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FOREWORD 

Aero je t  L i q u i d  Rocket Company submits t h i s  F ina l  Report as p a r t  of t he  

OME P l a t e l e t  I n j e c t o r  Program, Cont ract  NAS 9-13133. 

The work was conducted under t he  cognizance o f  M r .  R .  C. Kahl o f  

NASA/JSC who i s  the con t rac t  monitor.  Aero je t  personnel i nc lude  L.  B. Bassham, 

program manager, Dr. R. J. LaBotz, operat ions p r o j e c t  manaper, and R. W. Michel, 

p r o j e c t  engineer. 
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ABSTRACT 

The OME P l a t e l e t  I n j e c t o r  Program, Contract  NAS 9-1 3133, was undertaken 

t o  eva luate a  p l a t e l e t - f a c e  i n j e c t o r  f o r  the O r b i t  Maceuvering Engine (OFIE) on 

the Space Shu t t l e  as a  means o f  ob ta i n i ng  a d d i t i o n a l  design margin and lower 

cost .  This f i n a l  r epo r t  documents the e n t i r e  program exc lus ive  o f  t e s t i n g  

done a t  NASAIWSTF i n  1973 and 1974, which i s  repor ted separately.  

The program was conducted i n  th ree  phases. The f i r s t  phase evaluated 

s i n g l e  i n j e c t i o n  elements, o r  unielements ; i t  invo lved  v i sua l  f l ow  s tud ies,  

m i  x i  ng experiments us ing propel l a n t  simul ants,  and ho t  f i r i n g s  t o  assess 

combustion e f f i c i e n c y ,  chamber wa l l  compa t i b i l i t y ,  and i n j e c t o r  face temperatures. 

I n  the  second phase, subscale u n i t s  producing 600 l b f  t h r u s t  were used t o  

f u r t h e r  eva luate t he  o r i f i c e  pa t te rns  chosen on the  bas is  o f  unielement t e s t i n g .  

I n  a d d i t i o n  t o  combustion e f f i c i e n c y ,  chamber and i n j e c t o r  heat t r ans fe r ,  the  

subscale t e s t i n g  provided a  p re l im ina ry  i n d i c a t i o n  of i n j e c t o r  s tab i  1  i t y .  F u l l  

sca le  t e s t i n g  of the  se lected pa t te rns  a t  6000 I b f  t h r u s t  was performed i n  

t he  t h i r d  phase. Performance, heat t r ans fe r ,  and combustion s t a b i l i t y  were 

evaluated over the  an t i c i pa ted  range o f  OMS opera t ing  condi t ions.  The e f f e c t s  

on combustion s t a b i l i t y  of acoust ic  c a v i t y  con f igu ra t ion ,  i n c l ud ing  cav i  t.y depth, 

open area, i n l e t  contour, and o the r  parameters, were inves t iga ted .  
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I .  I NTROilUC T ION 

The O r b i t  Manwverinq Engine P l a t e l  e t  I n j e c t o r  Program, Cont ract  NAS 

9-13133, was awarded t o  Aero je t  L i q u i d  Rocket Company (ALRC) f o r  the  design 

and eva lua t ion  o f  a  p l a t e l e t  i n j e c t o r  s u i t a b l e  f o r  t he  Space Shu t t l e  O r b i t  

Maneuvering System (OMS) 6000 l b f  t h r u s t  engine. The con t rac t  was s t a r t e d  

September 25, 1972, and cons is ted o f  th ree  phases i nvo l v i ng  s i n g l e  i r j e c t o r  

elements o f  6 I h f  t h rus t ,  subscale i n j e c t o r s  o f  600 l b f  t h r u s t ,  and f i n a l l y ,  

f u l l  sca le  i n j e c t o r s  f o r  the  6000 I b f  appl  i c a t i o n .  

Thc? face  of a p l a t e l e t  i n j e c t o r  i s  formed from a s tack o f  t h i n  metal 

p l a t e l e t s  which a re  d i f f u s i o n  bonded i n t o  a  s i n g l e  u n i t ;  p rope l l an t  o r i f i c e s  

and f low passages a r e  photoetched i n t o  o r  through each p l a t e l e t  p r i o r  t o  bond- 

i nq .  The p l a t e l e t  concept was select.& because o f  several  unique features i n -  

c l ud i ng  ease o f  manufacture, po ten t i a l  h i gh  performance w i t h  reduced chamber 

lenqths,  and ease o f  pa t te rn  rework a l l o w i n g  economical and expedi t ious engine 

developnent. I n  t h e  f i r s t  phase o f  the  program, unielement t es t i ng ,  sing1 e i n -  

j e c t i o n  elements were evaluated on t he  ba=is  o f  performance, hydraul i cs ,  and 

c o m p a t i b i l i t y .  The most promising candidate elements were evaluated f u r t he r  i n  

the  second phase, subscale tes t ing ,  t o  assess the e f f e c t s  af n iu l t ie lement i n t e r -  

a c t i o n  on performance, compat ib i l  i t y ,  and s t a b i l  i t y .  The t h i r d  phase, f u l l  sca le  

t e s t  inq,  was conducted t o  subs tan t ia te  these c h a r a c t e r i s t i c s  fo r  fl iqh t -s i zed  

hardware. 

F u l l  scale t e s t  i nn  included eva lua t ion  o f  workhorse and preprototype 

t-ecleneratively cool ed chambers. For t he  most par t ,  regenerat ive chamber t e s t i n g  

was conducted under a l t i t u d e  cond i t i ons  a t  NASAIYSTF and i s  completely documented 

e l  sewhere. " Except f o r  purposes of comparison, t h e  WSTF r e s u l t s  w i l l  no t  be 

presented i n  t h i s  r epo r t .  The WSTF t e s t i n g  served as a  demonstration o f  t h e  

renenerat ive chambers and, i n  add i t i on ,  evaluated such f a c t o r s  as: f i l m  cool  ing, 

chdniber 1  ength va r i a t i ons ,  e f f e c t  o f  he1 ium saturated propel 1  ant,  ingest  ion  o f  

he1 iuni bubbles i n t o  t he  p rope l l an t  c i r c u i t s ,  s t a r t  and shutdown t r ans ien t  

1. 

I GF Test Report, Report No. 131 33-5-1 , I2 December 1973 
- 5  

8 1974 WSTF Test Report, Report No. 13133-5-3, 1  A p r i l  1975 

Page 2 
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I, Introduct ion (cont .) 

behavior, s imulat ion of the vehic le pod feed system, chugging, r e s t a r t  w i th  

and without a  purge, p o s t f i r e  propel lant  evacuation and heat soakback charac- 

t e r i s t i c s ,  purge d e f i n i t i o n ,  chamber heat t ransfer ,  and performance. 

F u l l  scale tes t i ng  a t  ALRC, mostly w i t h  uncooled hardware,comprised 

some 362 f i r i nqs ,  and was p r imar i l y  concerned w i t h  combustion s t a b i l i t y  and 

the e f fec ts  o f  acoustic cav i t y  conf igurat ion.  This repo r t  documents f u l l y  the 

ALRC test ing,  as wel l  as the unielemerit and subscale work. 

The e n t i r e  program, i n  pa r t i cu la r  the f u l l  scale tes t i ng  a t  WSTF, was 

guided i n  i t s  planning and progress by the philosophy tha t  i t  must provide 

ear ly  i den t i f i ca t i on  and so lu t ion  of potent ia l  problems, both i n  regard t o  

hardware design and fabricat ion, as we l l  as to  engine behavior and operating 

l i m i t s  as determined under t e s t  condit ions. 

Page 3 
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The primary o b j e c t i v e  of t h e  program was t o  demonstrate a p l a t e l e t  face  

i n j e c t o r  f o r  app l i ca t i on  on the  OMS engine. Th is  engine i s  t o  develop 6000 1bF 

t h r u s t  using n i t rogen  t e t r ox i de ,  N204, and monomethyl hydrazine, MMH, as propel - 
lan ts ,  w i t h  a chamber pressure o f  125 ps ia  and a m i x tu re  r a t i o  o f  1 .65. The 

program was conducted i n  f ou r  phases and cons is ted of n i ne  tasks proceeding 

from a s i n g l e  i n j e c t i o n  element t o  t h e  f u l l  sca le  con f igu ra t ion .  Th is  r e p o r t  

sumnarizes these tasks t o p i c a l l y  which a r e  addressed as fo l lows:  

Un ie l  ement Program (6 1 bsf Thrust  j 

Task I A  - I n j e c t o r  Element Design and Ana l y t i ca l  Evaluat ions 

Subscal e Program (600 1 bsf Thrus t )  

Task IB  - Subscale Design 

Task I 1  - I n j e c t o r  Element Experiments Evaluat ion 

F u l l  Scale Program (6000 1 bsf Thrus t )  

Task I V  - Demonstration I n j e c t o r  Design 

Task V - Demonstration I n j e c t o r  Fab r i ca t i on  

Task V I  - Demonstration I n j e c t o r  Test Evaluat ion 

Demnst ra t  ion Program (6000 1 bsf Thrust )  

Task V I I  - P l a t e l e t  I n j e c t o r  Desiqn IJpdate 

Task X I  - Regenerative Chamber Fab r i ca t i on  

Contractual  l y  Required Reports 

Task XI1 - Report ing 
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11, Sumnary (cont.) 

A. UNIELEMENT TESTING 

Six fundamental l y  d i f f e r e n t  i n j e c t i o n  elements were conceived 

and tested i n  the unielement phase o f  the program. These were selected on 

the basis o f  fabr icab i  1 i ty using p l a t e l e t  construct ion techniques plus the 

usual con: iderat ions o f  performance, compat ib i l i t y ,  and s tab i  1 i ty. Th i r ty -  
nine g e m  t r i c a l  var ia t ions  o f  the s i x  basic elements were b u i l t  and tested 

t o  s9me degree. 

Testing included: (1 ) spray tes ts  w i t h  water a l lowing v isual  

observation o f  both c i r c u i t s ,  separately and together; (2 )  mixing t e s t s  i n -  

volvinq propel lant  simulants t o  enable mapping of mixture r a t i o  and mass f lux  

p ro f i l es ;  (3)  hot f i r e  tes ts  t o  provide some ind i ca t i on  o f  combustion e f f i c i -  

ency, s e n s i t i v i t y  t o  propel lant temperature and mixture r a t i o ,  and i n jec to r  

and chi.mber wal l  compat ib i l i t y .  Eighty-eight hot  f i r e  tes ts  were conducted. 

As a r e -  .lt o f  unielement test ing,  two elements were selected f o r  

subscal e and f u l l  scale evaluation. One was a splash p la te  which showed h igh 

performance, excel1 ent compat ib i l i t y ,  and i n s e n s i t i v i t y  t o  operating po in t  and 

propel lant  temperature. The other  was an X-doublet which showed lower per- 

formance and a lso lower heat f l u x  l eve l s .  

B. SUHSCALF TEbTING 

S ~ ~ s c a l e  t e s t i n g  consisted o f  eighty-seven hot f i r e  tes ts  an5 

fourteen cnid f low tests.  The purpose o f  the l a t t e r  was t o  inves t iga te  pattern, 

hydraul; , and propel lant  d i s t r i b u t i o n  charac ter is t i cs .  I n  the ho t  f i r i ngs ,  

thre.  patterns were tected: the  splash p la te ,  the X-doublet, and a mixed 

element consis t ing of the splash p la te  and X-doublet patterns. Two var ia t ions  

o f  the splasl, p ; ~ t e  and X-doublet elements were used. 
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11, B, Subscale Test ing (cont . )  

The purpose o f  the  h o t  f i r e  t es t s  was t o  es tab l i sh  performance, 

heat t rans fe r ,  and i t a b i l  i t y  w i t h  mult ie lement i n j e c t i o n .  The e f fec t i veness  

o f  acoust ic c a v i t i e s  i n  damping combustion i n s t a b i  1  i t i e s  was evaluated i n  

f i f t y -  f i v e  bombed f i r i n g s ,  and the e f f e c t  o f  chamber leng th  on s tab i  1  i t y  was 

l i kew ise  examined. Chugging t es t s  were run. The v a r i a t i o n  i n  performance 

and chamber heat t r a n s f e r  w i t h  f u e l  f i l m  coo l i ng  was a l so  invest igated.  Two 

ser ies o f  t es t s  each comprising 1500 thermal cyc les were conducted t o  assess 

cyc le  l i f e  c a p a b i l i t y  o f  p l a t e l e t  face i n j ec to r s .  

The s t a b i l i t y  o f  the splash p l a t ?  pa t t e rn  was found i n  subscale 

t e s t i n g  t o  be very sens i t i ve  t o  operat ing p o i n t  and p rope l lan t  temperature, 

so much so t h a t  the X - d o u b l ~ t  was selected as the primary candidate pa t t e rn  

f o r  f u l l  sca le  design and evaluat ion.  

C .  FULL SCALE TESTING 

F u l l  sca le  t e s t i n g  a t  ALRC was conducted p r i m a r i l y  t o  i d e n t i f y  

the e f f e c t s  of i n j e c t o r  pattern,  c a v i t y  con f igura t ion ,  chamber length,  f i l m  

cool ing, and operat in? po in t  on performance, compa t i b i l i t y ,  and s t a b i l i t y  

cha rac te r i s t i c s .  The period of t e s t i n g  extended over one year and i n  p a r t  was 

tandem t o  t h e  WSTF t e s t i n g .  F ive  basic i n j e c t o r  designs were u t i l i z e d ,  and 

twelve i nd i v i dua l  faces were a c t u a l l y  f i r e d .  There were 362 f i r i n g s  a t  ALRC, 

294 o f  which were bombed, w i t h  a  t o t a l  du ra t i on  o f  819 sec. 

The primary areas o f  i n v e s t i g a t i o n  r e l a t e d  t o  the in f luences o f  

c a v i t y  depth and area, c a v i t y  i n l e t  contour and f l o w  resistance, and i n j e c t o r  

over lap on s t a b i l i t y  margin. Lesser areas o f  i n v e s t i g a t i o n  r e l a t e d  t o  the 

e f f e c t s  o f  f i l m  cool ing,  chanther length,  and bomb l oca t i on ;  also, several  t e s t s  

were concerned w i t h  low and h igh pressure drop i n j e c t o r s ,  a  h igh con t rac t i on  

r a t i o  chamber, chugging, and the s u b s t i t u t i o n  o f  A-50 f o r  the spec i f i ed  f u e l ,  MMH. 
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On the basis of successful t e s t i n g  accompl ished a t  WSTF i n  1973, 

t he  XDT-2 pat tern was chosen as the primary candidate fo r  f u r t h e r  a1 t i t u d e  

c e l l  evaluation. However, because of t h e  l a rge  body o f  empir ical  data subse- 

quently accumulated a t  ALRC w i t h  t he  XDT-1 pattern, i t  was desiqnated as the pro- 

totype. I n  1974 WSTF tes t ing ,  the XDT-1 pa t te rn  f u l l y  met a l l  o f  t he  appl icable 

f l i g h t  hardware design speci f icat ions.  
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I I I. RESULTS AND CONCLUSIONS 

The r e s u l t s  and conclusions presented below derive mostly from the 

WSTF tes t i ng  which was the p r i nc ipa l  evaluat ion of the demonstrat ion i n j e c t o r  and 

chamber f i r e d  under a l t i t u d e  condit ions. Unielement and subscale tes t i ng  and 

f u l l  scale s t a b i l i t y  t es t i ng  a t  ALRC, whi le important t o  the develooment o f  the 

demonstration design, nonetheless was secondary i n  terms o f  program OD;% t i v e s  . 
Discussion i n  these areas w i  11 consequently be 1 i m i  ted. 

A. UNIELEMEMT TESTING 

1. Unilement t e s t i n g  w i t h  propel lant  simulants d., ~ l l  as i n  

hot  f i r i n g s  provides an e f f e c t i v e  means o f  studying f low and atomization 

charac ter is t i cs ,  mixture r a t i o  and mass f l u x  p ro f i l es .  It i s  a useful  and i n -  
expensive screening procedure fo r  screening d i f f e r e n t  elements and 1 i kewise a 

useful design technique for opt imiz ing a p a r t i c u l a r  element conf igurat ion. 

2.  As a r e s u l t  o f  unielement tes t ing ,  the splash p l a t e  element, 

SP-2, was selected as the primary candidate f o r  subscale t e s t  evaluat ion on the 

basis o f  i t s  high performance, excel lent  compati b i  li t y ,  and i n s e n s i t i v i t y  t o  

propel lant  temperature and operat ing po in t .  

3. The X-doublet, XD-0 was chosen as a back-up c o n f i g u r a t i m ,  

i n  pa r t  because o f  i t s  lower performance. 

8. SUBSCALE TESTING 

1. Subscale tes t i ng  provided an intermediate step between un i -  

element evaluations and f u l l  scale hardware design. I t  allowed a meaningful 

evaluat ion o f  performance, heat transfer, and stabi  1 i t y  under mu1 ti element 

f i r i n g  condit ions, and i t  d i d  so a t  somewhat lower costs f o r  hardware f a h r i -  

ca t i on  and t e s t  purposes than would obta in w i th  f u l l  scale hardware. On the 

other  hand, l i t t l e  was accomplished by the subscale tes ts  tha t  could no t  have 

been done as e a s i l y  i n  f u l l  scale test ing.  P a r t i c u l a r l y  w i th  reaard t o  

s tab i  1 i t y  resu l ts ,  subscale tes t i ng  can be misleading. 
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2. The subscale i n jec to rs  twice demonstrated a cyc le l i f e  

capabi 1 i t y  o f  1500 thermal cycl  es without s t ruc tu ra l  damage. 

3. The splash p la te  element chosen i n  the unielement t es t i ng  
as the primary candidate was found i n  subscale t e s t i n g  t o  have unstable 

tendencies. The X-doublet proved more acceptable and thus replaced the other  

as the primary candidate. 

C. FULL SCALE 

The f u l l  scale resu l t s  discussed below are broken down i n t o  areas 

o f  p a r t i c u l a r  in te res t ,  e.g., fabr icat ion,  performance, heat t ransfer ,  

s t a b i l i t y ,  etc.  For the most par t ,  the ho t  t e s t  resu l t s  are based on WSTF 

a l t i t u d e  test ing,  except f o r  s t a b i l i t y  resu l t s  which are based p r i m a r i l y  on 

ALRC sea l eve l  tests. 

1. Fabr icat ion 

a. The f a b r i c a b i l i  t y  o f  f u l l  scale p l a t e l e t  i n j e c t o r s  was 

demonstrated. No s i g n i f i c a n t  f ab r i ca t i on  problems were encountered w i th  the 

baseline bonding procedure. When an inadvertant dev ia t ion  from t h i s  procedure 

occurred, f ou r  i n jec to rs  were fabr icated which developed leaks. 

b. The ease and r a p i d i t y  of i n j e c t o r  rework was an unant ic i -  

pated benef i t  o f  the p l a t e l e t  f ab r i ca t i on  technique. A pat tern could be machined 

o f f  the face and a completely new pat tern made from ex is t i ng  artwork and i n -  

s ta l l ed  w i t h i n  three days. 

c .  T h e a p p l i c a b i l i t y o f  p l a t e l e t  f ab r i ca t i on  methods t o  

ba f f l ed  i n  j ec t c rs  was demonstrated. A three bladed, in tegra l  b a f f l e  i n j e c t o r  

; i was constructed without incident.  

8 

d. The f a b r i c a b i l i t y  of m i l l e d  s l o t  regenerat ive chambers 

w i t h  electroformed n icke l  external wal l  s was demonstrated, 
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I I I , C ,  F u l l  Scale (cont.) 

2. Performance 

a. Delivered spec i f i c  impulse a t  the nominal operat ing 

po in t  i s  between 314 and 317 sec f o r  the p l a t e l e t  in jec tors ;  the nonplate let  

l ike-doublet  i n j e c t o r  achieved comparable performance. 

b. Performance degradation due t o  the use o f  helium-saturated 

propel lants i s  neg l ig ib le .  

c. The use o f  approximately 8% o f  the f u e l  as f i l m  coolant 

reduces speci f ic  impulse about 1 sec w i t h  the  l i k e d o u b l e t .  

d. The performance loss due t o  the removal o f  the 4 i n .  L* 

sect ion amounted t o  2 t o  3 sec for e i t he r  type o f  i n j e c t o r .  

e. Performance improves from 0.2 t o  1.2 sec as prooel lant  

temperature i s  ra ised from 40 t o  llO°F. 

3. Heat Transfer 

a. Maximum gas-side regenerative chamber temperature a t  the 

th roa t  i s  765OF when using the prototype i n j e c t o r  a t  nominal condit ions. The 

corresponding cycle l i f e  i s  estimated t o  be 1350 cycles f o r  the f l i g h t  chamber. 

b. The gas-side regenerative wal l  temperature increases about 

18OF f o r  a 0.1 increase i n  mixture r a t i o ,  and about 70°F f o r  a 25 ps i  increase 

i n  chamber pressure. Helium saturat ion has a neg l i g ib le  e f f e c t  on wal l  temper- 

ature and f i l m  cool ing has only a s l i g h t  e f fec t .  

c. The coolant bulk  temperature r i s e  i s  164°F f o r  the 

prototype hardware a t  nominal condit ions. The r i s e  increases 10°F f o r  every 

0.1 increase i n  mixture r a t i o .  It i s  not a func t ion  o f  chamber pressure. 
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I I 1  ,C, F u l l  Scale (cont. ) 

d. The burnout safety f a c t o r  ( R ~ ~ . '  ) i s  estimated t o  be 

about 1.40 f o r  the f l  i g h t  hardware a t  nominal condit ions. Calculated safety 

factors less than 1 .OO were ac tua l l y  tes,tcd i nd i ca t i ng  some conservatism i n  the 

ana ly t i ca l  approach. 

e. F i lm cool ing i s  not necessary w i th  the X-doublet i n jec to r .  

f. Hcl ium bubbles o f  length s u f f i c i e n t  t o  momentarily 

est ingui  sh combustion were introduced i n t o  each propel lant  c i r c u i t  without 

incident.  The bubble i n  the fue l  c i r c u i t  passes through the chamber somewhat 

p re fe ren t i a l l y  on the i n l e t  s$de. The ox id izer -c i  r c u i  t bubble caused high face 

temperatures (1350°F) on the l ike-doublet  i n jec to r ;  whether the X-doublet 

p l a t e l e t  i n j e c t o r  would experience comparable temperature leve ls  i s  uncertain. 

g. Pressure osc 

regenerative chamber were observed 

these o s c i l l a t i o n s  i s  uncertain. 

i l l a t i o n s  i n  the fue l  i n l e t  man 

under ce r ta in  t e s t  condit ions. 

i f o l d  o f  the 

The cause of 

h. Wall temperature excursions from one steady-s t a t e  l eve l  t o  

a higher l eve l  a f t e r  several seconds o f  f i r i n g  were observed on both chambers. 

Such excursions ranged from 50 t o  100°F and suggest a s h i f t  from nucleate t o  

f i  i m  boi  1 i ng  i n  a very loca l  area o f  the coolant channel. 

4. S t a b i l i t y  

a. A s tab le  bdscl i ne  in jector-acoust ic  c a v i t y  conf igurat ion 
was established. I t  conzisted o f  the X-doublet i n j e c t o r  i n  conjunct ion w i t h  a 

circumferent ial  cav i t y  housing having e ight  1 -T c a v i t i e s  and four 3-T cav i t i es .  

The l - T  cav i t i es  were 1.5 in .  deep, as measurod from the i n j e c t o r  face, and had 

an open area equal t o  18% o f  the i n j e c t o r  face area; the 3-T cav i t i es  were 0.4 

i n .  deep and had an open area equal t o  9% o f  the face. 
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I I I , C ,  F u l l  Scale (cont.) 

t, . The s t a b i l i t y  margin o f  t h i s  baseline conf igura t ion  was 
determined t o  be 80%, tha t  i s ,  the cav i t y  area was 80% greater than r e w i r e d  

f o r  s table operation. 

c. The primary mode of i n s t a b i l i t y  w i th  the X-doublet patterns 

was resurging, which consists o f  per iodic  bursts o f  spinning 1-T mode. The 

frequency o f  these bursts i s  about 400 Hz. 

d. The i n s t a l l a t i o n  o f  dams a t  the three n u l l  po ints  i n  F . l- 

o f  the i n j e c t o r  face r i n g  manifolds was the s ing le  most e f f e c t i v e  means o f  

e l im ina t ing  resurging i n s t a b i l i t y .  

e. The s t a b i l i t y  of the X-doublet patterns was very sens i t i ve  

t o  the acoustic cav i t y  i n l e t  geometry. This s e n s i t i v i t y  apparently r e s u l t s  from 

inter ference o f  the cav i t y  1 i p  w i t h  the i n j e c t i o n  spray pat tern ra ther  than any 

change i n  acoustic charac ter is t i cs .  The s e n s i t i v i t y  of the  l ike-doublet  pat tern 

t o  cav i t y  conf igurat ion was not extensively tested. 

f. The mixed element i n j e c t o r  r e w i r e d  1 -T, 2-T, and 3-T 

cav i t ies  t o  e l iminate acoustic mode i n s t a b i l i t i e s  w i th  a 16 i n .  chamber. It was 

unstable w i t h  t h i s  cav i ty  conf igurat ion i n  a 12 in ,  chamber. 

g. The I :xed element-integral ba f f l e  i n j e c t o r  was spontaneously 

unstable i n  a depressed 1-T mode. The three-bladed b a f f l e  was intended t o  

provide 1-T damping and the acoustic cav i t i es  2-T and 3-T damping. 

S ta r t  and Shutdown Transients (Prototype Chamber) 

a. I n  WSTF tes t ing ,  th rus t  overshoot dur ing the s t a r t  t rans ien t  

averaged about 40% o f  steady s ta te  value but i n  several tests  exceeded 50X. 

Pressure overshoot could not  be es tab1 i shed accurately beca~se o f  slow-response 

instrumentation. 
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III,C, F u l l  Scale (cont.)  

b. Sta r t  impulse ranqed from 30 t o  50 lb-sec fo r  a dry 

engine s t a r t  o r  an unpurged engine r e s t a r t  a f t e r  coasts o f  30 sec o r  longer. 

Considerably higher values were experienced f o r  unpurged engine res ta r t s  w i th  

shor ter  coasts. 

c. Var iat ion o f  the time i n t e r v a l  from FS1 t o  90 I  th rus t  was 

w i t h i n  - + 0.1 sec o f  the averag2 value. 

d .  Shutdown impulse var ied by more than 500 lb-sec r**or the 

range o f  operat ing points  tested; cor rec t ion  t o  nominal cundi t ions  appears 

feas ib le  and i s  necessary t o  meet the speci f icat ion.  

e. Var iat ion o f  the time in te rva l  from FS2 t o  10% thrus t  

was w i t h i n  2 .I50 sec o f  the average value. 

f. Pos t f i r e  chamber presswe osci 1 l a t i ons  were character- 

i s t i c  o f  co ld engine shutdowns. 

g. Helium saturat ion has a neg l i g ib le  e f f e c t  on s t a r t  o r  

shutdown character is t ics.  

6. Evacuation and Soakout Character is t ics ; Purqe: L imi ts  of 
Simulation - 

a. Fuel c i r c u i t  evacuation times without a purge exterlded 

t o  100 o r  150 sec for the A-1 o r  workhorse chamber, depending on hardware and 

prope;lant temperature, and to  100 sec f o r  the A-2  o r  demonstrat ion chamber. 

Longer evacuation times a re  ant ic ipated w i t h  cold propel lant  and cold hardware. 

Fuel freezing due t o  wapora t ive  cool ing  was not experienced because c e l l  pres- 

sures were never below the fuel  t r i p l e  po in t  pressure. 
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I I I , C ,  F u l l  Scale (cont.) 

b. Oxidize- evacuation times ranged from 10 t o  20 sec 

depending on temperature. Freezing occurred regu la r l y  without detr imental  

e f fec t  t o  res tar t .  I n  one tes t ,  the ox id izer  i n l e t  l i n e  was posit ioned so 

as no t  t o  drain; temperatures 40°F below the freezina po in t  were measured and 

complete sub1imat;on o f  the accumulated f r o s t  required nearly 10 min. 

c. The p c s t f i r e  chamber temperature response o f  the A-1 

chamber c lose ly  f o l l  owed the saturat ion temperature corresponding t o  the measured 

fuel i n j e c t o r  manifold pressure f o r  as long as l i q u i d  remained i n  t h i  >ystem. 

Thereafter, the chamber soaked out  t o  peak temperatures ranoing between 100 and 

200°F i n  15 t o  20 min, depending on f i r i n g  durat ion. 

d. The p o s t f i r e  chamber temperature response o f  the A-2 

chamber d i d  no t  c lose ly  f o l  low the fue l  sa tura t ion  temperature, suggesting 

t h a t  the chamber i s  l a rge l y  vo'd of l i q u i d  imnediately a f t e r  valve closure, 

except i n  the '71et manifold. Temperatures remained i n  the range o f  250 t o  

300°F f o r  as long as 30 sec o r  u n t i l  bu lk  b o i l i n g  began i n  the manifold a t  

which time they showed a considerable drop. Subsequent soakout temperatures 

peaked between 150 and 250°F. 

e. The necessity f o r  a fue l  c i r c u i t  purge cannot be disproven 

without t e s t i n g  below the fue l  t r i p l e  po in t  pressure so tha t  the r i s k  o f  f rozen 

f u e l  accumulating on the chamber wal ls,  viz., downstream o f  the i n jec to r ,  may be 

assessed. iiowever, nothing i n  the t e s t i n g  t o  date ind icates tha t  a purge i s  

necessary. 

f. The fue l  c i r c d i t  purges tested d i d  no t  appear t o  be t o t a l l y  

e f f e c t i v e  i n  expel1 i ng  the fuel. The most e f f e c t i v e  purqes apDear t o  be o f  low 

flow r a t e  and long d ~ r a t i o n ,  ra ther  than high f low r a t e  and short  durat ion. The 

purge i s  best  i n i t i a t e d  immediately on shutdown s ignal .  The current  OMS purge, 

380 standard cubic inches o f  qaseous n i t rogen f o r  5 sec, i s  considered adequate 

bu t  not  optimum. 
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I V  . RECOMMENDATIONS 

A. BASED ON UNIELEMEtJT, SUBSCALE, AND ALRC FULL SCALE TESTING 

Pr imar i l y  the recomnendati ons t e i  ng made are a resuS t o f  WSTF 

tes t ing  o f  prototype hardware as discussed below. However, a number o f  recom- 

mendations ensue from the unielement , subscale, and ALRC s t a b i l i t y  tes t ing .  

1. I n j e c t i o n  Elements 

a. Development o f  the splash p la te  element should be pursued. 

