figure IX-13, Figure I X - 1 4  
shows thc  locat ion of thermocouples 2, 6 ,  7 and 11 which were 
used f o r  t h i s  t e s t  e f f o r t .  

Figures IX-15 through I X - 1 7  are photographs of t h e  i n j e c t o r  
acoust ic  r ing  (11.6% 1 T  and 3.9s 3 T / l R ) ,  s t a t iona ry  bomb 
i n s t a l l a t i o n  and bomb i n s e r t e r  assembly respect ively.  

IX-21 
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TABU V 

HARDWARE CONFIGURATION 
(Reference Figure 1) 

Item - Par t  Number 

Aluminum In jec to r  8693-4730 Ejo- 1 
Fuel Vortex Ring 8693-473140-3A 
Acoustic Cavity Ring 8693-473112-1 
Bomb Chamber 8693-470021-1A 
Water Cooled Nozzle 8693-470016-1 

1. Test Results - Series 1 (Tests 4560 

Serial Number 

S./N 2 

SIN 1 

S,:N I 

S/N I A  

S/N 1 A  

4566) 
The i n i t i a l  (basel ine)  s t a b i l i t y  s e r i e s  was conducted with an 
acoust ic  cavi ty  configuration cons is t ing  of a 1 T  open area of 
15.65, and a 3T/lR open area of 7-85 (Figure IX-18 and Figure 
IX-19 ). The s e r i e s  consisted of 6 tests w i t h  17 bomb detona- 
t ions .  A l l  tests were s t ab le .  There w a s  no not iceable  e f f e c t  
on s t a b i l i t y  c h a r a c t e r i s t i c s  wi th  va r i a t ions  i n  mixture r a t i o ,  
chamber pressure,  and acoust ic  cavi ty  gas temperature. Chamber 
pressure overpressure maximums were general ly  greater i n  the 
acoustic c a v i t i e s  than i n  the  chamber. The per  cent overpres- 
sure i n  the  acoust ic  cavi. t ies ranged from 160% t o  394$, and i n  
xhe chamber ran@ from t o  250%. These maximum pressures  
occur immediately a f t e r  bomb detonation. 

The m a x i m u m  cavi ty  gas temperatures recorded f o r  t h i s  s e r i e s  
a t  detonation of bombs 1, 2, and 3 were approximately l3P jCF ,  
1750°F and 3000°F respectively,  and a r e  based on l i m i t e d  
temperature data.  

2. 

The second t e s t  s e r i e s  was conducted x i t h  an acoust ic  cav i ty  
configuration cons is t ing  of a 1T open area of 11.6% and a 
3T/lR open a rea  of 7.9% (Figure IX-18). 
of f i v e  t e s t s  w i t h  15 bomb detonations.  A l l  t e s t s  were stable 
and there was no notlceable e f f e c t  on s t a b i l i t y  c h a r a c t e r i s t i c s  
with var i a t ions  i n  mixture r a t i o ,  chamber pressure and acoust ic  
c a v i t y  cas temperaturo. The crcent  overpressure i.n t h e  acoust ic  
c8a./ities rarir;c.d from 170% t o  b+3$1, and i n  t h c -  c*Jiarnt)r!r frclrri 70;6 

Test Results - Ser ies  2 (Tests  4567 - 4571) 

The series consisted 

f,o 3:"c$. 

The ac*o\i::l i.c* c a v i t y  !;as Loiriperat,ures v a r i c d  c:ori:;.iderabl.y from 
run t.o I - I I ! ~  a+ 1 'rip thrco bomb detonation t.i.mcs. Tlie gas tkmpfsra-  
t u r e  ranged i om 1IAPj''F' t o  2120°F a t  t h e  time of detonation 
of' bomb 1.: r a r l ryd  1 ' r o m  21b!40fJF t o  32C,O"F a t  t j m e  of detonation of 
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I 

of bomb 2; and 2480OF t o  3620'F a t  time of detonation of bomb 
3- 
Temperature t i m e  h i s t o r i e s  of t h e  acoust ic  cav i ty  gas tei::pei-a- 
t u r e  are shown i n  Figures IX-21 and IX-22, 

A t y p i c a l  recovery time record is shown i n  Figure IX-23. 

3. Test Results - Ser ies  3 (Tests  4572, lc573) 

On t h e  t h i r d  t e s t  series a l l  of t h e  acoust ic  c a v i t i e s  were of 
a 3T/lR configuration. It was. decided t o  "jump" t o  t h i s  
arrangement a s  tests a t  another f a c i l i t y  had indicated s t a b i l i t y  
w i t h  a shor te r  cav i ty  length.  

On t h e  first t e s t ,  t he  f irst  bomb was detonated a t  0.5  second. 
A t  bomb detonation the  engine became unstable  and the  ASD 
c i r c u i t  shut the  engine down a t  0.7 second. The frequency 
observed was approximately 2620 H e r t z  which was considered t o  
be a first tangent ia l  mode. 

The time of bomb detonation and r e s u l t a n t  i n s t a b i l i t y  i s  shown 
on an osci l lograph reproduction i n  Figure IX-24. The acoust ic  
cav i ty  pressures ( I n j e c t o r  Pc-3 and In j ec to r  P -4) general ly  
showed g rea t e r  amplitudes than the  pressures  ( & P C - l  and 
TcPc-2) i n  the combustion chamber. M a x i m u m  overpressure i n  t h e  
acoust ic  cavi ty  ranged from 25k$ t o  308$, and i n  t h e  chamber 
from 94% t o  202%. The t r a c e s  a re  o s c i l l a t i n g  at  a frequency 
of approximately 2620 Hertz. Superimposed frequencies,  of 
reduced magnitude of approximately 5,100 H e r t z ,  and 13,000 Hertz 
can be detected.  

The second t e s t  was made t o  determine i f  i n s t a b i l i t y  would x c u r  
when a bomb was detonated a t  a l a t e r  time i n t o  t h e  run. The 
bomb was detonated a t  2.0 seconds and followed again by unstable  
operation. Unfortunately, during t h i s  second t e s t  t he  ASD system 
was not act ivated and a f u l l  8 second t e s t  resu l ted .  Thermal 
detonation of t h e  inser ted  bomb a l s o  was encountered wi th  no 
e f f e c t  on the combustion. The long time exposure t o  unstable  
operation (approximately 6 seconds) resu l ted  i n  some sca l lop ing  
at outer  edge of the in;iector which i s  shown i n  F i  ure IX-25. 

entrance and the  vortex r i n g  l i p  which p i l o t s  i n t o  t h e  chamber. 
The hardware was r ead i ly  repaired and t e s t i n g  resumed. 

Maxiinum overpressure i n  the  ac0ust.i c c a v i t i e s  ranged from 334% 
t o  396$, and i n  the  chamber from 118% t o  13'3%. 

Some damage a l so  occurred t o  the vortex r ing  acous f i c  cav i ty  
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The time of the  first bomb detonation and t h e  r e s u l t a n t  
i n s t a b i l i t y  is shown on an osci l lograph reproduction i n  
Figure IX-26. Figure IX-27 is a temperature/time h i s t o r y  of 
the  acoust!c cavi ty  gas temperatures during the unstable  
operation. A noticeable change in t h e  temperature time h i s to ry  
i s  seen a t  the  2 second durat ion PO:. t where the i n i t i a l  bamb 
was detonated. Ttie e r r a t i c  behavior of thermocouple i'j' is due 
+o an open c i r c u i t .  The temperature t r a n s i t i o n  from stable t o  
unstable operation appears t o  be qu i t e  rap id  f r o m  'Lliese t r aces .  
. Interest ingly,  although the  temperature t r a c e s  close t o  t h e  
combustion (Numberr TC-6 and TC-11) both acce le ra t e  quit? rapidly,  
the  s t a b i l i z s t f o n  appears t o  be below temperatures Keasured 
during stable t e s t ing .  

4. *st Results - Ser i e s  4 (Test 4574) 

The four th  test s e r i e s  was t o  be conducted w i t h  an acous t ic  
cavi ty  configuration with 7.85 1T open area and 15.65 3 ~ 1 1 ~  
open area. The first t e s t  0: t he  s e r i e s  w e r , t  unstable  a t  t h e  
first bomb de tmf t t i on  and . *ther t e s t i n g  isas negated. Ihfor- 
tunately,  t h f s  run also c ,,ed i n  an unstable  mode as the  
ASD was s e t  t o  high (40 p s i )  t o  b e  t r iggered-by  the  chamber 
pressure o s c i i l a t i o n s  (-30 p s i )  Figure IX-2b. Corcequently, 
t he  engine OFerated for 8 seconds, at which time a timer l i m i t  
c i r c u i t  terminated the  run. 

One obvious implication from t h i s  t e s t  was t h a t  t h e  2rezsure 
peaks were reduczd when Eome 1 T  (7.8s open a rea )  c a v i t i e s  were 
incorporated. This data was compared GO a p r i o r  tes t  where the  
ASD c i r c u i l  was actuatzd by the i n s t a b i l i t y  noted when no deev 
c a v i t l e s  were used. 

Again, some damage was noted a t  t he  ou te r  edge of the  i n j e c t o r  
biit repa i rs  were readi ly  made. Detonation over presr-l?-c i n  
the  acoustic navity ran ed from 197% t o  414% and a t  tk: chamber 
measuring points  from 9 8 to 198%. 

The thermccouples i n  the  a c o w t i c  damper w i l l  a l s o  be monitored 
f c r  t h i s  t e s t  and a comparison made w i t h  the  riext s t a b l e  tes t .  
This chart  i s  shown i n  Figure IX-29. Sonewhat surpr i s ing ly ,  
t h e  cavi ty  temperature appear t o  b e  lower than on s t a b l e  tests. 
No rea'. explanation b a s  been given f o r  these lower t m F e r a t u r e s ,  
es1:ecially observing the  erosiori on the  periphery of t h e  i n j ec to r .  
Speculation would predic t  t ha t  some mlxture ratio shrift, i s  
probqbly occu-ring arid t h a t  I *>r': f u e l  is k i n g  brought  iric.r? the  
l o c a l  areas  oi' t h e  thermcn ,opl(!:;. 
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5. T e s t  Resul t s  - Series 5 ( T e s t  4575) 

On the f i f t h  t e s z  series, the  1T c a v i t i e s  were again oFe::eZ 11; 
t o  11.6% open area and the  t e s t  ob jec t ive  concentrated 01; a 
reduced 3T/lR area t o  3.9%. 
detonations.  The t e s t  was stable and there was no not iceable  
e f f e c t  on s t a b i l i t y  c h a r a c t e r i s t i c s  w i t h  va r i a t ions  I n  acous t ic  
cav i ty  gas temperature. 
t o  1 5 8 0 " ~  a t  the t i m e  of detonation of bomb 1: from 1355'F 
t o  2840°F a t  t i m e  of detonation of bomb 2; and ranged from 
1 8 8 0 " ~  t o  2795'F a t  t i m e  of detonation of bomb 3. 
times were less than 5 m s .  

One t e s t  was made wi th  3 bo::ib 

The gas temperature ranged f r o r  @G"F 

A11 recover:,r 

M a x i m u m  bomb overpressures i n  t h e  acous t ic  cav i ty  ranged from 
410% t o  521s and i n  t h e  chamber from 135% t o  '231%. 

6. T e s t  Resul ts  - T e s t  Series 6 (Test  4576) 

The s i x t h  t e s t  configurat ion f u r t h e r  reduced the  3T/lR area 
t o  0, w i th  11.6% open area 1T. One tes t  was made wi th  3 
bomb detonations.  The tes t  was stable wi th  a l l  t h ree  bomb 
recoveries  made i n  about the same time for period. The gas 
temperature time h i s t o r y  i s  shown i n  Figure IX-30. A l l  recovery 
times were less than 5 ms. 

The gas temperature ranged from 1200°F t o  i7OO"F a t  t he  time 
of detonation of bomb 1; ranged from 1900°F t o  2 0 8 0 " ~  a t  time 
of detonation of  bomb 2; and ranged from 2 2 8 0 " ~  t o  2750°F a t  
t i m e  of detonation of  bomb 3. Acoustic cav i ty  thermocouple #7 
was not recorded i n  the  closed-off 3T/lR cavi ty .  

Maximum overpressure i n  the  acous t ic  cav i ty  was 319% (second 
high frequency instrument removed), and i n  the  chamber ranged 
fron 155% t o  21876. 

C .  Acoustic Cavitv Gas TemDeratures 

Acoustic cavi ty  gas temperatures genera l ly  showed l a rge  
va r i a t ions  from t e s t  t o  t e s t  and from cav i ty  t o  cavi ty .  I n  
general ,  t he  thermoc-ouples near t he  entrance t o  the  c a v i t i e s  
[#6 arid #lI.) were 1)il;her than those in s ide  t h e  cav i ty  (#? and  
i f7)  

A compari-son of at1 unstable  run w i t h  a s t a b l e  r u n  (F'i.gurc. 1X-23) 
shows a more rapid r i s c  i n  temperature during unstable o]zt~rai.,i.on 
wi th  temperature overshoots near the: beginning and  end of the 
t e s t .  

A temperature comparison a t  the  14 second t ime p o i n t  indicated 
a lower gas temperature by 400-500°F a t  t he  acoilstic cav i ty  
entrance during unstable  operation, but a higher gas temperature 
a t  the midpoint of t he  deep cavi ty .  



3000 

2800 

260c 

2400 

2200 

2000 

1800 

1600 

1400 

1200 

1000 

800 

tlOC7 

400 

200 

FIGURE IX- 
8693 O W  INJEC'Xd?S/N-:! 

CAVITY m P .  VS TIME: TEST NO. 4576 D-4 
DATE: 4-12-74 

4 6 8 19 
T?YE FROM FIRE SWITCH- SECONDS 



TEMPEk.ATURE COMPARISON 

Data Thermocouple Unstable 
Point Numbers T e s t  (4574) 

Sec . OF 

2 
6 
7 
11 

2280 
2200 
1700 
2275 

Stable 
T e s t  (4575) 

OF 

D. Conclusions Resulting From Tests 

The test  r e s u l t s  obtained have been p lo t ted  i n  block form ir. 
Figure IX-31. The primary r e s u l t  of t h i s  s e r i e s  i s  t h a t  
i n s t a b i l i t y  r e s u l t s  as the  c a v i t i e s  a r e  shortened and t h e  area 
of 1T s i g n i f i c a n t l y  reduced. There d i d  not appear t o  be a 
s ign i f i can t  r e l a t i o n  between t h e  cav i ty  ten?perature and the  
a b i l i t y  of the  cav i ty  t o  s t a b i l i z e .  The following items a r e  
considered the  primary observations r e su l t i ng  from these tests. 

e Minimum open a rea  appears 11.6% o r  less 
e Cavity temperature e f f e c t  is not obvious 
e 3T requirement not demonstrated 
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X. TASK XI11 - WSTF TEST AND ANALYSIS SUPPORT 

A group of tests t o  evaluate t h e  performance of the tal 1:izi: 
diameter i n j ec to r ;  a regenerat ively cooLed t h r u s t  chanlber ax l  
a la rge  area r a t io  nozzle were conducted a t  the  White SarAs 
Test F a c i l i t y  (WSTF) i n  October and November 1973. The uncmlcd 
stainless s t e e l  divergent nozzle (nozzle extension) was furnished 
by the  NASA, IJSTF, and w 8 s  mounted t o  the  Bel l  Aerospace Conipa!iy 
regeneratively cooled t h r u s t  chamber with an  unmoled adapter 
sect ion.  The t e s t  ob jec t ive  was t o  def ine perl'arinaiice f o r  this 
t h r u s t  chamber assembly a t  a simulated a l t i t u d e  of approximately 
100,000 feet with N204/MMH propel lants .  Sub-objectives addressed 
the  performance va r i a t ion  with excursions of mixture r a t i o ,  
chamber pressure,  combustion length, helium sa tura ted  propel lan ts  
and heated propel lan ts .  