This element demonstrated except ional ly high performance w i th  reduced chamber 

lengths bu t  was not  stable. Stabi l ized,  the pa t te rn  could prove a most usefu l  

innovation. 

b. The vortex element should 1 ikewise be pursued. It shows 

promise f o r  achieving high performance i n  reduced chamber length on the basis 

o f  unielement spray and mixing t e s t  resu l ts ,  but  has never been hot - f i red .  

c. Addit ional i nves t i ga t i on  o f  mixed element patterns i s  

recomnended. Mixed element i n jec to rs  hold the promise o f  combining the higher 

perforniance charac ter is t i cs  o f  one element type w i t h  the y e a t e r  s t a b i l i t y  o f  

another type.. 

2. S t a b i l i t y  Tes t ing  

a. A program t o  evaluate the in f luence o f  the acoust ic c a v i t y  

1 i p on the outer edge o f  the i n j e c t o r  pa t te rn  should be conducted. Such a program 

could given substant ial  i n s i g h t  i n t o  pat tern-cavi ty  in te rac t ions  and what i s  

required f o r  s t a b i l i t y .  

b. Addit ional t es t i ng  of the i n teg ra l  b a f f l e  i n j e c t o r  should 

be performed w i t h  a modif ied pa t te rn  t o  es tab l ish  the requirements f o r  s t a b i l i t y .  

Also, the b a f f l e d  in jec tor ,  i n  conjunct ion w i th  the XDT pattern, might be used t o  

conf irm the hypothesized mechanism of resurging, i n  t ha t  i t  should e l iminate the  

spinning 1-T mode which t r i gge rs  the resurge. 
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IV,A, Based on Unielement, Subscale, and ALRC Fu l l  Scale Testing (cont. ) 

c. Application o f  unielement tes t ing to  stabi 7 i t y  i nu rs t i -  

gations should be considered, perhaps by high speed photographic techniques, 

perhaps i n  conjunction with an acoustic "driver" t o  a f fec t  the in ject ion,  

atomization, vaporization, and combustion processes i n  the same manner as 

happens i n  f u l l  scale hardware. Experimental techniquas a1 lowing manipulation 

o f  parameters important t o  each of the four processes ind iv idua l l y  without 

affect ing the other three would be most useful i n  determining the dr iv ino 

mechanism o f  any type o f  instabi  1 i ty. 

8. BASED ON WSTF TESTING 

The following recomnendations are based on a1 ti tude test ing of 

prototype hardware a t  WSTF. 

a. Further test ing a t  high PC, high O/F conditions i s  recomnded 

because o f  the l imi ted test ing done a t  t h i s  end of the operating "box1'. 

b. Testing to  simulate the design speci f icat ion condit ion wherein 

the i n i t i a l  slug o f  both propellants i s  a t  the l i m i t i n g  temperature, 125OF o r  

30°F, while the remainder i s  a t  the nominal value, should be conducted. 

c. The effects of a helfum bubble f ro th  i n  e i ther  propel ldnt should 

be investigated. 

d. Restarts a f t e r  30 t o  60 sec coast periods should be investigated 

i n  greater detai 1. 

e. Testing a t  c a l l  pressures below the fue l  t r i p l e  point i s  

imperative t o  determine i f  a purge i s  necessary, 
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IV,B, Based on WSTF Testing (cont.) 

f. If a purge i s  found necessary, more t es t i ng  would be 

required t o  optimize the per t inent  purge parameters. The resul  ti no shutdown 

t rans ien t  would have t o  be evaluated t o  ascer ta in compliance w,th the design 

speci f icat ion.  

be inve 

g. More p o s t f i r e  heat soakback data should be 3 m ~ i r e d .  

h. Hot r e s t a r t s  a f t e r  short  coasts ( less than 10 sec) should 

p t e d  fu r the r  because o f  the  several i nstabi 1 i t i e s  encountered un&!r 

these condi ti ons . 

5 .  Cavity gas temperatures and heat f l u x  p r o f i l e s  should be 

determined i n  greater d e t a i l  than has been done. 

j. Cycle l i f e  capab i l i t y  o f  the f u l l  scale hardware should b~ 

demonstrated . 

2. Technical Issues 

a. A simple one-degree of-freedom miidel o f  the WSTF t e s t  stand 

should be constructed t o  a1 low in te rp re ta t i on  o f  measure s t a r t  t rans ien t  t h r u s t  

measurements (see Specif icat ion Change #a be1 ow). 

b. The chamber gas-side wal l  temperature excursions tha t  were 

monitored warrant f u r the r  inves t iga t ion .  

c. Addit ional s tab i  1 i t y  t e s t i n g  i s  recomnended. 

d. Purging o f  the ox id izer  c i r c u i t  as wel l  as the fue l  c i r c u i t  

should be reassessed. 

e. The e f f e c t  o f  tolerance and tolernace stack-up on i n j e c t o r  

and chamber wa l l  temperatures, thermal margin, i n j e c t i o n  charac ter is t i cs ,  per- 

formance, and stabi  1 i t y  should be considered f u l l y .  
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IV,B, Based on WSTF Testing (cont. ) 

f. The f l u i d  dynamic model o f  the engine system should be 

improved i n  the area of shutdown t rans ien t  simulat ion. 

g. The thermal model o f  the  f l i g h t  system should be updated 

t o  r e f l e c t  p o s t f i r e  behavior of the f l i g h t  prototype chamber. 

3. Speci f icat ion ~hanqes 

a. Chamber pressure overshoot during the s t a r t  t rans ien t  may 

exceed the allowable 150% o f  steady-state leve ls .  It may be necessary t o  ra i se  

the allowable leve l  t o  200%. 

b.  The shutdown impulse spec i f i ca t ion  could be s i m p l i f i e d  

by def ining impulse as t o t a l  impulse t o  zero th rus t  without speci fy ing a time 

l i m i t .  It may be necessary t o  increase the allowable impulse value i n  any event. 

4. Instrumentation 
. - - -  - 

a. Higher response 

t i v e  i f  overshoot i s  t o  be determined 

above. ) 

chamber pressure measurements a re  impera- 

accurately (see Speci f icat ion Change No. a, 

b. More chamber gas-side thermocouples are  advisable and 

improved i n s t a l  l a t i o n  i s  per t inent .  The demonstration chamber, i n  pa r t i cu la r ,  

was lacking i n  thermal instrumentation. 

c . Both f low meters and pressure transducers proved unrel i ab l  e 

a t  times during the  test ing,  and cer ta i r ,  o f  the l a t t e r  d r i f t e d  as a r e s u l t  of 

temperature var iat ions.  Every e f f o r t  should be made t o  e l iminate t h i s  i n  fu ture 

tes ts .  

d. D i g i t a l  data as generated a t  b!STF would be easier t o  use if 

the va r i  ws funct ions were t i t l e d  w i t h  the commonly accepted nomenclature, ra ther  

than the funct ion number as was done, viz. ,  PC, TFJ and TdT ra ther  than 4011P, 

4019T, and 4025%. 
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IV,B, Based on WSTF Testing (cont.) 

Fabrication and Inspection 

a. During bonding o f  the p l a te l e t  stack t o  the in jec to r  

body, i t  i s  important tha t  the body i s  given su f f i c i en t  support t o  prevent 

creep. Corrective measures have been incorporated i n  the fabr ica t ion procedure. 

b. Proper cleansing o f  the chamber surface p r i o r  t o  e lectro-  

forming i s  o f  the utmost importance. 

c. Inspection techniques f o r  determining bond qua1 i t y  between 

the p l a te l e t  stack and the i n j ec to r  face should be developed. 

d. Inspection techniques t o  assess the bond between the 

electroformed outer she l l  and the inner 1 ine r  o f  the chamber should 1 ikewise 

be developed. 
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The primary a ~ p l i c a t i o n  o f  the resu l t s  o f  t h i s  program has been the 

baseline design d e f i n i t i o n  o f  the Space Shut t le  OMS engine. I n  addi t ion,  how- 

ever, the technology i s  re levant  t o  several other rocket  engine appl i cd t ions .  

5-10 l b  Thrust Vernier Engines 

The unielement program, Task I, c l e a r l y  demonstrated the use o f  s ing le  

i n j e c t i o n  elements, fabr ica ted  o f  p la te le t s ,  a t  the 6 1b th rus t  l eve l .  These 

novel devices achieved high performance i n  minimal chamber length w i th  minimum 

propel lant  volumes. The low cost f l e x i - b i l i t y  o f  the concept provides a s o l i d  

foundation f o r  the app l ica t ion  o f  unielements t o  t h i s  th rus t  class o f  rocket  

engine. 

10-1000 l b  Thrust RCS Enqines 

The subscale program, Task I I, demonstrated the mu1 t ielement f l e x i  b i  1 i t y  

o f  the p l a t e l e t  concept a t  the 600 1 b th rus t  leve l  . Various inJsc tor  designs 

achieved high performance, good chamber compati b i  1 i t y  , stabi  1 i t y  , and excel lent  

cycle 1 i f e .  Low cost f ab r i ca t i on  techniques coupled w i  t h  the rework capabi 1 i t y  

o f  p l a t e l e t  construct ion a l low f o r  expedit ious development o f  engines i n  t h i s  

t h rus t  class. Moreover, i n j e c t o r  t h rus t  capab i l i t y  can be scaled up o r  down 

qu i te  simply by photographic enlargement o r  reduct ion processes. 

6000 1 b Thrust Maneuveri nq Engi nes 

The f u l l  scale demonstration programs, Tasks V I  and V I I ,  not  only  def ined 

a basel ine design f o r  the OMS eng'ne but a lso showed addi t ional  benef i ts  t o  the 

p l a t e l e t  i n j e c t o r  concept. Mixing o f  p l a t e l e t  elements by merging the artwork 

o f  two o r  more patterns allows the design emphasis t o  be sh i f t ed  t o  s t a b i l i t y ,  
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V, Appl icat ion of Results (cont.) 

performance o r  cool ing margin as required. The rework feature provides f o r  i 
i n j e c t o r  development w i th  an inexpensive arid rap id  fab r i ca t i on  cycle. The I g 

program also demonstrated tha t  the p l a t e l e t  concept i s  not r e s t r i c t e d  t o  an i I' 

unbaff led i n jec to r  w i t h  the fab r i ca t i on  of an in tegra l  b a f f l e  u n i t  having three c 

separate i n j e c t o r  compartments. These various design options c l e a r l y  i 11 us t ra te  

the inherent f l e x i b i l i t y  o f  the p l a t e l e t  i n j e c t o r  concept as appl ied t o  engines 

i n  t h i s  higher th rus t  category. 



VI .  CONTRIBUTIONS OF OM€ TO OMS 
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V I ,  CONTRIRUTIONS OF OME TO OMS 

The major accompl ishment of the OME P l a t l e t  I n jec to r  Program ha; been t o  

establ ish a f i r m  technology base f o r  the design and development o f  the  OMS 

engine, and t o  provide a fundamental understanding o f  engine behavior f o r  a 

va r ie t y  o f  condit ions tha t  may o r  w i l l  be encountered i n  actual f l i g h t  opera- 

t i on .  The most s i g n i f i c a n t  contr ibut ions r e l a t e  t o  the design o f  the in jec tor ,  

chamber, and acoustic cav i ty ,  and t o  operat ion of the engine. 

A. INJECTOR 

1. Cycle L i f e  - Cycle 1 i f e  of 1500 cycles was twice demonstrated 

i n  suhscale tes t ing .  

2.  Hydraulics - Hydraulic design of the  f u l l  scale i n jec to r  was - 
developed and demonstrated. 

3 .  Fabr icat ion Sequence - A low cos t  fab sequence was devised 

and shown t o  be sat  i s fac to ry  . 

4 .  Rework Caprhil i t y  - Successful refacing of  i n j e c t o r  bodies was ..- 

accomplished, a l lowing pattern changes to  be made a t  low Cost and w i th  minimum 

delay. 

8. CHAMBER 

1. b b r i c a t i o n  T e c h n i s  - The techniques f o r  fabr ica t ing  the  

e lx t roformed jacket!milled s l o t  chamber were shown t o  be sat is factory.  

2. Heat Transfer Evaluations - Heat f l ux ,  wall temperature, and 

coolant bulk  temperature r i s e  data acquired i n  f u l l  scale tes ts  expedited the 

ana ly t i ca l  thermal design o f  the OMS chamber. 
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V I ,  R, Chamber (cont . )  

3.  Cycle L i f e  - Acceptable c,ycle l i f e  c a p a b i l i t y  f o r  the  OMS chamber 

could be shown on the  bas is  o f  these data. 

C. ACOUSTI C CAVITY 

1. Design - The OMS w i  11 use the dual tuned acoust ic  c a v i t y  , w i t h  

e s s e n t i a l l y  the  same area, tune, and i n l e t  geometry as developed i n  the  ONE program. 

2. S t a b i l i t y M a r q i n - T h e s t a b i l i t y m a r g i n o f t h i s c o n f i g u r a t i o n  
was f u l l y  evaluated. 

3. - C r i t i c a l  Factors - C r i t i c a l  f ac to r s  i n  the design, f a b r i c a t i o n  

and ins t rumentat ion o f  acoust ic  c a v i t i e s  were i d e n t i f i e d .  

4.  Operating Po in t  S e i i s i t i v i t y  - The i n f l uence  o f  chamber pressure, 

m ix tu re  r a t i o ,  and prove1 l a n t  temperature on c a v i t y  tune were inves t iga ted .  

D. ENGINE OPERATION 

1. He1 ium Satu ra t ion  - The e f f e c t  o f  he1 ium s i ~ t u r a t i o n  o f  the 

o rooe l l  ants on engine t rans ien ts  and performance was f u l  l y  analyzed. 

2. - Helium Bubble Inges t ion  - Inges t ion  o f  l a r g e  he l ium bubbles i n t o  

each propel  1 ant  c i r c u i t  was examined. 

3. Eperat inq Po in t  S e n s i t i v i t y  - The i n f l uence  o f  chamber pressure, 

m ix tu re  r a t i o ,  and p r o ~ e l l a n t  temoeraturd on performance, heat t r ans fe r ,  and engine 

t r ans ien t  behavior was evaluated. 

4. Chugging - The th resho ld  chamber Dressure f o r  chugging was 

establ ished. 
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V I , D ,  Engine Operation (cant.) 

5. Propel 1 ant Lead - Propel l a n t  1 ead ef fects were invest igated. 

6. Fi lm Cool inq - The need f o r  and e f f e c t  o f  f i l m  cool ing was 

determined. 

7. Engine Transients - - S t a r t  and shutdown t ransients o f  the engine 

have been characterized. 

8. Engine Restart - Restart o f  hot  a ~ d  cold engines, purged and up.- 

purged, w i th  ho t  and co ld  propel lants, has been invest igated. 

9. Propel lant Evacuation - Pos t f i  r e  propel lant  evacuation wa, assessed 

f o r  a range o f  ~ n g i n e  and prooel lant  temoeratures. 

10. Pos t f i  r e  Heat Soakback - Pos t f i  r e  heat soakback charac ter is t i cs  

and maximum coast temoeratures have been detenined.  

11. Purge - Purge effect iveness f o r  a va r ie t y  o f  purge paramet2rs 

was eval u r  ted. 

12,  - Comoliance w i th  OMS Speci f icat ion - Exceot f o r  minor deviat ions 

compliance w i  t h  the UMS design spec i f i ca t i on  has been demonstrated. 

13. F u t u r e T e s t i n g -  Areas tha t  requi re addi t ional  t e s t e v a l u a t i o n ,  

inc luding high temoerature propel lants, purge effect iveness, and reduced c e l l  

pressures, have been i den t i f i ed .  
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A. INTRODUCTION 
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This sec t ion  discusses the unielement t es t i ng ,  Task I, which 

preceded subscale and f u l l  sca le  hardware development. Unielements a re  the  

fundamental i n j e c t i o n  pa t t e rn  u n i t  o f  t yp ica l ' r y  one ox id i ze r  and one f u e l  

o r i f i c e .  The f unc t i on  o f  the unielement t e s t s  was t o  provide a simple means 

o f  determining hydraul ic ,  spray, and mix ing c i x i r ac te r i s t i c s  us ing  water and 

p rope l lan t  simulants i n  co ld  f l ow  tes ts ,  and i n  ho t  f i r e  performance t e s t s  

t o  de f ine  pa t t e rn  s e n s i t i v i t y  t o  mix ture r a t i o  and prove1 l a n t  temperature. 

Several types o f  t es t s  were conducted: (1  ) spray t es t s  w i t h  water a1 lowing 

v isua l  observat i o r ~ s  o f  both i n  jec tants ,  separately and together; ( 2 )  mix ing 

t es t s  w i t h  imn i sc i b l e  simulants t o  enable mapping o f  m ix tu re  r a t i o  and mass 

f l u x  prof i les : ,  (3)  hot  f i r e  t e s t s  i n  uncooled chamber t o  determine perform- 

ance, pa t te rn  s e n s i t i v i t y ,  face and wa l l  compat ib i l  i t y  . Th i r t y -n i r le  v a r i s t i o n s  

o f  s i x  bas ic  i n j e c t o r  pat terns were tes ted  t o  some degree i n  the  unielement 

ser ies.  These w i  11 be described i n  d e t a i l ,  as wi 11 the  t e s t  r esu l t s ,  and t he  

conclusions drawn i n  t h i s  phase 3f the program. 

B. UNIELERENT DESIGN 

Figdre 1 shows a unielement i n j e c t o r  which i s  0.650 i n .  d i a  and 

0.150 i n .  t h i ck .  The e n t i r e  i n j e c t o r  i s  made o f  p l a t e l e t s  and incorporates the 

mani fo ld  as we l l  as the elements i n  the p l a t e l e t  stack. The th ree  basic 

pat terns o r i g i n a l  l y  tested were the X-doublet , unl i ke-doublet , and splash p la te ,  

which are shown ;:I Figures 2, 3, and $;'respectively. These con f igura t ions  

were chosen on the  basis o f  a  survey o f  pat terns app l i cab le  t o  the p l a t e l e t  

concept and represent th ree  d i f f e r e n t  a tomizat ion mechanisms. The X-doublet 

impinged two d i r e c t l y  a l igned 1 i ke -p rope l lan t  streams w i t h i n  the  face and 

i n j ec ted  the r e s u l t i n g  fans para1 l e l  and o f f s e t  from each o ther  (1  ike-propel1 an t  
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V I I  ,B, Unielement Design (cont. ) 

momentum exchange atomization). The unl i ke-doublet impinged the fue l  on the 

ox id izer ;  the ox id izer  was in jec ted  normal t o  the face and the fue l  was normal 

t o  the ox id izer ,  i .e., p a r a l l e l  t o  the face (un l i ke  momentum exchange atorniza- 

t i o n ) .  The splash p la te  involved mechanical atomization o f  the two propel lants 

by means o f  d i r e c t  impingement on the 1 i p  o f  the i n j e c t i o n  cup and subsequent 

impingement o f  the r e s u l t i n g  unl i ke propel l a n t  fans. 

Fol lowing tes ts  w i th  the o r i g i n a l  conf igurat ions , several var ia t ions  

t o  the o r i g i n a l  patterns were added and a fou r th  conf igurat ion,  a l ike-doublet,  

a lso included; Figure 5 shows the basic l ike-doublet ,  which consists o f  two 

impinging 1 ike-doublet fans, impinging a t  r i g h t  angles. 

Subsequently, the inves t iga t ion  o f  various patterns was renewed, 

w i th  the emphasis on s u i t a b i l i t y  f o r  p l a t e l e t  f ab r i ca t i on  techniaues, increased 

passage size, avoidance o f  passages over r i n g  channel lands, prevention o f  

propel lant  splashing i n t o  the opposite propel lant  o r i f i c e ,  etc., i n  add i t ion  t o  

the usual 

conceptual 

These two 

Figures 6 

produced 1 

considerations o f  performance, s tabi  1 i t y  , and compatibi 1  i ty. Six 

designs were completed and two o f  them fabr icated and spray tested. 

were the V-doublet and vortex patterns, shown respect ive ly  on 

and 7, o f  which several dimensional var ia t ions  existed. The V-doublet 

i ke-impinging f u e l  and ox id izer  doublet fans which were canted toward 

each other. The vortex elements had e i t h e r  one o r  two i n l e t s  t o  each vortex cup 

and had a va r ie t y  o f  e x i t  area cross-sections. 

Thus there were s i x  basic o r i f i c e  conf igurat ions tested w i th  each 

pat tern having several var ia t ions.  These are sumnarized on Table I, which aives 

per t inent  geometrical information f o r  a l l  o f  the var iat ions.  
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TABLE I 

SUMMARY OF UN~ELEMENT ?ATTENS TESTED 

a. Of fset  Fans Or i f i ce  Size S lo t  Size 
Offset &eJ Oxi'dizer - - F u c l x l d i  zer 

b. In-Line Fans 

XDI-I - .020x.020 .024x .024 .020x .080 .020x.080 
XDI-2 - .020~.020 .OLOx.O24 .020x .080 .024x.080 

I .  Unl l  ke-Doublet 
Oxtdtzer O r i f i c e  Fuel O r i f i c e  

UD- 1 
UD-2 
UD- 3 

111. Splash P la te  
O r i  f l ce  Diameter 

Fuel - Oxldi zer 

SP- 1 .020 .024 
SP-2 (re1 ieved) .020 .024 
LSP-I .025 .030 
LSP-2 ( re l ieved .015) .025 . O N  
4SP ( four  elements) 

I V .  Like-Doublet 
Cu Size 

~uel-%xidizer - 
LD-B 
LD-FD 
LD-FWD 
LD-FOWD 

V. V-Doublet 

I nc 1 uded Anql e 
VDT- I 60 
VDT-2 60 
VDT-3 60 
VDT-4 60 
VDT-5 90 
VDT-6 90 
VDT-7 90 
VDT-a 90 

I n l e t  - 
Fue 1 - Oxidizer 

Out le t  
Fuel- - Oxidizer 

.020x. 020 

.020x.020 

.0226 d i a  

.0226 d ia 

.020x.020 

.020x. 020 

.0226 d ia 

.0226 d i a  

. O24x. 024 

.024x.024 
,0271 d ta  
.0271 d f a  
.024x .O24 
.O24x .O24 
.0271 d i a  
.0271 d i a  

V I .  Vortex 

E x i t  t o n f i g  

Ci rcu lar  
CIrcu lar  
C i rcu la r  
C i rcu la r  
E l l l p t i c a l  
Rectangular 
E 1 1 l ~ t t c r l  
Rtctangul rr 
Trtangular 
Cross-Shaped 
1 r iangular  
Cross-Shaped 

I o f  
I n l e t s  - F m e r  

E x i t  Diameter - -  - Fu- x i d i z e r  

VTX-A 
VTX-8 
VTX-C .Ca 
VlX-D,Da 
VTX-E 

.I20 . I00 .029 d i a  .033 d ia  

. I20 . loo .027 d i a  .O3O d ia  

. I40 -120 .030 d i a  .034 dfa 

. I40 .I20 .028 d la  .031 d l a  
. 0204~.  0408 .O234x. 0468 
.020x .0287 .020x.0354 
.O2O4x. 0408 .O234x. 0468 VTX-F 

VTX-G 

VTX-H 
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V I I ,  Unielement Test ing (cont.) 

C. SPRAY TESTS 

Spray t e s t s  us ing f i l t e r e d  water as a p rope l l an t  s imulant were 

conducted t o  a l low v isua l  observat ion o f  the i n j e c t o r  spray and atomizat ion 

cha rac te r i s t i c s .  Element pressure drop co r re l a t i ons  were simultaneously developed. .) 

Back l igh t ing  enabled Po la ro id  photographs t o  be made o f  the spray pat terns,  and 

Figures 8 and 9 show t y p i c a l  r e s u l t s  f o r  some o f  the f i r s t  pat terns tested.  The 

p rope l l an t  c i r c u i t s  were f lowed separate ly  and then together i n  these t es t s .  

The spray t es t s  were an inexpensive means o f  determining d r o ~ l e t  

s i z e  d i s t r i b u t i o n  and d ispers ion,  and i n  conjunct ion w i t h  the mix ing t e s t s  

descr ibed below, permi t ted an es t imat ion  o f  performance and compati b i  1 i t y  under 

h o t - f i r e  condstions. The X-doublet, f o r  instance, was observed t o  g i ve  exce l l en t  

atomizat ion, w i t h  we1 1 def ined and p red ic tab le  sprhy; however, the spray width 

was found t o  be minimum f o r  good u n l i k e  p rope l lan t  mixing. Nei ther  the un l i ke -  

doublet  nor the  splash p l a t e  o f f e red  comparable atomizat ion, a1 though the unl  i ke- 

j o u b l e t  showed exce l l en t  stream alignment and the splash p l a t e  a uniform spray 

f i e l d .  The l i ke -doub le t  pat terns t y p i c a l l y  produced a f an  s i m i l a r  t o  the cplash 

p la te ,  poss ib ly  w i t h  super io r  atomi zat ion.  The vor tex element produced a 

conica l  spray which showed excel  1 en t  atomizat ion. 

D. M I X I N G  TESTS 

Mix ing t e s t s  were performed on the Advanced I n j e c t o r  D i s t r i b u t i o n  (AID) 

co ld  f l o w  measurement f a c i l i t y ,  more commonly c a l l e d  the  "mi l k  maid". Fiqure 10 

shows a photograph o f  the apparatus which invo lves a c o l l e c t o r  head placed below 

the  i n j e c t o r  face and numerous tubes lead ing  t o  c o l l e c t o r  b o t t l e s .  The t es t s  

were conducted using water as a f u e l  s imulant (spec i f i c  g r a v i t y  o f  1 .OO versus 

0.79 a t  the  nominal f u e l  i n j e c t i o n  temperature) and Freon as the ox id i ze r  s imulant 

( s p e c i f i c  g r a v i t y  o f  1.58 versus 1.44 a t  the nominal po in t ) .  This favorable 

dens i ty  r a t i o  a l lows the proper momentum r a t i o  t a  be dupl icated. Four unielement 
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V I I  ,D, Mix ing Tests (cont.  ) 

i n j e c t o r s  were tes ted  a t  one t ime w i t h  the  c o l l e c t o r  head located 0.75 i n .  

away on a1 1  tes ts .  The head was d i v i ded  i n t o  f o u r  quadrants by separator 

p la tes,  and care was taken t o  ensure t h a t  no l i q u i d  s t ruck  the separators.  

The r e s u l t i n g  spray g r i d  on each i n j e c t o r  was thus a  square 1.8 i n .  on a s ide.  

Based on t e s t  measurements, maps o f  mix ture r a t i o ,  f u e l  and o x i d i z e r  

mass f l u x ,  and t o t a l  mass f l u x  were generated by computer. Figures 11 throuah 21 

show such p l o t s  f o r  va r i a t i ons  on the  X-doublet, i n -1  i n e  X-doublet, un l ike-double t ,  

splash p la te ,  and l i ke -doub le t  pat terns.  For the X-doublets, Figures, 11, 12 

and 13, t he  XD-2 con f i gu ra t i on  appears t o  have the  most condensed spray p a t t e r n  

w i t h  both p r o p t l l a n t s  concentrated i n t o  s i n g l e  lobes. These r e s u l t s  may be mis- 

lead ing i n  t h a t  f l ow  t o  the  XD-2 was somewhat i n t e r m i t t e n t  and the  i n j e c t o r  would 

not  otherwise be expected t o  d i f f e r  so markedly from the XD-0 and XD-4. However, 

the mix ing e f f i c i e n c y  i s  c l e a r l y  degraded by inc reas ing  the  amount o f  o f f s e t  

between o r i f i c e s ;  the  e f f e c t  i s  s imply due t o  i n c r e a s i n ~  the separat ion between 

p rope l l an t  fans. Figures 14 and 15 show the mix tu re  r a t i o  and mass f l u x  maps 

f o r  the i n - l i n e  doublets. For these two elements, the 

1  ess concentrated under t h e i r  respec t i ve  o r i f i c e s  w i  t h  

surround the  f u e l  fan. The tendency i s  increased when 

l a r g e r  than the  f u e l  s l o t .  

p rope l lan ts  arc  more-or- 

the o x i d i z o r  tend ing t o  

t he  o x i d i z e r  s l o t  i s  

Unl ike-doublet  t e s t  r e s u l t s  a re  g iven i n  F i  

u n l i  ke-doublets produced r e l a t i v e l y  un i fo rm f u e l  d i sper  

gures 16, 17, and 18. The 

s i o n  bu t  r a the r  conve r~ed  

o x i d i z e r  f l ow  such t h a t  t he  mass f l u x  and mix ture r a t i o  p r o f i l e s  are both 

centered around t he  o r i f i c e  area. The splash p l a t e  d e s i g ~ ,  F igure 19, y i e l d s  

r e l a t i v e l y  un i form mass f l uxes  and a  m ix tu re  r a t i o  p r o f i l e  t h a t  leans i n  the  

d i r e c t i o n  o f  h igh values i n  the  d i r e c t i o n  o f  o x i d i z e r  f l ow  beyond the f u e l  

o r i f i c e .  This spray-through c h a r a c t e r i s t i c  would be checked ou t  on h o t  t e s t  t o  

see i f  combustion would i n h i b i t  t h i s  cond i t i on .  F i n a l l y ,  the l i ke -doub le t  r e s u l t s  

g iven i n  Figures 20 and 21 show a  wide d ispersa l  o f  M t h  i n j e c t a n t s ,  again w i t h  

the  o x i d i z e r  pene t ra t ing  through the f u e l  and causing h igh mix tu re  r a t i o  zones 

beyond the  f u e l  o r i f i c e .  
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Figure 11. Unielement Propellant Flow Distribution, XD-0 Pattern 
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1 Figure 13. Uni e l  ement Propel lant  
1 
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UD-11) Fuel h r s  flux Profile in Z 

UD-lB Total Mar ?lux Irofile in X 

Figure  16. Unielement Prope l lan t  Flow 
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Figure 19. Unielement Propellant Flow Distr ibut ion,  SP-1 Pattern 
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Figure 21. Unielement Propellant Flow Distr ibut ion,  LD-FGID Pattern 
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V I I , D ,  Mixing Tests (cont.) 

I t  should be pointed out t h a t  the o r i f i c e s  drawn on the above 

f igures  are not  t o  scale, nor accurately located. Also, the explanation fo t  

nonsymmetrical p r o f i l e s  from symmetrical o r i f i c e  conf igurat ions i s  riot obv ~ O U S ;  

presumably, the e f f e c t  o f  tolerance d i f ferences take on great s ign i f i cance when 

compared t o  nominal passage sizes, but also qui rks i n  the t e s t  set-up and data 

reduct ion techniques may induce a la rge  pa r t  o f  the nonsymnetrical resu l t s  obtained. 