A t o t a l  of 47 a l t i t u d e  t e s t  f i r i n g s  were conducted a t  WSTF using 
the 76.7 area  r a t i o  nozzle extension. 
these t e s t s  as wel l  as comparison w i t h  da t a  from t e s t i n g  at BAC 
with a l5:l area  r a t i o  nozzle extension and projected t o  a 
typ ica l  OME vehicle  nozzle envelope a t  an a rea  r a t i o  of 72.7. 

Data a r e  supplied f o r  

These tests with N OUMMH propel lan ts  confirmed t h e  BAC 
performance predicgions which were determined by t h e  JANNAF 
procedures. The WSTF data indicated a s l i g h t l y  higher perfor-  
mance (0.2%) than predicted from the  BAC da ta  (Isp of 317.5 vs 
317.0 seconds). No noticeable  performance d i f fe rences  were 
observed with increased chamber length (30 L* t o  34 L*) o r  with 
helium saturated propel lan ts  versus unsaturated propel lants .  
chamber pressure va r i a t ion  resu l ted  i n  a performance change of 
about 0.03% seconds Is / p s i  P,. A detec tab le  increase i n  per- 
formance of about 0.38was a l s o  noted when p r o p e l l a n t  temperatures 
were increased. 

No combustion i n s t a b i l i t y  was noted  dur i r ig  thc t e s t  series arid 
tihe proejection of rnaximwn riozxlo extension temperature was lower 
t h a n  t h e  o r i g i n a l  study value but almost i d e n t i c a l  t o  t h e  
temperature predicted from t h e  1 5 : l  area r a t i o  nozz le  t e s t s  at  
BAC 

Due t o  the  use of uncooled hardware f o r  t h e  f u e l  vortex assembly, 
vaporization of t h e  f u e l  i n  the vortex manifold resu l ted  during 
t h e  i n i t i a l  t e s t  sequences. This was attribut,ed t o  heat soak 
back during t h e  short  "down times'; used i n  the  e a r l y  s e r i e s .  
Cha:Iging t h i s  t e s t  sequence eliminated t h e  problem which would 
not be  encountered on p rope r ly  cooled f l i g h t  hardware. 
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A.  Tes t  €Girdware 

The hardware used f o r  t h i s  t e s t  program consisted of a 10 inch 
d i a m e t e r  t r i p l e t  i n j e c t o r  (S/N 2) u tLl iz ing  acoust ic  c a v i t i e s  
for high frequency s t a b i l i t y  and f u e l  vortex f i l m  cooling, a 
f u e l  regenerat ively cooled t h r u s t  chamber, a NASA supplied nozzle 
extension and a bipropel lant  value. The hardware was des igned  
f o r  complete f l e x i b i l i t y  wi th  a l l  components bol ted together  and 
sealed wi th  appror ia te  s ea l s .  As shown i n  Figure X - 1  subcon!- 
ponents a r e  used t o  provide t h e  hardware in te rchangeabi l i ty .  
A photograph of an exploded view i s  given i n  Figure X-2. 

The i n j e c t o r  i s  an aluminum, f la t  face  design cons i s t ing  of 
196 two f'uel on one oxid izer  t r i p l e t  elements (Figure X - 3 ) .  
A replaceable s t a i n l e s s  s t e e l  acoust ic  cavi ty  r ing  i s  located 
a t  t h e  i n j e c t o r  periphery and cons i s t s  o f  12 c a v i t i e s ,  8 designed 
f o r  t h e  1T frequency range and 4 designed f o r  t he  3T/lR frequency 
range (Figure X - 4 ) .  A s t a i n l e s s  s t e e l  fuel vortex f i l m  coolant 
r i ng  is  used t o  provide uniform film cooling and serves  a l s o  as 
an outer  closeolJt fo r  t h e  acoust ic  c a v i t i e s  (Figure X - 5 ) .  This 
vortex r i n g  contains  16 t angen t i a l  o r i f i c e s  which d i s t r i b u t e  the  
f u e l  uniformly along the  chamber wall. This vortex r ing  i s  
supplied from the  chamber o u t l e t  manifold w i t h  flow control led 
by use  of an o r i f i c e .  

A heat  sink chamber l e n g t h  adapter i s  located between the  
i n j e c t o r  and regeneratively cooled chamber t o  allow L* var i a t ion .  
The 10 inch diameter regenerat ivsly cooled chamber cons i s t s  of 
60 rectangular  coolant passages w i t h  the  inner  wall and lands 
fabr ica ted  from 304L stainless s t e e l  (Figure X - 6 ) .  The passages 
are closed out w i t h  electroformed nickel  (Figure X - ' 7 ) .  The 
combustion chamber length i s  17.3 inches with a th roa t  diameter 
of 5.787 inches and a contract ion r a t i o  of 3 .1 .  The expansion 
r a t i o  o f  the  regenerat ively cooled nozzle e x i t  i s  6. The t h r u s t  
chamber was designed f o r  the  temperature p r o f i l e  given i n  Figure 
X-9.  Channel s i z e s  were designed f o r  s u f f i c i e n t  s a f e t y  margin 
t o  meet the  most severe o"f design conditAons a t  a f u e l  i n l e t  
temperature of 100"F, chvnber pressure of 112 p s i a  and a mixture 
r a t i o  o f  1.85. 
f l i g h t  weight but  t he  i n l e t  and o u t l e t  manifolds a re  not ,  t o  
allow a reduction i n  f ab r i ca t ion  cos t .  The updated design of  
t h i s  chamber has resu l ted  i n  reduced weight i n  both t h e  l i n e r  
and the  t i i c k e l  closeout.  A second uncooled i r l  far-.(: s5cl, lQn 
was mounted t o  tlic a f t  L h r l J s t  c*liamber flafipo 1.1, e1 1 ~ J W  t,l,l; mount ,  In{; 
of  1 trc i i t i r * o o l  riox:<l t t  s t v l ,  i ( i r i .  'phi: t,Iiru:;i, f*flarfl!,f;r/e f J ~ j , f , v  r/ 
c:xt,t\iis i o i i  i I l t s t * t * t ' i ~ t * l ~  i :; s t t o w t i  ill l ~ ' i ~ r u r ( ~  )(-I:, 

The coolant l i n e r  and n icke l  closeout design i s  
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Bel Aerospace Company 

A complete summary of the  regenerat ively cooled chan:?xr a!id 
i n j e c t o r  design c h a r a c t e r i s t i c s  are given i n  Table I atld I1 
respec t ive ly  with a hardware summary used i n  t h e  test s z r i e s  
l i s t e d  i n  Tables I11 and IV. 

B. Test Fac i l i t y  

The t h r u s t  chamber was tes ted a t  B e l l  Aerospace Compeny's B e l l  
Test  Center F a c i l i t y  prior t o  shipment and evaluat ion a t  T e s t  
Ce l l  Area 401 of  the  White Sands Test  F a c i l i t y  a t  simulated 
a l t i t u d e s  of about 100,000 feet .  Test ing a t  the WSTF was con- 
ducted with a nozzle a rea  r a t i o  of 76.7:1, whereas a t  BAC t h e  
nozzle area r a t i o  was 15:l. 

1. White Sands Test F a c i l i t y  

A photograph of  t h e  i n s t a l l a t i o n  i n  t h e  White Sands Test  
F a c i l i t y  i s  shown i n  Figure X-1C)and a tes t  c e l l  schematic 
given i n  Figure X - 1 1 .  Propel lant  tank c a p a c i t i e s  were 2000 
ga l lons  for both t h e  f u e l  and oxidizer .  "he a l t i t u d e  system 
was i n i t i a l l y  pumped down t o  a pressure of approximately 0.1 
p s i a ,  and then a gas generator-driven e j e c t o r  system pumped t h e  
capsule down t o  a pressure of 0.06 t o  0.07 psia, equivalent t o  
an a l t i t u d e  i n  excess of 100,000 feet .  F a c i l i t y  pressure drops 
a t  rated flow condi t ions were 25 p s i  f o r  t he  oxid izer  c i r c u i t  
and 15 ?si fo r  t h e  f u e l  c i r c u i t .  

Thrust measurements were made us ing  a mult i -axis  measuring 
system with th ree  ax ia l  dual  br idge load c e l l s  f o r  recording 
t h e  main t h r u s t .  A general l i s t  of f a c i l i t y  and engine 
instrumentation is  given i n  Table V and a d e t a i l e d  l ist  i s  
provided i n  Table V I .  The type of i n s t runen ta t ion  and the  
q u a n t i t i e s  were s i m i l a r  t o  t h a t  used a t  BAC. 

The t e s t  operat ion was i n i t i a t e d  with a vacuum pump evacuation 
approximately 2-3 hours p r i o r  t o  the  a c t u a l  t e s t  operation. 
The p re - f i r e  engine t e s t  operat ion was completed w i t h  t h e  
assurance the engine was ready for  t e s t i n g .  The gas genera tor  
dr iven e j e c t o r  system was brought up t o  f u l l  operation, t h u s  
br inging the a l t i t u d e  c e l l  t o  the f i n a l  run pressure. 

The OME countdown covered from T10 second u n t i l  T+35 second 
and counted every second. 
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TABU I 

DEMONSTRATOR THRUST CHAMBER DESIGN CHARACTERISTICS 

COMBUSTOR 

Contraction Ratio 
Length, Inches 

Regen Section Expansion Ratio 
Contour 
Nozzle Extension Expansion Ratio 

C i rcu i t  
Number of Regen Coolant Ckan-els 
Coolant Pressure Drop, PSIP 

Auxiliary Film Coolant 
Coolant Bulk Temperature I .’ 

MATERIALS 

Hot Wall (0.050 inch)  and Lands 
Cold Wall (0,050 inch)  

3 
17.3 

To 6 : l  
Parabolic 
6:l t o  76.7:l 

60 
15 

120 
2.041: of Total 
Propellant 

3G4L S t a i n l e s s  S t e e l  
Electroformed Nickel 



TABLE I1 

INnCTOR CHARACTERISTICS 

Diameter, Inches 

Number of Elements 

Number of Xows 

Type of Elements 

Oxidizer Element Diameter, Inch 

Fuel Element Diameter, Inch 

Number of Acoustic Cavities 

(Minimum/Maximum) 

. (Minimum/Maximum) 

Mode Suppression 

10 

196 

7 
Triplet, 2 fuel on 
1 oxidizer 

0.0276/0.0295 

w 4  

1st Tangential 
3rd Tangential, 1st Radial 
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TABLE: I11 
TEST HARDWARE FDR TEST SEXES 1 

DESCRIPTION 

I n j e c t o r  - Aluminum 

Regen Chamber - Sta in l e s s  Steel 
with Nickel Cover 

Vortex R i n g  - Sta in l e s s  S t e e l  

Acoustic S lo t  Ring - Sta in l e s s  
S t e e l  

Nozzle Adapter Ring-Stainless 
S t e e l  

I n j e c t o r  Mounting Ring - Sta in l e s s  
S t e e l  

Bipropellant Valve - Al/S . S. 
Accelerometer Block-Cemented t o  
Upstream Side of Injector- 

AP Transducer (B386061) - Used to 
Measure Vortex Flow 

Oxidizer Line(1-14" O.D. Tubing) 

Fuel Une  - Chamber Outlet  t o  I n j .  
(144" O.D. Tubing) Includes 
0.619" %a. Or!fi.ce 

Vortex U n e  (1/2" O.D. Tubing) 

Vortex Loop (l /2" O.D. Tubing) 
Includes a Turar:sky Valve and 
0.126" Diameter +.mifi.ce 
Fuel Line - Bipropellant Valve t o  
Chamber I n l e t  (1-1/4" O.D. Tubing) 
Bipropellant Valve Flange 
Accclerometers 
Accelerometer Leads 
NASA Su p l ied  Nozzle Extension 
(6 =76.?5 

(p- 3 4 2 % )  

Pressure T e s t  Hardware 
Nozzle Throat Plug - A 1  

Injector Pressure P la te  

P/w 

8693-473050-1 
8693-470205-1 

8693-473140-3 

8693-473133-1 

8693-470228-1 

8600-986330-1 

8258- 47222 5 

.- .- I - 
8693-470015- 1 

2 

1 

1 

2 

1 

1 

65 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 -- 



TABU IV 

I i A B D W ~  COWFIGURaTIOM IXIR !IZST SERZES 2 

DESCRIPTION F 
InJector - Aluminum 
Regen Chamber - Sta in l e s s  Steel With 

Vortex Ring - S t a i n l e s s  Steel  

Acoustic S lo t  Ring - S t a i n l e s s  Steel 
Nozzle Adapter Ring - Stainless Steel 
i ~ j e c t o r  Mo-mting Ring - S t a i n l e s s  S t e e l  
Bipropellant Valve - Al/Stainless Steel 
Accelerometer Block - Cemented t o  
Upstream Side of In j ec to r  
AP Weursducer (B3860161) - Used t o  
Measure Vortex Flow 
Two Inch Barrel  Section 
Oxidizer Line (2-14" O.D. Tubing) 
Fuel Line - Chamber Outlet  t o  Injector 
(1-1/4" O.D. Tubing) Includes 0.619'' 
Diameter Or i f i ce  
Vortex Line (1/2" O.D. Tubing) 
Vortex Uop (1/2" O.D. Tubit%) Includes 
a Turansky Valve and 0.126~' Diameter 
Orifice 
Fuel Llne - Bipropellant Valve To 
Chamber I n l e t  (1-1/4" O.D. Tubing) 
Bipropellant Valve Flange 
Accelerometers 
ACCdlerOJneter Leads 
NASA SupplScd Nozzle Extension 

, Nickel Cover 

( f -  3-UW 

(E = 76.7) 
Pressure Test Hardware 

Nozzle Throat Plug - A 1  
In j ec to r  Pressure Plate 

-I 

S/N 

2 

1 

1 

2 
1 
1 

65 

1 

1 
1 

- 
QTY. 

1 
1 

1 

1 
1 
1 

- 

1 

1 

1 

1 
1 
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14 
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16 
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18 

19 

20 

- SYMBOL 
0 

wOX 

wf 

WH*O 

0 

e 

OFP 

OllP 

FFP 

FCIP 

FCO P 

FIIP 

FVOAP 

FVIP 

PInj. 