I n  conjunct ion w i th  the above test;, the mixina e f f i c i ency ,  Rupe 

number, and c o l l  e c t i  on area were determined as f o l  lows : 

Co l lec t ion  M i  x i  ng Ru pe X Area 
Number Col 1 ec t  i on Element M ix tu reRa t io  Efficiency -- 

XD-0 
XD-2 
XD-4 
XDI-1 
XDI-2 
UD- 1 
UD- 2 
UD- 3 
SP- 1 
LD-B 
LD-FWD 

Mixing ef f ic iency,  Em, i s  def ined by the equation: 

where X i s  the mass f r a c t i o n  i n  each c o l l e c t i o n  tube, (G/F) i s  the nominal 

mixture r a t i o ,  and the subscript i and j r e f e r  t o  the samples below and above 

the nominal mixture r a t i o ,  respect ive ly .  Mixing e f f i c i ency  i s  thus a measure 

o f  the weight-sumned deviat ion from uniform mixture r a t i g  cor ldi t ion. 
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V I I , D ,  Mixing Tests (cont.) 

The Rupe Number, Rn, i s  defined as: 

where p i s  the density, d  the o r i f i c e  diameter, and the subscripts o and f denote 

the ox id izer  and fue l  respect ively.  It i s  a measure o f  r e l a t i v e  momentum and 

area e f f e c t s  f o r  impinging propel lant  streams. The mixing e f f i c i ency  and Rupe 
1 Numb~r were developed t o  express the co r re la t i on  between propel 1 ant m i  x i  ng and 

per t inent  i n j e c t i o n  parameters. The l a s t  term i n  the table, the "% Area Collected" 

i s  the r a t i o  o f  co l l ec to r  tubes containing f l u i d  t o  t o t a l  co l l ec to r  tubes and i s  

a measure o f  propel 1 ant d i  spers ion. 

A1 though the unielemcnt " m i  1  k maid" t e s t i n g  approach cannot account 

f o r  interelement mixing and various combustion effects, i t  has proven a useful  

t oo l  i n  opt imizing i n j e c t o r  element design. It i s  almost axiomatic t ha t  a wel l  

designed s ing le  element c, 1 only perform b e t t e r  under hot f i r e  condit ions i n  

conjunct ion w i th  other elements. 

E. HOT F I R E  TESTS 

Eight-eight hot f i r i n g s  were conducted w i th  the unielements, using 

both 2 i n .  and 4 i n .  long chambers. Figure 22 shows the chambers used i n  these 

Tests and Table I 1  sumnarizes t e s t  condit ions and per t inent  resu l ts .  The 

fo l lowing inJector  patterns were tested: XD-0 and -2, XDI-1 and - 2 ,  SP-1 and -2, 

LSP-2 and 4SP, UD-1 and -2, and LD-B. Figures 23 and 24 show the energy release 

e f f i c iency  (ERE) as a funct ion o f  mixture r a t i o  for the various   at terns tested. 

I n  general, ttic patterns are not  mixture r a t i o  sensi t ive;  the s,lash p late,  l i k e -  

' ~ u ~ e ,  J. H., A Corre lat ion 
Streams and the Uniformity 
Program Report No. 20-209, 

Between the Dynamic 
o f  Mixture Ratio D i  
J e t  Propulsion Lab. 

, Properties o f  a Pai r  o f  Impinging 
s t r i b u t i o n  i n  the Result ing Spray, 
, 28 March 1956 
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VII,E, Hot F i r e  Tests ( c o ~ t .  ) 

doublet, and unlike-doublet conf igurat ion tend t o  be higher performing than the 

X-doublets. Figures 25 and 26 show ERE as a func t ion  o f  f ue l  temperature; 

t y p i c a l l y  , very 1 i t t l e  s e n s i t i v i t y  t o  f ue l  temperature i s  evident. Likewise, 
l i t t l e  s e n s i t i v i t y  t o  Rupe Number, ve loc i t y  r a t i o  or  momentum r a t i o  has been 

determined. Thus, i n  general, a1 1 o f  the elements appear su i tab le  from the 

standpoint o f  i n s e n s i t i v i t y  t o  operating po in t  condi t ion over the expected 

range o f  OMS appl i c a ~ i  1 i ty .  

Both i n j e c t o r  face temperatures and chamber gas-side wa l l  temperatures 

were measured i n  the unielement tes t ing .  Figure 27 shows face temperatures as a 

funct ion o f  mixture r a t i o ,  and Figure 28 as a funct ion o f  f u e l  temperature, f o r  

the basic patterns tested. Two conclusions are read i l y  apparent: (1) the face 

temperature i s  r e l a t i v e l y  i nsens i t i ve  t o  mixture r a t i o  o r  f ue l  temperature; and 

(2)  the splash p la te  operates a t  a much higher temperature than the other con- 

f igurat ions.  Typical ly ,  i t  regis tered 800 t o  1000°F whi le the others were 

i n  the range o f  200 t o  400°F. It must be recognized, o f  course, t h a t  these 

f igures  are based on one o r  two thermocouple responses which may not  be i nd i ca t i ve  

o f  the e n t i r e  face temperature. 

Chamber gas-side wa l l  temperatures were measured a t  s i x  locat ions 

ax ia l  l y  and c i rcumferent ia l  l y .  Results f o r  the X-doublet pa t te rn  are shown on 

Figure 29. Typical ly ,  the responses t rend toward the propel 1 ant saturat ion 

temperatures i n  the sect ion upstream o f  the throat ,  whi le  i n  the th roa t  they 

ind ica te  the e f fec ts  of combustion. The fo l low ing f igure,  30, gives z measure 

o f  the average heat f l u x  and the circumferent ial  non-uniformit ies associated w i th  

the basic patterns. I n  general, the unl ike-doublet shows the highest f l u x  i n  

the th roa t  whi le  the X-doublet shows the greatest  c i rcumferent ia l  var ia t ion .  

These r e s u l t s  imply tha t  u n l i  ke-doublet and splash p la te  patterns w i l l  cause 

higher heat f luxes i n  the forward p a r t  of the f u l l  scale hardware than the X-  

doublet, bu t  i t  i s  not  cor rec t  t o  i n f e r  t h a t  the X-doublet w i l l  be more of a 

streaker under f u l l  scale condit ions ; such non-uni formi t i e s  w i  11 be washed out 

i n  a mu1 t i -element environment . 

. Page 65 



Report 131 33-F-1 



Report 131 33-F-1 

Page 67 



Report 131 334-1 

Page 68 



Report 131 33-F-1 

m\ 

Page 69 



Report 1 31 33-F-1 

Page 70 

1 
I 



Report 131 33-F-1 

Page 71 



Report 13133-F-1 

VII,E, Hot F i r e  Tests (cont.)  

A spec ia l  c o m p a t i b i l i t y  t e s t  was conducted t o  eva luate t he  SP 

spray-through cha rac te r i s t i c .  Th is  t e s t  was accompl ished by copper p l a t i n g  

the  chamber and ho t  t e s t i n g  t o  determine the  p o r t i o n  o f  the chamber which was 

ox id ized  and reduced. The co ld  f l o w  observat ion o f  spray-through was no t  

v e r i f i e d .  

P o s t f i r e  ~ x a m i n a t i o n  9 f  t t e  unielenlents showed t h a t  a1 1 were reuseable 

except f o r  the  un l ike-double t ,  UD-2, which underwent some d i s t o r t i o n  o f  t he  

o x i d i z e r  o r i f i c e  dur ing pulse t es t i ng ;  apparent ly,  f u e l  d r i bb l ed  i n t o  the o r i f i c e  

reg ion  between pulses and exploded t o  cause the damage. Also, the  splash p l a t e  

SP-1B showed two heat marks on e i  ; s ide  o; the element, con f i rm ins  the h igh  

face temperatures t h a t  were measured. 

As a r e s u l t  of the i n i t i a l  unielement tes t ing ,  the  splash p l a t e  

pa t t e rn  SP-2 w:s chcsen 3s the  pr imary candidate f o r  subscale t e s t  eva luat ion.  

The base: f o r  i t s  se l ec t i on  were h i gh  performance, excel l e n t  compatibi 1 i t y  , and 

i n s e n s i t i v i t y  t o  operat ing p o i n t  and p rope l la r  t temperature. The X-doublet, 

XD-G, ( l a t e r  def ined XDT, tangent fans )  was chosen as a backup cop f igu ra t ion ,  

i r i  p a r t  k c a u s e  of i t s  e x e i l e n t  a tomiza i i cn  and need f o r  mult i -e lement m ix ing  

t o  dchieve des i red l e v e l  o f  performance. The un l  i ke-doublets, a1 though h igh  

performi ny, were no t  considered su i t ab l e ;  f u r t h e r  developme-t work t o  e l im ina te  

o r i f i c e  d i s t o r t i o n  was considered necessary. 

I n  general, the  unielement t e s t  program met a l l  o f  i t s  ob jec t i ves  

and proved t o  be an exce i len t  method o f  screening candidate pat terns.  It 

prov ~ ~ e d  a simple and inexpensive means o f  determin ing optimum o r i f  i c e  qeometry 

and gave some i n d i c a t i o n  o f  chamber w a l l  c o m p a t i b i l i t y  as  ell. 
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V I  I I. SUBSCALE PROGRAY 

A. OBJECTIVE AND APPROACH 

The subscale program was i d e n t i f i e d  as Task I 1  of t h e  program and 

i n i t i a t e d  t o  evaluate the var i ce ts  p l a t e l e t  element ar rays a v a i l a b l e  from the u n i -  4 '  .A 

element program. The i n j e c t o r  s i z e  was chosen such t h a t  the  f i r s t  tangent ia l  i.. 

frequency dupl icated the  s i n g l e  pocket mode of a  t u l l  sca le  f i v e  bladed b a f r l e  

OMS i n j ec to r .  The t h r u s t  magnitude had t o  be s u f f i c i e n t l y  l a r g e  t o  a1 low accurate 

ex t rapo la t ion  o f  performance and heat t r ans fe r  data.  The r e s u l t i n g  t h r u s t  was 

selected a t  600 l b f  The basic approach was t o  design t h e  i n j e c t o r  mani fo ld ing 

and r i n g  channels t o  be i d e n t i c a l  t o  the  cen t ra l  p o r t i o n  o f  the f u l l  sca le  u n i t .  

The i n j e c t o r  body a l so  had the  requirement of possessing adequate s t r u c t u r a l  i n -  

t e g r i t y  t o  permit  bonding o f  t h e  i n j e c t o r  face on a  completed i n j e c t o r  manifold. 

Th is  po ten t i a l  rework f ea tu re  would permi t  several i n j e c t o r  pa t t e r r~b  t o  be evalu- 

ated using a  minimum o f  i n j e c t o r  bodies. 

The program consis ted o f  f o u r  par ts :  design analys is ,  co ld  f l ow  

inves t iga t ions  , h o t  t e s t  eva lua t ion  and cyc le  1  i f e  demonstration. Each o f  

these a c t i v i t i s  a re  described i n  the f o l l ow ing  sect ions. 

The program was i n i t i a t e d  i n  December 1972 and completed i n  

September o f  1973. 

B. DESIGN 

Desiqn Po in t  

The subscale hardware was designed Der the dcsign po in t  

s p e c i f i c a t i o n  sb-.dn i n  Table 111. The thrc:t l e v e l  was chosen cons is ten t  w i t h  a 

s i z e  which would acous t i ca l l y  s imulate the f i v e  bladed b a f f l e d  pocket mode o f  

a  f u l l  sca le  design. M ix tu r?  r a t i o  was i d e n t i c a l  t o  f u l l  scale a t  1.65. The 

necessary f i l m  coolant f r a c t i o c  was pred ic ted a t  12% o f  the f ue l ,  thus s h i f t i n g  

the core mix tu re  r a t i o  t o  1.875. Flow r a t e  was estab l ished cons is tent  w i t h  a  
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I n j e c t o r  

F/ E 

Wo 

Wf 

C ~ o  

Cgf 
P o  

@f  

Oxidizer  o r i f i c e ,  i n .  

Fuel o r i f i c e ,  i n .  

Number @ 600 I b  

Number @ 6000 l b  

TABLE I 1 1  

SUBSCALE DESIGN POINT 

OM€ PLATELET INJECTOR DESIGN POINT 

c = 125 ps ia  

FFC = 12% 

I s  = 315 sec 

Page 7 5  

XD-0 - XDI - 
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VIII.0, Design (cont. ) 

31 5 second vacuum s p e c i f i c  impulse p r e d i c t i o n  f o r  OMS. The i n j e c t o r  pressure 

drop was chosen a t  35 p s i d  maximum w i t h  a goal o f  30 p s i d  i f  a s a t i s f a c t o r y  

element a r ray  cou ld  be obtained. Tine t h r u s t e r  design sunmary i s  g iven i n  

Table I V .  

2. Pa t t e rn  Desiqn 

Using t he  r e s u l t s  o f  the  spri iy and mix in? t e s ~ s  from the u n i -  

element program, Sect ion V I I  , the  subscale pa t te rns  were formulated. 

The r e s u l t i n g  pa t te rns  a re  shown i n  Figures 31, 32, and 33 

f o r  the  splash p l a te ,  X-doublet and un l ike-double t  designs. A l l  pa t te rns  

u t i l i z e  a can t  angle (element cen te r  l i n e  r o t a t e d  o f f  a r a d i a l  l i n e  from the  

i n j e c t o r  cen te r )  which maximizes the  spray over lap  and maintains a reduc ing 

atmosphere along t he  chamber wa l l .  The optimum angles were 25 degrees f o r  the  

splash p la te ,  30 f o r  t he  X-doublet and 45 f o r  the un l ike-double t .  A l l  desipns 

were presented f o r  NASA approval w i t h  the s ~ l a s h  p l a t e  (SP) and the X-doublet 

(XD) designs accepted f o r  f ab r i ca t i on .  The se lected versions o f  the  designs 

were XD w i t h  tangen t ia l  fans (XDT), w i t h  i n l i n e  fans (XDI), a normal splash 

p i a t e  (SP1) and r e l i c v e d  splash p l a t e  (SP2). ~n add i t i on ,  two other   patter^ 

designs were selectee. The XDT2 pa t t e rn  was produced t o  evaluate i n t e r e l  ement 

mix ing and t he  e f f e c t  o f  the  mod i f ied  cant  angle on w a l l  c o m p a t i b i l i t y .  The 

l a s t  pa t te rn ,  a mixed element (ME 1 ), was produced by merging the  very 

compatible Y.07 elements w i t h  the h igher  performing splash p l a t e  [SPZ) design 

t o  eva luate i f  the a t t r a c t i v e  b e n e f i t s  o f  each element cou ld  be r e a l i z e d  w i t h  

a 60/40 mixture,  i .e. ,  602 X-douulet and 40% splash p l a t e  elements. This combi- 

na t i on  des ign was accomplished by a simple merging o f  po r t ions  of each ar twork .  

3. I n j e c t o r  Desiqn 

A s i x  channel concent r ic  r i n a  i n j e c t o r  man i fo ld  design w i t h  a 

i s i n g l e  i n l e t  f o r  each c i r c u i t  was produced as shown i n  F iqure 34. Land width5 

1 .' 
< > 
t C  
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TABLE I V  

OME PLATELET INJECTOR 
SUBSCALE THRUSTER 

DESIGN SUMblARY 

Thrust  (vacuum), 1 b f  

Chamber pressure, ps i  a 

Ox id ize r  

Fue 1 

Area r a t i o  (vacuum) 

Area r a t i o  (sea l e v e l )  

Nozzle 

N2°4 
MMH 

15' cone 

Contract ion r a t i o  

Chamber length,  i n .  

F l i  x t u re  r a t i o  

Throat area, i n .  2 

Chamber diameter, i n .  

Throat diameter, in.  

Oxid izer  f l ow,  1 bm/sec 

Fuel f low, I bm/sec 

Oxid izer  pressure drop, ps i d  

Fuel pressure drop, ps id  

I n j e c t o r  elements , number 99: X-Doublet 
124: Splash P la te  
78: Un l i ke  Doublet 

Acoustic c a v i t i e s  

Par t  i t i  ons 
Width, i n .  
Depth, i n .  

L* sec t ion  length,  i n .  

F i l m  coolant r i n g  

Weight f l ow  (3O%), I bm/sec 
O r i f i c e  Diameter, i n .  

Chamber 

Bomb ?art, gra ins 
Photocon h igh frequency 
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V I I I  ,B, Design (cont. ) 

between p rope l l an t  channels were es tab l i shed  a t  .1 i n .  and the  f l u i d  passages 

. I50  i n .  width.  Channel depths were cons'stent w i t h  15 fps  channel v e l o c i t y  

and constant over t he  e n t i  r e  c4rcumference. The channels were ec l ipsed  by a  

s i n g l e  c i r c u l a r  i n l e t  mani fo ld  w i t h  low v e l o c i t y  drop-through s l o t s .  The 

channels d i d  no t  prov ide acoust ic  r i n g  dams. The body was completely manufactured 

from 304L s ta i n l ess  s tee l  and was machined us ing e l e c t r i c a l  d ischarge machining 

(EDM) processes. Manifold face covers were welded us inq e l ec t r on  beam techniques. 

The p l a t e l e t  i n j e c t o r  face  assembly cons is ted of f i v e  photo- 

etched p l a tes  which developed the  p a r t i c u l a r  i n j e c t o r  face pat tern.  Two a1 ignment 

tabs on f ou r  p o s i t i o n i n g  tabs were inc luded t o  insure  proper p l a te - t o -p l a te  and 

face-to-manifold o r i en ta t i on .  P.11 p l a t e l e t s  were made o f  304L mate r ia l  and 

d i f f u s i o n  bonded as an assembly. The face assembly was then bonded t o  t he  mani- 

f o l d  on a  separate run. The assembly f o l l o w i n g  bonding i s  shown i n  F igure 35. 

Provis ions f o r  f o u r  face thermocouples were a l s o  included. The SP and XD 

i n j e c t o r  faces a re  shown i n  Figures 36 a41d 37. 

4.  Thruster Deci(,n 

An exploded view o f  the complete subscale assembly i s  shown i n  

F igure 38. Shown from l e f t  t o  r i s h t  are  the i n j e c t o r ,  resonator  r i n g ,  L* 

sec t ion  and chamber. 

The acoust ic  c a v i t y  cons is ted o f  a  . I50  i n .  w id th  annular 

s l o t ,  .6 i n .  deep, loca ted  next t o  the  i n j e c t o r  face. The annulus was sect ioned 

by 12 r a d i a l  p a r t i t i o n s .  The acoust ic  c a v i t y  was s ized t o  be 22? o f  the i n j e c t o r  

face area. This par t ,  which sandwiches between the i n j e c t o r  and chamher, i s  

shown i n  F igure 39. Prov is ions were made i n  the i n j e c t o r  body t o  record h iqh  

frequency pressure responses i n  one c a v i t y  compartment w i t h  a  K i s t l e r  601A t r ans -  

ducer. Prov is ions f o r  c a v i t y  temperature measurements were a1 so inc luded.  
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V I I I  ,B, Design (cont. ) 

The combustion chamber was 4 i n .  i n  length and flanged a t  both 

ends as shown i n  Figure 40. The a f t  f lange enabled a pressure t e s t  p la te  t o  be 

i n s t a l l e d  f o r  system leak checks. Two ax ia l  rows o f  thermocouples were included 

t o  determine wal l  heat f luxes.  These thermocouples were mounted f l ush  w i th  the 

inner wal l  and brazed i n  place. Also included were two 1/4 i n .  AN low frequency 

pressure ports f o r  chamber wal l  pressure measurements. 

A heavy-weight L* sect ion o f  3 i n .  ax ia l  length was a lso  fabr i -  

cated and i s  p ic tu red  i n  Figure 41. Two ax ia l  rows o f  thermocouples were 

included together w i t h  two photocon 307 high frequency transducer por ts .  A 

2.0 gra in  bomb po r t  was located i n  the L* section. 

The f i l m  coolant r ing ,  Figure 42, could be i n s t a l l e d  between 

the resonator and L* section. Up t o  30% o f  the fue l  f low was in jec ted  through 

t h i s  r i n g  o f  t h i r t y - s i x  0.024 o r i f i c e s .  Each o r i f i c e  was tangent ia l l y  d i rected 

t o  produce a s w i r l  spray t o  improve coverage. The r i n g  was fed separately from 

a special valved supply. 

C. COLD FLOW 

A l l  subscale hardware was f u l l y  characterized w i th  co ld  f low evalu- 

ations. I n i t i a l l y ,  each i n j e c t o r  was water-flowed f o r  v isual  pat tern check. 

Following spray evaluations, each i n j e c t o r  and the f i l m  coolant 

r i n g  were hyd rau l i ca l l y  characterized cver a range o f  water f l ow  rates t o  

ca l i b ra te  the pressure drop o f  the e n t i r e  assembly. Mixing evaluat ion o f  the 

splash p l a t e  and X-doubl e t  i n jec to rs  were performed usi ng the Advanced I n j e c t o r  

D i s t r i b u t i o n  (AID) cold f low apparatus. This u n i t  co l l ec t s  the i n j e c t o r  e f f l u e n t  

from immiscible simulants f lowing i n t o  a 728 tube c o l l e c t o r  head. The mixture 

r a t i o  p r o f i l e s  o f  both i n jec to rs  as determined i ; ~ m  t h i s  f low data are shown i n  

Figures 43 and 44. 
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V I I I , C ,  Cold Flow (cont.) 

Report 131 33-F-1 

The XDT mixing data show an over r id ing  in f luence o f  the i n j e c t o r  

r i n g  channels. This i s  undesirable from a mixing e f f i c i e n c y  po in t  o f  view, 

g i v ing  a calculated mixing ef f ic iency of only  63%, or  a mixture r a t i o  d i s t r i b u t i o n  

performance loss o f  16.7%. A heavy outer  f u e l - r i c h  zone i s  a lso  produced, which 

i s  excel lent  f o r  chamber wal l  compat ib i l i t y .  The splash p la te  design, on the 

other  hand, corrects the r i n g  channel in f luence by d i r e c t i n g  the prope l lan t  

across the channel lands prov id ing a much higher mixing e f f i c iency  o f  87% and 

a corresponding mixture r a t i o  d i s t r i b u t i o n  loss  o f  only  7.8%. Again, a f u e l - r i c h  

outer  boundary i s  produced, i nd i ca t i ng  excel l e n t  compati b  i 1 i ty .  

D. HOT TESTING 

The subscale hardware was evaluated w i th  a hot  f i r e  t e s t  program 

conducted i n  ALRC's Physics Laboratory on Test Stand A-2. The program encompassed 

87 tes ts  using s i x  i n jec to rs  and four  chambers w i t h  both ambient and heated fue l .  

A sumnary o f  the var ia t ions  tested i s  given i n  Table V. Propel lants used 

were n i t rogen te t rox ide  and monomethylhydrazine. This sect ion provides a 

descr ip t ion  o f  the t e s t  f a c i l i t y  and the t e s t  program. In te rp re ta t i on  ,,f the 

s i g n i f i c a n t  resu l t s  i s  presented i n  Section E which follows. 

1. Test F a c i l i t y  

A l l  subscale t e s t i n g  was performed i n  the ALRC's Research 

Physics Laboratory on Test Stand A-2. The f a c i l i t y  de l i vers  hTO and MMH through 

pos i t i ve  displacement f lowmeters t o  insure accurate f low measurements. A s ing le  

axis,  dual br idge load c e l l  was al igned i n  a s ing le  plane through the th rus t  axis. 

The t h r u s t  measurement system also provided on- l ine load c a l i b r a t i o n  t o  accurately 

determine t h r u s t  bias. Flow i n t o  the th rus ter  was cont ro l led  by a l inked b i -  

propel l a n t  valve assembly mounted on the , in jec tor  backside. 
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TABLE V 

SUBSCALE TEST SUMIARY 

1. In jec tors  

Splash P la te  (SP 
" X "  Doublet (XD) 
M i  xed Element 

11. Cold Flow Tests 

Pattern 
Hydraul i c 
Propel lant D i s t r i b u t i o n  

111. Hot Tests 

Total  Number 
Ambient Propel lants 
Heated Fuel 
F i  l m  Cooled 
Bombed 
Splash Plate I n j e c t o r  

SP1 
SP2 

X-Doublet I n j e c t o r  
XDTl 
XDT2 
X D I  

Mixed Element I n j e c t o r  
ME 

Chamber Length, in .  
4 
6 
7 

10 
12 

I V .  Test Range 

Chamber Pressure, ps ia 
Mixture Ratio, O/F 
Oxidizer Temperature, O F  

Fuel Temperature, O F  

Duration, sec 

V. Pos t t e s t  Hardware Condition 

In jec to r  Overheat 
Chamber Overheat 
I n j e c t o r  Plugging 
Resonator P a r t i  ti on 
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2 Versions 
3 Versions 
1 Version 

6 
6 
2 

87 
2 5 
62 
10 
55 

14 
27 

2 5 
6 
4 

11 

14 
8 

53 
11 
1 

None 
None 
None 
S l i gh t  T ip  Erosion 
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VIII,D, Hot Testing (cont. ) 

Propel 1 ant condi t ion ing t o  235 degrees Fahrenheit was supplied ?r 
? ! 

f o r  the MMH fuel c i r c u i t  t o  simulate regenerat ively heated fue l  o u t l e t  temper- 

atures f o r  a prototype OMS engine. Heating was accomplished by means o f  a simple 

heat exchanger. 9 '  - 
S t a b i l i t y  evaluat ion was provided f o r  a l l  t es t i ng  using 2.0 q ra in  

RDX, t e f l o n  covered tangent ia l l y  or iented bombs placed 1.5 i n .  downstream o f  the  

i n j e c t o r  face. High frequency measurements were made w i th  an uncool ed K i  s  t l e r  

transducer mounted i n  the acoustic c a v i t y  and w i t h  water-cooled Photocon 

transducers located i n  the chamber. An on-1 ine  playback system enabled complete 

evaluat ion o f  the high frequency data fo l low ing tes t ing .  

Test Prosram 

The t e s t  program encompassed a wide range o f  operat ing 

condit ions and numerous var ia t ions  i n  hardware conf igurat ion.  A t e s t  1 og 

descr ib ing these var iables i s  included i n  Table V .  

The t e s t  program consisted o f  four  r ~ a j o r  ser ies and i s  

summarized below. 

a. Series I - Basic I n j e c t o r  Evaluation 

Two basic i n j e c t i o n  elements were te5ted i n  t h i s  program, 

the X-Doublet and the splash p la te  designs. Pattern nomenclature i s  defined 

by the fo l low ing acrotlyms: 

tangel:?. fans 
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I I I ,D,  Hot Test ing (cont.)  

Splash p la tes  

splash p l a t e  element 

Ser ies I consisted o f  t h i r t y - s i x  t es t s  and evaluated the XDTl 

and SP1 elements over a  range o f  chamber leng th  from 4 t o  10 in . ,  over a  range 

o f  m ix tu re  r a t i o  from 1.6 t o  2.2, and over a  range o f  chamber pressure from 

100 t o  150 psia.  Tests were conducted w i t h  ambient and heated f ue l ,  w i t h  and 

w i thou t  f i l m  coo l ing,  w i t h  and w i thou t  acoust ic  c a v i t i e s ,  and w i t h  and w i thou t  

s t a b i l i t y  bombs. 

This a c t i v i t y  focused on ob ta in i ng  an understanding o f  the 

performance, compa t i b i l i t y ,  heat t r ans fe r ,  s t a b i l i t y  and i n j e c t o r  operat ing 

p o i n t  s e n s i t i v i t y .  

b. Series I 1  - Modi f ied Element E v a l u a t i m  

Fol lowing t e s t i n g  of the two bas ic  element designs, the program 

proceeded t o  evaluate modi f icat ions t o  these designs w i t h  a  37 t e s t  program. 

The performance f o r  SP1 was lower than expected based on unielement data. This 

i n i t i a t e d  a review o f  the SP1 design which revealed f l ow  in te r fe rence  between 

the spray and the i n j e c t o r  face. A r e l i e v i n g  o f  the p l a t e l e t  stack beneath the 

fan  produced an element designated as the SP2 version. I n  an e f f o r t  t o  improve 

the performance o f  the  XD f a m i l y  o f  elements, a  design w i t h  i n 1  i n e  fans ra the r  

than tangent fans was produced and denoted as XDI. The bas ic  XDTl element 

ma t r i x  was a l so  modi f ied t o  enhance wa l l  c o m p a t i b i l i t y  and was i d e n t i f i e d  as 

XDT2. 
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I I I ,D,  Hot Tes t ing  (cont . )  

c. Ser ies I 1 1  - Mixed Element Evaluat ions 

A mixed element i n j e c t o r  was developed combining the  

des i r ab le  c h a r a c t e r i s t i c s  o f  bo th  designs. This design, designated HE1 , was 

t es ted  11 t imes over  a  range o f  chamber leng th ,  chambr pressure and mix tu re  

r a t i o .  The t e s t i n g  a l s o  inc luded bomb t e s t s  i n  which the acoust ic  c a v i t y  was 

removed, t o  eva luate basic i n j e c t o r  s t a b i l i t y  cha rac te r i s t i c s .  

d. Ser ies I V  - Chamber Length Opt imizat ion 

Fo l lowing eva lua t ion  o f  the t e s t  data, the XDTl p a t t e r n  

was se lected f o r  the  f u l l  sca le  design. S t a b i l i t y  and c o m p a t i b i l i t y  were 

exce l l en t ,  w l t h  a s l i g h t  compromise on performance. I n  order t o  achieve 

maximum performance, the chamber l eng th  was extended t o  12 inches, a  l eng th  

cons i s t en t  w i t h  the f u l l  sca le  regenerat ive chamber. Three t e s t s  were c o n d ~ c  Led 

w i t h  the  12 inch  chamber w i thou t  i nc i den t ,  thus complet ing the subscale t e s t  

a c t i v i t y .  

e. Ser ies V - Cycle L i f e  Test ing 

Dur ing the f u l  r scale  t c s t  pro?ram, the  subscale program 

was reac t i va ted  t o  exp lore the cyc l e  l i f e  c a p a b i l i t y  o f  the bonded j o i n t  between 

t he  p l a t e l e t  face stack and the  i n j e c t o r  body. To assess the  cyc l e  l i f e  c a p a b i l i t y ,  

two i n j e c t o r s  were each subjected t o  1500 complete thermal cycles.  A s i nq l e  

c y c l ~  cons is ted o f  a one second burn fo l lowed by a  s i x  second coast.  The f i r s t  

i n j e c t o r  tes ted  was the mixed element i n j e c t o r .  No d e t e r i o r a t i o n  o f  the bonded 

j o i n t  was experienced. The second i n j e c t o r ,  XDT1, was f ab r i ca ted  w i t h  a back-up 

e l e c t r o n  beam weld on each land, p rov i d i ng  a  redundant me ta l l u rg i ca l  j o i n t  con- 

s i s t e n t  w i t h  the  p o t e n t i a l  OMS base l ine  approach. Again, 1500 f u l l  thermal cyc les 

were completed w i t hou t  i n c i d e n t  o r  bond j o i n t  damage. H a i r l i n e  cracks were noted 
i n  t h e  o r i f i c e  reg ion  of tk!? *!IT1 i n j e c t o r ,  however. These a re  a t t r i b u t e d  t o  
s t r u c t u r a l  f a t i gue  of t h e  t o p  p l a t e l e t ;  s t r u c t u r a l  and me ta l l u rg i ca l  eva lua t ion  

i n d i i ~ t e d  t h a t  t h e  c o n d i t i o n  cou ld  be corrected by inc reas ing  the  t o p  p l a t e  t h i c k -  

ness o r  by adding an a d d i t i o n a l  face p l a te .  The l a t t e r  approach was se lected f o r  
subsequent designs. 
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V I I  I, Subscale Testing (cont. ) 

E. RESULTS 

The fo l low ing sect ions describe the per t inent  r e s u l t s  obtained from 

the subscale program and are categorized by performance. compatibilit--1, and 

stabi 1 i ty.  