PIn j . 
F 

FLT 

FCIT 

];'COT 

W I T  

F I  IT 

OLT 

TABLE V 

GENERAL INSTRUMEZTATICN LIST 

PARAMETER 

Oxidizer Flowrate 

Fuel Flowrate 

Duct Coolant Water Flowrate 

Oxidizer Feed Pressure 

Oxidizer Injector Inlet Pressure 

Fuel Feed Pressure 

Fuel Chaulber Inlet Pressure 

Fuel Chamber Outlet Pressure 

Fuel Injector Inlet Pressure 

Fuel Vortex Orifice A Pressuie 

Fuel Vortex Inlet Pressure 

Chamber Pressure 

Chamber Pressure [Close Coupled) 

Thrust 

Fuel Line Temperature 

Fuel Chamber I n l e t  Temperature 

Fuel C h n m 5 , c r  Oul Ic.1 Tcmpemturc 

Fuel V o r t e x  Inlet Tcmpc:?l i.ure 

Fuel I n , j e c t o r  Inlot Temperature 

Gxidizer  Line Temperature 

NO. OF 
Fr.RAl!ETERS 

2 

2 

2 

2 

2 

2 

2 

2 

2 

1 

2 

2 

1 

1 

2 

2 

r, 

1 

1 

2 



NO. 

21 

22 

23 
24 

3 
26 

27 

28 

29 

TABLE V (CONT'D) 

GENERAL INSTRUMEMTATION LIST 

Sl?ImoL 

OIIT 

VT 

CH-T 

FLG. -T 

DIT 

DOT 

pm 
VAPL 

VAPH 

PARAMETER 

Oxidizer Injector Inlet Temp. 

Valve Temperature 

Chamber Temperature 

Flange Taperatwe 

Water Duct Inlet Temperature 

Water Duct Outlet Temperature 

Pressure - Nozzle Exit 
Valve Actuation Pressure - Low 
Valve Actuation Pressure - High 

NO. OF 
PARAiETERS 

1 

2 

15 

2 

2 

2 

3 
1 

1 
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MEASUREMENT 
NUMBER 

l0OlP 
10@2P 
100 j.' 
100 5T 
i-R 
l o o n  
l O l O P  
lOl lT  
1 0 1 3 ~  
131bT 
lCllljT 
1020v 
CXD'.?: P 
CXD537F 
2.N 1 F  
2002P 
200 3P 
m95T 
2 0 0 6 R  
m7R 
2010F 
2013P 
2014P 
mljT 
2020v 
3C01F 
3 0 0 2 ~  
3333F 
7nObF 
3705F 
3696F 
3J07F 

TABU V I  

9AC 6K OMS 
BNCINE i.CM(OLOGY SUPPORT pRocRAn 

FACILITY AWD ENGINE INSR(UWNTATI0N LIST 

DESCRIPTIDN 

He i n l e t  p ressure  fuel 
Hi reg out  fuel 
Lo reg out  f u e l  
Fuel tank bottom temperature 

Fuel down flow 2 
Fuel F?4 inlet pressure  
Fuel 4I i n l e t  temperature 
Riel m o u t  pressure  
Fuel tarik end temperature 
Fuel i n t e r f a c e  temperature 
Fuel prevalve command 
Fuel tank pressure  
Oxidizsr tank  pressure  
He i n l e t  p re s su re  Ox 
Hi r eg  out Ox 
Lo r eg  out  Ox 
Ox t ank  b o t t m  'emperature 

Ox down flow 2 
ox FM inlet  pressure  
Ox FM o u t l e t  p ressure  
Ox tank end temperature 
Ox i n c  e r fzee  temperature 
Ox prevalve comaand 
Vert force  1 A  
V e r t  f o rce  18 
V e r t  fo rce  2A 
Vert force  2B 
Vert fo rce  3A 
V e r t  fo rce  3 B  
t:oriz fo rce  1 A  
Horiz  fo rce  18 
iicriz fo rce  EA 
H Q r i z  force  28 
Horiz force  3A 
Sori; fo rce  39 
C S l  ?e11 13 
Ver:. fcrce A tst,sl 
b a d  ctl: t cnycra ture  

l n t e r f a c r  Fressure  
Oxid i n t s r f a c e  pressure  
V" coolant  i n  prpssure 
Chanber pressure  switch 
T/C coo1ar.t ou t  p r i s s u r e  
Eng valve vol tage  
T I C  coolan t  out temperaturp -I 
Varant 
Fruel i n J e c t o r  prt:.;sure 
Oxi 3 i n j e c t o r  pressure  
rhamber pressure  -1 (c -c)  
Chamber pressure  -2  
nhamber r r e s s u r e  -3 
IS0 A closed 
IS0 R ClOS' . r l  
Pr?p A closed 
Prop R closcd 
Vacant 
I.'u:?I Vortex ORF r'i 
O x i :  1n.lectcr t e m p r s t u r -  
F u r l  ln.Jq?tor temrorature 
Vortex in prcssurc  swi t rh  
m,/ . 
1 coolant. i n  tmi*xra tu r r  -2 
T:," h oFc!n 
1712 P opcn 
: r : i  A or en 
i rdp f 5  12i'cn 
:<-mi: v l b r n t t o n  
!'-axf.; u i h r a t i o n  
'-a:<:: . . lbrat  i y n  

me1 UP riow 1 

ox up flow 1 

s-5300 p s i a  
0-PO00 p s i a  
0-500 p s i a  
32-1500 F 
0-100 gpm 
0-100 gpm 
0-500 g s i a  
32-150 F 

32-150°F 
3?-150" F 

0-500 p s i a  

0-30 mc 
0-YO p s i a  
0-WO p s i a  
0-woo0 p s i s  
0-2000 ps ia  
0-500 psi. 
32-150°F 
0-100 gpm 
0-100 gpn 
0-500 p s i a  
0-500 ps la  
32-150"Y 
32-1'50" F 

'2-3500 l b f  
0-3500 l b f  
0-35UO l b f  
0-3530 l b f  
0-3';OO l b f  
0-35GO l b f  
0-200 l b f  
O-20(! l b f  
?-2tlO l b f  
3 - 2 w  lbf 
O-?':,> l b f  

c-30 VDC 
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TABUS VI (CONT'D) 
BAC 6K OXS 

ENGINE TECHNOtoGY SUPPORT PROCRAM 
FACILITY AND ENGINE INSTRUI(ENTATI0I LIST 

b 

DESCRIPTION 

IS0 ValveA current 
IS0 valve B current 
Fuel vortex inlet pressure 
Vortex Flange Top Temper&ture 
Vortex BLC temperature 
Vortex Flange bottom temperature 
T/C coolant in temperature -2 
T/C-nozzle flange temperature (-0) 
T/C coolant out temperature -2 

Nozzle exit pressure - 120 
Nozzle exit pressure - 240 
Fuel i n j e c t o r  purge 
Oxld i i l j ec to r  purge 
A l t  c e l l  h i  -2 L.L. 

Alt c e l l  l o  -7. L.L. 
Engine fire switch 
Oxid FW Inlet Temperature 

A l t  C ? l l  10 -Y L.L. 

RANGE 

0-5 ADC 
0-5 ADC 
0-700 psia  

- 

32-300" F 
32-300"F 
32-3QO'F 
32-300-F 

32-300OF 
32-300'F 

32-pO"P 
32-'XXM°F 
32-20GO0F 

32- 300 e F 

32-300'~ 

3 2 - 2 0 0 0 ~ ~  
32-20000~ 

32-2000" F 
32-2WO" F 

32-2000 ' F 
32-2000 a F 
32-2000"F 
32-2000"F 
32-2000" F 
3 2 - 2 0 3 0 ~ ~  
32-2000"~ 
3 2 - 2 0 0 0 ~ ~  
32-2oooo~ 

0-0.5 p s l a  
0-0.5 p s l a  
0-0.5 psis 

0-300 p s i 8  
0-15 p s l a  
0 4 . 5  psia 
0-0.5 p s i a  

32- 150" F 

32-200OOF 

0-30 FSia 

0 N / O W  
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propellarlt flow s+,arted very near ly  simultaneously. An 
oxid izer  h a d  was assured by t h e  proper design of vc.1ui.i.s 
and resis2iance.s downstream of the  b i p r o p e l l m t  valvc and 
t he  f a c i l . I t i c s  volumes and res i s tance  u p s t r e m  o f  t h e  b!.: YJ- 
p e l l n n t  vitlve. The ox id j  z e r  lead was general ly  a'ul)ut :,', 

millisec,ii,ids. 

The t '3s c were automatical ly  terniitiated a f t e r  the prt\ , ie? ~ ~ i * : : : i : i ~ ~ . i  
durat .brl  by removing power froi!i t h e  b i p r o p e l l a n t  valve. 

Durj.ng t.'--e purge cycle, t h e  propel lant  tank pressures  were 
reset  t:) tne predetermined l e v e l s  f o r  t he  next t e s t .  The ti:.? 
reqLL.reJ fo r  each t e s t  was between 30 and 120 seconds, the 
var:-ntim genera l ly  depended upon t h e  magnitude of t h e  ta;ik 
p r e :  sur:' .. :hange. Following t h e  l a s t  t e a t  of a sequence, t h e  
engine ~t 5 purged a s  before. On completion of t he  parge,  ~ ! - i e  
alt.itiid: : e l l  i s o l a t i o n  valve was closed and t h e  k1yperflow 
s t r c , . m  ge! ? r a t o r  system shutdown. The a l t i t u d e  c e l l  pressure 
was -hen returned t o  ambient by bleeding i n  gaseous ni t rogen.  

C.  T f s t  Program 

The test program consis ted of a t o t a l  of  47 t es t s  wi th  
1) two vnr ia t ions  i n  chamber L*; 2 )  ambient and hot  propel lan ts ;  
3) unsr t a r a t ed  and helium sa tura ted  propel lants :  4 )  va r i a t ions  
i n  cha .b t l r  pressure and mixture ra t io .  The program was completed 
i n  two scr ies ,  t h e  first w i t h  the  30 L* chamber configuration, 
and the  second with a 34 L* chamber configurat ion ( u t i l i z i n g  a 
2-inch >pscer between t h e  i n j e c t o r  and chamber). Majority of  
t h e  t e s ; s  were of 8 seconds duration, w i t h  two shor t e r  durat ion 
t e s t s  CI.' 1 ..; and 5.0 seconds f o r  checkout purposes ana orie 
second durat ion t c  t t o  v e r i f y  thermal equilibrium. A qeneral 
surmary of i,he t e s t  series including t h e  various sequences i s  
l i s t e d  :.I> i ' able  V I I .  

The t e s t  scit:ip was similar t o  t h a t  u t i l i z e d  a t  BAC where a hi[;h 
f u e l  vortex flow (k.15) was i n i t i a t e d  on s ta r t  and then redi1ct.d 
t o  a low vertex flow (1.9%) f o r  steady state condi t ions.  T h i s  
was acconip1i:iied througn a switching c i r c u i t  a t  2.5 seconds i n t o  
t h e  t2st ut:: l i z i n g  ar ex te rna l ly  supplied dual o r i f i c e  arrange- 
ment  t o  tlie f u e l  f Y l r i l  coolarlt vortex manifold. 

In  additi,cqn t o  ,.le vortex flow checkout t es t s  arid t.he long  
durati.on tt?:;' w i t h  t h e  30 L" chamber, O I ~ C  sequence of lC! t.,,r;-f;s 
was i:ondut:t i w.ith unsaturated ~ t r o p t ~ l l a n t s  and one s c  p':nc:c 
of IC) t es i  ; was conducted w i t h  he l ium sa tura ted  propel la i i t , . ; .  

x-?? 



TABLE V I 1  

TEST PROGRAM SUMMARY 

NUMBER OF 
SERIES SEQUENCE TESTS ('0 ND I TI 0 N 

1 1 2 3OL* - Checkout 

- 
1 2 

1 3 

1 4 

1 2 

10 30L" - Unsat,uratQ,:  TY\? ;  . I  !I :j' . 
- bi,'fi Variat::c..;  

P - M/R Variatiax 

pc 
l o  38L* - S a t u r a t e d  Pro:: e 1 1 3 : : t  :- 

c 
1 20 Sec. - Unsaturated 

P r o p  t7 11 a i it :; 
30L* 

8 34L* - Unsaturated Prope1la: : t  :; 

34L* - Unsaturated Fropc?Il.ant 2 
104°F - Fuel 

P - M/R Varlaticr. c 

e 
94°F - OX 

2 3 8 3bL* - Saturated Fro: .  t -113: i t  L :  

Fc - bI/R V a r i a t l i ! ! ,  



BeH Aerospace Company 

Three sequences of 8 tests each were conducted with t he  3- L* 
chamber. They were with unsaturated propel lants ,  hot ~m!. e l -  
l an t s ,  and helium saturated ambient tempzrature propel1a::t.s. 

The f i r s t  t e s t  s e r i e s ,  f irst  sequence, was originally p l a m e d  
t o  cons is t  of a 1.5 second, 5.0 second and 12.0 st.cond t e s t ,  
but was reduced t o  the  first two tes ts  when problems were 
encountered wi th  t h e  AP vor t ex  transducer.  The probleni was 
improper instrumentation s e t  up which was rorrectod t'or 
subsequent t e s t ing .  

The f irst  se r i e s ,  second sequence, was plarint?d t o  L-o~is is t  or' 
ten-10 second t e s t s ,  but was modified t o  two-10 second tc>sts 
and eight-8 second tests.  The eight  second tests were inL-or- 
porated t o  conserve a l t i t u d e  c e l l  propel lants .  The eight  ae?,?otid 
t es t s  reduced heat  applied t o  t h e  nozzle extension, thus allowing 
a reduced down time between t e s t s .  

An addi t iona l  t e s t  time change was incorporated when the  da ta  
showed the  chamber pressure reading was d r i f t i n g  during t e s t s  
5 through 10 of t he  f i r s t .  s e r i e s ,  second sequence and that 
t h e  vortex AP instrument was e r r a t i c .  The hypothe=:i.s forwarded 
r e l a t ed  t o  vortex manifold f u e l  "boiling" and was a t t r i b u t e d  t o  
the  short  coast  maximum heat input t o  t h e  manifold. Sased on 
t h e  evaluation of these tests t h e  following cnangez were made: 

1. The t e s t  s e r i e s  was reduced from 10 t o  8 t e s t s .  

2. Four tests were xcade pe r  steam time. Each 
s e r i e s  cons is t ing  of  one l0-second and t!iree 
&second t e s t s .  

3. Data review a f t e r  t he  four  t e s t s  l i m i t e d  t h e  
r e s t a r t  t o  a 250°F hardware temperature on the  
tes t  hardware. 