1. Performance 

A l l  tes ts  were evaluated t o  determine actual performance and 

t o  assess the po tent ia l  performance o f  each design a t  the f u l l  scale leve l .  

I n  order t o  accomplish t h i s  task, the JANNAF-approved performance evaluat ion 

procedures described i n  Section X, F u l l  Scale Performance, were employed. 

The energy release e f f i c i enc ies  o f  the various i n j e c t o r s  

tested were computed f o r  a mixture r a t i o  o f  1.88, consistent w i th  a f i l m  coolant 

f r a c t i o n  o f  12%, and a chamber length o f  7 in . ,  the po in t  where the ma jo r i t y  o f  

the tes t i ng  was conducted. The fo l low ing ranking o f  i n j e c t c r s  i n  terms of 

performance was established: 

Energy Re1 ease E f f  i c i  ency 

In jec to r  

SP2 
SP1 
ME1 
XDTl 
XDT2 
X D I  

Ambient Fuel 200°F Fuel - 

Figure 45 shows the in f luence o f  chamber length on performance. 

The apparent low performance o f  the XDT i n j e c t o r  can be increased t o  98% by 
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VIII,E, Results (cont. ) 

increasing the chamber length t o  12 inches, comparable t o  the splash p la te  

design operat ing a t  a 7 inch chamber length, as shown on Figure 46. 

8 .  

The lower XDT performance i s  most l i k e l y  the r e s u l t  of incomplete 
Y 

mixing and corresponding slow r a t e  o f  propel lant  vaporizat ion. This i n e f f i c i e n c y  

i n  the mixing process can be most c l e a r l y  seen i n  the cold f low mixing t e s t  

data o f  Figure 44, which c l e a r l y  portrays concentr ic r ings  o f  f ue l  and ox id izer .  

The mixed element i n j e c t o r  del  ivered performance consistent 

w i th  a 60% X-doublet and a 40% splash p la te  mixture. This rm l t  permits 

a great deal o f  f l e x i b i l i t y  i n  the design o f  a f u l l  scale i n j e c t o r  i n  order t o  

obta in the desired stabi  1 i ty ,  performance o r  heat t rans fer  charac ter is t i cs .  

A number of i n j e c t o r s  were tested w i th  fue l  f i l m  cool ing.  They 

a l l  incurred a performance loss w i t h  f i l m  cool ing as shown i n  Figure 4Z. These 

data are f o r  the X-doublet in jec tors .  Also presented on the f i gu re  i s  the 

performance accounting f o r  both energy release and f i l m  coolant losses. About 

2% higher performance obtains w i t h  heated f u e l  . 

2. Compat ib i l i t y  

I n j e c t o r  compatibi l  i t y  was assessed on the basis o f  i n j e c t o r  

face temperature measurements and i n fe r red  heat f l u x  values on the chamber wal l .  

a. Face Temperature 

Thermocouples inser ted  through the r i n g  channel 1 ands and 

mechanically jo ined t o  the p l a t e l e t  face were used t o  measure face temperatures. 

Four thermocouples were i n s t a l l e d  i n  a r a d i a l  l i n e  on each i n j e c t o r  face w i th  
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. - . 1 .,-.?- 1.': 

one thermocouple per land. Figure 48 shows the face temperatures measured on 

the splash p la t s  i n jec to r .  The spread i n  measured temperatures, from 300 t o  

900°F, i s  a r e s u l t  o f  thermocouple placement w i t h  respect t o  the i n j e c t i o n  

element. The 900°F temperatures occurred midway between and i n  l i n e  w i th  the ox 

and fue l  splash p lates (T3), when t e s t i n g  a t  elevated fue l  temperatures. The 

300°F temperatures occur o f f  t o  the side o f  the elements and ind ica te  some spray 

splashback cool ing o f  

The face temperatures 

i n l e t  temperature. 

the face. 

The X-doublet i n j e c t o r  data are given i n  Figure 49. 

range from 400 t o  700°F and appear insens i t i ve  t o  high fuel 

Chamber Heat Flux 

The chamber heat f l u x  was determined from measured gas- 

s ide temperature responses. A comparison o f  the calculated f luxes wi thout  f i l m  

cool ing f o r  a l l  i n j ec to rs  i s  presented i n  Figure 50- From t h i s  f igure ,  i t  i s  

apparent t h a t  the SP and XDT in jec to rs  e x h i b i t  e n t i r e l y  d i f f e r e n t  forward end 

f l u x  p r o f i l e s .  The X-doublet fami ly  has a very low f l ux  sect ion 1.G in .  long 

i n  which very l i t t l e  combustion occurs. The splash p la te  in jec tors ,  on the other  

hand, show a r e l a t i v e l y  high f l u x  a t  the forward end. Both the XDT and SP 

i n jec to rs  e x h i b i t  comparable f luxes a t  lengths of 6 i n .  and beyond. 

Heat f l u x  data w i th  f i l m  cool ing are presented i n  Fiqure 51. 

Again, the X-doublet i n jec to rs  show improved compa t ib i l i t y  r e l a t i v e  t o  the + 
splash plate. The maximum apparent 1 i q u i d  lengths w i th  the splash p la te  are about 

1 inch; w i th  the X-doublet l i q d i d  , lengths approaching 3 inches are r e a d i l y  

obtained. 
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VIII,E, Results (cont.) 

3. S t a b i l i t y  

S t a b i l i t y  tes ts  were conducted on the subscale i n j e c t o r s  t o  

obta in data on the sens i t i ve  frequencies o f  the d i f f e r e n t  patterns and elements 

and a lso t o  enable ranking o f  the i n jec to rs  on the basis o f  s t a b i l i t y .  Data 

were obtained i n  55 bomb tes ts  both w i th  and without quarter-wave acoustic 

cav i t ies .  The resu l t s  are discussed by element type. 

a. X-Doublet I n jec to rs  

Three types o f  X-doublet i n jec to rs  were evaluated f o r  

s t a b i l i t y :  XDT1, XDT2 and XDI.  A tabu la t ion  o f  the s t a b i l i t y  resu l t s  i s  

presented i n  Table V I .  The range o f  t e s t  var iables was: 

Fuel temperature, OF 60 - 230 

Chamber length, in .  4 - 12 

Cavi t y  depth, i n .  0 - 0.6 

Chamber Pressure, psia 100 - 150 

Mixture Ratio, O/F 1.6 - 2.2 

Fuel F i lm Cooling, % 0 - 20 

This includes tes ts  conducted without the quarter-wave cav i t i es ;  such tes t i ng  

was done i n  10 i n .  and 12 in .  chambers. 

Variat ions t o  the basic X-doublet element, i.e., the 

X D I  and XDT2 patterns, showed no d i f ference i n  s t a b i l i t y  charac ter is t i cs .  

Several t es t s  on the X-doublet i n jec to rs  d i d  produce low 

amplitude. chug frequency ins tah i  1 i t i e s .  Chug amp1 i tude was approximately 5% of 

PC. Thes tes ts  were general ly a t  high mixture ra t i os ,  above 2.2, and a t  

chamber lengths of 7 inches o r  less. Two tes ts  a t  these higher mixture r a t i o s  

were conducted i n  a 10 i n .  chamber w i t h  no incidence o f  chugging. 
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TABLE VI 

OME TRANSVERSE PLATELET 600 LBF TEST SUMMARY 
X -DOUBLET INJECTOR 

Inj .  T e s t  PC, O/A 
Type No. psia NR Comments 

AMBIENT FUEL (TEMPERATURE t-60°F) 

125* 1.9* 5% PC, 550 Hz 
119 1.75 S t c b l e  
124 11.60 S t a b l e  
120 2.5 S t a b l e  

128  1.85 5% PC, 550 Hz 
129 2.52 5% PC, 550 Hz 
124 1.70 +13.2% FFC, 1.96 c o r e  MR 
125 1.60 +13.2% FFC, 1 .85  c o r e ,  5% PC, 550 Hz 
1 2 3  1 .63  +19.1X FFC, 2.02 c o r e ,  5% PC, 550 Hz 

125 1.70 S t a b l e  

L'-7" XDT -117 
-118 
-121 
-122 
-12 3 
-127 
-128 

L1p7" XDI -150 
-151 
-152 

Lt=7" XDT2 -166 
-16 7 
-168 
-169 
-170 

HOT FUEL (TEMPERATURE =2 30°F) 

127 2.20 5% PC, 550 Hz 
133  1.67 S t a b l e  
125 2.20 S t a b l e  
125  1 .75  S t a b l e  
127 2.41 S t a b l e  
127 1.59 +13.5% FFC, 1 .84  c o r e  MR 
130 1.62 +9.4% FFC, 1.79 c o r e  MR 

120 1.85 S t a b l e  
1 3 3  1.56 S t a b l e  
125 2.23 S t a b l e  

1 3 1  1 .90  S t a b l e  
125* 1.60* S t a b l e  
125* 2.20* 5% PC, 550 Hz 
133  2.45 S t a b l e  
137 1 .60  S t a b l e  

L'-10" XDT -134 1 0 1  2.45 S t a b l e  
-131 128  1 .98  S t a b l e  
-132 129 1.66 S t a b l e  
-133 129 2.31 S t a b l e  
-136 126 1.98 w/o c a v i t y ,  s t a b l e  
-135 1 5 7  1.96 S t a b l e  

*Planned test c o n d i t i o n s .  

Page 110 



Report 131 33-F-1 

VIII,E, Results (cont.) 

Spectral analyses o f  a number o f  tes ts  were conducted t o  

determine the c a v i t y  resonant frequency. Figure 52 shows the RMS amp1 i tude f o r  

both the cav i t y  and the chamber as a func t ion  o f  frequency f o r  Test 121 . A 

low leve l  a c t i v i t y  a t  .05 ps i  (RMS) amplitude can be detected a t  9600 Hz, the 

chamber f i r s t  tangent ia l  (1-T) mode. A t  t h i s  frequency, a strong resonanc -, 

measured by the cav i t y  transducer which shows a 20: 1 at r ip l i f icat ion over ti... 

chamber measurement. This resonance shows the 9600 Hz tune a t  the .6 i r i .  r . . -J 

depth and the a b i l i t y  o f  the acoustic cav i t y  t o  damp the 1-T k i n e t i c  energy of 

the XDT in jec tors .  

I n  sumnary, the X-doublet i n jec to rs  showed no apparent 

s e n s i t i v i t y  t o  a transverse mode a t  9600 Hz o r  long i tud ina l  mode a t  2600 Hz. 

This favorable cha rac te r i s t i c  i s  bel ieved t o  be the r e s u l t  o f  the a x i a l l y  d i s -  

t r i b u t e d  energy release which t h i s  element provides. 

b. Splash Plate In jec tors  

Two types o f  splash p la te  i n jec to rs ,  SP1 and SP2, were 

tested during the course o f  the program i n  40 f i r i n g s ,  inc lud ing  nineteen bomb 

tests.  A sumnary o f  a l l  SP tests,  i nd i ca t i ng  operating cond i t ion  and chamber 

length and inc luding c o m n t s  on s t a b i l i t y ,  i s  given i n  Table V I I .  

I ns tab i  1 i t i e s  were encountered a t  frequenci es o f  about 

2000 t o  2600 Hz and a t  9600 Hz w i th  the splash p la te  in jec tors .  The lower 

frequency range corresponds t o  the f i r s t  long i tud ina l  (1-L) mode o f  the chamber. 

These frequencies were measured on seventeen tes ts  w i th  amplitudes rangina from 

+5% t o  240% o f  chamber pressure. Since the 1-L mode couples most s t rong ly  when - 
the sensi t ive p a r t  of the energy release occurs a t  a pressure antinode, an 

attempt was made t o  s t a b i l i z e  the u n i t  by s h i f t i n g  the 1-L antinode. Tne 

acoustic c a v i t y  depth was increased t o  1.6 in., t o  make the chamber appear 
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Figure 52. Spectral Analysis of XDT In jector  Test 121 
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TABLE V I  I 

OME TRANSVERSE PLATELET 600 LBF TEST SUMMARY 

Tes  t - 

-101 
-102 
-103 
-104 
-105 
-106 
-107 

-158 
-159 

-108 
-109 
-137 

-141 
-142 
-143 

-157 
-160 
-171 
-1 72 
-173 

-154 
-110 
-119 
-120 
-129 
-130 
-138 
-139 
-140 
-144 
-145 
-146 
-147 
-148 
-155 
-161 
-162 
-163 
-164 
-153 

SPLASH PLATE INJECTOR 

PC gt - Comments 

AMBIENT FUEL (TEMPERATURE = 6 0 ° ~ )  

1001r 1.8* Chug 970 Hz 
1 2 9  1.8* S tab le  550 6 2000 Hz, 5x PC 
12% 1.9* Stable  550 6 2000 Hz, 5% PC 
136 1.8 Stable  
136 2.16 2000 Hz, 5% PC 
132 1.73 Stable  
133 1.60 Stable  

125* 1.9* 0.3 s e c  duration 
125* 1.6* 0.3 sec duration 

137 1.84 2040 Hz, 10% PC (45 p s i  on S t a r t )  
132 2.15 2100 Hz, 10% PC 
135 1.93 2100 Hz, 10% PC 

HUT FUEL (TEMPERATURE =230°F) 

*Planned t e s t  conditions.  

Stable  (22S°F, Fuel) 
Stable  
chug (1000 Hz f o r  300 m s  near s t a r t )  

Stable  
Stable  
Stable  
S tab le  
2600 Hz, 30% PC 

2500 Hz f o r  25 m s  a t  s t a r t  (218OF, Fuel) 
2500 Hz, 40% PC (220°F, Fuel) 
2500 Hz, 25% PC (19g°F, Fuel) 
2500 Hz, 10% PC (180°F, Fuel) 
w/o .6" cav i ty  (9600 Hz a t  bomb, 100% PC) 
w/o .6" cav i ty  (9600 Hz a t  s t a r t ,  100% PC) 
2400 Hz, 30% PC 
Stable  (240°F, Fuel) 
2400 Hz, 40% PC 
+FFC 14.5% Stable  (214OF, Fuel) 
+FFC 102, 2500 Hz, 30% PC p r i o r  t o  bomb . . 
+FFC lo%,  2400 Hz, 30% PC 
+FFC 6.5% Stable  (227OF, Fuel) . . 
+FFC 6.5% Stable  (238'F, Fuel) 
w/o .6" cav i ty  (9600 Hz a t  s t a r t ,  100% PC) 
1.6" deep cavi ty ,  2500 Hz, 30% PC . . 
1.6" deep cavi ty ,  s t a b l e  
1.6" deep cavi ty ,  s t a b l e  . . 

1.6" dee? cavi ty ,  2500 Hz, 30% PC, FS-2 9.6Kc 
.6 " deep cav i ty  . . 
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V I I I , E ,  Results (cont.) 

acoust ica l l y  longer and thereby s h i f t  the pressure antinode i n t o  the cav i t ies .  

Ha l f  o f  the tests, t ha t  i s  2 out o f  4, i n  t h i s  conf igurat ion shwed the 1-L 

mode; t h i s  ind icates on ly  minimal mode modi f i ca t ion  occurred and!or substant iates 

the high gain and loca l ized energy release cha rac te r i s t i c  o f  the splash p l a t e  

element. 

The 9600 Hz i ns tab i  1 i t y  was encountered three times, twice 

spontaneously a t  the beginnins o f  the  t e s t  and once fo l low ing the bomb. The 

9600 Hz frequency i s  the 1-T chamber mode. This mode was present only  i n  t e s t s  

i n  which the chamber acoust ic cav i t y  was removed. This i s  s i g n i f i c a n t  i n  t h a t  i t  

indicates the acoustic c a v i t i e s  were e f f e c t i v e  against the transverse mode 

a1 though they had been i n e f f e c t i v e  wf t h  the long i tud ina l  mode. 

It was a lso observed t h a t  the acoust ic cav i t y  temperature 

was about 2200°F w i t h  the splash p l a t e  elements as compared t o  about 300°F w i t h  

the X-doubl et .  This i s consistent w i t h  the performancc, compati b i  1 i t y  , and 

s t a b i l i t y  resu l ts ,  a l l  o f  which i nd i ca te  the splash p la te  element t o  have a 

much shor ter  t ime l a g  than the X-doublet. 

I n  sumnary, the splash p la te  element was capable o f  coupling 
,:= l 
! w i t h  a long i tud ina l  mode and w i t h  transver modes a t  frequencies up t o  a t  l e a s t  

& I 10,000 Hz. This cha rac te r i s t i c  was in te rpre ted  as making the splash p la te  a h igh 

r i s k  element f o r  the f u l l  scale appl icat ion.  
r 

c. Mixed Element I n jec to rs  

5: ; I The mixed element i n j e c t o r  was an a t tenpt  t o  blend the 
E 
k desi rable performance o f  the SP element w i t h  the desirable compa t ib i l i t y  o f  

the XDT element, and t o  loca te  the rap id  energy release o f  the SP element away i l from the i n j e c t o r  periphery so as t o  minimize the 1-L coupling. 
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VIII,E, Results (cont.) 

The design was tested eleven times as tabulated i n  Table 

VIII, and was bombed each time. Only two tes ts  were unstable, both w i t h  10 i n .  

chambers i n  which the acoustic cav i t y  had been removed. The s e m i  t i v i  t y  frequency 
C 

was raiser! t o  980C Hz which i s  the 1-T + 1-L mode. No incidence o f  the 2500 Hz 

frequency was noted i nd i ca t i ng  a longer energy release distance had been achieved. 

The s ing le  t e s t  o f  the 10 i n .  chamber w i th  acoustic cav i t i es  was bomb-stable, 

conf irming a pos i t i ve  cont r ibu t ion  on the pa r t  o f  the cav i t ies .  

d. S t a b i l i t y  S u m r y  

The s t a b i l i t y  t e s t i n g  c l e a r l y  ind icated the a t t r a c t i v e  

character o f  the XDT element. The i n j e c t o r  designs were not sens i t i ve  t o  any 

hardware o r  operating po in t  var iables. Acoustic cav i t i es  were not  required f o r  

dynamic s t a b i l i t y  a t  the 600 l b  th rus t  l eve l .  

The SP designs, on the other hand, showed extreme sensi- 

t i v i t y  t o  combustion acoustic modes. The 1-T mode could be damped w i th  a .6 i n .  

cav i t y  bu t  modes around 250C Hz were not eas i l y  attenuated. A special deep- 

cav i t y  design proved s t a t i s t i c a l  l y  inadequate. 

Mixing the elements to  neut ra l i ze  the high SP element gain 

proved q u i t e  sa t is fac tory .  I n s t a b i l i t i e s  were encountered only  i n  a 10 i n .  

chamber i n  which the acoust ic cav i t i es  were absent. A t  sther chamber lengths 

the cav i t i es  could be removed without a f f e c t i n g  dynamic s t a b i l i t y .  

Chugging s e n s i t i v i t y  was demonstrated w i th  a1 1 designs when 

tested w i th  shor t  chambers and w i th  low pressure drop i n j e c t o r  faces. These 

condit ions were most f requent ly  i d e n t i f i e d  a t  high mixture ra t i os ,  shor t  chamber 

Page 11 5 

r - - 1~ -- . :: 

i+ 
! 

2 , p lengths, and w i th  the SP1 in jec tors .  



Report 1 31 33-F-1 

TABLE V I I I  

OME TRANSVERSE PLATELET 600 1bF TEST SUMMARY MIXED ELEMENT INJECTOR 

Comnen t s  

Stable 

Stable, no c a v i t y  

Stab le  

Stable 

Stable 

Stable, no cav i  t,v 

Stable, no c a v i t y  

Stable, no cav i  t.y 

Bombed unstable @ 9800 and w i thou t  c a v i t y  

Bombed unstab le  O 9800 and w i thou t  c a v i t y  

Stable a f t e r  bomb w i t h  c a v i t y  

L '  Test 'c - - - MR - - Tf 
7" ME1 174 125 1.68 94 
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v 

175 127 1.89 96 

176 123 1.98 232 

177 130 2.42 226 

178 130 2.42 226 

179 131 1.69 239 

180 97 2.18 226 

183 127 1.96 235 

P'. 181 127 2.0 232 

182 133 1.69 238 

184 129 1.93 233 



1 
I 
b 
I 
B 
I I X .  FULL SCALE TESTING AND DEMONSTRATION PROGRAM 

I 
I 
I 
I 
I 
I 
II 
I 
I 
I Page 117 



Report 131 33-F -1 

I .  FULL SCALE TESTING AND DEMONSTRATION PROGRAN 

A. INTRODUCTION 

This sec t ion  discusses f u l l  scir le tes t ing ,  Task V i  . done a t  ALRC 

fo l lowing the  unielemetit and subscale hardware t es t i ng .  It does *o t  inc lude  

the  WSTF tes t i ng ,  which i s  documented i n  two separate f i n a l  repor t i , '  '2 nor  t he  
3 s t a b i l i t y  t e s t i n g  which was conducted a t  ALRC f o l l o w i n g  complet ion of .the 

second WSTF ser ies.  Included i n  t h i s  sec t ion  w i l l  be a desc r i p t i on  o f  ti:? 

in jec to r s ,  the  chambers, designed i n  Task I V  and f ab r i ca ted  i n  Task V, and +he 

var ious c a v i t y  conf igurat ions t h a t  were tested, a l so  a chronology o f  the t e s t  

sequences and a sumnary o f  operat ing condi ti ons and s t a b i  1 i t y  r e s u l t s  . 

The purpose o f  the f u l l  sca le  t e s t i n g  was, broadly, t o  evaluate - 
s t a b i l i t y ,  performance, and heat t r ans fe r  cha rac te r i s t i c s ,  and more s p e c i f i c a l l y ,  p' 
t o  i d e n t i f y  the e f f e c t s  o f  i n j e c t o r  pa t te rn ,  c a v i t y  conf igurat ion,  chapher 

leng th  and operat ing p o i n t  on those cha rac te r i s t i c s .  The primary t h r u s t  o f  

much o f  the  t e s t i n g  was d i r ec ted  toward improving s t a b i l i t y  margin; thus, many 

o f  the  f i r i n g s  were s t a b i l i t y  bombed. S t a b i l i t y  r esu l t s ,  as we l l  as performance 

and heat t r a n s f e r  r esu l  t s ,  are discussed separate ly  i n subsequent sect ions. 

B. FACILITY 

F u l l  scale t e s t s  a t  ALRC were conducted e i t h e r  i n  the  5-4 t e s t  

f a c i l i t y  o r  i n  the A-5 f a c i l i t y .  Tests 001 through 038 discussed below were 

conducted i n  the  5-4 area; a l l  o f  t he  remaining tes ts ,  numbered 101 through 

424, were run  i n  the  A-5 f a c i l i t y .  Both o f  these f a c i l i t i e s  w i l l  be b r i e f l y  

described. 

I WSTF Test Report, Report No. 13133-5-1, 12 December 1973 

1974 WSTF Test Report, Report No. 13133-5-3. 1 A p r i l  1975 

I Report No. 6673:130 PORD M05-18, Revis ion A, Report Development Test OMS 
In j ec to r ,  Ear ly  I n j e c t o r  Program, J u l y  1975 
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I X , B ,  F a c i l i t y  (cont. ) 

1. 5-4 Test F a c i l i t y  

The 5-4 f a c i l i t y ,  shown on Figure 53, can be used f o r  t e s t i n g  

e i t h e r  cryogenic o r  s t o rab le  p rope l lan ts  e i t h e r  a t  sea l e v e l  o r  a l t i t u d e  

condit ions. The t e s t  hardware i s  mounted ho r i zon ta l  l y  on a compression 

f l e x u r e  f i r i n g  f i x t u r e  w i t h  in-p lace f o r ce  s t imulus t h r u s t  c a l i b r a t i o n  capa- 

b i l  i t y  w i t h  a l l  p rope l lan t  1  ines under pressure. The a1 t i  tude capabi 1  i t y ,  

70,000 ft equiva lent  a t  nominal OME f l ow  rates,  i s  440 sec and i s  l i m i t e d  by the  

steam system capab i l i t y .  

A 2210 gal vessel w i t h  1275 p s i g  c a p a b i l i t y  i s  used f o r  

s t o r i n g  the  ox id ize r ,  wh i le  the  f u e l  i s  s tored i n  a  1000 gal  vessel w i t h  2160 p s i g  

capabi 1  i ty .  The propel1 an t  systems inc lude  a1 1 o f  the  requi red support systems 

such as scrubbers, vent stacks, p ressur iza t ion  systems, temperature cond i t i on ing  

sys tems , 1 oadi ng s ta t i ons  , and waste ponds. 

The data a c q u i s i t i o n  system inc ludes 48 s t r a i n  gages, 48 

thermocouples, 12 RTT's, 6 f l o w  meters, and 12 h igh frequency channels t h a t  

can be recorded on 20 brown s t r i p  charts,  3  osc i l lographs,  a  120 channel 

ana log- to -d ig i ta l  converter and an Ampex 8-1200 system. Test data are ava i l ab le  

imnediately a f t e r  each t e s t  on s t r i p  charts,  a  d i r e c t - w r i t i n g  osc i l lograph,  

and an on- l ine  d i g i t a l  p r i n t o u t .  

2. A-5 Test F a c i l i t y  

The A-5 t e s t  c e l l  i s  one o f  seven bays i n  the A-Area f a c i  1  i ty , 
shown on F igure 54. The A-Area, o r  Physics Lab, as i t  i s  comnonly ca l l ed ,  i s  

we1 1 su i t ed  t o  research-or iented work because o f  the technica l  background of 

i t s  personnel as we1 1 as the scope o f  the f a c i  1  i ty  which comprises, i n  a d d i t i o n  

t o  the  t e s t  bays, the Advanced I n j e c t o r  D i s t r i b u t i o n  measurements system 

(."mi l k  maid"), cen t ra l i zed  con t ro l  and data a c q u i s i t i o n  room, shop and assembly 
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area, microinstrumentation laboratory,  acoustics laboratory,  and data reduct ion ' : I 
and o f f i c e  area. 

The t e s t  bays are equipped t o  conduct srndll scale rocket  

f i r i n g s  i n  the t h r u s t  range o f  1 t o  10,000 1b t h r u s t  a t  both sea l e v e l  and 

I simulated a l t i t u d e  condit ions. Test data are t ransmi t ted from the bays v ia  

a shielded cable t o  a patch board system located i n  the cent ra l  con t ro l  room. 

The patch board a1 lows rap id  instrumentat ion change from one bay t o  another. 

C 

Wide-band d i f f e r e n t i a l  instrumentat ion amp1 i f i e r s  and appropriate signal con- 

! d i t i o n i n g  convert the low l e v e l  data s ignals  t o  h igh  l e v e l s  required f o r  d i g i t a l  
el. 

recording , analog taping , and osci  1 lograph galvanometers. Low frequency t e s t  - 
J data are recorded on a d i r e c t  w r i t i n g  osc i l lograph f o r  "quick look" usage and 
d.  d i g i t i z e d  f o r  engineering u n i t  1 i s t i n g s .  High frequency data are recorded on 

analog tape which can be played back on the d i r e c t - w r i t e  osc i l lograph o r  
. d ig i t i zed .  

1 Operating po in t  data are d i g i t i z e d  and stored i n  an on-1 i ne  

.Ic 
HP 2100A computer/real t ime process con t ro l l e r .  This u n i t  con t ro ls  a l l  t e s t  

sequencing and malfunct ion sensing, and i t  outputs selected data f o r  "quick 

j lookn review. 

C. CHAMBERS 

: I Except f o r  Sequences 7, 8, and 9 o f  Series 1 i n  which the A-1 

I 
regenerative chamber was used, a l l  f u l l  scale test in^ a t  ALRC was accomplished 

w i th  uncooled, o r  heat s ink chambers. Figure 55 shows an assembly view o f  a 

workhorse chamber w i t h  the L* section, f i l m  coolant r i ng ,  i n j ec to r ,  and close- 

- I out p l a t e  ( fo r  leak tes t i ng )  i n  place. Three chambers were employed i n  t e s t i n g  
! 

two o f  them residual from a company-f~nded program. Figure 56 shows a drawing 

I of the 4.000 i n .  L '  chamber; the other two had L '  values o f  8.000 and 12.000 i n .  

i, Wall mater ia l  was 304L s ta in less  s teel  i n  a l l  cases and the wal l  thickness was 

I 0.75 in .  The A-1 regenerat i v e l  y cooled chamber has been previously documented 

i n  the  two WSTF Test Reports. 

Page 122 

.____----I- -.--I_ -- 
-. r. I 1 "' 1 1 t --4w 

b i 
f f h i 



Report 131 33-F-1 



Report 131 33-F-1 

Page 124 



Report 13133-F-1 

I X  ,C, Chambers (cont . ) 

Three c y l  i nd r i c -1  L* sections were ava i lab le  f o r  use w i th  these 

chambers. Their  lengths were respect ive ly  2.000, 3.000, and 4.125 i n .  Wall 
mater ia ls  was 347 sta in less s tee l .  Figtire 57 shows the 3.000 in .  section. 

E i ther  a  s ta in less steel  f i l m  coolant r i n g  o r  a  dumrly r i n g  could be 

inser ted  forward of the L* section. The f i l m  coolant r i n g  had 120 o r i f i c e s  

0,0290 in. d ia  f o r  coolant i n jec t i on .  The dumny r i n g  had no such or i f i ces .  

The drawing of the r i n g  i s  presented i n  Figure 58. 

Two nozzles were used dur ing the test ing.  One, shown on Figure 59, 

was a  15' conical sect ion w i t h  an e x i t  area r a t i o  o f  20:1, The other  was a  

contoured nozzle and a lso had an e x i t  area r a t i o  o f  20:l . Both were made o f  

mi ld  s teel  and bol ted on t o  the a f t  end o f  t he  chamber by means o f  18 bo l t s .  