All subsequent t e s t  s e r i e s  were made i n  t h i s  fashion except 
f o r  the one 20 second durat ion t e s t .  No subsequent vortex 
f u e l  pressure f luc tua t ions  were noted i n  thc halance of the 
t e s t i n g  . 
Pi. Test Results 

!The t e s t  condi t ions and steady s t a t e  data summary f o r  the 
White Sands Test F a c i l i t y  t e s t s  conducted on 1 . h ~  Bell A.?rospace 
Company regenera t,J.vt?ly roo1i:tf 1,hrust  rihaiiibcr a re  summarized i n  
Table V I I I .  A tot*al of  '47 t e s t s  were conducted f o r  a cumulative 
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durat ion of 375 seconds. 
t o  136 psiss and mixture r a t i o s  (O/F) from 1.41 t o  2.12. 

Chamber pressure ranged from 114 p s i a  

1. Transient Characterl s t i c s  - 
The start and shutdown trmrBients of a t h r u s t  chmber depend 
on valve design and sequencing, engine and f a c i l i t y  flow 
res i s tances  and volumes, ambient pressure and l e v e l  of steady- 
state operat ing conditions.  A t y p i c a l  start  t r ans i en t  for t h e  
engine i s  shown i n  Figure X-12 .  

The oxid izer  i n j e c t o r  pressure shows a gradual r i s e  u n t i l  the  
f u e l  reaches the  in j ec to r ,  and then a rapid r i s e  as  the i n j e c t o r  
o r i f i c e s  flow f u l l y .  The inc ip i en t  ox id izer  pressure r ise pre-  
cedes the f u e l  pressure rise by approximately 400 mill iseconds 
and i s  a t t r i b u t e d  t o  the  vaporization of t he  oxidizer,  which 
hers a high vapor pressure.  There was no s i g n i f i c a n t  over pres- 
sure  i n  chamber pressure and t he  start t r a n s i e n t  was gradual. 

mer, the  bipropel lant  valve c loses  the fue l ,  ox id izer  and 
chamber pressures  start  t o  decay simultaneously (Figure X-13). 

The i n j ec to r / th rus t  chamber combination t e s t ed  a t  WS'' dernon- 
s t r a t c d  safe starts and shutdowns over a range of p r o p e l l a n t  
i n l e t  conditions using a b ipropel lan t  valve. 

2. S t a b i i i t y  Charac t e r i s t i c s  

m e r e  was no high or low frequency i n s t a b i l i t y  recorded over 
t he  s teady-state  operat ing ranges of chamber pressure and mixture 
r a t i o  with NzOUMMH propel lants .  The damping configurat ion con- 
s i s t e d  of acoust ic  c a v i t i e s  without baffles t o  main ta in  s t a b l e  
operation. Accelerometers were i n s t a l l e d  on t h e  upstream s ide  
of +he injector-to-monitor loads i n  th ree  mutually perpendicular 
axes. m i c a 1  loads of l e s s  than 2Og's were noted a t  s t a r t  and 
no s tgn i f l can t  loads during s teady-state  operation. 

WSTF Test Data 

The raw t e s t  da t a  was p lo t ted  i n  Figures X-14 through X-20. 
The graphs attempt t o  show comparisons of 30 L* and 34 L* 
(Figure X-l), unsaturated and helium saturated propel lan ts  
Q 30 L* (Figure X-151, and Q 34 L* (Figure X-16), ambient 
and heated propel lan ts  a t  34 L* (Figure X - l " ) ,  and chamber 
pressure e f f e c t s  a t  30 L* and 34 L* (Figures X - 1 8  and X-19). 
The data s c a t t e r  i s  such t h a t  it i s  d i f f i c u l t  t o  def ine a curve 
o r  curves f o r  L* comparison, and fo r  unsaturated and sa tura ted  
} ~ r q ~ ~ ! l I  slits c*ornpar i sons. Althuuch thf+rr :  i :; w-attcr, 1,rendz 
art: 11 i s ( . ~ ~ i * i i a b l t ~  I ' o r  arni1.i crit and heatctf I J  rojJ(!l Lark:;, arid cflwrhcr 
Ijrossut'c\ c f foc  t,s (Picuro:: x-17, X-B , an(1 X-l{,.) . 
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FIGURE 12 
START TRANSIENT 
TEST 1-3-1 
29 OCT 1973 
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FIGURE 13 
SHUTDOWN TRANSIENT 
TEST 1-4-1 
29 OCT 1973 
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FIGURE x-16 
(e=%*?) ~8 Rolf - 6K OM3 REGEN L 

COIPARISON OF UNSAT. AND SAT. PROPELUXT L 34 L* 
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FIGURE X=17 * 
I s p m  (~=76.7)vs - 6K OME REGEN 

COMPARISON OF AMBIENT AND HEATED PROPELLANT 
A 1  INJECTOR S/N 2 

TEST DATA 

PROPELLANTS: N,O4/MMH 

b 

Q 

e 
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FIGURE X-18 
IWCF DATA 

COMPARISON OF PERFORMANCE WITH CHAMBER PRESSURE 
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FIGURE X-19 

WSTF DATA 

L*-34 I 135 p s i %  

115 p s i a  
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The data scatter is  a t t r i b u t e d  t o  the normal d i f f i c u l 2 i z s  2: 
setting up prec ise  test point ,  and was f u r t h e r  examine2 ty a 
normalization technique which is discussed i n  the subsequznr 
section. 

The i n i t i a l  s e r i e s  of tests conducted resu l ted  i n  what was 
hypothesized as overheating i n  the fuel vortex manifold near 
the end series of 10 second tests. Since t h i s  overheating 
could compromise data, 8 single bur s t  20 second tes t  was con- 
ducted t o  def ine  steady state values and compare the data t o  
the end 10 second tes t .  The r e s u l t s  of the 20 second test 
conf imed the o r i g i n a l  data and rel ieved any concern t h a t  any 
pulse  performance was recorded due t o  the somewhat u n r e a l i s t i c  
test sequence. 
ment of more thermal d a t a  t o  p red ic t  temperatures of the nozzle 
extension (divergent nozzle).  

An obvious byproduct of t h e  test was the obtain-  

The regen chamber f u e l  temperature r ise appears t o  be near 
s t a b i l i z a t i o n  within t h e  20 seconds as  temperature rise 
va r i e s  from ll3OF a t  7.5 seconds t o  119OP at  19.5 seconds. 

E. Normalization of Test Data 

1. General 

It seldom happens that t e s t  data are obtained with such prec is ion  
that parametric inf luences can be d i r e c t l y  examined. 
p l o t s  of such data frequent ly  appear t o  contain considerable 
random s c a t t e r  which many times is  associated with measurement 
error. 

Graphical 

A more accurate  assessment of such data can be made i f  the data 
can be adjusted t o  a standard set of conditions p r i o r  t o  pre- 
sen ta t ion  on J p lo t .  Occasionally such cor rec t ion  formulas 
a r e  ava i lab le  from purely a n a l y t i c a l  considerations.  More o f t en  
they a r e  not and knowledge of them may a c t u a l l y  have been a 
p r inc ipa l  reason f o r  conducting the t e s t  program i n  the  f irst  
place.  

I n  the l a t t e r  case proper cor rec t ion  formulas can be derived 
by applying s t a t i s t i c a l  regression techniques. 
used f o r  tile WSTF test  data was the development of a "best  f i t "  
expression t o  describe the influence of each va r i ab le  upon the 
parameter of  i n t e r e s t .  A p l o t  of corrected data was then 
developed as follows: 

The procedure 
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A set of standard or  nominal condi t ions for t h e  Pemainlng 
independent va r i ab le s  was selected (e.& ?,, 

Each data point  was adjusted to  the  nominal condi t ions by 
using the  r e s e s s i o n  equat ion t o  determine how the dependent 
var iab le  changes when condi t ions are changed from those of the 
test to  those selected as nominal. 

, e tc . ) .  f 

TPlese were t h e  procedures used to develop the p l o t s  i n  the 
present report .  Generally the o v e r a l l  mixture ratio was 
selected, one was treated as CL parameter. When p l o t t i n g  data 
on such p l o t s  the convention no&lj ?cllowed is t o  group the 
data within se lec ted  bands of one parameter and correct d a t a  
t o  the ncrminal value associated with that band. Thus, Tor 
example, on? may select Pc and as the independsfit ,)Lot 

a t  th ree  l e v e l s  such as 110, 120 and €30 psia.  Test data 
obtained i n  t h e  Pc range 110 25 may then be corrected to  a 
of 110 before plotting;. 
t o  120 and so on. 

var iab les  and elect t o  p l o t  the P i n f h e n c e  trically 

Tests i n  the  range 120 +5 are corrected 

In general  the test d a t a  presented i n  t h i s  report hawe been 
corrected t o  the following conditions.  

= 125 
pC 

Propellant Temperatures = Ambient (75 +lOoP) 

In  one case a p l o t  is presented comparing the BAC test  c e l l  
1BN data with WSTF data. Data from 1BN were obtained with a 
l5/l area ratio nozzle. Those a t  WSW were for el 
In  t h i s  case one must pre-correct data f o r  one geometry t o  
operat ion w i t h  a nozzle of t h e  o the r  geometry or must cor rec t  
both s e t s  of data t o  a t h i r d  nozzle configuration. 
course was selected and a l l  data were a n a l y t i c a l l y  pre-corrected 
t o  a nozzle configurat ion havirig an C ='p2.7/l and a length equal 
t o  59.1 inches. 
Shut t le  appl icat ions.  

= 76.7/1. 

The latter 

This geometry was considered typical f o r  Space 

2. WSTF T e s t  Data Normalized 

When the WSTF tes t  data  were normalized and p lo t ted ,  the  e f f e c t s  
of t h e  test va r i ab le s  became more apparent and data  s c a t t e r  was 
s ign i f i can t ly  reduced. On t h e  various graphs, the nominal curve 
is based ori the 45 tests normalized t o  125 p s i a  chamber pressure 
and ambient propel lant  temperatures. Thc 1.5 second and t j . O  
sccond tests a r e  riot included hecausc: of their shor t  run durations.  
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A comparison of Figure X-20, where 5 of the 47 WSTF t s s t s  are 
plotted a f t e r  being normalized, and rzigures X-1, X-2, ami X-3 
(data not normalized) i l l u s t r a t e s  the reduction i n  data scatter. 

A coargapison of normalized unsaturated and saturated data 
indicated that the e f f ec t s  of helium i n  the propellants is 
insignif icant  and that  these r e su l t s  compare well with the 
nomhsl curve which includes a l l  test data (Figure X-21). 

The e f fec t s  of L* variation appeared t o  be insignif icant  over 
the ravlge of t e s t  conditions and indicated the  in sens i t i v i ty  
of the triplet in j ec to r  design t o  L*@s between 30 end 34 

The effects of propellent tctmperature were s ign i f icant  as shown 
i n  Figure X-23 where heated propellant tests are compared with 
ambient propeUmt results f o r  the 34 L* chamber at  a chamber 
p r e s s w e  of I25 psia. 
gain i n  performance -B 0.83 seconds of h p u l s e  or O . q $  when 
oxidizer temperature is &sed f r o m  approximately 75°F t o  94°F 
and f'uel i s  raised from 75°F t o  104OF. 

inches (Flw~e X-22). 

A t  a mixture r a t i o  (O/J?) of 1.65 the  

Chamber pressure e f f e c t s  were also s igni f icant  as shown in 
33gu-e X-24 where 125 ps ia  data is compared w i t h  135 ps i& and 
115 psia data. 
was no s igni f icant  perf'gisance difference between them. 
test data points fo r  e s h  chamber pressure range (115k2-2, 
12521.5, 13521.1) were rmolrmalized t o  nominal values 1-3 

of 115, 125 and 135 p s i a  in the plot  and the curves for 115 
psia, 125 p s i a  and 135 psia are  based on t e s t  data i n  those 
ranges. 
three chamber pressures varied as follows: 

Both 3@ Wand 34 L* data were used since there 
The 

2.3 2.1 

A t  a mixture r a t i o  1.65, the specif ic  impulse for the 

-r 
l b f - S  lb, - sec P C  

P s i a  

135 
Nominal 125 

115 

317.8 
316.9 
316.0 

M.9 +0.2a 

-0.9 -0.28 
- 
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FIGURE X-22 
S P E C I F I C  IMWLSE VS MIXTUIU3 RA'dZO 
6K OME REWW CHMBEFt - 30L*J 34L* 

A L l J M m  INJECTOR NO. 2 
WSTF TEST DATA 

Unsaturated N204/hMH Propellants- 
Normalized TO 125 P, ISP 

Nominal Temp. 
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FIGURE X-23 
SPECIFIC IMWESE VS MIXTURE RATIO 
6K OME Rl3QEN C€MNBEX - 34 L* 

BLUMIWM INJIXCTOR NO. 2 
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FIGURE X-24 
SPECIFIC IMPULSE VS M n l s m  RATIO 
6K OW3 REGEN CHAMBER - 30L*, 34L+ 

ALUMLMUPII IPJJEETOR NO. 2 
WSTF TEST DATA 

Unsaturated N,O,,/b¶Mi Prosellants - 
Low. Nom. andLHygh Chamber Pressure 

. .  

---.- . .  

f 
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The I i n  Table V I I I  was nornialized t.c 1 2 G  y s i s  

chamber pressure and nominal propellant temperature i n  accord- 
ance with the following equation: 

spm N (e=76.7) 

T = 180 + 0.093 Pcc + 0.83 (Hot) 
N (E =76.7) 

where: P = Total chamber pressure a t  entrance t o  nozzle 
cc 

= Overall propellant mixture r a t i o  Ro/f 

Adjustments t o  the values i n  Table VIII f o r  chamber pressure and 
propellant temperature can be made as follows: 

For Pcc use A from 125 
For hot propellants use fac tor  of 1.0 

3. 

One of the or ig ina l  objectives of the WSTF tes t  program was 
50 obtain d i r ec t  data comparison between f a c i l i t i e s ,  i n  t h i s  
case the  BAC a l t i t u d e  tes t  c e l l  1BN and the WSTF f a c i l i t y .  
were t o  be conducted a t  WSTF wi th  t h e € = l 5  nozzle so that  the 
d i r ec t  data comparison could b e  made. Unfortunately 
these t e s t s  were not conducted, and t h e  comparison was made 
on t h e  b s s i s  o f  a JANNAF extrapolation from the 15 t o  76.76 
nozzle. 

WSTF and BAC Data Comparison 

Tests 

Comparisons of the WSTF data and BAC data were made and per- 
formance values analyzed by means of a multiregression correla- 
t i o n  analysis.  The influence coeff ic ients  were determined f o r  
chamber pressure, mixture ra t io ,  propellant saturation, propellant 
temperature, chamber L* and vortex flow. Performance was 
normalized for a, chamber pressure of 125 ps ia ,  chamber L* of 30, 
1.98 vortex flow, unsaturated and nominal propellant temperature . 
The specif ic  impulse versus mixture ratio corrected t o  vacuum 
operation and nozzle area r a t i o  o f  72.7:l is shown i n  Figure X-25. 

The normalization was accomplished by using the derived corre- 
l a t i o n  equation of the t e s t  data: 



ORIGINAL PAGE IS 
FIGURE X-25 OF POOR QUALITY 

SPECEE'IC IMPULSE VS MIXTURE RATIO 
6K OME REGEM CHAMBER 

ALUMINUM INJECTOR NO. 2 
COMBINED WSTF/EAC DATA 

I, Corrected to Vacuum Operation and Area Ratio 72.7:l., 
N o h i z e d  to  125 Pc, 30 L*, 1.9% Film Cooling, Unsaturated 
and Nominal Propellant Temperature - N20,+/MMH Propellants 
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F., I = 189.5 + 7.073 L* - 117.2~ -t L J J ~ ~ : ~  
Lb  "rn (6  =72.7) + 0.086 Sai, + 0.85 Hot + 127.9 Ro 

where 0 

= O v e r a l l  propel lant  mixture r a t i o  
RO 

f = Vortex flow percentage 

= T o t a l  chamber pressure a t  entrance t o  nozzle 

L" = Chamber s i z e  
Sat = 1.0 for  saturated propel lan ts  
Hot = 1.0 for hot propel lan ts  
1BN = Facil-ity bias 

The WSTF data ind ica t e s  somewhat higher  aerformance over t h e  
mixture r a t i o  range tes ted .  A t  nominal condi t ions.  t he  spec i f i c  
impulse measured a t  WSTF is about 0.38 higher than BAC values 
(Reference Figure x-26). 
a spec i f i c  impulse of  a t  l e a s t  317 seconds is indicated at t he  
nominal operat ing conditions of Pc=125 psia, H0/t-=1.65 and 
f =l.9$ i n  an 30 L* chamber, whereas WSTF data  indjc . , te-  a 
spec i f i c  impulse of 317.5 seconds. These r e s u l t s  a r e  base2 on 

Based on Lhe da ta  on bcth f a c i l i t i e s ,  

nozzle(5=72.7 which would be t y p i c a l  f o r  Space Shut t le  emeloFe. 

i n  table a r e  normalized t o  125 P,,, 1.9% 
film cdoling, unsaturated and nominal propel lant  teKpsratdre, 
33 L'. Changes c2n be  made t o  any o ther  coriditiorin w i t h  
following equation: 

*I1 I s p a  N (€ =72.7) -"  

+ 0.086 Sat + 0.85 Hot + 127.9 Ro - 34.8 Ro 2 

f o r  Hot propel lants  use factor 1.0 
f o r  (use A, ex 115-125 = -3.0, -10 x O . O l j 4  = -.y) 

Example: for Sat propel lants  use f a c t o r  1.0 
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4. Thermal Data 
m ._ 

Thermal da ta  taken during these tests included regen chwiber 
f u e l  i n l e t  and o u t l e t  temperatures, regen chamber back x a l l  
temperatures and r ad ia t ion  cooled nozzlz extension temperatures. 
This data  p lus  heat  loads are summarized i n  Table IX. 

Regen Chamber Coolapt Temperature Rise and Heat L a d  

The operat ing condi t ions and thermal da ta  art. alsc tabulated in 
Table IX. The f u e l  i n l e t  and o u t l e t  temperatures were measured 
i n  t h e i r  respect ive manifolds of  the regen chamber. The bulk 
temperature rise of the  coolant fuel was ca lcu la ted  froiii these 
parameters, and then mult ipl ied by the f u e l  f l owwte  through the 
jacket  and the  spec i f i c  heat cf the  f u e l  t o  determine the  heat  
t ransfer red  t o  t h e  fue l .  

The regen chamber f u e l  temperature r i s e  f o r  the 20 second tes t  
appears t o  be near s t a b i l i z a t i o n  within the 20 seconds a s  
temperature rise va r i e s  from ll3 'F a t  7.5 seconds t o  119°F at  
19.5 seconds (Figure X-27') .  

The response of the  coolant o u t l e t  temperature i s  shown i n  
Figure X-29. A t  s i x  seconds t h i s  temperature i s  approximately 
36% of the steady state value of 186°F. 
temperature rises t o  2Og'F before decaying ind ica t ing  that  
considerable margin exis ts  between measured temperatures and the  
design m a x i m u m  backwall temperature of 6 0 0 ~ ~ .  

After shutdown t h e  

I n  Figure X-28 t he  heat loads a r e  p l c t t e d  aga ins t  chamber 
pressure f o r  t he  30 L* and 34 L* configurations.  These data 
follow the va r i a t ion  with chamber pressure t o  the 0.8 power. 
The open symbols represent  ambient temperature, unsaturated 
propel lants ;  the  p a r t i a l l y  c losec symbols represent  ambient 
temperature, helium sa tura ted  propel lants ;  t he  f u l l y  closed 
symbols represent heated, unsaturated propel lants .  

Tnere was no s ign i f i can t  e f f e c t  on heat loads from either 
sa tu ra t ing  the  propel lan ts  with helium o r  heat ing the  propel lants .  
The mixture r a t i o  trer-ds a r e  generally i n  the  same d i rec t ion  
and data s c a t t e r  i s  w i t h i n  p lus  o r  minus 6.5%. 
may obscure t rends t h a t  may be due t o  mixture r a t i o .  

This l a t t e r  f a c t  

The change i n  f,* was accomplished by the addi t ion of a 2 i n c h  
sec t ion  a t  t he  head end o f  the chamber. Thus the  h e a t  load 
va r i a t ion  i n  t he  rcgen chamber sect ion,  i f  any, could be 
a t t r i b u t e d  t o  t h e  t f L m i r i i s h i n g  e f fec t iveness  of the f i l m  coolant 
r e su l t i ng  from t h e  increased dis tance of t h e  regen chamber from 
the  inject .or .  A comparison oL' the 30 L* and 314 L* data (Figure 
X-2  ) indicatea t h e  heat l o a d s  were h i e h e r  f o r  t he  34L* section 
a t  the  h ighe r  mixture r a t i o s ,  ind ica t ing  a low degree of sensi-  
t i v i t y  i n  the range t e s t ed .  
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-test; p6st&ts i!&hari @a08 coxapdl;rlson with the predicted G f o r  
ga La, But. #we smmwkt Mgher for the 34 L* as expected. 

= 1.65 and film coolant flow of 
sin= the prebicted value was based o : ~  a 30 L* 

6. =beP WcR Wall Temp erature 

arejprlemtioelg cooled back w a l l  tersnperaturas were measured 
enmubCa?&lx that steady state values are within the m~ur in ru r ; l  
r&pimment of 600"P. 

-state barclcwall temperature occurred a t  the 

fiY.ing. 
the tajector end &ad reached a value of 265°F 

of' the chamber rand reached a value of 158OF during 
Maximm heat soakback tetaperalure also 

X-Zg) COnfllPm;bn6s that considembld ex is t s  betwean 
tslrapperaktues and the des ign mximUm. 

Chmrtbe-2 Coolant Jacket bp 

me regeneratively cooled chamber. coohmt jacket pressure drops 
are shown in Table IX, and graphically as a Aulction of c o o l m t  
flowrste i n  Figure X-30. 
measured i n  the chamber manifolds. 

I n l e t  and outlet pressures were 

A comparison of AP vs flowrate was made between unsaturated, 
helium saturated and heated propel lants .  
ence Wa8 observed. 

No s ign i f i can t  differ- 

F. Conclusions 

Suff ic ien t  da ta  has been generated a t  the White Sands T e s t  
F a c i l i t y  and a t  the B e l l  Aerospace Company tes t  f a c i l i t y  t o  
draw conclusions on the  performance, thermal capabilities and 
s t a b i l i t y  cha rac t e r i s t i c s  of the BAC designed end fabricated OME 
regeneratively cooled t h r u s t  chamber/injector combination. 

1. Safety 

The engine demonstrated the capab i l i t y  of operating sa fe ly  a t  
both nominal design conditions and a t  off-rated conditions of 
mixture ratio and chamber pressure. Safe operation was demon- 
strated with both neliwn saturated propel lants  and with heated 
propellants.  

2. Performance 

Measured performance da ta  dcmonstrated spcv 1 f 1.c: jrn1,ul :tc j>f:r- 
formance of > 315 seconds with the  b =  76.7:1 t,e:.;t ricjzxlc. 
on the  WSTF t e s t  data  a spec i f ic  impulse o t  317.5 seconds i s  ' 

Indicated a t  nominal operating conditions of Pc = 125 psia, 

!:asr:d 
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l91.1~ hadwere tmperatures were substantially lower than 
expected, indicatlrqg higher srnfety factor~s. mis would a1I.u~ 
a reduction in the amur& of film coolant which m y  msult fn 
higher ge~?fmmnce. TBe Tow nozzle 4mqeratures w e s t  tu% 
a bower temperatwe material may be substituted for the ncrrezle 
exGens3.on or that the regen chmberfnozzle extension joint say 
be relocated to reduce weight. The Pegen chamber backwall' 
tempemkwe d i d  not exceed BO*F dwpfng operation or after 
shutdm.  

There was no incidents of combustion instability on the 47 tests 
operated over the chamber pressure range O P E 1 4  psia t o  136 
p i a  and mixt;Ure ratio (OIP) range of 1.41 to 2.12. 
ILO bomb t e s t s  were performed at WSTP, bomb t e s t s  were performed 
at BAC t o  verim a stable inJector/thrust chamber assembly. 

Although 

s 
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T h i s  t a d  ampUfias the s4ability iindLngs sf Task XIf by 
condtrctUtg a ¶ b l t ; i W  d y s e s  and stability testing on the 
f u l l  sc&le, 10 €rich d i m e t a r  OME type t r i p l e t  injector. The 
takark hcluded: 1) modification of the  injector t o  Itmopparate 
inJeetor end f”uel film coolant; am.¶ 2 )  changes Ln the  acoustic 
cavity l n l e l  conf9Wratiion t o  evaluate its ef fec t  on dmFiP& 
characdezdstics, The avai2able aluminum injector S/N 2, bufl2fng 
black acoustic cavi ty  ring and test thrust chetmber from Task XZZ 
were used. A new acoustic cwi ty  rlng adapter assembly was used 
to aZEow variat ions st the inlet. 

It may be noted that the chsulge t o  film cooling of the injector 
was iirecipitated by competit;ive engine designs. The Bell vortex 
cocl?mg is unique and as a consequence presented some di f f icu l ty  
in correlat ion of“ stabXlity test data with other investigators.  
Since thl8 chamber vortex wall cooling is inJected downstream 
of the acoustic cavity, silgnificant differences i n  cavl ty  temper- 
atures could be expected when di f fe ren t  amounts and lPLEtnner of 
coolant in jec t ion  was added upstream of the cavi ty  entrance. 
Needless t o  say, a secondary objectiva of the s tab i l i ty  prodJmotlarn 
became the consideration of t he  *%el film coolant on combustion 
stability. 

A. Design Definition 

The 10 Inch diameter in jec tor  was redesigned t o  include 48 
film coolant o r i f i c e s  equally spaced between the 48 outer 
t r i p l e t  elements (Figure XI-l), rand was designed f o r  a film 
coolant flowrate of 2% of the t o t a l  flow a t  nominal t e s t  conditions. 
This design permits  the use of a reasmablie quantity of film 
coolant o r i f i c e s  compatible with the outer  row spaclnq of elements 
and a reaso.iable o r i f i c e  diameter of 0.0197 Inches, The c r i t e r i a  
for  select ing the  impingement angle of the fuel f i lm coolant on 
the chamber wall was t o  impinge as close t o  t h e  i n j ec to r  end of 
the chamber as possible, but provide atream clearance f o r  any 
desirable acoustic cavi ty  entrance configuration. All pre~rioue 
s t a b i l i t y  t e s t ing  conducted a t  BAC on t h e  ONE type in j ec to r  
u t i l i zed  a fuel vortex ring with CL small protrusion ( l i p )  
extending i n t o  the combustion chamber (See Sketch). 

XI-1 
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It was the re fo re  considered p r a c t i c a l  to include a similar 
capab i l i t y  wi th  the discrete f u e l  film coolant o r i f i c e  configura- 
t i on .  Provision f o r  a 0.130 inch  lip wi th  the BAC cav i ty  i n l e t  
def ines  a 5" angle for t h 8 2  fuel film coolant o r i f i c e s .  This 5" 
angle a l s o  i s  s u f f i c i e n t  t o  assure  f u e l  stream impingement on 
the chamber wall (without concern of  splashing i n t o  the c a v i t y  
i n l e t ) ,  f o r  accommodating a Rocketdyne (RD) tapered acous t ic  
cav i ty  i n l e t  (See Sketches). 

BAC Scoop BAC Scoop RD I n l e t  
(Flush Wall) (Wall With L i p )  (Flush Wall) 

The only design changes necessary t o  accommodate the  above 
i n l e t  configurat ions was a new accus t i c  r i n g  adapter (Figure XI-2) 
which includes replaceable  cav i ty  i n l e t  i n s e r t s  ( f l u s h  and wi th  
l i p )  as shown i n  d e t a i l  i n  Figure XI-3. 

The cav i ty  depth and open area c a p a b i l i t y  remained unchanged f r o m  
t he  o r i g i n a l  conf i tp ra t ion ;  w i t h  1.65 inches ;he maximum cav i ty  
depth and 23.4% t he  maximum open a rea  wi th  c a v i t y  d iv ide r s  ( l a n d s )  
f l u s h  wi th  t h e  i n j e c t o r  face.  The acoust ic  c a v j t y  r i n g  and 
replaceable  i n s e r t s  are ava i l ab le  from Task X I 1  wi th  open a rea  
change c a p a b i l i t y  i n  t he  c i rcumferent ia l  d i r ec t ion .  An add i t iona l  
s e t  of dep th  b locks  were provided .  The following swmarizes t h e  
depth and open area c a p a b i l i t y :  
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1T Zavity 

3T Cavity 

Depth (Inches) 5 Open Area 

Available 
0 1.10 -761 Ncw Block 

“.76] 0 Available 

11.61 Available 
15.6 

Available 

Both f l u s h  and f u l l  f i n  acous t ic  damper cav i ty  separa tors  were 
also made ava i l ab le  for t e s t .  

The acoust ic  c a v i t i e s  had the  same ins tnunenta t icn  as the 
Task X I 1  effort .  which included fou r  thermocouples (one 
thermocouple i n  each o f  three 1T c a v i t i e s  and one i n  a 3 T ” R  
cavi ty) .  

B. S t a b i l i t y  Bomb Configuration Evaluation 

With the  incorporat ion af multiple bomb detonat ion techniques 
i n  a s ing le  test, the  cos t  of t he  bombs as w e l l  as  i n j e c t o r  
danage a t t r i b u t e d  t o  t h e  bomb, is  of increas ing  importance. 
The B e l l  test  in j ec to r s ,  being fabricated from aluminum, have 
been p a r t i c u l a r l y  subjec t  t o  bomb damage. In  f a c t ,  t h e  i n i t i a l  
bomb configurst ion (Figure X I - 4 )  was o r i g i n a l l y  developed t o  
keep a l l  shrapnel o f f  the i n j e c t o r  face. 