The chaa~ber, as mounted i n  the A-Area t e s t  stand, i s  shown i n  

Figure 60. 

D. CAY ITY CONFIGURATION 

1. In t roduc t ion  

A number o f  geometrical factors,  i n  add i t ion  t o  cav i t y  depth 

and area, were found t o  a f f e c t  combustion s t a b i l i t y .  I t i s  the purpose o f  t h i s  

sect ion t o  describe these fac tors  i n  a  general way, so as t o  make the subsequent 

Test Series Descript ion and Test Sumnary, Sections F and G, mow meaningful. 

The more important considerations i r c l ude  (1 ) i n j e c t o r  overlap, (2)  i n l e t  contour, 

and (3) corner contour. 

2. Cavity Depth 

Cavity depth, o r  length as i t  i s  o f ten  cal led,  i s  simply the 

distance t o  the bottom o f  the cav i t y  as measured from the i n j e c t o r  face. Using 
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I X , D ,  Cavity Configurat ion (cont. ) 

the face as a reference po in t  i s  a r b i t r a r y  but i n  scr,ie cases the only r e a l i s t i c  

way t o  ind ica te  depth, as f o r  instance, when the outer  wal l  o f  the cav i t y  i s  

contoured a t  the downstream end. 

After the i n i t i a l  experimentation, i t  was found necessary t o  

have cav i t i es  of two d i f f e r e n t  depths. The longer, o r  1-T, cav i t y  was var ied 

i n  length from 0.4 i n .  t o  1.9 i n .  The shorter,  o r  3-T cav i t y  was var ied from 

0.35 t o  0.9 in .  The base1 i ne  cav i t y  depths were 1.5 i n .  f o r  the 1-T (e igh t  

compartments) and 0.4 in .  f c r  the 3-1 cav i t i es  (4 compartments). I n  ce r ta in  

tests,  the cav i t i es  were blocked o f f  t o  the l eve l  o f  the in,jector face, leaving 

only  the cav i t y  entrance open. Cavity depth was adjusted by means o f  blocks 

tha t  fastened t o  the bottom o f  the cavi ty .  The blocks, which were o f  several 

lengths, were each he1 d i n  place by means o f  two screws. 

3. Cavity Area 

Cavity open area has usual ly  been expressed as a percentage o f  

the i n j e c t o r  face area. The range o f  3-T open area percentages var ied from 3 

t o  9% w i t h  up t o  a 20% increase w i th  the inc lus ion  o f  an addi t ional  bol  t -on 

cav i t y  housing. The 1-T values ranged from 10 t o  25%. The nominal values 

were 18% f o r  I T  and 9% f o r  3T. 

4. I n j e c t o r  Overlap 

In jec to r  overlap i s  def ined by the excess o f  i n j e c t o r  rad 

over chamber radius. This i s  i l l u s t r a t e d  by Figure 115 i n  Section XI1 . Thus 

pos i t i ve  overlap s i g n i f i e s  tha t  the i n j e c t o r  diameter i s  greater than the 

chamber diameter. I n  f u l l  scale test ing,  f i v e  overlap values were u t i l i z e d ,  

ranging frcm -0.007 i n .  t o  t0.25 i n .  
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I X ,  D, Cavity Configurat ion (cont,) 

5. In1 e t  Contour 

The contour of the  c a v i t y  a t  the outer diameter o f  the chamber 

was tested i n  th ree  conf igurat ions as shown i n  Figure 114 o f  Section X I I .  The 
. , 

f i r s t  provided a sharp-edged rectangular corner. The second had a small (1/8 i n  .) 
- .  

radius on the  rectangular corner. The t h i r d  had a la rger  radius, 1.000 in., 
. . L 

which was only  used i n  conjunct ion w i t h  a radiused back corner. The i n l e t  corner 

contour discussed below were a1 tered by replac ing the  r i n g  which formed the a f t  - .  
surface o f  the cavi ty ;  curved back corners were achieved by means o f  tabs pro- . ,  

t rud ing  i n t o  the  c a v i t y  from t h e  r i n g .  -. 

6. Corner Contour 

The back corner of the c a v i t y  was a1 so tested w i t h  three va r ia -  

t i o n s  as shown on Figure 114. The f i r s t  conf igurat ion was simply a sharp edged 

rectangular corner. The second had a 0.600 i n .  radius which f a i r e d  i n t o  the 

rectangular i n l e t  contour. The t h i r d  had a 0.500 i n .  radius which joined the  

radiused i n l e t  contour described immediately above. 

Other Variat ions 

There were a number of other geometrical factors tha t  were 

a l t e red  dur ing the  tes t i ng  and were no t  found t o  have as s i g n i f i c a n t  an e f f e c t  

on combustion s t a b i l i t y  as the several items above. These include the chamber 

p r o f i l e  j u s t  downstream of the cav i ty ,  the  i n l e t  width, the cav i t y  width, the  

i n j e c t o r  edge contour, the l oca t i on  o f  the  outer i n j e c t i o o  element r e l a t i v e  t o  

the chamber wa l l ,  and f i n a l l y ,  the  c a v i t y  r i b  width. 

Figure 61 summarizes the several geometrical fac tors  j u s t  

described and t h e i r  numerous var iat ions.  I n  two areas, c a v i t y  depth and per- 

cent  open area, the l i s t  i s  not complete and on ly  minimum and maximum values 

are  given. Also indicated i s  the so-called baseline OMS design. 
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I X ,  F u l l  Scale Testing (cont.) 

E. INJECTORS 

1. In t roduc t ion  

The frequent replacement o f  i n j e c t o r  faces tha t  was so e a s i l y  

accomplished dur ing the f u l l  scale t e s t  program has understaridably caused 

something o f  a nomenclature problem. The terminology i s  no t  as incomprehensible 

as f i r s t  seems t o  be the case, however. 

There were i n  f a c t  on ly  two workhorse i n j e c t o r  bodies, t o  each 

o f  which fou r  d i f f e ren t  p l a t e l e t  faces were bonded, and there were two demo 

i n j e c t o r  bodies, one w i t h  two faces and the other  w i t h  a s ing le  face. I n  
addi t ion,  there was an i n teg ra l  b a f f l e  i n j e c t o r  and a 1 i ke-doublet i n j e c t o r  

t h a t  was res idual  from a company-funded program. 

The basic X-doublet pa t te rn  was designated by the l e t t e r s  

"XDT". Two var ia t ions  on the XDT pat te rn  existed, denoted on XDT-1 and XDT-2; 

they d i f f e r e d  only  i n  the outer row o f  elements which a l te red  the f u e l  f an  

o r i en ta t i on  as shown on Figure 62. Subsequent replacement o f  the face stack 

was indicated by a l e t t e r  s u f f i x  t o  the pa t te rn  number. Thus, the four  faces 

on the f i r s t  workhorse body were designated: XDT-1, XDT-lA, XDT-10, and XDT-1C. 

The second workhorse body was f i r s t  faced w i t h  XDT-2, then XDT-2A, and sub- 

sequently, w i t h  a mixed element and a low pressure drop (ac tua l ly  on XDT-1 

pat tern)  un i t .  

The demo X-doublet was designated "DXDT" and the pa t te rn  

again indicated by number. Ser ia l  number was then ind ica ted  by an add i t iona l  

hyphenated number. I n i t i a l l y ,  both demo i n j e c t o r  bodies were faced w i t h  the 

XDT-1 pattern; thus, they were ca l l ed  DXDT1-1 and DXDT1-2, respect ive ly .  A weld 

DXDT1-2 was refaced w i t h  the 

i z ,  Ser ia l  Number 1 o f  the 

repa i r  of DXDT1-1 was 1 abe l l  ed DXDT1-1 R, and 

other pa t te rn  and subsequently ca l led  DXDT2- 

the 

1, v 
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IX,E,\Injectors (cont.) 

XDT-2 pattern. Notwithstanding manifolding d i f ferences between the workhorse t 

and demo bodies, the XDT-1 and DXDT-1 patterns were i den t i ca l ,  as were the 

XDT-2 and the DXDT-2 patterns. 

2. I n j e c t o r  Bodies 

The workhorse and demo i n j e c t o r  bodies were subs tan t i a l l y  

the same i n  many respects. I n  both, the ox id izer  i n l e t  was a t  the center and 

fed outward i n t o  three p le  manifolds p r i o r  t o  feeding i n t o  "downcomers" t h a t  

supplied the face r i n g  manifolds. Likewise, the f u e l  i n  both cases was fed 

r a d i a l  l y  inward from a c i rcumferent ia l  manifold t o  three p i e  manifolds, 

through the "downcomers", and i n t o  the  r i n g  manifolds. 

The primary d i f ferences between the two u n i t s  a f f e c t i n g  

f l u i d  dynamic charac ter is t i cs  are: (1 ) the p i e  manifolds i n  the workhorse 

body are o f  uniform height  whi le  i n  the demo body they are tapered; (2 )  the 

"downcomer" area i s  smaller on the demo conf igurat ion;  (3)  the re ta in ing  

s t ruc ture  (and f u e l  manifold housing) o f  the demo i n j e c t o r  core attaches 

d i r e c t l y  t o  the regenerat ively cooled cav i t y  housing, whi le on the other i t  

forms the outer wa l l  of the cavi ty ;  and (4)  the c i rcumferent ia l  f u ~ l  manifold 

on the workhorse i s  fed by a s ing le  l i n e  whi le  on the demo i t  i s  fed from 

around the periphery. 

Figures 63, 64, and 65 present the workhorse i n jec to r  drawings. 

Figure 66 reproduces a photograph o f  the disassembled workhorse i n jec to r ;  i t  

shows the re ta in ing  st ructure,  i n j e c t o r  core, ox id izer  i n l e t ,  and several o f  

the blocks which f ixed i n t o  the forward end o f  the c a v i t i e s  t o  e f f e c t  c a v i t y  

depth changes, Figures 67 and 68 a re  photographs of the chamber s ide and 

opposite side of the i n j e c t o r  assembly, respect ive ly .  

The demc i n j e c t o r  drawings are  given i n  Figures 69 through 73. 
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I X , E ,  I n j e c t o r s  (cont . )  

3. I n j e c t o r  Faces 

The i n j e c t o r  face cons is ted o f  a  stack o f  s i x  p l a tes ,  va ry inq  

i n  th ickness from .006 t o  .008 i n .  These p l a t e l e t s  were i n d i v i d u a l l y  photo- 

etched and then bonded together  t o  form a s i n g l e  p l a t e l e t  stack which was then 

bonded onto the  i n j e c t o r  body. 

Test ing focused on the XDT-1 and XDT-2 pat terns,  both o f  which 

were composed o f  867 elements o f  t h e  XD-0 va r i e t y ,  descr ibed under Unielement 

Testing, Sect ion V I I .  F igure 74 shows the X-doublot pa t t e rn  drawing , ~ n d  

F igure  75  produces a photograph o f  the  XDT-1 face. 

The mixed element face  consisted o f  both X-doublet and splash- 

p l a t e  e l e m e n i ~ .  It was f ab r i ca ted  w i t h  t he  expectat ion t h a t  i t  might be h igher  

performing than t h e  X-doublet and more s t a b l e  than t h e  f u l l  splash p l a t e  pat tern,  

shown i n  F ipure  76. When t h i s  expectat ion was no t  f u l f i l l e d ,  t e s t i n g  o f  t h e  

mixed element was d iscont inued.  

The m i  xed e l  ement-i n tegra l  b a f f  1  e  u n i t  was desi  nned t o  produce 

a low heat f l u x  environment t o  t he  ox id ize r -coo led  ba f f les .  This i n j e c t o r  i s  

described i n  more d e t a i l  i n  the  next  sect ion.  

The l i ke -doub le t  cons is ted o f  544 1 i ke-on- l i  ke i n j e c t i o n  

o r i f i c e s  which were formed by e l e c t r i c a l  d ischarge machining (EDM) . The face 

manifolds were concent r ic  r i n g s  as i n  the  p l a t e l e t  designs; "covers" t o  each 

manifold, through which t he  EDM holes were formed, were welded t o  the  i n j e c t o r  

body. 

4.  I n t e q r a l  B a f f l e  I n j e c t o r  

The i n t e g r a l  b a f f l e  i n j e c t o r  featured th ree  o x i d i z e r  cooled 

r a d i a l  b a f f l e s  which were i n t e g r a l  w i t h  the i n j e c t o r  body. 
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F igure  77 shows t h e  body w i t h  b a f f l e s  at tached p r i o r  t o  bonding of t he  p l a t e l e t  

s tack.  The p l a t e l e t s  were photoetched and bonded together i n  the  usual manner 

and then sectioned i n t o  three p i e  s l i c e s  f o r  bonding on to  the body. The j i q  f o r  

app ly ing  the load t o  the face du r i ng  the bond c y c l e  i s  shown i n  F igure  78. The 

f i n i s h e d  u n i t  i s  p i c t u red  i n  F igure  79, 

5. Tes t inq  

The chronology o f  i n j e  c t o r  t e s t i n g  i s  given i n  F igure  80 which 

can best be used i n  con junc t ion  w i t h  Sect ion F, Test Ser ies Descr ip t ion,  which 

f o l l ows .  The c h a r t  shows the  i n t e r p l a y  between t e s t i n g  a t  ALRC - -  a l l  i n  t h e  

A - 5  t e s t  f a c i l i t y  except f o r  the  XDT-1 t e s t i n g  i n  t he  5-4 f a c i l i t y  --  and WSTF. 

The c h a r t  31 so f o l l ows  the  h i s t o r y  o f  the several  i n j e c t o r  bodies. 

Table I X  c i t e s  t h e  t e s t  h i s t o r y  o f  each o f  the i n j e c t o r  faces 

and notes t he  d i s p o s i t i o n  thereof.  The 1  ike-double t  had 30 f i r i n g s  p r i o r  t o  

beinq used on t h i s  program. The XDT-1C i n j e c t o r  underwent another 52 f i r i n g s  

dur ing  r e l a ted  t e s t i n g  a t  ALRC, f o l l o w i n g  complet ion o f  the f u l l  sca le  t e s t i n q  

discussed here. 
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I X ,  F u l l  S c ~ l e  Test ing (cont  . )  
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F. TEST SERIES DESCRIPTION 

What fo l l ows  i s  a sho r t  d e s c r i p t i o n  o f  each o f  the  t e s t  se r i es  o f  

t h e  ALRC f u l l  sca le  t e s t  program. Since so much o f  the program was r e l a  Led t o  

s t a b i l i t y ,  the pr imary emphasis o f  t h i s  r e p o r t i n g  w i l l  be on those f a c t o r s  

which a f f ec ted  s t a b i l i t y .  As much as poss ib le ,  the  thoughts o f  the moment, 

i .e. ,  a t  the t ime of t es t i ng ,  w i l l  be recorded. The resurg ing  i n s t a b i l i t y  

mentioned f r equen t l y  i n  the  descr ip t ion ,  i s  discussed i n  d e t a i l  i n  Sect ion X I I ,  

F u l l  Scale S t a b i l i t y .  The tab les  and f i g u r e s  o f  Sect ion G, Test Sumnary, which 

fo l lows ,  may improve the o v e r a l l  understanding o f  the  t e s t  program. 

1. Series 1 , Pre-dam X3T-1 I n j e c t o r  

Test ing commenced June 16, 1073, i n  the 5-4  f a c i l i t y  w i t h  t he  

XDT-1 i n j e c t o r .  Seouence 1 was p r i m a r i l y  f o r  checkout purposes and invo lved  an 

11 i n .  uncooled chamber w i t t i  twelve c a v i t i e s  1.2 i n .  lonq. This c a v i t y  depth 

was se lected i n  an e f f o r t  t o  o b t a i n  both l - T  and 2-T damping by us ing c a v i t y  

tuned midway between these modes. Two t es t s ,  001 and 002, were conducted 

us ing ambient p rope l lan ts .  Performance was found t o  be low due t o  heavy con- 

cen t ra t ions  o f  water i n  the ox i d i ze r .  Both t e s t s  were s tab le .  

The o x i d i z e r  was replaced and t e s t i n g  cont inued w i t h  a 13 i n .  

chamber i n  Sequence 2 ,  which cons is ted o f  Tests 003, 004, and 005. Heated f u e l  

was used. A l l  t h ree  t e s t s  were unstable;  003 resurged i n  the 1 -T mode; 004 

demonstrated " f o o t b a l l  i ng" , 
around 8000 Hz. 

The c a v i t y  
; 
6 t o  improve t he  l - T  damping; 
i 
t' i n  two tes ts ,  006 and 007. 

and 005 showed a weak resurqe w i t h  very h i ~ h  Frequency, - w 

8 
! . . 

depth was then extended t o  1.6 i n .  f o r  sequence 3, - .  
spontaneous i n s t a b i  li t i e s  i n  the 3-T mode r e s u l t e d  - .  
I n  a l l  of the foregoing t es t s ,  a nominal m ix tu re  . . 
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r a t i o  of 1.9 was maintained i n  an t i c i pa t i on  tha t  the fue l  f i l m  cool ing would 

eventual ly be required, thus br ing ing  about a nominal ove ra l l  value wh i le  the 

core operated a t  the higher value tested. 

4 t  t h i s  point ,  i t  appeared t h a t  c a v i t i e s  f o r  the 3-T inode were 

' I 
required. A bo l  t -on cav i t y  housing was i f i s ta l led ;  i t  contained twelve r a d i a l  

cav i t i es  0.9 i n .  long. Sequence 4 followed, comprising tes ts  008 through 

018. These were run over a mat r ix  o f  operat ing points  w i th  heated fuel. The 

I f i r s t  f i v e  tes ts ,  008 through 012, were spontaneously unstahle w i t h  resurging. 

A t  the time, the resurging cha rac te r i s t i c  was thought t o  be a c lass ica l  chugging 

I mode, t h a t  i s ,  a feed system-linked i n s t a b i l i t y ,  and t o  e l iminate it, high 

pressure drop o r i f i c e s  were i n s t a l  l e d  i n  both propel 1 ant  c i r c u i t s  imnediately 

downstream of the valves, fo l lowing Test 012. Thereafter f o r  the f i r s t  time, 

s t a b i l i t y  bombs were used i n  test ing;  a l l  o f  the l a t t e r  t es t s  o f  the sequence 

were bombed w i t h  cork encapsulated 6.5 gra in  RDX bombs located 2 i n .  from the 

face. These bombs were t r iggered by an e l e c t r i c a l  detonator cont ro l led  by the 

engine sequence computer. The cost per bomb was approximately $50. A l l  t es t s  

were stable, although on Test 015, a b r i e f  resurge followed the bomb. Thus there 

seemed t o  be ample j u s t i f i c a t i o n  t o  ascr ibe the i n s t a b i l i t i e s  t o  a chugging 

mechanism, since the  o r i f  ices v i r t u a l l y  el iminated unstable tendencies. 

The chamber length was then shortened t o  11.7 i n  f o r  Tests 

019, 020, and 021 -- Sequence 5 -- which ensued. Test 012, which a r e l a t i v e l y  

low mixture r a t i o  t es t ,  show& resurging. 

F i lm  cool ing was added t o  the next sequence o f  t es t s  and the 

chamber length was inueased t o  14 i n .  A l l  tes ts  o f  t h i s  group, Sequence 6, 

which comprised tes ts  022 through 026, were stable. F i lm coolant f low rates 

ranged from 9 t o  153 o f  the fue l .  

The chamber length was shortened t o  13 i n .  f o r  the next Sequence, 

7, consis t ing of Tests 027, 028, and 029. The f i l m  coolant f low was 8% o f  the 

fue l  and a l l  those f i r i n g s  were stable although an erroneous CSM shutdown occurred 

on the f i r s t  tes t .  
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The workhorse, o r  A-1, regenerat ive chamber was used f o r  t he  

f i r s t  t ime i n  the  next sequence of t es t s ,  Sequence 8, which was the  l a s t  

sequence t o  be conducted i n  t he  5-4 Test F a c i l i t y .  Nine f i r i n g s  were made, the  

l a s t  four w i t h  f i l m  coo l i ng  t o  ensure chamber i n t e g r i t y .  A b r i e f  resurge was 

experienced a t  0.5 sec i n t o  Test 03' bu t  t h e  system recovered and the  t e s t  

cont inued f o r  18 sec durat ion.  Two small resurges occurred dur inq  Test 034, 

f o l l o w i n g  which an EB-weld f a i l u r e  was noted on t he  f i l m  coo lan t  r i n a .  Test 

035 showed a resurge, which a c t u a l l y  had more the appearance o f  a  pop, and Test 

036 had a " b l i p "  o r  small pop. I t  was hypothesized t h a t  t he  " b l i p s "  and o ther  

minor per tu rba t ions  were due t o  tank pressurant coming ou t  o f  s n l u t i o n  as the  

f u e l  passed through the coo l ing  j acke t  as a  r e s u l t  o f  the long  de lay between 

t e s t s  causing vapor bubbles t o  be ingested i n t o  the chamber. Test 037 was 

t he ro fo re  conducted on a qu ick  turnaround bas is  f o l l o w i n g  Test 036; as was 

hope fu l l y  expected, the re  were no per tu rba t ions .  Before t h i s  hypothesis cou ld  

be t es ted  fu r ther ,  however, i t  was recognized t h a t  the f u e l  c i r c u i t  pressure 

drops were g radua l l y  changing. The coolant  jacke t  pressure drop was decreasing 

and t he  i n j e c t o r  pressure drop was increas in?.  Th is  t rend  was ev ident  dur ing  

an i n d i v i d u a l  t e s t  as w e l l  as between t es t s .  I4ax used t o  f i l l  the coolant  channels 

dur ing  the  e lec t ro fo rn i ing  o f  the ou te r  chamber was suspected o f  being s t i  11 

present and mel t ing.  Test 038 ended w i t h  430 Hz chuggin?. Test in? was thereupon 

terminated. The need t o  f!ush the wax both the chamber and the i n j e c t o r  was 

evident;  a  gate va lve had t o  be replaced, and most important,  the VSTF t e s t  

stand had become ava i l ab l e  f o r  use. P o s t f i r e  f l u s h i n g  proved t h a t  wax had 

remained i n  the coo lant  channels o f  the chamber and had passed i n t o  the i n j e c t o r ,  

I n  which about 202 o f  the f u e l  o r i f i c e s  were pluaged. Thus the  b l i p s  were 

c red i t ed  t o  wax p lugging the  o r i f i c e s ,  perhaps i n  con junc t ion  w i t h  pressurant 

cowing ou t  o f  so l u t i on .  

2. Ser ies 2, XDT-2 I n j e c t o r  

Fo l lowing cleansing o f  the wax from the chamber and XDT-1 
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i n j e c t o r ,  both u n i t s  went t o  WSTF f o r  t es t i ng .  The WSTF work i s  reported 
1  separately and w i l l  no t  be discussed i n  d e t a i l  here. The XDT-1 i n j e c t o r  

d i d  show a  recurrent  430 Hz i n s t a b i l i t y  t h a t  could no t  be s t a b i l i z e d  even w i t h  

the i n s t a l l a t i o n  o f  50 ps i  o r i f i c e s  i n  the prope l lan t  c i r c u i t s .  Test ing was 

temporar i ly suspended a t  WSTF and resumed a t  ALRC's A-5 Test F a c i l i t y ,  w i t h  

the XDT-2 i n j ec to r .  This i n j e c t o r  d i f f e r e d  from the XDT-1 only  i n  the outer  

row o f  elements. 

I n  Sequence 1  o f  Series 2, there were two checkou~ tes t s  using 

ambient fue l ,  both stable. The c a v i t y  con f igura t ion  used contained e igh t  1  -T 

c a v i t i e s  1.6 i n .  long and fou r  3-T c a v i t i e s  0.5 i n .  long, w i t h  square i n l e t  

and corner contours and a  0.126 i n .  i n j e c t o r  overlap. The chamber length was 

11.7 i n .  f o r  these tes ts .  

I n  the fo l l cw inq  sequence, Number 2, the same hardware was 

used bu t  t es t s  were conducted over the mat r i x  o f  mixture r a t i o  and chamber 

pressure points  and the fue l  was heated t o  200°F. O f  the f i r s t  seven t e s t s  

Numbered 103 through 109, on ly  one was s tab le  w i t h  some evidence t h a t  the problem 

was a  feed system-;inked i n s t a b i l i t y .  To el7minate the p a r t i c i p a t i o n  o f  the 

f u e l  c i r c u i t  w i t h  the combustion process, an accumulator can was added t o  the 

f u e l  c i r c u i t ;  t h i s  can had a  6 i n .  diameter, was 12 i n .  lonq, and was o r i f i c e d  

a t  i t s  ou t l e t .  I n  addi t ion,  a  "AP r i n g "  was i n s t a l l e d  i n  the i n j e c t o r  f u e l  mani- 

f o l d  t o  increase the  system pressure drop, as shown i n  Section X I I .  Also, three 

dams were added t o  the  fue l  manifold upstream o f  the i n j e c t o r  pies t o  e l im ina te  

c ross ta lk .  The pies were s t i l l  i n  acoust ic contact v i a  the face r i n q  manifolds 

a t  t h i s  point;  however, Test 110 which followed was stable and the o r i f i c e  i n  the 

fue l  accumulator can was subsequently removed. 

' WSTF Test Report, Report No. 131 33-5-1 , 12 December 1973 
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The th ree  t e s t s  o f  the f o l l o w i n g  sequence 3, were a l l  unstable.  

Radial c a v i t i e s  f o r  the  l - T  mode were added a t  t h a t  po in t ,  the re  being twelve 

c a v i t i e s  1.9 i n .  deep i n  the  r a d i a l  housing, and an o r i f i c e  was added t o  the  

o x i d i z e r  c i r c u i t .  

Sequence 4, cons i s t i ng  o f  Tests 114 through 119, was run over 

a  ma t r i x  of opera t ing  po in ts .  Ambient f u e l  was used i n  the  f i r s t  two t es t s ,  

heated fue l  i n  t he  l a s t  four ,  two o f  which were unstable.  The r a d i a l  l - T  

c a v i t y  housing was then replaced by the  a x i a l  u n i t ,  and an accumulator can was 

a l so  added t o  the o x i d i z e r  c i r c u i t .  The can i n s t a l l e d  on the f u e l  c i r c u i t  

a f t e r  Test 109 was s t i l l  i n  place. 

Sequence 5 had f i v e  t es t s ,  the  l a s t  f ou r  o f  which used heated 

p rope l lan t .  Two o f  them were unstable.  It became c l e a r  t h a t  these " l i t t l e  

f i x e s "  were no t  e l i m i n a t i n g  the  supposed feed system-1 inked i n s t a b i  1  i t y  and 

t h a t  the  one remaining c i r c u i t  o f  acoust ic  communication i n  the p rope l l an t  

systems -- the  face  r i n g  manifolds which formed a  se r ies  o f  unbroken circum- 

f e r e n t i a l  paths around t he  face from p i e  t o  p i e  -- had t o  be e l iminated.  The 

face o f  t he  i n j e c t o r  was machined away and t h ree  dams weldell i n t o  each r i n g  

mani fo ld  a t  the  n u l l  p o i n t  under the oppos i te  p rope l l an t  p ie .  An i d e n t i c a l  

face was bonded back on and the  u n i t  designated XDT-2A. The e n t i r e  rework 

process was accomplished i n  l ess  than th ree  days. 

The next  sequence o f  t es t s ,  Sequence 6, cons is ted o f  e i q h t  

t e s t s  numbered 125 t.hrough 132. Tne l - T  c a v i t y  was shortened t o  1.5 i n .  from 

1.9 i n .  b u t  o therwise the  con f i gu ra t i on  was i d e n t i c a l  t o  t h a t  o f  the previous 

group o f  tes ts .  The f i r s t  s i x  t e s t s  were a l l  s tab le ,  over a  mat r i x  o f  opera t ing  

po in ts ,  and so the o r i f i c e  i n  the o x i d i z e r  l i n e  was removed. The two t e s t s  

which fo l lowed were s tab le ,  a l though one o f  them had th ree  postbomb h l i n s .  

A l l  f i r i n g s  o f  the  sequence were bombed. Another sequence ( 7 )  o f  f i r i n a s  
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ensued, t h i s  t ime w i t h  a 16 i n .  chamber. S i x  t es t s ,  133 through 138, were 

conducted over a m a t r i x  o f  operat ing po in ts .  A l l  t e s t s  were bombed and a1 1 

were s tab le  al though on t he  l a s t  t e s t  the re  were two posthomb b l i p s .  The 

r i n g  dams were thus judged t o  be the  c r i t i c a l  f a c t o r  i n  remedying the feed 

syst ,m-1 inked i n s t a b i  1 i ty and the  i n j e c t o r  shinped back t o  WSTF f o r  cont inued 

t e s t i n g  a t  t h a t  f a c i l i t y .  A t  WSTF there  fo l l owed 54 f i r i n g  o f  more than 

600 sec du ra t i on  w i thou t  inc iden t .  The XDT-2 p a t t e r n  was consequently 

considered t o  be the  pr imary candidate f o r  demonstration ("demo"), o r  proto-  

type, i n j e c t o r  t e s t i n g  on the OMS hardware. 

To c lose  the loop  o f  t he  t e s t  l o g i c ,  the  XDT-1 i n j e c t o r  was 

re turned t c  the A-5 t e s t  stand and f i r e d  w i t h  the same c a v i t y  and feed system 

con f i gu ra t i on  as was used p rev ious ly  i n  Sequence 7 a t  the XDT-2 t e s t i n g .  

This sequence o f  t e s t s  on the  XDT-1, w i t hou t  r i n g  dams, i s  d e s i ~ n a t e d  here in  

as Sequence 9 o f  Ser ies 1, and i s  thus grouped w i t h  the f i r s t  e i a h t  sequences 

discussed above f o r  t h a t  i n j e c t o r .  A l l  f i v e  tests of the sequence came out  

unstable,  which seemed conc lus ive p roo f  t h a t  t t ie r i n g  dams had e l im ina ted  t he  

resurg i  ng problem. 

A t  t h i s  po in t ,  a "base1 i ne "  cav i  t v  con f i gu ra t i on  cons i s t i ng  

o f  e i g h t  1-T c a v i t i e s  1.5 i n .  deep and f o u r  3-T c a v i t i e s  0.4 i n .  deep had 

become es tab l  ished. 

3. Ser ies 3, Mixed Element I n j e c t o r  

Upon complet ion o f  the WSTF t e s t i n g ,  the  face o f  the XDT-2A 

i n j e c t o r  was removed and replaced w i t h  the  mixed element pa t te rn .  The f i r s t  

sequence o f  t e s t s  comprised t e n  f i r i n g s ,  numbered 144 through 153, and was 

conducted over the  m a t r i x  of opera t ing  po in ts .  A l !  except the f i r s t  t e s t  

i nvo lved  heated f u e l ,  and a l l  f i r i n g s  were bombed. The base l ine  c a v i t y  con- 
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f i g u r a t i o n  was used i n  the  f i r s t  two t es t s ;  the  f i r s t  f i r i n ?  went unstab le  

w i t h  resurg ing  going i n t o  the  1-T mode; the second was spontaneously unstab le  

i n  the 2-T mode. To qe t  b e t t e r  2-T coverage, the 1-T cav i  t y  depth was reduced 

from 1.5 t o  1.2 i n .  The f o l l o w i n g  t e s t ,  146, was spontaneously unstab le  i n  the 

2-T mode. The 3-T c a v i t y  depth was then increased from 0.4 t o  0.6 i n . ,  where- 

upon Test 147 was unstable i n  the  3-T mode. The 1-T depth was f u r t h e r  reduced 

t o  0.95 i n .  and the  3-T depth lowered t o  0.35 i n .  Again, on Test 148, the re  was 

an i n s t a b i l i t y  i n  t he  2-T mode. The bo l t - on  r a d i a l  c a v i t y  was i n s t a l l e d  t o  

prov ide 2 -T  coverage; i t  cons is ted o f  twelve c a v i t i e s  1.2 i n .  deep and had an 

entrance area equal t o  20:; o f  the  face area. The f o l l o w i n g  f i v e  t e s t s  were 

s tab le  al though an erroneous CSM shutdown occured on Test 151. 

Sequence 2, which fo l lowed w i t h  the same c a v i t y  arranqement, 

was run  s p e c i f i c a l l y  t o  see i f  the  A-50 could  be subs t i t u t ed  f o r  MFIH as the 

f u e l .  The r e s u l t s  proved negat ive:  both t e s t s  o f  the sequence (154 and 155) 

were unstable.  

Sequence 3, cons i s t i ng  o f  t e s t s  168 throuqh 172, was undertaken 

t o  ob ta in  hea t  f l u x  and performance data w i t h  a sbor t  chamber o f  12 i n .  lencrth. 

The c a v i t y  con f i gu ra t i on  was unchanged from the two p r i o r  sequences. The 

intended r e s u l t  was t o  determine the t r ade -o f f  betveen heat loss  t o  the w a l l ,  

o r  equ i va l en t l y  bu lk  temperature r i s e  w i t h  a cooled chamber, and performance. 

Instead, th ree  o f  the f i r i n g s  proved spontaneously unstab le  and a f o u r t h  was 

bombed unstable.  Fur ther  t e s t i n g  o f  the mixed element was discont inued. The 

pa t t e rn  was concluded t o  be very h igh performing - 319-320 seconds spec i f i c  

impulse - b u t  r a the r  i n c l i n e d  toward unstab le  operat ion.  

4. Series 4, XDT-1A (Hiqh A P )  I n j e c t o r  

Dur ing the  mixed element t es t i ng ,  the XDT-1 i n j e c t o r  underwent 

face removal, had dams welded i n  the r i n g  manifolds as was done w i t h  the o ther  
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u n i t ,  and was refaced w i t h  an XDT-1 p l a t e l e t  stack.  The re fu rb ished  i n j e c t o r  

was designated XDT-1A. Because o f  underetching o f  the o r i f i c e s  -- by 0.0010 

t o  0.0015 i n .  on a l l  dimensions -- t he  pressure drop was about 20% h igh f o r  

both p rope l lan ts .  Consequently, the  i n j e c t o r  was on ly  t es ted  twice,  i n  Tests 

156 and 175. I t  was s tab le  i n  both t e s t s  bu t  was low on performance. 

5. Ser ies 5, XDT-1B I n j e c t o r  

The face of the XDT-1A i n j e c t o r  was rpnlaced w i t h  a  c o r r e c t l y  

etched i d e n t i c a l  p a t t e r n  and the  u n i t  was then c a l l e d  the XDT-1B. Sequence l a  

of the  XDT-1B t e s t i n g  cons is ted o f  Tests 158 through 164 and was run  over the 

usual  m a t r i x  o f  opera t ing  po in t s  w i t h  t he  base l ine  c a v i t y  con f i gu ra t i on  and 

16 i n .  chamber. A l l  seven f i r i n g s  were bomb-stable. 

Sequence 2a was a  chugging eva lua t ion  and comprised Tests 165 

through 167. Two o f  t he  f i r i n g s ,  w i t h  chamber pressures o f  66 ps ia ,  chugged; 

the  t h i r d ,  w i t h  a  chamber pressure o f  76 ps ia ,  d i d  no t  chug. These f i r s t  two 

sequence numbers were both assigned a  l e t t e r  subscr ip t  t o  d i f f e r e n t i a t e  them 

from t h e  f o l l o w i n g  sequences which were numbered i d e n t i c a l l y  a t  the t ime of 

t es t i ng .  

The next t e s t  se r ies  was designed t o  eva luate s t a b i l i t y  

margin. The i n t e n t  o f  t h i s  se r ies  was t o  e s t a b l i s h  the  minimum c a v i t y  area 

requ i red  f o r  s t ab le  operat ion by sys temat i ca l l y  reducing the c a v i t y  area and 

changing tune t o  determine the minimum area and optimum tune con f i gu ra t  

From t n i s  the design marg in .o f  t he  baseTine cav i t y ,  i n  terms o f  c a v i t y  

could be establ ished. Also, t o  t h i s  p o i n t  a l l  tes t iny !  had been done w i  

square-entrance workhorse c a v i t y  con f igu ra t ion .  A quest ion ex i s t ed  as 

p o s s i b i l i t y  of employing a  contoured i n l e t  w i t h  the regenera t i ve ly  cool  

i on .  

area, 

t h  the  

t o  the  

ed chamber 

being designed f o r  t e s t i n g  a t  WSTF. Sequence 1  was the f i r s t  t e s t i n q  o f  the  
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contoured cav i t y  i n l e t  and involved s i x  tes ts  (173 thmugh 178) i n  a survey 

of operat ing po in t  condit ions. The cav i t y  areas had been reduced t o  15.2% 

and 8.1% on I T  and 3T c a v i t i e s  respect ive ly  as the f i r s t  s tep i n  the design 

margin tes t ing .  The chamber was bombed i n  every f i r i n g ;  Test ! 73 was marginal ly  

s tab le  and resurges were experienced on Tests 175 and 178, w i th  ';he r e s u r ~ i n g  

going i n t o  pure 1-T on Test 175. Since the cav i t y  depths were comparable t o  

those o f  Sequence l a ,  bu t  the area percentages were less, the I -T  cav i t y  atea 

was increased t o  correspond t o  tha t  o f  Sequence l a  t o  dc temine whether the 

i n s t a b i l i t y  was the r e s u l t  o f  the decreased I T  cav i t y  area. 

Sequence 2 which fol lowed consisted o f  3 f i r i n g s ,  Tests 180 

through 182, a l l  bomb-unstable w i th  resurging. The 3-T cav i t y  area was 

increased t o  agree w i  t h  the  base1 i ne conf igurat ion. 

Sequence 3 had four f i r i n g s ,  Tests 183 through 186, which 

were bombed unstable. The bomb f a i l d  t o  explode on Test 183 which was the 

s tab le  tes t .  Since the per t inent  cav i t y  parameters, length and open area, were 

now the same f o r  the contoured i n l e t  cav i t y  as' f o r  the rectangular i n l e t  base- 

l i n e ,  it was qu i te  c lea r  t h a t  the i n l e t  conf igurat ion was i t s e l f  an important 

fac tor ,  f o r  reasons not  t o t a l l y  c lea r  a t  the time. The question arose as + . I  

whether the change i n  contour was equivalent t o  a change i n  e f f e c t i v e  c z ~ i t y  

length. Based on a power spectra i  density analysis o f  the data obtained from 

tbe h igh frequency transducer i n  the I - T  savi ty ,  i t  was considered necessary 
t o  shorten the cav i t y  t o  b r i n g  i t  i n t o  tune, Thus, the fo l low ing fou r  sequences 

each invest igated incremental reductions i n  the 1-T cav i t y  length. 

I n  Sequence 4, the cav i t y  was reduced t o  1.25 i n .  from 1 $50 i n .  

I n  three f i r i n g s ,  Tests 187 through 189, there were two bonb induced i n s t a b i l i t i e s .  

I n  Sequence 5 the c a v i t y  was f u r t h e r  reduced t o  1.07 ill., and both tes ts  of the 
sequence were bombed unstable. Sequence 6 had two f i r i n g s ,  Tests 192 and 193, 
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wi th a 0,825 in .  1-T cavity, and both were bombed unstable. Throughout these 

sequences, the frequency o f  the 1-T mode was increasing. Final ly ,  i n  Sequence 
7 the 1-T cav i ty  depth was reduced t o  0.535 in.  and the 3-T depth t o  0.212 in .  

from 0.43 i n .  Following the f i r s t  f i r i ng ,  Test 194, which was unstable, a local  

fue l  leak a t  the periphery o f  the in jec to r  -- a t  the bond l i n e  o f  the p la te le t  

stack and the in jec to r  body -- was discovered and the tes t ing stopped for 

in jec to r  rework. During the progress o f  these f i v e  sequences i t  became 

apparent tha t  the high frequency measurements were being compromised by the 

cavi ty tuning block. Subsequently, the transducer ports entered d i r ec t l y  i n t o  

the cavi t ies rather than passing through the adjustable tuning blocks a t  the 

end o f  the cavit ies. I n  any event, i t  was qu i te  apparent that  there exists 

a frequency depression wi th increasing cavi ty depth, as was hypothesized some 

time ear l ie r ,  

Series 5. XDT-lC In jec tor  

The face o f  the XDT-1B in jec to r  was machined o f f  and replaced 

wi th  an ident ical  face; the u n i t  was now cal led the XDT-1C in jector .  Sequence 

numbers were continued consecutively f o l l  w i n g  the XDT-1 B t es t  sequence 7. e .q. , 
the f i r s t  sequence o f  XDT-1C test ing was labeled number 8. It consisted o f  s i x  

checkout f i r i ngs ,  Tests 206 through 211, over the matrix o f  operating points; 

the base1 ine rectangular cavi ty configuration was used t o  confirm the stabi 1 i t y  

and performance characterist ics of the basic in jec tor  pattern. A l l  s i x  tests 

were bomb-stable. 

The fol lowing sequence, 9, had only one tes t  and confirmed the 

s t a b i l i t y  o f  the u n i t  w i th  1.9 in.  1-T cav i t ies  i n  place o f  the 1.5 in.  cav i t ies  

used i n  the previous sequence. 

contoured 

Thereafter, the rectangular i n l e t  cav i t ies  were replaced wi th the 

i n l e t  cavit ies. The 1-T depth was maintained a t  1.9 in .  and the open 
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area kept a t  19E. The object o f  the next sequence, Tests 213 through 218, was 
t o  determine whether the fue l  leak experienced wi th the XDT-1R in jec to r  test ing 

was a contr ibut ing factor  t o  the i n s t n b i l i t i e s  experienced, since the raw fuel 
was squ i r t ing d i r ec t l y  i n t o  the cav i ty  region, o r  whether the i n s t a b i l i t i t ,  

were en t i re l y  due t o  e f fec ts  brought about by the contoured i n l e t .  Two f i r i n q s  

o f  Sequence 10 wcre marginally stable, showing postbomb resurqes: s i x  on Test 

216 and two on Test 218. 

The 1-T cavi ty depth was reduced t o  1.5 in .  f o r  Sequence 11, 

which consisted c f  Tests 219 and 220. The f i r s t  was marginally stable wi th 

two postbomb resurges , and the second ws; bombed uns tab1 e wi th resurges going 

i n t o  the 1-T mode. Thus, the destabil iz1r.g ef fect  o f  the contoured i n l e t  was 

conf i nned . 

There followed a dozeri sequecces to  dctermine exactly what 

factors were bel:q i r;t ll!onced by the i n l e t  configuration. The f i r s t  apnroach 
was t o  det.eminc whetner S b  contolrred i n l e t  w i th  i t s  cleaner hydraulic con- 

f igurat ior !  cJas res'.tlting I(' reduced k ine t i c  energy d i s s i ~ a t i o n  o f  the j e t  

flowing i d.0 and out o f  tke cavi ty  and thereby reducim~ the cavi ty damning. 

Thus, most of ?:he IW mt r i rd .1 r : ; t 8 : , . y ~  made i n  subsequent sequences i nvol'ved 

i n l e t  variat ions ;.cs:ii':'ng !n s ign i f icant  a l te ra t ion  o f  the flow cesistance. 

Thn f i r s t  of these sequences, 12, invo 

i n l e t  configuration (Figure 114) . Tests 21 1 through 225 

a1 1 bomb-stable. 

lved the pa r t i a l  contour 

o f  t h i s  sequence were 

Sequence 13 u t i  1 ized a res t r i c ted  i n l e t  area configuration. 

This res t r i c ted  i n l e t  configuration was calculated t o  have the same ef fec t ive  

flow area (CDA) as the squdte i n l e t  and thus addressed whether the r a t i o  o f  flow 

area t o  cavi ty volume was a significant parameter. Generally, as the i n l e t  

area of a cavi ty i s  reduced, the cavi ty begins t o  behave more 1 i ke a Helmhotr 

resonator and less li ke a quarter wave tube. O f  the four tests, thnbers 226 
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through 229, three were bomb-stable and the four th,  wherein the fue l  temperature 

was s ign f i can t l y  higher, was marginal. It showed two postbomb resurqes. This 
sequence indicated improved stabi  1 i t y  over t ha t  obtained w i th  the contoured 

i n l e t .  However, i t  s t i l l  l e f t  an open question as t o  whether i t  was the changed 

i n l e t  contour o r  the s h i f t  downward i n  cav i t y  tune w s u l  t i n g  from the r e s t r i c t e d  

i n l ~ t  which was the s t a b i l i z i n g  fac tor .  This l e d  t o  Sequence 14. 

With the same i n l e t  conf igurat ion but a shorte::ed 1-T cav i ty ,  

the s ing le  t e s t  o f  Sequence 14 w ~ s  conducted. This t e s t  was intended t o  

determine whether the  r e s t r i c t e d  contoured i n l e t  o f  Sequence 13 and the normal 

contoured i n l e t  behaved the same a t  s i m i l a r  cav i t y  tune coildi t i  ons. Fo:?o;ii ng 

the bomb, the system went i n t o  the 1-T mode. 

A t  t h i s  po in t  i t appeared the i n j e c t o r  was very sens i t i ve  t o  

cav i t y  tune. To v e r i f y  th is ,  the par'ial contour was re ins ta l l ed ,  and the 1-T 

cav i t y  depth !;Ft a t  1 . I  i n .  as i n  ti,e previous sequence. A l l  f i v e  bomb tests,  

Numbel 23i t h r ~ u g h  235 a i:: Sec:rrctice 15, were stable. 

The rectangular i n i  e t  con? ; ~ ~ b v t i o n  rep1 aced the n a r t i  a1 

contour u n i t  f o r  the next sequence, w i t . ?  che s a w  I - T  .a*!ity depth, and a l l  
t es t s  -- Numbers 236 tl;,.ough 2,40 -- were s t a l l e .  I n  l;equ~;,:f. 17 wbich followed, 

the cav i t y  depth was fu r the r  reduced t o  0.64 inches. A l l  tes ts  i.~b~:r- anhi n 

stable, although t i le  ?&st  showed a large posttorllb resurge. 

The p a r t i a l  contour device was again i n s t a l l e d  w i t h  the  1-T 

cav i t y  depth maintained a t  0.64 i n ,  Throughout a l l  o f  these XDT-1C tests,  the 

3-1 depth was he ld  a t  0.4 In. A l l  four  t es t s  o f  Sequence 18 were bond\-stab'?. 

I n  Sequence 19, which c o w i s t e d  o f  Tests ?50 through 254, the 1-1 dept? was 

f u r t h e r  reduced t o  0.40 in ,  ; thus, a l l  twelve cav i t ies ,  1-1 anr 3-1 :.!ere the 

same length. The four  tes ts  o f  Sequence 20 were iamb-r;t iSle,  vbicr.., coritrr.; 

t o  t!,e conclusion from Sequence 14, ind icated tha t  combwit' cn 2 lab1 1 :.: $\as nr i 
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p a r t i c u l a r l y  affected by cav i t y  tune as commonly calculated i n  terms o f  cav i t y  

depth; vis., something else was permi t t ing  the combustion process t o  90 unstable. 

I n  Sequence 21, the rectangular i n l e t  conf igura t ion  was 

replaced w i th  the high CD i n l e t .  As shown i n  Finure 116 t h i s  i n l e t  +ad a 0.125 i n .  

radius on i t s  downstr~am edge t o  g ive i t  a high C,, whi le s t i l l  maintaininn the 

general conf igurat ion o f  the basel ine cavi ty .  I t  was intended t o  d ,  f f t r -  

en t i a te  between thc e f fec ts  o f  cav i t y  entrance d i r e c t i o n  o r  l oca t i on  and entrance 

hydraul ic  resistance. One t e s t  was bombed unstable i n  the 1-T mode ind i ca t i ng  

t h i s  conf igurat ion was much nmre sensi t ive t o  tune than the low C,, sharp 

edged conf igurat ion. 

I n  Sequence 23, therefore, the 1-T length was rducecl to  1.1 i n .  

The second o f  the two f i r i n g s  went unstable i n  the 1-T mode, i nd i ca t i ng  tha t  the 

1-T cav i t y  length was s t i l l  i n s u f f i c i e n t .  Thus the length was extended t o  

1.9 i n .  and the operating po in t  matr ix  repeated i n  Sequence 24. A l l  four  tes ts  

were bomb-stable a1 thouc'l the l a s t  t es t ,  Number 270, had a small postbomb ,- surge. 

F i n a l l y  i n  Sequence 25, the l a s t  o f  t h i s  group, the cav i t i es  

were a l l  blocked shut t o  determine whether the presence o f  cav i t i es  might be 

cont r ibu t ing  t o  the i n s t a b i l i t y  and a lso t o  es tab l ish  t o  what m ~ d e  the i n j e c t o r  

appeared most sensit ive. Both tests were bombed unstable i n  the 2-T mode w i th  

no resurging present. This confirmed t h z t  cav i t i es  indeed were ef fect ive 

damping devices but also impl ied tha t  resurgin? was assoc iated w i t h  the pressure 

o f  cdv i t ies .  

7. Series 6, Mixed Element-Inteqral Gaf f le  I n j e c t o r  

The nri xed e:ment- integral  b a f f l e  i n j e c t o r  tes ts  were conducted 

during the i n te rva l  t h a t  the XDT-1B i n j e c t o r  was being refaced. The primary 

object ive o f  t h i s  a c t i v i t y  was t o  demonstrate tha t  the p l a t e l e t  f ab r i ca t i on  
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technique could be successfully employed w i t h  ba f f l ed  i n jec to rs  and tha t  the 

ba f f l es  could be regenerat ively cooled w i t h  N204. 

The mixed element-integral ba f f l  e i n j e c t o r  had two types of 

i n j e c t i o n  elements -- X-doublets and splash p lates.  The X-doublet elements were 

located around the periphery and along the b a f f l e  wal ls .  The splash p l a t e  e le -  

tnents were located i n  the cent ra l  core region between the three b a f f l e  blades. 

Approximately 60 percent o f  the elements were X-doublets and 40 percent were 

splash p la te  elements. 

I n  Sequence 1, which consisted only  o f  Test 179, there were 

no 1-T cav i t ies ,  under the assumption tha t  the baf f les would e l im ina te  the 

1-T mode. A l l  of the cav i t i es  were adjusted t o  the 3-T depth. The f i r i n g  was 
spoctaneously unstable i n  the 1-T mode ind i ca t i ng  the ba f f l es  were not  supplying 

s u f f i c i e n t  dampiy.  It was reasoned a t  the time tha t  the s l i g h t  gap (a~prox imate ly  

0.020 i n .  ) t ha t  ex is ted between the baf f le  and the chamber wa l l  a1 lowed some 

acoust ic comnunication between b a f f l e  pockets. This Gap had been demonstrated 

t o  be the source o f  an i n s t a b i l i t y  on a Transtage i n j e c t o r  program conducted 

previously a t  ALRC. The gaps were el iminated by spot welding L-shaped metal 

pieces t o  both the ba f f l e  and the chamber wa l l  t o  preclude gas f l ow  between 

pockets. 

For Sequence 2, f i v e  of the cav i t i es  were f i x e d  t o  a shor t  1-T 

length, 1.3 in . ,  the f i r s t  t e s t  i n  t h i s  conf igurat ion was stable, the second 

spontaneously unstable i n  the 1-T mode. The metal pieces plugging the qaps were 

a l l  l o s t  during the unstable tes t .  Since the i n s t a b i l i t y  s ta r ted  w i th  them i n  

place, i t  was concluded t h a t  suppressing the communication between pockets v ia  

the gap was not an important consideration. The metal i nse r t s  were therefore 

no t  replaced. O f  the rema~ning f i v e  tes ts  o f  the sequence, four  were s t a h l ~  -- 
two o f  them w i th  bombs -- and one spontaneously unstable i n  the 1-T mode. 

The 1-T cav i t y  depth wad increased t o  1.9 i n .  f o r  Sequence 3, 

which had an ins tab i  2 i t y  on the second tes t ,  Number 203, again i n  the 1-T mode. 
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The number o f  1-T cav i t i es  was increased by one, so t h a t  h a l f  o f  them were 

tuned t o  the 1-T mode. Sequence 4 which fol lowed again, had a 1-T mode spontaneous 

i n s t a b i l i t y  on the second o f  two tests.  A t  t h i s  po in t  i t  was concluded tha t  

the presence o f  the slow mixin? X-doublets and the ii l m  cool ing o f  the b a f f l e  

blades was resu l t i ng  i n  too ,:~h o f  the energy release occurr ing wel l  downstream 

o f  the ba f f les ,  rendering the r  i ne f fec t i ve .  Since the primary object ives o f  

demonstrating f a b r i c a b i l i t y  and b a f f l e  cool ing had been met, i t  was decided to  

terminate tes t i ng  o f  the b a f f l e d  i n jec to r .  

The stable tes ts  d i d  a l low ca l cu la t i on  o f  i n j e c t o r  performance 

which was found t o  be comparable t o  tha t  f o r  an X-doublet pattern, viz. ,  the 

expected improvement due t o  the splash p la te  was not  real ized.  This agreed 

w i th  the conclusions reached from the s t a b i l i t y  resu l ts .  

8. Series 7, L i  ke-Doublet I n j e c t o r  

The 1 i ke-doublet i n jec to r ,  res idual  from a company-funded 

program, was evaluated a f t e r  the XDT-1C i n j e c t o r  tes t in? .  The purpose o f  running 

these tes ts  was t o  determine whether the sens5 t i v i t y  t o  c a v i t y  i n l e t  geometry 

was charac ter is t i c  o f  the X-doublet element o r  had more general appl i cab i  1 i ty .  

The f i r s t  sequence o f  tests  involved the high C,, cav i t y  i n l e t  contour and consisted 

o f  Tests 271 through 275. A l l  o f  the cav i t i es ,  1-T and 3-T, were 0.4 i n .  deep. 

A l l  t es t s  were bomb-stable. 

The contoured i n l e t  was used i n  the second sequence, ? s t i n  

w i th  0.4 i n .  cav i t i es .  One o f  the four  bombed f i r i n g s  was marginal ly  stable 

w i th  a 0.005 sec recovery, whi le  another was unstable i n  the 1-T mode. 

The I-T cav i t y  depth wab increased t o  1.1 i n .  f o r  Sequence 3, 

w i th  no other changes beins made t o  the conf iaurat ion.  A l l  four  f i r i n m ,  

Tests 280 through 283, were oomb-stable, Thus i t  was apparent t ha t  although the 

1 i ke-doublet i n j e c t o r  s4owed some s e n s i t i v i t y  t o  cav i t y  i n l e t  geometr.~, i t  was 

much less sensi t ive than the X-doubl e t  i n jec to r .  
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The rectangular i n l e t  cav i t i es  were i n s t a l l e d  next and a l l  

cav i t y  depths adjusted t o  0.4 in .  A l l  four  tes ts  o f  Sequence 4 were bomb- 

stable. F ina l l y ,  t o  show tha t  the cav i t i es  were essent ia l  f o r  s table opera t im,  

they were a l l  blocked shut; the s ing le  t e s t  o f  Sequence 5 was bombed unstable 

i n  the 1 -T mode. 

9. Ser 

Se r 

ies  8, DXDT1-1 I n j e c t o r  

i a l  Number 1 o f  the demo XDT-1 pattern, which was designated 

DXDT1-I, was then ava i lab le  f o r  t es t i ng  p r i o r  t o  shipment t o  WSTF. The p a r t i a l  

contour cav i t y  conf igurat ion was used i n  the f i r s t  sequence o f  tes ts .  Six  o f  

the f i f teen f i r i n g s  o f  t h i s  sequence, which encompassed Tests 191 .through 305, 

were bomb-unstable. The unstable t e s t  points  appeared t o  be a t  the high pressure, 

low mixture r a t i o  end o f  the operat ing "box". The cause o f  the i n s t a h i l i  t i e s  

was suspected t o  be a poor seal noted between the i n j e c t o r  and the adapter 

manifold. This seal was replaced fo l low inq Sequence 1 and Sequence 2 proceeded 

w i th  otherwise i den t i ca l  hardware. 

Sequence 2 consisted o f  Tests 306 through 310. The second t e s t  

of the group, 307, was a chugging t e s t  and chugging was at ta ined a t  a chamber 

pressure o f  65 psia. Three o f  the other  four  t es t s  were bombed unstable i n  

resurging, however, i nd i ca t i ng  tha t  the seal was not  the cause o f  the i n s t a b i l i t i e s  

experienced i n  the previoils sequence. A review o f  a1 1 the conf igurat ion d i f f e r -  

ences between the DXDTI-1 and p r i o r  XDT-1 i n jec to rs  was therefore conducted. 

The primary difference noted was i n  the i n j e c t o r  overlap, v iz ,  the excess o t  

i n j e c t o r  radius over chamber radius. A l l  p r i o r  t es t i ng  was condvctej w i t h  an 

overlap o f  0.126 i n .  The DXDT1-1 u n i t  had a s l i g h t l y  negative overlap, -0.007 

in., which resul ted from the requirement tha t  i n j e c t o r  be compatible w i th  

another contractor 's  hardware f o r  WSTF tes t ing .  I n  order words, the i n j e c t o r  

diameter was very s l i g h t l y  smaller than the chamber diameter, whereas f3r , ler ly 

;t was somewhat la rger .  
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To regain whatever e f fec ts  were l o s t  w i th  the change i n  over- 

lap, two overlap r ings  were fabricated. Both o f  these r ings  protruded i n t o  the 

chamber. The one provided an overlap o f  0.126 in., the same as i n  a l l  p r i o r  

tests ,  wh i le  the other provided 0.042 i n .  overlap. 
C - 

Sequence 3 was undertaken w i th  the 0.126 i n .  overlap r i n g  i n  

place. A11 e igh t  f i r i n g s  over the matr ix  o f  operat ing points  were bomb-stable. 

Two o f  then, 316 and 317, had small oops j u s t  a f t e r  chamber pressure r i s e ;  these 

were thought t o  be caused by the explosion o f  f u e l  trapped i n  the cav i ty .  I n  

any event, i t  was c lear  t h a t  the 0.126 overlap had a s t a b i l i z i n g  e f fec t .  

The subsequent sequence u t i l i z e d  the 0.042 i n .  overlap r ing .  

Every t e s t  o f  Sequence 4 was marginal, w i t h  s ing le  postbomb resurges occurr ing 

on Tests 319, 320, and 321, and a double resurge on 322. 

The l a rge r  overlap r i n g  was r e i n s t a l l e d  f o r  the s inq le  t e s t  o f  

Sequence 5. The purpose o f  the t e s t  was t o  determine i f  the pops experienced 

i n  Sequence ? were purely s t a r t  t rans ien t  phenomena o r  i f  they could occur l a t e r  

i n  the f i r i n g .  Thus, the f i r i n ?  durat ion was evtended t o  4 sec from the nominal 

2 sec value connlonly uztcl. No pops occurred during t h i s  t es t .  

10. Series 9, DXDT1-2 I n j e c t o r  

Ser ia l  Number 2 o f  the rrerno XDT-1 pat tern,  designated as 

DXDT1-2, was then tested. The 0.126 overlap r i n g  was a l te red  such tha t  i t s  

downctream edge f a i r e d  smoothly i n t o  the chamber surface. Sequence l a  o f  Series 

9, which was a t  the time labeled Sequence 6 o f  the previous series. employed 

the same i ardware conf igurat ion as Sequence 5 o f  tha t  ser ies except f o r  the 

contoured downstream edge o f  the overlap r ing .  A l l  t h i r t een  tes ts  o f  the 

sequence, number 324 through 336, were bomb-stable. 
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IX,F, Test Series Oescri p t i o n  (cont . ) 
17 through 3 Sequence 1 consisted of f i v e  f i r i n g s ,  Tests 41 , 

w i t h  the 0.126 overlap r i n g  brazed i n t o  the cav i t y  housing. A l l  f i v e  tes ts  
were bomb-stable. 

The subsequent Seqcence 2 invest igated performance w i t h  a 

reduced chamber length, 12 in., and two o f  the three f i r i n g s  had postbomb 

resurges. The question then arose as t o  whether the marginal s t a b i l i t y  was 

due t o  the reduct ion i n  chamber length o r  t o  the repos i t ion ing  o f  the s t a b i l i t y  

bomb which were located 3 in .  from the i n j e c t o r  face on these three tes ts ,  as 

opposed t o  10 in .  away i n  e a r l i e r  tests .  

Thus, i n  Sequence 3, the chamber length was restored t o  16 in., 

bu t  the bomb loca t i on  was maintained 3 i n .  from the face. A l l  f i v e  tes ts ,  345 

through 349, were stable. Thus, chamber length ra ther  than bomb oos i t ion  was 

the destabi 1 i z i  ng factor ,  a r e s u l t  which had been indicated e a r l i e r  i n  the m i  xed 

element i n j e c t o r  tes t ing .  

11. Series 10, XDT-1C InJec tor ,  I n l e t  E f fec t  Inves t iqa t ion  - 

The XDT-1C i n j e c t o r  was returned t o  service so as t o  inves t iga te  

what was the c r i t i c a l  factor :  overlap o r  sharp edged c a v i t y  i n l e t .  The f i r s t  

sequence consisted o f  a s ing le  tes t ,  Number 350, t o  show t h a t  the XDT-1C 

i n j e c t o r  was a lso unstable w i t h  the -0.007 i n .  overlap condit ion. It was. 