Primarily due t o  cost ,  a bomb redesign was undertaken. Several  
ground rules were imposed, t h e  first being t h a t  the bomb s i z e  
should bc 6.9 g r a i n  and the  second being the  bomb would be used 
110th f o r  tk-e i n s e r t e r  *;rtld as s t a t i o n a r y  bombs. Some considera- 
t i c n s  i n  cos t  f o r  the redesign were tha t  the el iminat ion of t h e  
machined casing o r  insu la t ion ,  and r e t a in ing  of a production 
detonator squib would be cos t  e f f e c t i v e .  I n  the f i n a l  design, 
a molded in su la t ion  was used, but  there were no ava i l ab le  p l a s t i c  
detonator squibs so t h a t  a non-production u n i t  was f i n a l l y  
incorporated. 

1 t e s t  s e r i e s  w i t h  a group of  bomb materials (Figure XI-5) 
was made t o  check on damage t o  an aluminum sur face .  I n t e i a s t -  
hGly enougk, i t  was found t h a t  the metal detonator  was probably 
t h e  most damaging, as though the  casing ma te r i a l s  absorbed sme 
of  t h e  shrapnel momentum from the squib. The s h r a p w l  absorp- 
t i o n  was most not iceable  w i t h  t he  t e f lon .  However, t h e  m a t e i i a l  
was hard enough t o  Impose some damage on i t s  own. 

’ITIS lowest danlage on these t e s t s  appeared wi th  t h e  molded cork 
( Insu l  Cork) present ing the  opportunity f o r  molding t h e  casing, 
as wel l  as having a low damage quot ient .  By molding i n  B 
standard aluminum cap plug (Figure XI&), a very inexpensive 
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casirg; was designed with the  only machining and handling oFtra- 
t i o n  being the  d r i l l e d  holes f o r  t h e  i n s e r t i o n  of the detonator.  
This hole could also be molded on wbsequent p a r t s  but time and 
circumstances d i d  not warrant t h i s  L-efinelr,ent on t h e  i n i t i a l  
procurement. 

One add i t iona l  cos t  saving procedure used i n  procuring t h e  
bombs was the  tes t ing  and assurance of each charge. GrLg%al 
bombs were t e s t e d  and rechecked for con t inu i ty  an,i ; . t .Jka>ili t : :  
of detonation. Examination of p a s t  records, both i n  f ab r i ca t ion  
and t e s t  showed that bomb f a i l u r e s  were ah:ost nsgl i@le ,  at 
least wlthin the  record h i s t o r y  of t h i s  fabr icat ioi i .  

I n  additio:!, with t h e  mul t ip le  bomb technique of t e s t ing ,  
i f  one bcm? was los t ,  t h e  other detonat ions were considered 
normally s i f f i c i e n t  t o  evaluate  the  condition. With these con- 
s ide ra t ions  t h e  t e s t i n g  after f a b r i c a t i o n  and assembly o f  t h e  
bomb was eliminated at  a probable saving which would have doubled 
the  cos t  of t h e  bomb. The approximate cost  f o r  t he  f i n a l  bomb 
was approximataly $25 where the  o r i g i n a l  cos t  was approximately 
$156. 
is shown i n  Figure XI-?. 

The design of  t h e  bomb used i n  Task XIV and XV testing 

One f i n a l  evaluat ion was made f o r  t h e  bombs, t h a t  i s  t o  monitor 
tests f o r  both pulse  s t r eng th  and damage. Observations of the  
aluminum i n j e c t o r  after Tasks XIV and XV showed the  damage t o  
be s i g n i f i c a n t l y  reduced but  not a l toge they  eliminated. 
s t rength  of t h e  bomb pulse  d i d  not appear t o  be a f f ec t ed  as 
i l l u s t r a t e d  i n  Figure XI-8).  
pressure f o r  t h e  bomb detonat ions are q u i t e  varied,  t h e  average 
pulse  produced does not appear d i f f e r e n t  f o r  t h e  two types of 
bombs evaluated. 

The 

While the  values of the recorded 

C. S t a b i l i t y  Test Results 

The s t a b i l i t y  tests i n  t h i s  t a s k  were pr imari ly  designed t o  
examined the  entrance of t h e  acous t ic  damper and i t s  e f f e c t  on 
s t a b i l i z a t i o n .  
di.amc tcr engine hardware had shown ;;uspf:cf;~!d e f fe r t s  of' i.hc 
cntranc-e geometry U I I  r,tat)i 1. i :<at iur l .  Al: ;o ,  tcs1.s i r k  Task X I 1  
had i n d i c a t e d  some d e v j  at3 or1 f r o m  acmq~tcd  thcory w i t t i  u t a b  1.1- 
i z a t i o n  i n  c a v i t i e s  operat i rig well abovc the :;i.encd l . ( q ~ t + r a t u r e .  
As a r e s u l t ,  the  test hardware was redesigried so that adciustments 
could b e  made t o  both t h e  entrance s i z e  and s h a p e .  

Experiments a t  o the r  f a c i l i t i e s  on 8 inch 

To ensure comparativc data ,  t h e  i n j e c t o r  was a l s o  reworked t o  
incorporate a f u e l  f i lm coolant i n  t he  ou te r  i n j e c t o r  face r i n g  
(Figure XI-2) .  The region of t h e  acous t ic  c a v i t y  is shown i n  
t h i s  f igure  where the adJustments i n  t h e  damper and entrance 
could be made. The various arrangements examined a r e  shown i n  
Figure XI-9. 

XI-10 



1/8" 

INSULATED LEADS 
(18 INCHES UlNC) 

DIA. THRU 

PLUG S E A U D  DRILL .300" DIA X 1.25" DEEP 
I N  PIACE 

CAPLUG ADP-5 (ALUMINUM) 
EALANT 

MSUL CORK MOLDED To 
CAPLUG 
FILLEXt 

6.9 GRAINS PETN 

NOTES: 1. Lead wires shall be insulated with teflon 

Sure f ire  amp shall be 0.8 amp 
2. No fire amp shall be 0.25 for 2 minutes 
3.  

FIGURE XI-? 
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Mention should also be made of one parameter having p a r t i c u l a r  
importance and t h a t  is  the  overlap between the chamber atid the  
O.D. of t he  in j ec to r ,  forming t h e  ins ide  diameter of t he  acoust ic  
cavi ty .  The center  sketch of the Figure XI-9 shows the  typ? 
of i n s t a l l a t i o n  t e s t ed  i n  Task X I I .  Actually, t h e  hardware had  
a g rea t e r  overlap than shown here, but the f i l m  coolant became 
a very awkward arrangement i f  a smaller diameter were used. A 
simulated overlap was arranged i n  three  o ther  configurat ions as 
indicated by the  sketches showing the  i n j e c t o r  extension. The 
complete list of tests conducted during t h i s  t a s k  i s  displayed 
i n  Table I. The r e s u l t s  are p lo t ted  i n  a Pc/MR form i n  Figure 
X I - 1 0 .  The following remarks w i l l  be t o  compare data  f o r  
d i f f e r e n t  hardware var iab le  t o  examine' t h e i r  e f f e c t  on s tabi l i ty .  

1. Fuel Vortex vs Fuel Film Coolant 

Figure X I - 1 1  is presented t o  compare the  data obtained with 
the film cocled and vortex cooled in j ec to r s .  Unfortunately, 
l i k e  many experiments t he  d a t a  is t a in t ed  with two var iables .  
The second var iab le  i n  the t e s t  i s  the chamber overlap where the 
vortex cooled version had approximately .180 inch overlap, and 
the  f i lm cooled u n i t  .l3O inch overlap. Since an overlap l a r g e r  
than .l3O would have compromised the  design of t h e  film coolant 
o r i f i c e s  (by s t r i k i n g  the l i p  at the  5" w a l l  angle d r i l l i n g ) ,  
the  tests were conducted t o  show general  condi t ions r a t h e r  than 
compare only the  d i f fe rence  between f i l m  -n.d vortex cooling. 
In  re t rospect ,  an experiment where bc b ' p e s  of a n c i l l a r y  
cooling were blocked and an equal li- u x d  would have been 
i n t e r e s t i n g  t o  evaluate.  

One very i n t e r e s t i n g  observation was made i n  examination of 
frequences when i n s t a b i l i t y  was encountered on t h e  f i l m  cooled 
experiments. Tile observation was that  there  appeared t o  be 
very l i t t l e  i f  any def inabls  and sustained 3T/lR mode a c t i v i t y .  
I n  some cases, these  frequencies were observed but they appeared 
t o  be somex:hz,*. in te rmi t ten t ,  and d i d  not, predominate a s  an 
establ ished pik\&. 

The conclb%.cn. .cf .;!IC experiment showed t h a t  more information 
was needed t j  a x ~ ) o . ~ e  f i l m  and vortex cooling e f f e c t s .  An 
obvious uns"ab13 condition due t o  the  f r e e  f u e l  f i l m  a t  the  
acoust ic  damper wt ranc t '  d i d  not mater ia l ize .  However, s ince 
the  vortex coo l i rg  does allow a d i f f e r e n t  head end protrusion 
configuration, t h e  vortex cooled version appeared t o  gain po in t s  
i n  t he  comparison, 

Figure XI-12 i s  also  presented t o  show t h a t  not only was there  
no s t a r t l i n g  d i f fe rences  i n  t he  f i l m  and vortex s t a b i l i t y ,  but 
there  also were no s t a r t l i n g  d i f fe rences  i n  the  temvqratures. 

X I - 7 . 4  
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It could be argued that  t h e  lower thermocouple (2 )  reprc?sentzd 
a lower average cav i ty  temgerature. Howevcr, i f  anytk~ifig;, 
t h i s  should have produced a s t e b i l i z i n g  e f f e c t  which was not 
borne out by t e s t .  After  s w n i n a t i o n  of the  data, i t  was 
conqluded t h a t  t h e r e  was co s i g n i f i c a n t  d i f fe rence  i n  t h e  t a p  
e r a t u r e  of the acout;tic: cav i ty  and very probablv a coiit,riL)utory 
f a c t o r  i n  the  l i t t l e  i f  any s t a b i l i t y  diffc?reilc*r\ at,t.ributt>d + d  
t h e  f i l m  cooled i n j e c t o r .  

2. Ef fec t  of  Chamber Overlay 

The f i rs t  th ree  unstable  t e s t s  cocducted on t h i s  progrc.. Lsft 
l i t t l e  m b t  t h a t  t h e  entrance was important, and t h e  cha.r.b2r 
overlap a c r i t i c a l  f a c t o r  i n  s t a b i l f z a t j o n .  These tes t s  a l a ;  
confirmed f ind ings  a t  o the r  f a c i l i t i e s  which had been e-raiGa:?< 
on d i f f e r e n t  diameter hardware. Since the o r i g i n a l  overlap was 
i n  the form of the  vortex l i p ,  the  overlap was eliminated on 
t h e  film i n j e c t o r  work. Sir-e  t h i s  design produced unstable  
o p e r a t i m ,  t h e  next s t e p  Walt' YO expand the i n j e c t o r  diameter t o  
form a s imi l a r  overlap.  The t e s t  r e s u l t s  of t h i s  experiment 
are shown in Figure XI-13. 
f o r  s t a b i l i t y  but  t h e  15.6$ was stable w i t h  t he  vortex l i p  
overlap.  
r e su l t ed  i n  marginal s t a b i l i t y .  
l i m i t i n g  for t h i s  experiment,, as a larger open a rea  r equ i r e  
a snbs ta f i t i a l  hardware rework. 

The 10% 1T open area was i n s u f f i c i e n t  

The 12.2% open area w i t h  thl. expanded i n j e c t o r  
T h i s  12.2% open area  was 

Considering both above and the  Task X I 1  t e s t  r e s u l t s ,  ancather 
i n t e r e s t i n g  specuiat ion r e s u l t s  i n  that  w i t h  .180 inch cverlap 
ll$ open area was s t a b l e  (7.&$ u n s t a b l e )  an$ d i t h  .l.3O Find 
. E O  overlap, 11.6% and  12.2% was marginal: The .~bvious  impli- 
ca t ion  is tha.', olrerlap and open area a r e  r e l a t ed  and shouSd both 
be considered when ex t rapola t ing  test ,  r e s u l t s .  

3.  Flush and F u l l  Fin Damper Separators  

Test ing t o  da te  on acous t ic  dampers has maintained the 12 
segment per iphera l  s ec t ions  of t h e  o r i g i n a l  i nves t iga to r s .  
However, t h e  f u l l  s epa ra t c r s  were o r i g i n a l l y  cu t  o f f  at. t h e  
i n j e c t o r  face due t o  heat r e j ec t ion  and hardware conf igura t ion  
considerat ions.  Since o the r  i nves t iga to r s  had t e s t e d  the f u l l  
f i n  type danper arrangement, and the re  wds concern r e l a t i v e  t o  
the  e f f e c t i v e  length of the opening w i t h  arid without t he  f i n ,  
comparative t e s t ?  were made. Figure XI-14 shows the  r e s u l t s  of 
these tes ts  where with t h e  f u l l  f i n  ba f f l e ,  s t ab le  operat ion 
was achieved wi th  the minimum ovcrlap over t h e  chamber pressure, 
mlxturr! rat1 o niatrl x .  

XI-19 
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4. Reduced Entrance Size 

A n  experiment was also conducted t o  evaluate  the  reduction i n  
a rea  t o  the  entrance of t h e  acoust ic  damper. Or ig ina l ly?  t h e  
concept was t o  increase t h e  viscous r e s i s t ance  i n  t h i s  local 
area and/or t o  “tune” t h e  entrance t o  t he  cav i ty  width.  Si!-x:e 
t h e  o r i g i n a l  hardware f ab r i ca t ion  was conducted long before  
t e s t i n g  began, an a r b i t r a r y  1/2 w i d t h  was selected.  This 
entrance proved very unsa t i s f ac to ry  and i n  re t rospec t  was y n i -  
bably a poor tes t  choice. Relating to the cav i ty  w i d t h  t.iw 
.2C) inch entrance opening was far shor t  of t h c  .45 inch w i d t h  
and probably affcrrded no tuning at. all, 

One very i n t e r e s t i n g  r e s u l t  was noted on these tests, however, 
t h a t  being the substant’al increase  i n  t he  3T/lR frequency 
a c t i v i t y .  Since t h i s  frequency was not sustained on any of 
t hz  unstable  tests w i t h  the  larger opening, t h i s  increase  i n  
a c t i v i t y  was o f  i n t e r e s t  i n  that  t h e  apening appears t o  not 
only e f f e c t  the  amount of damping, but a l s o  the  frequency at  
which it  i s  recorded. Again, the  l i m i t t d  funding of t h e  
program r e s t r i c t e d  further e f f o r t  t o  examine o t h e r  opening 
configurations.  However, it is s t rongly  suspected that by 
changing the opening, both damping and frequency are e f f ec t ed  
toge ther  . 