Thereafter, a new cav i t y  i n l e t  conf igurat ion,  w i th  0.250 i n .  overlap and 0.125 i n .  

radius on the 1 i p  o f  the cavi ty ,  was i ns ta l l ed .  This was the maximum overlap 

tested. The purpose o f  t e s t i n g  t h i s  conf igurat ion was t o  es tab l ish  whether the 

des tab i l i z i ng  e f f e c t  which was observed w i th  the h igh CD i n l e t  was the r e s u l t  

o f  i t s  lower f low resistance or  the, r e s u l t  o f  the radius on the l i p  simply 

reducing the e f f e c t i v e  overlap. With t h i s  c a v i t y  i n l e t ,  the 1-T c a v i t y  was 

progressively detuned , o r  shortened , during the remaining t e s t  sequences t o  

enable the s t a b i l i t y  o f  t h i s  conf igurat ion t o  be compared t o  tha t  w i th  the 

sharp-edged entrance, 
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Sequence 2 was the s t a r t i n g  po in t  w i th  the nominal cav i ty  

conf igurat ion except f o r  the maxinum overlap, high CD i n l e t .  A l l  f i v e  tes ts  o f  

the sequence were bomb-stable. I n  Sequence 3, the 1-T depth was reduced t o  

1.1 in .  from 1.5 in . ;  again a l l  f i v e  bomb tes ts  were stable. The 1-T depth was 

reduced t o  0.8 i n .  i n  Sequence 4, and once more a1 1 f i v e  f i r i n g s  were bomb- 

stable. F ina l l y ,  i n  Sequence 5, wherein a l l  of the cav i t i es  were 0.4 i n .  l o w ,  

one marginal t e s t  resulted. Test 367 showed one postbomb resurge. Thus, i t  was 

f a i r l y  obvious tha t  overlap and not  corner sharpness was the c r i t i c a l  f a c t o r  

i n  s t a b i l i z i n g  the combustion. 

12. Series 11, XDT-lC, S t a b i l i t y  Marqin Evaluation 

The purpose o f  t h i s  ser ies of tes ts  was t o  determine the 

s t a b i l i t y  margin o f  the basel ine cav i t y  conf iqurat ion. As noted ea r l  i e r ,  the 

method o f  doing t h i s  involved simultaneously reducing pmcent open areas f o r  

the 1-T and 3-T c a v i t i e s  u n t i l  a marginal condi t ion was encountered, and then 

adjust ing the cav i t y  depth t o  evaluate the e f f e c t  o f  cav i t y  tune. 

Before g e t t i n g  i n t o  the s t a b i l i t y  margi,. tes ts ,  however, a 

sequence was conducted w i th  the 12 i n .  chamber length t o  co,-roborate the 

des tab i l i z i ng  e f f e c t  o f  the reduced chamber length w i th  the XDT-1C in jec to r .  

A l l  s i x  tes ts  o f  the sequence were bomb-stable, i nd i ca t i nn  t h a t  th? XDT-1C has 

somewhat greater s taui  1 i t y  margin than the demo un i ts .  

Sequence 2 was w i th  the 16 i n .  chamber and w i th  1-T and 3-T 

c w i t y  open areas o f  14.4% and 7.7% respect ively.  A l l  f i v e  f i r i n g s ,  Tests 376 

through 350, were bomb-stable. The percent open area o f  the cav i t i es  was 

reduced t o  10.2% for  1-T and 6.2% f o r  3-T f o r  Sequence 3, and the matr ix  o f  
t e s t  points  repeated. One marginal l y  s table f i r i n g  was experienced. Thus, 

the l i m i t i n g  po in t  on percent open area had been breached. 
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Sequence 4 which fol lowed had the  same open area percentages 

but deeper 1-7 cav i t ies ,  1.9 i n .  as opposed t o  1.5 i n .  Two i n s t a b i l i t i e s  were 

experienced i n  the s i x  tests.  Thus, i t  could be concluded tha t  the d i r e c t i o n  

o f  improved s t a b i l i t y  was towards shorter,  ra ther  than longer, 1 -T cav i t ies .  

The subsequent sequence therefore employed 1.3 i n .  cav i t i es .  

One f i r i n g  was bombed unstable. The 1-T cav i t y  depth was fu r the r  reduced f o r  

Sequence 6, t o  1.1 i n .  A l l  n ine t e s t  points  were bomb-stable, a1 though two 

tes ts  each had a s ing l c  postbomb resurge; the greater number o f  tes ts  was 

considered necessary t o  ensure a meaningful s t a t i s t i c a l  sample. Thus, by 

s u f f i c i e n t l y  shortening the cav i t y  depth a t  t h i s  1 i m i  t i  ng percent open area, 

the u n i t  was returned t o  s table operation. 

I n  Sequence 7, Tests 404 through 408, the 1-T depth was 

decreased t o  0.9 i n .  Two f i r i n g s  were bombed unstable and a t h i r d  had a s l i g h t  

postbomb resurge, i nd i ca t i ng  tha t  the l im , i t i ng  minimum cav i t y  depth had a lso  

been breached. I n  other  words, f o r  the open area percentages determined i n  

Sequence 3, the 1-T cav i t y  depth f o r  bomb-stabi l i ty l i e s  between 0.9 and 1.3 i n .  

The subsequent Sequence 8 was run t o  determine i f  the 3-T 

c a v i t i e s  were r e a l l y  necessary. A l l  o f  the 3-T cav i t i es  were blocked o f f  w i th  

the blocks extending 0.125 i n .  downstream o f  the i n j e c t o r  face; the a f t  end 

o f  the c a v i t y  thus s t i l l  formed a "pocket". The 1-T c a v i t y  depth was readjusted 

t o  1.1 i n .  , the stable po in t  determined i n  the p r i o r  sequences f o r  the minimum 

open areas, which were maintained. Two o f  the four  f i r i n g s  i n  t h i s  conf igurat ion 

had postbomb resurges and a t h i r d  was unstable i n  the 1-T mode, i nd i ca t i ng  t h a t  

the 3-T cav i t i es  were cont r ibu t ing  t o  the 1-T mode s t a b i l i t y  a t ta ined previously.  

The fo l low ing sequence, consis t ing only  o f  Test 413, was 

conducted t o  determine whether the ac t i ve  cav i t y  open area, o r  the e f f e c t i v e  

Page 176 



Report 

IX,F, Test Series Desc r i p t i on  (cont . )  

open area, i s  the  impor tant  parameter. 

t he  same as i n  Sequence 6, wherein a1 1 

radiused, however, g i v i n g  a  h igher  CD. 

The c a v i t y  depths and open areas were 

t e s t s  were s tab le ;  t he  c a v i t y  i n l e t  was 

The assu~nption was t h a t ,  i f  e f f e c t i v e  

area i s  the c r i t i c a l  f ac to r ,  then t h e  g rea te r  e f f e c t i v e  area r e s u l t i n g  from the 

h igher  CD should make the  system more s tab le  than i n  Sequence 6.  The i n s t a b i l i t y  

on the  f i r s t  t e s t  o f  the sequence showed t h a t  the rad ius  on t he  i n l e t  no t  on ly  

f a i l s  t o  prov ide more margin by reason o f  some e f f e c t i v e  area increase bu t  ac t s  

t o  destab i  1 i ze a here to fo re  s t ab le  cond i t i on .  

Having found i n  Sequence 8 t h a t  the 3-T c a v i t i e s  are necessary 

f o r  1-T s t a b i l i t y ,  i n  Sequence 10 the  3-T area was c u t  i n  h a l f  t o  determine t o  

what ex ten t  the  3-T c a v i t i e s  con t r i bu te  t o  1-T s t a b i l  i t y .  The rec tangu la r  

i n l e t  rep laced t he  radiused i n l e t  con f i gu ra t i on  and except f o r  the  3-T area 

change t he re  were no o ther  va r i a t i ons .  One o f  t he  two t e s t s  was bombed unstab le  

i n  1-T, wh i l e  i n  the  o the r  t he  bomb f a i l e d  t o  explode. Thus, the 3-T c a v i t i e s  

were again shown t o  con t r i bu te  t o  1-T s t a b i l i t y .  

Sequence 11 evaluated the  h i gh  con t rac t i on  r a t i o  ( = 4.0) 

chamber. Th is  chamber had a nominal t h r o a t  area equal t o  112 t h a t  o f  the  o ther  

chamber. The f i r s t  f i v e  f i r i n g s ,  Tests 416 through 420, were a t  h igh  chamber 

pressures -- 200 t o  300 ps ia  -- and proved bomb-stable. The l a s t  th ree  t e s t s  

were conducted a t  near-nominal chamber pressure t o  i n v e s t i g a t e  chugging, which 

was a t t a i ned  on the  f i n a l  t e s t ,  423, a t  122 ps i a  chamber pressure. 

13. Ser ies 12, Low AP I n j e c t o r  

The l a s t  se r ies  of the  program was intended t o  i nves t i ga te  the  

c h a r a c t e r i s t i c s  o f  a  low pressure drop i n j e c t o r .  This se r i es  was aborted a f t e r  

t he  f i r s t  t es t ,  rlumber 424, showed an i n t e r p r o p e l l a n t  l eak  i n  t he  i n j e c t o r .  

Resul ts o f  t h i s  s i n g l e  t e s t  a re  inconc lus ive.  
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I n  the Test Series Descript ion above, t es t s  were designated by a 

series number, a sequence number, and a t e s t  number. This f o l  l a c  the 

methodology used i n  WSTF t e s t i n g  but was i n  f a c t  not  used throughout ALRC 

test ing.  The series number was assigned a f t e r  the f a c t  t o  c l a r i f y  t h i s  

l i s t i n g  and was given i n  accordance t o  the i n jec to r .  Thus, a l l  o f  the XDT-1 

i n j e c t o r  t es t s  are grouped i n t o  Series 1. The sequence number was comnonly 

bu t  not always speci f ied dur ing test ing, w i t h  each sequence denoting a group of 

t es t s  a l l  w i t h  the same hardwa9:e. Generally, every hardware change would c a l l  

f o r  a new sequence number. Thus, Sequence 1-1 involved 1 -2  i n .  cav i t i es  w i t h  

an 11 i n .  chamber length, and Sequence 1-2 involved 1.6 i n .  cav i t i es  w i t h  a 

13 i n .  length; otherwise, there were no d i f ferences i n  conf igurat ion. F ina l l y ,  

the t e s t  number was assisned on a consecutive basis w i th  the J-Arza tes ts  going 

from 001 t o  038, and the A-Area tes ts  going from 101 t o  424. This I s  somewhat 

d i f f e r e n t  from the WSTF approach wherein each sequence s tar ted  anew w i th  Test 

Numher 1. 

There were unfor tunate ly  some exceptions t o  t h i s  system o f  designa- 

t i o n  -- f o r  example, hardware changes w i t h i n  a sequence i n  a few instances -- 
t h a t  could not  be r e c t i f i e d  without a l t e r i n g  much o f  the o r i g i i  31 scquerrcp 

numbering. To avoid confusion, t h i s  was not  done. Such exceptions r e f l e c t  

the f l u i d i t y  o f  the t e s t  program wherein changes i n  hardware ccn f igura t ion  could 

be and were accomplished w i th  a minimum o f  delay. 

Figure 80 maps the chronology o f  the ALRC t e s t i n g  and a lso the 

i n te rac t i on  w i th  WSTF t e s t i n g  although the l a t t e r  i s  not  broken i n t o  i nd i v idua l  

t e s t  sequences. I n  conjunct ion w i th  the Test Series Descript ion, i t  helps 

exp la in  the ra t i ona le  o f  the t e s t  program. The f i g u r e  a lso traces the replace- 

ment o f  i n j e c t o r  faces on the four  i n j e c t o r  bodies. 
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Table X summarizes the elements o f  the  hardware con f i gu ra t i on  

t h a t  are deemed impor tant  from the s tandpoint  of s t a b i l i t y .  These include: 

chamber length,  c a v i t y  i n l e t  contour, chamber wa l l  shape a t  the cav i t y ,  

contour o f  the  back corner o f  the cav i t y ,  i n l e t  he ight ,  c a v i t y  width,  i n j e c t o r  

overlap, c a v i t y  depth, and c a v i t y  open area as a percent o f  i n j e c t o r  face 

area. These elements are described f u l l y  i n  the sec t ion  above e n t i t l e d  

Cav i ty  Conf igurat ion.  

Table X I  summarizes t b ~  operat ing condi t ions f o r  each t e s t  o f  t he  

e n t i  r e  program. These inc lude  chamber pressure, m ix tu re  r a t i o ,  and propel  1 an t  

temperatures; t he  use o f  s t a b i l i t y  bombs and the resu l  t i n q  s tab i  1 i t y  character-  

i s t i c s  a re  a l so  ind icated.  I n  most cases, spec i f i ed  values are nominal r a t h e r  

than exact. An except ion t o  t h i s  i s  t h a t  measured ( "exac t " )  f u e l  temperatures 

a re  commonly g iven f o r  the  t e s t s  w i t h  i n s t a b i l i t i e s ;  these values were 

measured a t  the s t a r t  of the i n s t a b i l i t y .  

H. CONCLUSIONS 

From the review o f  the  f u l l  sca le  t es t i ng ,  i t  i s  apparent t h a t  the 

' na jo r i t y  o f  the  t e s t s  conducted on t h i s  program were c';rected towards combustion 

s t a b i l i t y .  A1 though a s tab le  i n j ec to r -accus t i c  c a v i t y  con f i g rua t i on  was 

estab l ished e a r l y  i n  the tes t ing ,  i t  was the i n t e n t  o f  the  program t o  explore the 

l i m i t s  o f  s t a b i l i t y ,  i .e., t o  determine a t  what p o i n t  var ious changes i n  

hardware con f i gu ra t i on  o r  t e s t  condi t ions cause the combustion t o  go unstable. 

It was f e l t  t h i s  in format ion was requ i red  t o  es tab l i sh  the des i red ONS technology 

base. Two fac to r s  combined t o  make the program much more complex than o r i g i a n l  l y  

an t i c ipa ted .  F i r s t ,  the appearance of resurg ing i ns tah i  1 i t y  produced a s i9 -  

n i f i c a n t  departure from e x i s t i n g  combustion s t a b i l i t y  technoloqy and the 

a n a l y t i c a l  t o o l s  which have been developed. Second, the areat  sensi t i v i  t y  t o  
c a v i t y  i n l e t  ge0metr.y was a1 so unique w i t h  no previous technology t o  r e l y  upon. 

As a r e s u l t ,  much exploratory  experimental work had t o  be performed. Althouqh 

a t  the present time, no d e f i n i t i v e  statements can be made about e i t h e r  resurn ~q 

9r  c a v i t y  i n l e t  geometry, the  t e s t i n g  conducted durircr t h i s  program has resu l t ed  
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Series - 

1-1 

1-2 

1-3 

1-4 

' 1-5 

1-6 

1-7 

1-8 

1-9 
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TABLE X I  

S U M Y  OF OPERATING CONDITIONS FOR FULL SCALE TESTS AT ALRC 

Test - 

a 1  
002 
003 
004 
005 
006 
007 
008 
009 
01 0 
01 1 
01 2 
01 3 
01 4 
01 5 
01 6 
01 7 
01 8 
01 9 
020 
021 
022 
023 
024 
025 
026 
027 
028 
029 
030 
031 
032 
033 
034 
035 
036 
037 
038 
139 
140 

Bomb 
E Ttucl  -- Locati on 

XDT-1 In jec to r  (no r i na  dams) 

I A l l  t e s t  stable except as noted under "S tab i l i t y  Results" 
Bomb Location: distance from i n jec to r  face. 

I Indicated values may be nominal. 
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None 

i 

Stabi 1 i ty 
Results 

Resurge 
Resurge 
Resurge 
Resurge 
Resurge 
Resurge 
Resurge 
Resurge 
Resurge 
Resurge 

Marginal 

Resurge 

Resurge 

Resurge 
Resurge 
Resurge 
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TABLE X I  (cont. ) 

I 

Stabi 1 i t y  
Results 

Resurge 
Resurge 
Resurge 

Bomb - !u - - *fue 1 Locat ion Series - Test 

1-9 (cont . ) 141 

XDT-2 I n j e c t o r  (no r i n g  dams 2-1 through 2-51 

70 None 
70 None 

200 2 Resurge 
Hargi nal 
Resurge 

Resurge 
Resurge 
Resurge 

Resurge 
Resurge 
Resurge 

Resurge 
Resurge 

B l i p  
Resurge 
Resurge 
Maroi nal 
B l i p  

B l i p  

B l i p  
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Series - 
3- 1 

3- 2 

3- 3 

4-1 

5-la 

5- 2a 

5- 1 

5- 2 

Test - 
144 
145 
146 
147 
148 
169 
150 
151 
152 
153 
154 
155 
168 
169 
1 70 
171 
172 

156 
157 

158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
173 
1 74 
175 
176 
177 
178 
180 
181 
182 
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TABLE X I  (cont . ) 
.r - 

!YE I ox - - 'fuel  

Mixed Element In jec to r  
1.70 70 70 

High AP Inject= 

XDT-1B In jec to r  

1.64 4 5 205 
1.86 44 197 
1.49 37 1 98 
1.88 41 205 
1.46 41 21 4 
1.85 41 202 
1.53 41 200 
1.65 70 200 
1.69 70 200 
1.44 70 200 

56 1::: I 200 
200 

1.48 204 
1.93 57 197 
1.93 5 7 199 
1.54 56 1 88 
1.45 70 200 
1.45 70 200 
1.65 70 200 
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Bomb 
Location 

6 

None 
6 
2 

,I 
6 
6 

6 

Nre 6 

I 
None 
None 
6 
6 
6 
6 

Stabi 1 i ty 
Results - 
H i  freq 
H i  f req 
H i  f req 
H i  f req 
H i  freq 

H i  f req  
H i  f req  
Resurge 

Resurge 
Resurge 
Resurge 

Chug 
Chug 
Marginal 

Resurge 

Resurge 
Resurge 
Resurge 
Resurge 



Series Test - 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
206 
207 
208 
209 
210 
21 1 
21 2 
21 3 
21 4 
21 5 
21 6 
21 7 
218 
21 9 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 

-- . I 

. i 
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TABLE X I  (cant. ) 
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Bomb 
Loca t i on 

None 

I 
None 
6 

6 

Stabi 1 i ty 
Results 

Resurge 
Resurge 
Resurge 
Resurge 
Resurge 

Resurge 
Resurge 
Resurge 
Resurge 
Resurge 

None . % 

9 Marginal 
I I 

' I 

I Marginal 
Marginal i j 
Resurge . . 

None 

: i 

Margi nal - , 
: i 

Hi f req  . I 



Seri es - 
5-1 7 

5-18 

5-19 

5- 20 

5-21 

5-23 

5- 24 

5-25 

6- 1 
6-2 

6- 3 

6-4 

Test - 
241 
242 
243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
255 
256 
257 
258 
259 
260 
261 
262 
263 
264 
265 
266 
267 
268 
269 
270 
289 
290 

179 
195 
196 
197 
198 
199 
200 
201 
202 
203 
204 
205 
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TABLE X I  (cont.) 

l f  uel  - 
190 

v 

183 
188 

1 80 
182 
182 
200 

Bomb 
Loca t i on 

6 
6 

None 
6 

J 

None 
6 
3 

2 
6 

10 
10 

M i  xed Element In tegra l  B a f f l e  In jec to r  

None 

1 
6 
6 

None 
6 

None 
6 

None 

Stabi 1 i ty  
Resul t.s --- 

Marginal 

H i  f r e q  

Hi f r e q  

Marginal 
High f r e q  
High f r e q  

Hi f r e q  

Hi  f r e q  

Hi  f r e q  

Hi f r e q  

Hi f r e q  
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Series 

7- 1 

Test - 

271 
272 
27 3 
274 
275 
276 
277 
278 
279 
280 
281 
282 
283 
284 
285 
286 
287 
288 

29 1 
292 
293 
294 
295 
296 
297 
298 
299 
300 
30 1 
302 
303 
304 
305 
306 
307 
308 
309 
31 0 
31 1 
31 2 
31 3 
31 4 
31 5 
31 6 
31 7 
31 8 
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TABLE X I  (cont. ) 

!YE - - Ttue 1 

L j  ke-Doubl e t  In jector  

DXDT1- 1 In jector  

Bomb 
Location 

None 
10 

I 
3 

None 
I 

10 

None 

[ j  ' 
Stabi 1 i t.y 
Results'. 

211 

H i  f req 
'?' 

H i  f req  n 

: 1 
1 ' 

Resurge 

Resurge 
Resurge 

Resurge 

Resurge 
Resurge 
Resurge 
Chug 

Resurge 
Resurge I 1 1 

L i 
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Series - 
8-4 

8- 5 

9-la 

9- 1 

9-2 

10-1 
10-2 

10-3 

Test - 
31 9 
320 
321 
322 
323 

324 
325 
326 
327 
328 
329 
330 
331 
332 
333 
334 
335 
336 
337 
338 
339 
340 
341 
342 
343 
344 
345 
346 
347 
348 
349 

350 
35 1 
35; 
35 3 
354 
355 
356 
357 
358 
359 
360 
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TABLE X I  (con t . ) 

DXDT1-2 In jec to r  

XDT-1 C In jec to r  

1.65 70 200 

Page 190 

Bamb 
Location 

10 

I 
10 

3 

I 
10 

i 
10 

None 
10 

I 

Stabi 1 i ty 
Results 

Margi na 1 
Marginal 
Marginal 
Marginal 

Margi na1 
Marginal 

Resurge 
?" . * 



Series - 
10-4 

10-5 

11-1 

11 -2 

11 -3 

11-4 

11 -5 

11-6 

Test - 
36 1 
362 
363 
364 
36 5 
366 
367 
368 
369 

370 
37 1 
37 2 
373 
374 
375 
376 
377 
378 
379 
380 
381 
382 
383 
384 
385 
386 
387 
388 
389 
390 
39 1 
392 
39 3 
394 
39 5 
396 
39 7 
398 
399 
400 
40 1 
402 
403 
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TABLE X I  (cant.) 

XDT-1C In jec to r  
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Bomb 
Loca t i on - 

10 

I 
10 

None 
10 

None 
None 

10 

None 
10 
10 

None 
None 

10 

I 

Stabi 1 i t y  
Results 

Margi nal 

Marginal 

Resurge 

Resurge 

High freq 
Marginal 

. . 
! 

Marginal 
f 
. :  
! 



Series - 
11-7 

11-8 

11 -9 
11-10 

11-11 

12-1 

I 

Test - 
404 
405 
406 
407 
408 
409 
41 0 
41 1 
41 2 
41 3 
41 4 
41 5 
41 6 
41 7 
41 8 
41 9 
420 
421 
422 
423 

424 
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TABLE X I  (cont. ) 

XDT-1 I n j e c t o r  

Page 192 

Bomb 
Loca t i on 

10 

10 

Stabi 1 i t y  
Results 
Hi f r e q  

Hi f r e q  

Hi f r e q  
Margi nal 

Resurge 
Hi f r e q  
Hi f req  
Hi f r e q  

Chug 
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I V ,  H. Concl usi ons (con t. ) 

i n  great ly  increased insight  i n t o  both areas. A quant i tat ive nod??, based 

on these t e s t  results and described i n  Section X I I ,  has been constructed t o  

provide a more coniplete understanding o f  these factors. 
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. , 
X. FULL SCALE PERFOMNCE 

A. INTRODUCTION 

This section discusses the performance analysis f o r  160 of 362 

tests conducted a t  ALRC t o  determine the performance level  o f  eleven in jec to r  

configurations. Five d i f fe ren t  in jec to r  patterns were tested as follows: 

(1 ) The XDTl pattern on seven un i ts  designated XDTl (without 

I 
face r i n g  dams), XDTI-A, XDT1-B, XDTl-C, demonstration in jectors DXDT1-1, 

DXDT1-2, and a low pressure drop u n i t  XDT1-LP. 

I (2) The XDT2-A in jec tor  pattern (XDT2-without face r i n g  dams 

was not analyzed f o r  performance due t o  a high incidence o f  resurge i ns tab i l  i t y )  . 
I 

(3) The unbaffled mixed element pattern ME-1 consist ing o f  

60% X-doublet and 40% splash p la te  elements. 

(4)  The mixed element pattern w i th  integral  baf f les  designated 
IBME-1. and 

(5) The (non-platelet) 1 i ke-doublet i n jec to r  pattern which was 

i designed and fabricated wi th ALRC IRLD funding, but which was also tested on 

the p la te le t  OME Program. 

Testing was conducted under a var iety of tes t  conditions which 

included the following: 1 8  
n 

(1) Two basic chamber configurations (11-in. to  16-Sn. heat sink 

and 13-in. regen chambers). 

. . 

(2) Three nozzle configurations (15' conical nozzles w i th  2:l ;: I 
and 2.6:l area ra t ios  and a Rao contoured nozzle truncated a t  2?:1 area ra t i o ) .  

(3) Two d i f ferent  t es t  stands (5-4 and A5). 
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X,A, In t roduct ions (cont.) 

Variable operat ing condit ions included t e s t i n g  w i t h  and wi thout  

fuel f i l m  cooling, over an ox id izer  i n l e t  temperature range from 40 t o  100°F, 

and over f ue l  i n j e c t i o n  temperature range from 140 t o  240°F. A sumnary of the 

various i n j e c t o r  performances based on t h i s  analys is  i s  presented as a funct ion 

of chamber a x i a l  length i n  Table X I I .  Hot a l l  t es t s  are included i n  the perform- 

ance sumnary because many tes ts  were conducted p r i m a r i l y  t o  evaluate combustion 

s t a b i l i t y ,  acoust ic cav i t y  damping margin, o r  chug s t a b i l i t y  margin. 

Deta i l s  o f  the performance analys is  a re  presented i n  the fo l  lowing 

subscktions. The spec i f i c  t e s t  data and analys is  r e s u l t s  a re  presented i n  

Section B, wh i l e  the i n te rp re ta t i on  o f  the  performance resu l t s  w i th  respect t o  

each o ther  and WSTF t e s t  resu l t s  i s  i n  Section C. A descr ipt ion o f  the data 

analysis and performance extrapolat ion techniques i s  included i n  Section D . 

B . DATA ANALYSIS RESIJLTS 

The s t a t i s t i c a l l y  averaged performance f o r  each i n j e c t o r  conf igurat ion 

and chamber lenqth tested i s  summarized i n  Table XI1 i n  terms o f  the nominal 

measured spec i f i c  impulse extrapolated t o  the OMS base1 i n e  design conf igura t ion  

(55:l nozzle area r a t i o )  and operat ing cond i t ion  (PC = 125 ps ia  and O/F = 1.65). 

Table X I  I includes a descr ip t ion  o f  the tested chamber conf igurat ion ( length 

and coolant type), t e s t  ser ies and run  number, the t o t a l  number o f  tes ts  f i r e d  

w i t h  each i n j e c t o r  conf igurat ion, the number o f  those tes ts  analyzed f o r  perform- 

ance, and nominal OMS performance tosether w i t h  any per t inent  comnents . 
A test -by- test  analysis from which Table X I 1  was derived i s  given f o r  

a l l  performance tests i n  the data appendix a t  the end o f  t h i s  sect ion (pages 219 

. A 
through 242.) This tabular sumnary contains a l i s t i n g  o f  the per t inent  measured 

, . . , t e s t  parameters, calculated performance and i n jec to r  hydraul ic parameters, and 
, , 
: i extrapolated performance estimates. A descr ip t ion  o f  the nomenclature used i n  

I the appendix i s  included i n  Table XI11 which precedes i t. 

The fo l lowing parameters were determined t o  have f i r s t  order influences 

upon del ivered performance. 
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X,B, D a a  Analysis Results (cont.) 

(1) Mixture Ratio, (O/F) - I n  the tested O/F range from 1.4 t o  
1.9, a l l  i n j e c t o r  conf igurat ions a t  a l l  chamber pressures and a1 1 chamber lengths 

dem~ns t r~ ;  ted monotonically increasing spec i f i c  impulse a t  the higher mixture 

r a t ?  3s. Delivered performance i s  approximately propor t ional  t o  the ODK speci f ic  

imp:~ l  s t  i nd i ca t i ng  r e l a t i v e l y  constant energy release e f f i c i ency  over t h i s  range. 

(2) Chamber Pressure, (PC) - I n  the range from 90 t o  150 psia 

charrrber pressure, a1 1 i n j e c t o r  conf igurat ions tested showed increased spec i f i c  

inipulse it higher PC's. Only p a r t  of the performance increasg a t  high PC can be 

ascribe(, t o  a reduct ion o f  the nozzle k i n e t i c  loss; the remainder represents an 

i r  creast i n  the i n j e c t o r  energy re1 ease e f f i c iency  . 

(3) Chamber Length, (L') - A l l  i n j e c t o r s  showed improvement i n  

energy re1  ease e f f i c iency  a t  longer chamber 1 engths. The magnitude o f  perform- 

ance increase was on the order o f  +4 sec. I going from 12 in .  t o  16 i n .  a x i a l  s P 
cham/-er 1 ength. 

It can be seen by inspect ing Table XI1 t h a t  the number o f  tes ts  f i r e d  

w i t h  ~.ach i n j e c t o r  conf igurat ion var ied widely from as few as a s ing le  t e s t  

(XDT1-LP) up to  as ?:,,ny as 133 test5 (XDT1-C). Thus not  a l l  conf igurat ions have 

equal sti? t i s t i c a l  s ignif icance a1 though a1 1 i n j e c t o r s  quote an "average perform- 

ance" and a1 1 averages were obtained us ing the Mu1 t i p l e  Co-Variance Analysis 

Computer Program. I n  the paragraphs t o  fo l low,  the data w i l l  be presented by 

i n j e c t o r  conf igurat ion for un i t s  having the greatest  numbers o f  tes ts  arld highest 

confidence l eve l  f i r s t  w i th  the expectation t h a t  s im i l a r  i n j e c t o r  conf igurat ions 

of l i k e  pa t te rn  prob..,ly have s im i l a r  performance character is t ics.  Discussion 

o f  subsequent unl .s w i l l  be p r i m a r i l y  1 i m i  ted t o  di f ferences ra ther  than 

s i m i l a r i t i e s  ,, 

1. DXDTI-1 I n j e c t o r  

A t o t s1  o f  46 tes ts  were conducted w i t h  the DXDT1-1 (DEMO-1) 

i n j e c t o r  of wh5ch 36 tes ts  have been analyzed t o  determine i t s  performance 

characteri;tics. Results from a l l  p l a t e l e t  i n j e c t o r  t es t s  have been s t a t i s t i c a l l y  
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X, R, Data Analysis Results (cont.)  

f '  

2. I corre lated w i th  the mu1 t i p l  e  covariance computer program t o  determine the e f f e c t s  

o f  mixture r d t i o  and chamber pressure on spec i f i c  impulse. The v a r i a t i o n  o f  

spec i f i c  impulse w i t h  mixture r a t i o  and chamber pressure f o r  the DXDT1-1 i n j e c t o r  

i n  a  16 i n .  L' chamber i s  shown i n  Figure 81. The performance cha rac te r i s t i c  

shown i n  Fiqure 81 i s  t yp i ca l  o f  a l l  in jec tors ;  i.e., increasing spec i f i c  impulse 

a t  higher mixture r a t i o  and higher chamber pressure. The best f i t  co r re la t i on  

equation picked by the mu l t i p le  covariance program through a1 1  the DEMO-1 t e s t  

1 data i s  a lso  shown on Figure 81 and the co r re la t i on  influence coe f f i c i en ts  a r e  
2  given as a  funct ion o f  PC, O/F, and (O/F) . 