5. C o m p a r i s o n a b l e  Configurations 

Two of t h e  t e s t  configurat ions displayed stable operat ion over 
both the  mixture r a t i o  and t h e  chamber pressure range. 
Of t he  two configurat ions,  one had an overlap protruding i n t o  
the  chamber and t h e  o the r  had the extended i n j e c t o r  diameter f u l l  f i n  
damper conbination. Tis t e s t  records of each configurat ion 
were examined t o  see  i f  e i t h e r  configurat ion would display a 
g r e a t e r  s t a t i s t i c a l  s t a b i l i t y  and the re fo re  a d i r e c t i o n  f o r  
des ign .  The tes t  r e s u l t s  shown i n  Finire XI-16 were used. 

For t h e  s t a t i s t i c a l  examination, the  mean d a q  time i n  (mil l iseconds)  
was used, as w e l l  as the  6 (s tandard deviat ion)  f o r  each group. 
These values are as follows: 

Mean Damp 
Group Time M.S. ‘of - 6 ’ s )  ’of Means) 

C omn ar  i so n T F ( c m m r i s o n  

Chamber 5.2 1.274 
Lip  

F u l l  Fin 4.6 0.86 
2.13 1.562 
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The F and T c r i t i c a l  values a t  5% were a l s o  calculated with 
t h e  following r e su l t s :  

FCritical @ 5% = 2.48 

TCritical Q 5% = 2.048 

Since the P and T values must exceed the  F and T c r i T i c a l  
values t o  ind ica t e  8 s i g n i f i c a n t  differe:ce between grcurs,  i t  
was concluded t h a t  t he re  was no st .at ist ica1l.y s i g n i f i c a n t  
difference i n  t he  chamber l i p  and f u l l  f i n  configurations.  

D. Conclusions Resultina: from Task XIV Testing 

The r e s u l t  of these t e s t s  were considered qui te  informative 
i n  def ining some a reas  affecting s t a b i l i t y .  Important t o  t h e  
damping i s  the chamber-to-injector overlap, open area,  damper 
f i n  length and cav i ty  entrance s i z e  and shape. While the 
program was qu i t e  successful  i n  showing some of the i n t e r r e l a t e d  
damper design parameters, unfortunately a l l  these va r i ab le s  
could not be examined i n  depth t o  provide design data .  
more e x p l i c i t  t he  conclusions were a s  follows: 

To be 

0 Full damper f i n s  are more stable 
0 Chamber i n j e c t o r  overlap entrance is  more stable 
0 Cavity entrance should not be r e s t r i c t e d  
0 Open a rea  reqcired i s  a function of entrance 

0 Fuel coolant film in jec ted  downstream of damper 
configurat ion 

opening i s  more stable 

XI-21, 



X I I .  TASK XV - OME - 8 I N C H  TRIPLET 
INJECTOR OPTIMIZATION 

During t h e  course of  s tud ie s  l e a d i n g  t o  t h ?  OME engine def i i i i t ion,  
designs had been considered a t  both the 6 aria 10 inch diameters. 
The o r i g i n a l  B e l l  design used the  10 inch diameter t r i p l e t  element 
i n j e c t o r  a s  t h e  least  r i s k ,  most cos t -e f fec t ive  ap roach t o  high 
performance. Other i nves t iga to r s  elected smaller 5; inch diameters 
&A? required extended combustor lengths  and/or p a t t e r n  changes t o  
achieve performance. I n  addi t ion,  some changes i n  perf,?rt!:aiic~ 
were experienced w i t h  propel lan t  temperature which d i d  nc!t a rpear  
w i t h  t he  t r i p l e t  element design. 

Because of  t h i s  a parent  success o f  t h e  10 inch t r i p l e t  

design was undertaken t o  see i f  t he  design was a l s o  appl icable  
a t  t h e  smaller diameter. The objec t ive  of  t h i s  task was t o  
design, fabricate, and t e s t  an 8 inch diameter i n j e c t o r  i n  an 
attempt t o  approximate the success o f  t he  l a r g e r  10 inch 
diameter t e s t  i n j e c t o r .  

configuration, an f; inch  i n j e c t o r  t r i p l e t  element i n j e c t o r  

Since the  o r i g i n a l  t r i p l e t  design was based  on t h e  b e s t  exper- 
ience information ava i lab le ,  the 8 inch diameter i n j e c t o r  
presented a challenge a s  t o  which desiqt: parameters should be 
maintained; so t h a t  t he  s i n g l e  i t e m  t r y  a t  t h e  smaller diameter 
would be s u f f i c i e n t l y  successful  t o  be representa t ive  o f  what 
might be achieved i n  a development program. To t h i s  end, a 
small  s ca l e  i n j e c t o r  parameter trade-off study was conducted 
before the  design re lease .  

I n  addi t ion  t o  t h e  performance design trade-off s tud ie s  c,>nducted, 
an  add i t iona l  requirement of t h e  i n j e c t o r  design was t o  'it t h e  
i n t e r f a c e  of t h e  8 inch chamber in t e r f ace  design supplied by 
NASA-JSC. The t e s t  evaluat ion included performance, heat fllix, 
and s t a b i l i t y  da t a  u t i l i z i n g  a combination o f  new and exLsting 
hardware. A new i n j e c t o r  and acous t ic  cav i ty  adapter/acoustic 
cavi ty  r i n g  was provided w i t h  cav i ty  configurat ion adjustments 
s imilar  t o  t h a t  used on the 10 inch diameter i n j e c t o r .  To 
minimize t h e  cos t  f o r  t e s t  chamber hardware t h e  10 inch diameter 
water cooled nezzle was used, and a new 8 inch diameter s t e e l  
bomb chamber fabr ica ted  . 

The design r a t iona le  f o r  t h e  8 i n c h  in,j<-.ctor d-i.ameter was t o  
r e t a i n ,  wherever p o s s i b l e ,  t h e  design feature:; of t h e  h i g h l y  
successful  10 i n c h  diameter i n j e c t o r .  Various t radeoffs  were 
completed t o  e s t a b l i s h  t r i p l e t  element arrangement ar,d guant i ty  

XII-1 



including pressure map comparisons. The major design paraP:ef?rs 
are smmarized i n  Table 1 which a l s o  includes a comyarison cf 5 
inch d iamnter  i n j e c t o r  designs with 7, 6 and 5 rews of t r i y l e r  
elements. 

The primary concern with the smaller diameter' injec-tdr i<aS T ~ L ~  

i n j ec t ion  element pa t  t e r n  Compression s ince  cTtily L ~ ~ ~ * ' . ' ~  or' :he 
i n j e c t i o n  surface i s  ava i l ab le  with the $ ini-ii d i a w t . ? r  J2sip. 
The na tu ra l  tendency i s  t o  decrease t h e  nun!ber a f  < ? l ~ i ~ I ~ ~ : I ~ S  a s  
t%e diameter decreases.  It i s  most desirabl? ,  however t> jr3- 
vi- 'e  a la rge  number o f  t r i p l e t  elements t o  assure  high r2rfcr- 
mbnce and preferably the  same number a s  used on the  10 i n c h  
diarnzter design. The design s tud ie s  revealed a 7 row, 136 
element i n j e c t o r  was p r a c t i c a l  by designing narrower, but dfeFPr 
propel lant  supply manifolds a t  t he  i n j e c t o r  face.  Tradeoffs 
were made between var ious t r i p l e t  element configurat ions w i t h  
the  preference t o  r e t a i n  the  same type elements used on the  11: 
inch diameter i n j ec to r s .  Figure X I I - 1  shows a comparison of 
the narrower manifoicls for  a 7 and 6 row, 8 inch diameter con- 
f igu ra t ion  with t h e  10 inch diameter configurat ion of S/N 2 
in j ec to r .  Impingement distance,  impingement angle,  stream 
veloc  ' t y ,  manifold p pel lan t  ve loc i t i e s ,  and o r i f i c e  entrance 
loca t ion  and condi t ions a r e  the  major design parameters c r i t i c a l  
t o  the  in j ec t ion  element. The 10 inch diameter i n j e c t i o n  elerrent 
has a 0.397 impingement dis tance with the  f u e l  o r i f i c e  i n l e t s  
located i n  the  cen te r  of t he  f u e l  manifold and an impingement 
ha l f  angle of 32'. OME type i n j e c t o r  S/N 1, which has t h e  same 

5 .inch diameter, 7 row configurat ion shown i n  Figure X I I - 1  
r e v e a l s  t he  f u e l  o r i f i c e  i n l e t  loca t ion  c l o s e r  t o  t h t  9 n i f o l d  
wall .  

Etrformance l e v e l  as S/N 2 has an impingement angle o f  28" .  The 

To determine what influence,  i f  any, the loca t ion  of f u e l  
o r i f i c e  i n l e t  t o  manifold wall had on flow c h a r a c t e r i s t i c s ,  a 
f low model was designed, fabr icated and evaluated. This flow 
model was a simple but e f f e c t i v e  device t h a t  simulated the  inner  
f u e l  manifold configuration f o r  t he  8 inch diameter,  7 row inJec to r  
design. Three t.f ies of  element configurat ions w i t h  two elements 
each were provided i n  ha l f  of the  flow model. The design provided 
f o r  i d e n t i c a l  f low area and velocity a n d  fuol. orifice/manifold 
w a l l  re la t ionship  an t ic ipa ted  on the  f i n a l  design. F.'Lgure XII-2 
and Figure XII-3 i d e n t i f y  t h e  flow model and t h e  e l e m a t  config- 
urat-,ion. Flow t e s t s  revealed no flow descrepancies with the 
narrower but, deeper manifolds and  r l o s e r  pos i t ion  of the  f u e l  
o r i f i c e  i n l e t  t o  t,he manifold wall .  
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Bell Aeraapace Company 

The s imi l a r  and acceptable comparison between the  two 7 rw! 
configurations with the same number of elements (136) is 
shown i n  Figure XII-4. 

Based upon the  t radeoff  s tudies ,  flow model tes ts  and Fressure 
map comparisons, the  7 row, 196 element t r i p l e t  pat tsrr .  was 
selected for t he  8 inch diameter i n j e c t o r  design. To allow 
posi t ioning of t he  f u e l  o r i f i c e  i n l e t  a s  c lose  t o  tlw I!!ai:ifold 
center  as possible  and not exceed t h e  impingcinent ansle r a n p  
of 28" t o  32" used on thc  successful  10 inch diantet,er injwt.>rs 
S/N 1 and S/N 2, a 28O impingement angle was u s e d .  r h  smi? 
impingement dis tance and o r i f i c e  diameters used on t h e  1J inch 
diameter i n j e c t o r  were incorporated, (Table I1 and Figure XII-5). 

B. Fi lm Coolant Or i f i ce s  

The f i l m  coolant o r i f i c e  configuration of  the  10 inch was a l so  
used on t h e  8 inch diameter i n j e c t o r .  
diameter o r i f i c e s  equally spaced between the 48 ou te r  t r i p l e t  
elements provide f o r  a f u e l  flow of approximately 2% of the 
t o t a l  propel lants .  This  propel lant  i s  in jec ted  through t h e  
cornbuEfor a t  a 5" wall  impingement angle.  

C.  Acoustic Cavitv 

A t o t a l  af 48, .51j7 inch 

The acoust ic  cavi ty  design for t h e  8 inch i n j e c t o r  incorporated 
a l l  the same options of t he  10 inch i n j e c t o r  with the  added 
f l e x i b i l i t y  of  an increased cavi ty  depth. The cav i ty  depth was 
increased t o  2.5 inches t o  provide f o r  a very s u b s t a n t i a l  
increase over t h a t  t e s t ed  on t h e  10 inch diameter i n j e c t o r .  The 
depth i m r e a s e  was required due t o  +he uncer ta in ty  af the cavi ty  
temperature r e l a t i o n  t o  the  speed of  sound (dens i ty  and conse- 
quent damping as a 1/4 wave t u b e ) .  The depth of approximately 
2 1/2 inches corresp nd t o  a 1/4 wave tube d e p t h  f o r  temperatures 
recorded i n  the  LO inch diameter hardware. Although t h i s  f ea tu re  
was provided by design, subsequent t e s t i n g  never used a depth of 
more than 1.6 inches.  The provision f o r  t h i s  cav i ty  depth d i d  
r e s u l t  i n  one o ther  design cha rac t e r i s t i c ,  t h a t  being the very 
"thick" appearance of t h e  i n j e c t o r  with t h e  long r a d i a l  f u l l  
i n l e t  feed holes.  Th i s  manifold arrangement was made t o  b e  
cornpatiole with t h e  N A S A - J S C  8 inch diameter regerieratively 
cooled chamber. '&I! cav i ty  width was sele?tc.d a s  0 . 5  inches 
b a w d  upon successful  cxpcrience reported wi . i  11 t he  Rocketdyne 
8 i n c h  d iane ter  iri,jector. Acoustic cavi1,y i n 3  ct variat jor is  
were a l s o  provided by changing the i n s e r t  (f%O3-91C317',-1) showrl 
a l so  i n  Figure XII-5. 'I'fie r e su l t i ng  i r i jector  design i s  shown 
i n  F i m r e  XII-5. 
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TABLE I1 

1NJEC'iY)R COMPARIF9N -- 

~ ~ -~ ~~ ~ 

Total Num:Jer o f  Elenents 
a Number of Element Rows 

Impingemeqr From F8ce 

Nominal Face P h g  Width 

Pressure Drc? Across 01.- - - p  
( p s i )  

Primary Ox id ize r  Orafice 

Primary Fuel Orif ice  

Fuel Film Coolant 

Mininum O x i d i z e r  Or i f ice  
t/D 0 

Minimum Fuel Or i f ice  I /D 

Id'' INJECTOR 

1 c . h  

7 
1 

.391"' ' 

= (32 ) 

.2 -0 'I 

45 

d 

(Bot,h Side:) 

.0;+92~' 
(148 Holes) 

.0295" 
(2% Holes) 

. O l y ? '  
(48 Holes) 

3 3 5  

5.1 

c 

I 

.220" 

45 
(Both S i d e s )  

(148 Holes) 

(296 holes) 

.0432" 

.02yj'' 

.01$37" 

3. ;4 

(48 Holes) 

5.1 
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D. 'Fest Chmaer 

A new steel chamber design was used that allowed the i n t e r f a c e  
w i t h  the new 8 inch diameter indcctor  and the ava i lab le  10 
inch diameter water cooled nozzle, as shown i n  Figure XII-5. 
T N s  chamber incorporated the same bomb port/pressure transducer 
capab i l i t y  as used on t h e  10 inch diameter chamber. The nozzle 
was water cooled with inCividua1 o u t l e t  temperatures measuring 
longi tudinal  segments caf heat re jec t ion .  

1. l r t s t  Results 

I n  the  i n t e r e s t  of economy, t e s t s  were combined on t h e  8 inch 
i n j e c t o r  evaluation program t o  prgduce s t a b i l i t y ,  performance 
and heat r e j ec t ion  a11 i n  one group of t e s t s .  The i n i t i a l  
question t o  be answered was the performance l eve l ,  for without 
performance a l l  the  o ther  recorded parameters were somewhat 
academic. Next, i f  performance was achieved, then stable operation 
a t  some reasonable heat reJection was considered. Since recent 
desigm for competing 8 inch diameter chambers had been conducted 
i n  lengthened combustors, the  i n i t i a l  tests of t h i s  s e r i e s  were 
conducted i n  such a chamber. "%e i n j e c t o r  t o  th roa t  length of 
t h i s  chamber was cap!,roximately 16 inch y ie ld ing  a 
The second series of tests was conducted w i t h  the  36 93-470125-'p 
spacer removed. The r e s u l t  was t e s t i n g  i n  an approximately 13 
inch chamber length with a 26 L* chamber. The t e s t  r e s u l t s  iri 
either case were extremely encouraging. The data obtained from 
the t e s t s  using t h e  8 inch i n j e c t o r  a r e  tabulated i n  Table-- ?If. 

1 L* combustor. 

2. Performance 

The i n i t i a l  t e s t s  (Runs 460: through 4613) were conducted on 
the  longer chamber. The t e s t  c* presented r e s u l t s  from a 
chamber pressuze measured i n  t h e  acoust ic  cav i ty  and corrected 
to  the  entrance t o  the nozzle. Unfortunately, t h e  l i m i t e d  
f7mding on the program d i d  not allow the  use of expanded nozzles 
f o r  th rus t  measurements, therefore  the  performance assessment 
has been done using the  Lambustion e f f ic iency  (c*) .  

Although the t e s t  sample i s  l imited,  the  t e s t  r e s v l t s  were 
reasonably e0nsistar.c and indicated t h a t  t h e  perfommarxe goal  
was ac tua l ly  exceeded. 
i n j e c t o r  was u n o f f i c i a l l y  considered t o  be approxlmately 97s 
wi th  no r e a l  "guess" as t o  the e f f e c t  D f  t he  short  chamber. 
The performance noted was above 98s and only a few (15) f e e t  
per  second decrease f o r  the reduced length. These r e s t l t s  more 
than j u s t i f i e d  the design care exercised i n  the in.jector. 
Comparablz per'ormar by selected runs a r e  i n d i c 3 t e d  i n  Table IV. 

The o r i g i n a l  performance goal f o r  t h i s  
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TABU IV 

Chamber To Throat pc O/F 
I n j e c t o r  

C* (Psis) JMixture Ratio) - 
4610 8.2 15.0 126.6 1. t;’7 36 sr; 

4604 10 12.13 127 1 . t;c- ‘,5QO 

R u n  No. Diameter Length - 
4614 8.2 12.8 127. 1 .I>.> !it; 14 

The i n t e r e s t i n g  data from these tests was t i i t> lack 0:- j ~ c : r f ~ r : : ~ a x ~  
decrease noted when t h e  s h o r t e r  chamber was used. L i te ra tun?  
information using t h i s  chamber had indicated s i g n i f i 2 a r t  ;?rf3r- 
mance changes i n  going t o  t h e  longer corxbustor. The 2 ~ ! 1 ? 1 ~ s i c ? ,  
which a,ust be preliminary i n  view of t h e  small data 5as2, ;;.as 
that the combustion process had adequate volurie i r ?  t h e  txe lve  
inph length and longer  chamber was not r ea l ly  r ? ; L r E 3 .  

The f u r t h e r  examination o f  t h e  10 inch i n j e c t o r  c* ~ l l o ~ l 3  alsc 
be  made. During the 4609-4619 t e s t  series, the  i n j e c t o r  t e s t ed  
was w i t h  f u e l  film cooling, but  a l s o  some face damage was observed 
r e s u l t i n g  f r r J m  bomb shrapnel. The lower than expected performance 
may have been a t t r i b u t e d  t o  the  f ’ l m  cool ing but i t  i s  considered 
more l i k e l y  t o  be a r e s u l t  of  perr’ormance c a l i b r a t i o n  de-emphasis 
f o r  t h e  bomb t e s t s  and/or o r i f i c e  d i s t o r t i o n  due t o  t h e  shrapnel 
effects .  As a consequence, it i s  f e l t  t h a t  t h e  5589 f t / sec  i s  
pessimist iz  f9r t h e  design, and t h a t  the previously recorded value 
f o r  t h i s  i n j e c t o r  with vortex cooling i s  more accurate.  In  t h a t  
case t h e  10 inch i n j e c t o r  would have a c* near  t h e  5650 f t / s ec  
recorded a t  WSTF, and would have approximately the same perfwmance 
recorded f o r  t h e  8 inch i n j e c t o r .  

3 .  S t a b i l i t y  Results 

The acous t ic  damper configurat ion t e s t ed  on t h e  r? ir.ch d i a m e t ? r  
i n j e c t o r  was incorkorated as a d i r e c t  r e s u l t  of  t h e  13 i n c h  
diameter t e s t i n g  conductea i n  Task XIV. The configurat ion t e s t ed  
was one of  two stable configurat ions d e f i n e d  i n  Figure X , V - f ; .  
No a t t e m p t  was made t o  optimize t h i s  damper as ne i the r  ava i l ab le  
time o r  funding was ava i l ab lz  f o r  t h a t  a c t i v i t y .  

Thc f lush f i n  damper configurat ion was selected over  t h e  f u l l  
f i n  configurat ion f o r  s impl ic i ty  considerations.  i n  the 10 
inch i n j e c t o r  t e s t ing ,  s u b s t a q t i a l  erosion of t h e  uncoo1o~ f i n s  
occurred during t e s t i n g  w h i l e  l i t t l e  i f  any erosion of t h e  f l u s h  
f i n s  took Flace. For hardwarr; : ; t ;at , i l i ty and s i r n p l j c i t y ,  t h e  
uncoolcd arrarigemnt. (Figure Z I P - 0  was :;elected) . 



FIGUR3 XII-6 

ACOUSTIC CAVITY TEST CONPICURATION 

9-20;  
Dia . 

I 

7 930 8.200 Dia . 

9.20 
Dia . 

125R 

The r e s u l t s  of the bomb t e s t s  a r e  a l s o  shown i n  t he  tabulated 
data of T a b l e  111. I n  addi t ion,  a diagramatic depict ion of  
t h e  tests a r e  shown i n  Figure XII-2. 

The tests conducted i n  both t h e  long a r d  short chamber i e r e  
conducted a t  conditions found more s e n s i t i v e  a t  t h e  10 inch 
diameter. Since the  10 inch i x j e c t o r  bomb s e n s i t i v i t y  was found 
pr imari ly  a t  l ean  mixture r a t io s ,  most of the inves t iga t iQn  was 
a t  those (oxidizer  r i c h )  operat ing conditions.  No s e n s i t i v i t y  
was found on these bomb t e s t s .  All t e s t s  remair-ed s t ab le .  Due t o  
t he  l i m i t e d  t e s t i n g  conducted, t he  s t a b i l i z i n g  area was not  
reduced t o  produce a l i m i t .  Unfortunately due t o  t h i s  1Rck of' 
limits, no d i r e c t  comparison could b e  made between t h e  8 inch and 
LO inch i n s t a b i l i t y .  

x 11: - 1.4 
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TASK XV 

STABILITY TEST RESULTS 

165 

ooo O/F 

1T=15.6 

u5 

30~" CHAMBER 

lT=15.6 150 
3T=7.8 24L* CHADIBER 

o Stable  
0 Unstable  
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pressure.  Both condi t ions produce a low f u e l  pressure d r o p  
which has previously beell !limited t o  about 23 p s i .  This t e s t  
produced a f u e l  pressure drop  of approximately 20 p s i  and the 
start o s c i l l a t i o n s  resu l ted .  The o s c i l l a t i o n s  damped on t h i s  
‘.:st and were not observed on o the r  t e s t s  which maintained a 
higher fuel pressure drop. 

The water cooled nozzle da t a  f o r  both t h e  10 inch and 8 inch 
diameter injecXors were examined i n  order  t o  a s c e r t a i n  the 
e f f e c t s  on the  l o c a l  hea t ing  rates. I n  order  t o  comLare the  
r e s u l t s  the  measured t o t a l  hea t ing  r a t e  was used t o  yred iz t  t h s  
heat  f lux a t  the  t h r o a t  s t a t i o n  and t h i s  value was the!:! cor rec ted  
t o  t h o  nominal chamber pressure and mixture r a t i o .  

Ba r r i e r  
Vortex 
A.xia3 
Axis1 
Axial 

The r a t i o  of t h e  hea t  f l ux  a t  t he  throa t  t o  t h e  t o t a l  i-:eat’_:--g 
rate was found us2ng t h e o r e t i c a l  gas s i d e  hea t  trar-sI’er 23e:ff13- 
e i n t s .  The r a t i o  was found t o  be 0.006308 ‘ l / i rA2) f o r  t i i t  13 

I n  order  t o  co r rec t  f o r  chamber pressure and in ix ture  r a t i o  ‘[which 
e f f e c t s  the  percent b a r r i e r  f low),  a previously developed regres-  
s ion  f i t  of t e s t  da t a  was used. The equation i s  

inch i n j e c t o r  and 0.008044 ( l / i n 2 )  f o r  t he  c 4 i x h  i~:;ectcr. 

Number Of 
Chamber Throat Syst em Tests  
Length Heat Flux-Average Averaged 

1 2  i n .  3.095 btu/ in  sec 7 
1 2  3.253 18 
1 2  3.306 4 
15 3.325 3 

i’his equation was used t o  c o r r e c t  a l l  t he  t e s t  data t o  the  
nominal chamber pressure of  125 ps ia  and 2 percent  b a r r i e r  a t  a 
mixtine r a t i o  of 1.65. 
of t he  t e s t i n g .  

The following t a b l e  presents  t he  r e s u l t s  

I n  j ec t o r  
Diameter 

10 i n .  

It j-5 seen thai; f o r  the ._ - a1  i n j e c t i o n  of t h e  b a r r i e r  the  hea t  
flu): was about 5 percent ni,-her t h a n  t h c  vortex b a r r i e r  f o r  t h e  

v 

10 i w h  d iameter  i n j e c t o r .  
higher lieat f lux ;  about 2 percent morv than  fclr the  10 irlcti 

The 8 in(:lt i n j e c t o r  showed s l i g h t l y  

XII-16 



RJX3MMENDATIONS AND CONCLUSIONS 

The t e s t i n g  and w a l y s i s  performed on t h i s  con t r ac t  was t?xtens€ve 
and encompassed many elements of rocket e n g i n e  technology. The 
successful  demonstration of both computor techniques and opera t ing  
designs indicated t h e  design inpu t s  f o r  t h e  study t o  be b a s i c a l l y  
somd and the  r e s u l t i n g  hardware use fu l .  On t,he b a s i s  af th i s  
program the following conclusions a r e  made. 

1. 
program s t u d i e s  were adequate although i n  many cases  t he  "lesst" 
sophis t ica ted  techniques for t he  a n a l y s i s  were used. The exten- 
s i v e  da t a  accumulated f o r  t h e  o r i g i n a l  t rade-off  s t u d i e s  igould 
have been impossible t o  accomplish without the l o g i c a l  simpli-  
f i c a t i o n  incorporated. However, t h e  a n a l y t i c a l  progran outputs  
agreed c lose ly  with t h e  f i n a l l y  demonstrated hardware defending 
the methods and o f f e r i n g  reduced c o s t  techniques t o  performing 
extensive t radeoff  s tud ies .  

The computor techniques used t o  perfonn the or igi i ra l  

2. The insu la ted  columbium t h r u s t  chamber demonstration was 
adequate t o  prove use fu l  operation, and t h e  achievement of t h e  
o r i g i n a l  design goals.  The vortex cool ing used with the  engine 
was considered t o  be super ior  i n  cool ing c a p a b i l i t y  t o  the  
commonly used a x i a l l y  in jec ted  " f i l m "  cooling. The program t e s t  
r e s u l t s  provide data f o r  an engine which could b e  r e a d i l y  con- 
s t ruc t ed  t o  provide 4 performance of some 310 seconds IsE i n  an 
C m ~ 3  appl ica t ion .  

3. The t r i p l e t  i n j e c t o r  concept a l s o  provided the  b a s i s  f o r  a 
regenerat ively cooled chamber operat ing a t  a l e v e l  of 317 
seconds I, . L i m i t  s t a b i l i t y  t e s t i n g  of t h i s  i n j e c t o r  w i t h  
heated progel lan ts  indicated a s u b s t a n t i a l  s t a b i l i t y  margin 
and a c a p a b i l i t y  of operat ion under unusual conditioi-.s. Tne 
f l a t  face design a l s o  incorporates  a s impl i c i ty  of 0 0 t h  
i n s t a l l a t i o n  and f ab r i ca t ion  i n  comparison t o  a s t a b l e  baff led 
i n j e c t o r .  The design information f o r  t h i s  6000 l b .  t h r u s t  engine 
is r ead i ly  ava i l ab le  and could b e  used a s  required.  

4. 
jri .jwt,br was s u f f i c i e n t  t o  show a high l e v e l  of performarice 
a,?)! i cvcmcnt arid :: tability. The t e s t i n g  perf'ormtsd confirmed t h o  
selcc: tiori of Irijcct i o n  p a r m e t e r s  used arid also iridlcatetl a 
v 2 r y  much lower s e n s j  t i v i t : ,  t o  chamber length than o r i g i n a l l y  
an t lc ipa ted .  The r e s u l t s  of these t e s t s  were sufficientli/ 
encouraging t o  rec:ommend f u r t h e r  test,: ' ''if:. 

The preliminary tes t ing conducted w i t h  t h e  8 inch diameter 
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RECOMMENDATIONS 

On t he  bas1s.of the e igh t  inch i n j e c t o r  t e s t s  conducted the  
following recommendations a r e  made t o  provide complete informa- 
t i o n  on t h i s  design. 

1. Perform a l t i t u d e  performance tests a t  WSTF w i t h  the ii~,iect,or 
avai lable ,  and i n  a NASA provided regenerat ively cooled thrust. 
chamber. This data  confirmation would provide t h c  "c-crta i i i t . v i l  
of performance to  j u s t i f y  f u r t h e r  t e s t i n g .  

2. Conduct " l i m i t "  combustion s t a b i l i t y  tas t i i ig  w it11 the 
i n j e c t o r  and a va r i e ty  of acoust ic  cavi,y coicbitiat i a w .  'This  
information would provide a basis of f i n a l  acoust ic  cavi ty  
s iz ing.  

3. The f i n a l  recommendation i s  t o  f a b r i c a t e  a s t a i n l e s s  s t e e l  
i n j e c t o r  of t he  8.2 inch design. Although the  aluminum i n j e c t o r  
has performed i n  a completely s a t i s f a c t o r y  manner, long durat ion 
requirements d i c t a t e  t h e  f i n a l  use of a s t a i n l e s s  s t e e l  o r  
an equivalent s t r u c t u r a l  mater ia l .  The coristructiorl of  such 
an in j ec to r  would complete the  i d e n t i f i c a t i o n  of t h e  8.2 inch 
i n j e c t o r  f o r  performance, s t a b i l i t y  and fabr ica t ion .  
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