2. DXDT1-2 In jec to r  

The DEMO-2 i n j e c t o r  i s  ident ica l  i n  design and was fabr icated 

as a carbon copy o f  the above DEMO-1 in jec to r .  Thus, by every expectation i t  

should behave i d e n t i c a l l y  t o  DEMO-1. I n  fac t ,  Table XI1 shows tha t  t h e i r  d i f f e r -  

ence i n  nominal I sp  i s  on ly  0.2 sec lower f o r  DEMO-2 which i s  wel l  w i t h i n  the  

experimental accuracy, The DEMO-2 performance shown i n  Table XI1 i s  very s im i l a r  

t o  Figure 81. One set  o f  addi t ional  data obtained w i th  DEMO-2 i n  a  12 i n .  L '  

chamber i s  shown i n  Figure 82. A performance reduct ion o f  approximately 5.5 sec 

i s  indicated w i t h  the shorter chamber. 

3. XDT1-C, -0, and -A In jec tors  

One hundred and t h i r t y - t h r e e  tes ts  were conducted on the XDT1-C 

i n j e c t o r .  An addi t ional  e igh t  t es t s  were conducted i n  the high contract ion r a t i o  
W 

4 %- 1 (reduced throat  diameter) chamber which w i l  l be discussed separately. Many o f  
2 
. ~ i  these tes ts  were conducted fo r  s t a b i l i t y  object ives and performance data were not  
". 
P I analyzed. The 19 test. which were analyzed for performance i n  a 16 i n .  chamber 
$' 
!$ a re  p lo t ted  on Figure 83. 
P 

Also shown on Figure 83 a re  the 26 data points  obtained w i t h  

the XDT1-R in jec to r .  It was observed t h a t  often the f i r s t  t e s t  of the day showed 

wider scat ter  (general ly  lower) than the other tes ts  w i t h i n  the co r re la t i on .  
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XSB, Data Analysis Results (cont. ) 

Testing was terminated a f te r  only  2 tes cs on the XDT1-A 

in jec to r .  The performance f o r  these 2  tes ts  are a lso  shown on Figure 83. 

The s p e c i f i c  impulse o f  the XDT1-A i n j e c t o r  appears t o  be approximately 4 sec. 

1  ower than f o r  XDT1-C . 

4. Mixed Element I n jec to rs  

I n  order t o  attempt t o  reap the h igh  performance b e n e f i t  of 

the splash p l a t e  element which was demonstrated a t  the sing1 e  element and sub- 

scale t h r u s t  l eve l s  together w i th  the exce l len t  chamber compa t ib i l i t y  and 

benign combustion s  t a b i l  i ty charac ter is t i cs  o f  the X-doubl e t ,  two mixed element 
i n j e c t o r  pat tarns were fabr ica ted  and tested. The patterns consisted o f  approxi- 

mately 60% X-doublet elements d i s t r i b u t e d  around the chamber wal l  and along the 
ba f f l es  o f  the in tegra l  (3-bladed) b a f f l e  u n i t  f o r  compat ib i l i t y ,  and a t  the 

i n j e c t o r  ax is  f o r  s t a b i l i t y  because o f  l o c a l  s e n s i t i v i t y  t o  the f i r s t  rad ia l  

mode. The remaining 40% splash p la te  elements were placed w i t h i n  the i n jec to r  

core away from sol i d  boundaries. 

I.. .. 

A1 though pers is ten t  low amp1 i tude combustion i ns tab i  1  i t y  was 

t r iggered during bomb tes t i ng  by both un i ts ,  performance was summarized f o r  s tab le  

tes ts  and i s  shown f o r  both i n j e c t o r s  on Figure 84. The (unbaff led) ME-1 

i n j e c t o r  speci f ic  impulse i s  3  t o  4 sec, higher than XDT in jec to rs  i n  16 i n .  

chambers. L imi ted tes t i ng  i n  a  12 i n .  chamber ind icated tha t  i t s  performance i s  

comparable t o  XDT i n jec to rs  i n  16 i n .  chambers. The higher performance o f  the 
ME-1 i n j e c t o r  (and i t s  degraded s t a b i l i t y )  must be a t t r i b u t e d  t o  the splash p la te  
i n j e c t i o n  elements. 

The b a f f l e  length o f  the i n teg ra l  ba f f l e  u n i t ,  IBME-1, 

apparently was i n s u f f i c i e n t  t o  suppress the IT-mode i n s t a b i l i t y .  I n  s p i t e  o f  the 

splash p la te  elements, i t s  performance was only  comparable t o  other  XDT i n j e c t o r  

performances. The reason f o r  the lower performance o f  the i n teg ra l  b a f f l e d  u n i t  

i s  suspected t o  be caused by a  greater mixture r a t i o  ma ld i s t r i bu t i on  loss (probably 

on the order o f  4 sec. Isp).  The experimentally measured ox id izer  pressure drop t o  
regenerat ively cool the i n teg ra l  baf f les was 11 5 psid; t h i s  excessive value resu l ted  

from weld penetrat ion i n t o  the f low passages. The ox id izer  outf low from the baf f le  

coolant fed d i r e c t l y  i n t o  the ox id i ze r  manifold and the high b a f f l e  o u t l e t  ve loc i t y  
head probably degraded the ox id izer  i n j e c t i o n  d i s t r i b u t i m .  



Report 131 33-F-1 

Page 204 



Report 131 33-F-1 

X,B, Data Analysis Resu!ts (cont, ) 

5. XDTZ-A I n j e c t o r  

The XDT2 pat te rn  i s  i den t i ca l  t o  the XDTl  pat tern i n  a l l  

respects except i n  the outermost compa t ib i l i t y  row element o r ien ta t ion .  The com- 

p a t i  b! 11 t y  row comprises 13% o f  the t o t a l  i n j e c t i o n  elements. Extrapolated 

performance f o r  both 12.8 and 16.4 i n .  chamber lengths i s  shown on Ff gure 85. 

f o r  the XDT2-A i n j e c t o r  (dynamically s table w i th  i n j e c t o r  face r i n g  dams). 

I n i t i a l  t e s t i n g  o f  the XDTZ i n j e c t o r  conf igurat ion without 

face r i n g  dams resul ted i n  repeated resurge i n s t a b i l i t i e s .  Due t o  the i ns tab i -  

l i t i e s  which could af fect  i n j e c t ~ r  performance, performance analyses were no t  

conducted f o r  t h i s  conf igurat ion. 

6. Other P l a t e l e t  I n jec to rs  

The XDTl i n j e c t o r  was the f i r s t  p l a t e l e t  assembly fabr icated 

and tested on the OME Program. Many d i f f e r e n t  parameters were evaluated on t h i s  

i n i t i a l  u n i t  such as 0 t o  15% f u e l  f i l m  cool ing, 11 t o  14 in .  heat s ink chamber 

length, 12.9 i n .  regenerat ively cooled chamber w i th  a 20:1 area r a t i o  truncated Rao 

contoured nozzle, w i th  both ambient and f a c i  1 i t y  heated fuel . A1 though many 

diverse t e s t  conf igurat ions and operat ing condit ions were evaluated, the quant i ty  

o f  data f o r  any one t e s t  cund i t ion  i s  scant thus precluding s t a t i s t i c a l  co r re la t i on  

w i th  the mu l t i p le  covariance computer program. The performance data which were 

obtained, however, are reported i n  Table X I V  and are p lo t ted  on Figure 86, A 

fu r the r  complication i s  t h a t  the importance o f  face r i n g  dams had not  heen recog- 

nized p r i o r  t o  t es t i ng  t h i s  f i r s t  u n i t  without dams; thus, the occurrence o f  resurge 

i nstabi 1 i t y  fu r the r  reduced the number of val  i d  performance tests.  

The in f luence o f  low i n j e c t o r  pressure drop upon performance 

and s t a b i l i t y  was intended t o  be evaluated w i t h  a va r ia t i on  o f  the XDTl pa t te rn  

designated XDT1-LP l a t e  i n  the OME Program. A f te r  one t e s t  f i r i n g  on t h i s  i n j e c t o r ,  

an in terpropel  l a n t  manifold leak was discovered across the p l a t e l e t  stack and 

fu r the r  t e s t i n g  was terminated. B a s ~ d  upon performance data f o r  t h i s  one t e s t  

(6K-2B-424) no d i f ference was noted i n  comparison w i th  other XDTl i n j e c t o r  con- 

f igurat ions.  
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X,B, Data Analysis Results (cont. ) 

The e f f e c t  o f  higher contract ion r a t i o  or, @ME s t a b i l i t y  was 

a lso evaluated. Increasing the contract ion r a t i o  without increasing i n j e c t o r 1  

chamber diameter necessitated a reduct ion i n  th roa t  diameter. To keep PC constant 

would have required a reduction i n  the number o f  i n j e c t i o n  elements, i f  the nominal 

i n jec t i on  ve loc i t i es  were t o  be maintained. Since an i n j e c t o r  face p la te  w i th  fewer 

o r i f i ces  was not  avai lao le i t  was necessary t o  operate a t  higher pressures. Thus 

the XDTI-C i n j e c t o r  was used a t  chamber pressures from 120 t o  300 psia, t o  evaluate 

chug s t a b i l i t y  margin. A t  comparable i n j e c t i o n  ve loc i t i es  the chamber pressure 

w i th  the high CR chamber i s  approximately twice the nominal value. The r e l a t i v e  

e f fec t  o f  PC upon performance i s  s im i l a r  t o  the charac ter is t i c  observed w i th  a l l  

o f  the other in jec 'ors as shown on Figure 87. To extrapolate the high CR per fo r -  

mance t o  nominal OMS operating condit ions, the nozzle k i n e t i c  and b0undar.y layer  

losses were evaluated a t  PC = 125 psia; but  the i n j e c t o r  energy release e f f i c iency  

was e v ~ l u a t e d  a t  nominal design i n j e c t i o n  ve loc i ty ,  i .e., high CR chamber PC= 250 

psia. Furthermore, the t e s t  nozzle e x i t  area r a t i o  f o r  the high CR chamber was 

2.6:1 instead o f  nominal 2:l f o r  other sea leve l  tests .  

7. Like-Doublet I n jec to r  

The 1 i ke-doublet i n j e c t o r  was the only  non-pl a t e l e t  i n j e c t o r  

evaluated on the OME Program. This conventional i n j e c t o r  was designed and Fabricated 

on an ALRC funded program. Only the tests conducted on the OME program are included 

i n  Tables X I  and X I V  and i n  Figure 88. 

The 1 i ke-doublet i n j e c t o r  demonstrated excel 1 ent high frequeccy 

stabi 1 i t y  character is t ics,  adequate chug margin and i t s  performance was equivalent 

t o  the X-doublet p l a t e l e t  in jec tors .  

Four o f  the i n j e c t o r  conf igurat ions 1 i s ted  i n  Table XI1 were tested 

both a t  sea leve l  w i th  15' conical nozzles having 2:l area r a t i o  a t  ALRC, and 

tested w i th  high area r a t i o  contoured nozzles i n  the WSTF a l t i t u d e  f a c i l i t y .  A 

comparison between t h e i r  respective performances i s  shown i n  'the tab le  below. 
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X ,C , Performance Comparison (cont . ) 

COMPARISON OF ALRC PERFORMANCE WITH WSTF DATA 

I n j e c t o r  Configurat ion L '  ( i n )  ALRC - 
XDT2-A 12.9 311.8 

XDT2-A 16.4 316.7(') 

DXDT1-1 16 313.4 

DXDT1-2 16 313.2 

L i  ke-Doubiet 16 314.7 

WSTF - 
312.6 

314.1 

316.7 

3l8(') 

316.6 

Notes : (1 ) Questionable Thrust Data 

(2) Questionable Performance; Known Intermani fo ld Leak 

The l ike-doublet  and DEMO-1 i n j e c t o r s  del ivered 2 and 3 sec. higher 

Isp, respect ively,  a t  the WSTF compared t o  ALRC sea leve l  ext rapolat ions t o  the 

nominal OMS design and operat ing condit ions. This d i f fe rence i s  probably due t o  

the 1 im i ta t i ons  o f  the performance extrapolat ion technique from 2: 1 nozzle area 

r a t i o  t o  55:l. The XDT2-A performance i n  the shor ter  chamber shows the c losest  

agreement between ALRC and WSTF performance data o f  a l l  the conf igurat ions l i s t e d .  

The longer chamber ALRC data w i th  the XDT2-A i n j e c t o r  i s  suspect. The t h r u s t  

measurement c e l l  was replaced subsequent t o  these tests. F i n a l l y  , the DEMO-2 

data a t  WSTF i s  questionable due t o  a face p la te  delamination and i n te rp rope l l an t  

manifold leak which i s  known t o  have occurred. Overall, the WSTF performance a t  

1 east equals o r  s l  i g h t l y  exceeds ALRC performance extrapolat ions from low area 
r a t i o  sea l eve l  test ing.  Furthermore, the l ike-doub'zt performance and p l a t e l e t  

XDT i n j e c t o r  performances are equivalent as determined by WSTF a1 t i  tude test ing.  

A comparison can a1 so be made between the ALRC performance ex t ra -  

polat ions fo r  the various i n j e c t o r  conf igurat ions summarized i n  Table X I 1  . B r i e f l y ,  

the performance sumnary shows t h a t  f o r  an equivalent 16 in .  chamber length  a t  

OMS condit ions, e igh t  o f  the eleven conf igurat ions tested del ivered between 313 

t o  315 sec. speci f ic  impulse. O f  the two i n jec to rs  which exceeded t h i s  performance 

range, only the mixed e l e ~ e n t  i n j e c t o r  i s  known t o  have a d i s t i n c t  performance 

advantage due t o  the h i  gh-perf ormi ng splash p la te  elements. The XDT2-A t h r u s t  

data i s  suspect as mentioned previously. 
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O f  a l l  the i n j e c t o r  conf igurat ions tested, only  XDT1-A f a i l e d  t o  

achieve the above performance range. Only 2 tests were c~nducted w i th  t h j s  

c o i t .  Further t es t i ng  was discontinued due t o  a high i n j e c t o r  pressure drop 

which exceeded the ONE ijressure schedule idhi?' prevai led a t  t ha t  time. I n  

retrospect,  the bigh AP may have resul ted from inaccurate a l i y m e r t  o f  the 

p l a t e l e t  i 3 j e c t o r  pat tern t o  i t s e l f  o r  r e l a t i v e  t o  the i n j e c t c r  a m i f o l d  lands 

during bonding which might have resul ted i n  p a r t i a l  element blockage and l oca l  

mixture r a t i o  ma ld i s t r i  but ion performance losses. 

I n  the 12.8 in .  length chamber, no d i f ference was d iscern ib le  between 

the XDTl and XDT2-A i n j e c t o r  patterns. 

D. ANALYSIS AND EXTRAPOLATION TECHNIQUES 

Analyt ica l  techniques have been used t o  extrapolate the t e s t  per- 

formance fram i t s  p a r t i c u l a r  t e s t  conf igurat ion t o  a common 014s f l i g h t  con- 

f i gu ra t i on .  S t a t i s t i c a l  analysis techniques were a lso used t o  es tab l ish  

nominal performance values f o r  a given t e s t  ser ies and t o  derive influence 

coe f f i c i en ts  f o r  the e f fec ts  o f  mixture r a t i o  and chamber pressure on per- 

formaxe. A descr ipt ion o f  these techniques i s  included i n  the fo l low ing 

paragraphs. 

Analvt ica l  techniques used f o r  the analysis and ex t rapo la t ion  o f  

t e s t  performance are based on the s imp l i f i ed  procedures f i r s t  i d e n t i f i e d  i n  

the ICRPG L iqu id  Propel lant Thrust Chamber Performance Evaluation Manual 1 

2 and f u r t h e r  developed by Powell . B r i e f l y ,  these techniques u t i l i z e  t e s t  data 

and estimated per fec t  i n j e c t o r  performance f o r  the hardware conf igurat ion and 

condit ions tested t o  es tab l ish  the i n j e c t o r  energy release performance 

I Pieper, J .  L., ICRPG L iqu id  Propel l a n t  Thrust Chamber Performance Evaluation 
Manual, CPIH No. 178, September 1968 

A- 

'powel 1, W. B., Simp1 i f i e d  Procedures f o r  Corre lat ion o f  Experimental 1 y Measured 
and Predicted Thrust Chamber Performance, JPL TM-33-548, A p r i l  1, 1973 
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X, D, Analysis and Extrapolat ion Techniques (cont .) 

e f f i c iency .  This energy release e f f i c i ency  i s  then used together w i t h  an 

estimated per fec t  i n j e c t o r  performance fo r  the OMS f l i g h t  conf igurat ion t o  

provide the extrapoiated f l i g h t  conf igurat ion performance estimate. This 

procedure resu l t s  i n  the estimate o f  energy release e f f i c i ency  f o r  a l l  t e s t  

condit ions and compensates f o r  the e f fec ts  o f  various t e s t  conf igurat ions on 

spec i f i c  impulse. As a resu l t ,  i t  provides a comnon performance estimate f o r  

a l l  t e s t  conf igurat ion nozzles (2: 1 conical , 2.6:l conical o r  20: 1 contoured 

nozzles) and combusti on chambers (heat s ink o r  regenerat ively cooled) used dur ing 

the t e s t  program. 

Perfect i n j e c t o r  performance i s  determined through an evaluat ion 

o f  the one-dimensional k i n e t i c  performance and an estimate o f  the boundary 

layer  and divergence performance 1 osses f o r  the spec i f i c  t e s t  conf i ourat i on 

(area r a t i o ,  s ize  and contour) and operat ing condit ions (pc, O/F, TproD). Thus, 

- 
'sp Perfect ' I s p  (ODK) 'Isp B.L. - 'Isp Div 

I n j e c t o r  @ Test Conditions 

The energy release loss i s  then determined from the d i f fe rence between the 

per fec t  i n j e c t o r  and t e s t  ca lcu lated s p e c i f i c  impulse, i .e., 

- 
'Isp ERL = I s p  Perfect  I s p  Test 

I n j e c t o r  

and energy release e f f i c i e n c y  has been def ined as, 

ERE = 'SP (ODE) ' *Isp ERL 

I s p  (ODE) 

Since the  OME XDT i n j e c t o r  energy release e f f i c i e n c y  i s  p r i m a r i l y  

mixing-1 imi  ted3, a simple energy release extrapolat ion was developed which would 

'injector Final  Desiqn Review, ALRC Report No. 6673:064, PDRD SE02B-10, pp 112-153, 
15 August 1974 ;.b 14 
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X ,  D, Analys is  and Ex t rapo la t ion  Techniques (con t . )  

reproduce t he  performance v a r i a t i o n s  w i t h  area r a t i o  which r e s u l t  from a n l ix ing 

1 i m i  t ed  o r  mix ture r a t i o  ma ld i s t r i bu ted  combustion process. B r i e f l y ,  the 

energy re lease loss  f o r  any t e s t  cond i t i on  i s  s imulated by the m ix tu re  r a t i o  

d i s t r i b u t i o n  performance loss  o f  a s imple two zone stream tube d i s t r i b u t i o n .  

A parameter, Em ( inc luded i n  Table XIV), i s  se lected such t h a t  the  mass weighted 

ODK ISp o f  a two zone d i s t r i b u t i o n  r e s u l t s  i n  t he  t e s t  energy re lease loss .  The 

mix tu re  r a t i o  and mass f l ow  r a t i o  i n  each stream tube are ca lcu la ted  as a 

f unc t i an  o f  EM and t he  t e s t  m ix tu re  r a t i o  ( O / F )  as fo l lows :  

O/F Zone 1 = EM * O/F 

O/F Zone 2 = O/F/EM 

Mass F rac t i on  Zone 1 = (1.0 + O/F * Em)/ (1.0 + Em) (1 .O + O/F) 

Mass F r a c t i o n  Zone 2 = 1.0 - $lass F rac t i on  Zone 1 

The Em se lected i n  t h i s  manner i s  then used t o  c a l c u l a t e  the energy re lease 

l oss  a t  the base l ine  nozzle area r a t i o  ( i  = 55) us ing  the same technique and 
* .  

the ODK ISp f o r  the = 55 cond i t i on .  

The boundary l a y e r  performance losses f o r  the var ious t e s t  con- 

f i g u r a t i o n s  were ca l cu l a ted  from the Turbulent Boundary ~ a ~ e r ~  and BLIMP 
5 

Computer Programs. The boundary 1 ayer performance l oss  f o r  the regenera t i  ve l y  

cooled chambers was approximated by neg lec t in?  the heat f l u x  from the  boundary 

l a y e r  t o  the regenerat ive coo lan t  ( f u e l  f l o w )  and us in? ODE and ODK s p e c i f i c  

impulse based on p rope l l an t  tank temperatures. General ly , the  performance l oss  

r e s u l t i n g  from the heat  f l u x  t o  the f u e l  coo lan t  i s  approximate1.y equal t o  t he  

performance increase r e s u l t i n g  from the  increased f u e l  enthalpy.  I t  i s  poss ib le ,  

4 Weingold, H. D., The ICRPG Turbulent Boundary Layer Reference Program, P r a t t  R 
Whi tney A i r c r a f t  , J u l y  1968. 
5 Evans, R. M., and Morse, H. L., Boundary Layer I n t e g r a l  Ma t r i x  ProcerlureJ>de- 
Mod i f i ca t ions  and V e r i f i c a t i o n s  , Aerotherm F i n a l  Report 74-95, Cont ract  
NAS 8-29667, March 1974. 
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X,  D, Analysis and Ex t rapo la t ion  Techniques (cont.  ) 

however, t h a t  t he  i n j e c t o r  performance i s  a lxered because o f  t he  increased f u e l  

temperature (improved f u e l  vapor izat ion,  blowapart, e tc . )  and t h i s  e f f e c t  i s  

then j u s t i f i a b l y  inc luded i n  the  ca lcu la ted  energy release e f f i c i e n c y .  For 

the  heat-s ink chamber conf igurat ions,  the  boundary l a y e r  loss  inc ludes the 

e f f e c t s  of the  heat f l u x  t o  the chamber wa l l s .  The e f f e c t s  o f  regenerat ive 

coo l ing  are simulated by heat ing the fue l  f o r  the  heat s ink  chamber t e s t s  and, 

i n  t h a t  case, the  ODE and ODK s p e c i f i c  impulse values are based on t he  i n j e c t i o n  

propel 1 an t  temperatures. 

The divergence performance loss  i s  ca lcu la ted  as f o l  1 ows : 

- 
* Isp Div  - I s p  - 1.0 I 

Test 
1 

where ETAD i s  the  nozzle divergence e f f i c i e n c y  ca lcu la ted  from the  TDK computer 

program us ing the  i dea l  gas opt ion. The f o l l o w i n g  values o f  ETA0 were ca lcu la ted  

f o r  each o f  the t e s t  con f i gu ra t i on  nozzles: 

Nozzle Area Rat io  - ETAD 

15" Conical 2 : l  .9840 
15' Conical 2.6:l .9865 
Rao Contoured Cut-Off 20:1 .9390 
OMS 55: 1 .9906 

The techniques descr ibed above were used i n  the .ana lys is  o f  a l l  t e s t  

data. The nomenclature used i n  the performance sumary  i s  shown i n  Table XI11 

and the  sumnary o f  the tes t -by - tes t  data i s  presented on pages 218 through 242. 

S t a t i s t i c a l  analys is  techniques used t o  es tab l i sh  nominal performance 

values and parametric in f luence  c o e f f i c i e n t s  are based on a One-way Mu1 t i  p l e  

Covariance Analysis Computer Program. Standard mu1 t i  p l e  regress ion and covar iance 

techniques are used and i n d i v i d u a l  group, p a r a l l e l  plane, and s i n g l e  plane 

analyses are made. The analys is  o f  covariance tab le ,  estimated components o f  
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X ,  D ,  Analysis and Extrapolat ion Techniques (cont . )  

variance,  tes ts  o f  hypotheses and adjusted dependent means a r e  included i n  I 
the  program output. A l l  average values and data cor re la t ions  given i n  the 

previous sect ion were determined using the Mu1 t i  p l  e  Covariance Ccmputer Proaram. 
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TABLE XI11 
hOMENCLATURE USED I N  PERFORMANCE S W R V  

Test 

t lm 
Test series, sequence, number 

Data period end tlme (sac) 

Chamber pressure (psla) 

Core mixture r a t i o  

Overall mixture r a t i o  

Fuel f i l m  cool ing percentage ( X )  
Test character is t ic  ve loc l  t y  ( f t /sec)  

ODE C* a t  t p s t  condi t ion (f t /sec) 

(CSTAR/CSTART)* 100 

Test vacuum spec i f i c  impulse (lbf-sec/lbm) 

ODE Isp a t  t e s t  condi t ion (lbf-sec/lbm) 

(Ispv/Ispt)* 100 

Kinet ic  loss (sec) 

Divergence loss  (sec) 

Boundary layer  loss (sec) 

F i lm cool ing loss (sec) 

Energy release loss (sec) 

Energy release e f f i c iency  ( th rus t  based) 

Extrapolated OMS configurat ion I sp  

Test vacuvam th rus t  ( I  bf)  

Test ox id izer  f lowrate (lbm/sec) 

Test i n j e c t o r  fue l  f lowrate (1 bmlsec) 

Test f u e l  f i l m  coolant f lowrate (lbmlsec) 

Total f lowrate (I bmlsec) 

Oxidizer i n j e c t o r  pressure drop (psid) 

Fuel i n j e c t o r  pressure drop (psid) 

Oxidizer I n j e c t i o n  ve loc i t y  based on DPOJ (2 hP/p) 1 /2 
Fuel i n j e c t i o n  ve loc i t y  based on DPFJ (2  bplp) 1 /2  

Oxidizer i n j e c t o r  admittance WO/&WJ + Spgo 

Fuel i n j e c t o r  admittance WF/&PFJ ~ p g f '  

Gas-side wa l l  temperature (OF) 

Oxld i rer  I n l e t  Temperature ( O F )  

Fuel i n l e t  temperature (OF) 

MRC 

MR 
FFC 

CSTAR 

CSTART 

X C+ 

I SPV 
I SPT 

X I sp  

KL 

DL 

BL 

FCL 

ERL 

ERE 

Isp-55 

WF 
WFC 

WT 
DPOJ 

DPFJ 

VOX 

VF 

KM) 

K WF 
TW 

TO 

TF 

Fuel i n j e c t o r  temperature (OF) 

Energy release m i l i n g  l i m i t e d  fac to r  
TFJ 

5" 
EREE Energy release e f f  ic iency f o r  OMS base1 f ne conf igurat ion corresponding 

E, 
ERC 

MRE 

FFCE 

ODE 

ODK 

CFCL 

Chamber pressure based energy release ef f ic iency per MPL TM 33-548 
Mixture r a t i o  f o r  extrapolated Ssp 

Fi lm cool ing percentage for extrapolated Isp  

One-dimensional equi l ibr ium Isp  f o r  extrapolated condi t ion 

One-dimensional k l n e t l c  I sp  f o r  extrapolated condi t ion 

C* f u e l  f i l m  coolant loss ( f t / sec )  
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FULL SCALE HEAT TRANSFER 

A. INTRODUCTION 

This section discusses the heat transfer analysis o f  the f u l l  scale 

tests a t  ALRC. Since most o f  the tes t ing was done wi th uncooled combustion 

chambers, the typical  resu l t  of the analysis i s  an axia l  p r o f i l e  of heat 

f l ux  o r  heat transfer correlat ing coef f ic ient  values. These parameters are 

determined from the transient response o f  thermocouples 1 ocated on the gas -side 

wall. The response i s  used as a boundary condition i n  a one-dimensional rad ia l  

fin! te  difference conduction network; t h i s  analyt ical  technique has proven use- 

f u l  i n  the past and was confirmed i n  the present case by means o f  a two- 
$ 
1 

dimensional model that  accounted f o r  ax ia l  conduction ef fects.  Agreement between 4 
i 

the one- and two-dimensional models was excel lent .  

I n  addit ion t o  the resul ts of the chamber heat t ransfer  analysis, 

there w i l l  also be a discussion o f  the m in i -sk i r t  data, in fer red cav i ty  enviroc-. 

rnent, i n jec to r  face temperature levels, and the ba f f l e  heating experienced i n  the 

integral  ba f f l e  in jec tor  tests. A comprehensive analysis o f  regenerative chamber 

heat transfer as determined i n  WSTF test ing has been presented previously,1 s2. 

i 

B. CHAMBER HEAT FLUXES 

XDT-1 In jec tor  

Heat fluxes have been inferred from thermocouple responses on 

s i x  heat sink tests run w i th  the fu l l - sca le  XDT-1 in jec tor ,  three wi th  f i l m  

cooling and three without. These resul ts are shown i n  Fiqure 89 which also 

indicates the characterist icsof the XDT subscale u n i t  and a conventional unl ike- 

doublet IR&D in jector .  Signi f icant  differences are noted between the subscale 

and f u l l  scale XDT in jectors wi th no f i l m  cooling. The subscale u n i t  provided 

1 WSTF Test Report, ALRC Report 13133-S-1, 12 December 1973 
2 1974 WSTF Test Report, ALRC Report 13133-S-3, 1 Apr i l  1975 
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X I  ,B, Chamber Heat Fluxes (cont, ) 

a 1 i q u i d  fuel f i l m  for  about 1.6 i n .  , fol lowed by a t r a n s i t i o n  (mixing) region 
2 i n  which the heat f l u x  increased t o  about 2.0 B tu / i n  sec, a t yp i ca l  c y l i n d r i -  

ca l  sect ion value f o r  a number o f  i n j e c t o r  types. Although the f u l l  scale data 

do not  ind ica te  the presence of a l i q u i d  f i l m ,  no thermocouples were located 

w i th in  1.6 i n .  o f  the i n j e c t o r  face. However, a low mixture r a t i o  region i s  

seen t o  pe rs i s t  f o r  a t  l eas t  f i v e  inches w i t h  the f u l l  scale u n i t ;  i n  t h i s  
2 region the heat f lux  never exceeds 1.1 Btu/ in  sec. It i s  fol lowed by a mixing 

2 region i n  which the f l ux  increases t o  1.6 - 1.8 B t u l i n  sec. Applying a non- 
reac t ive  heat t rans fer  coe f f i c i en t  co r re la t i on  i n fe r red  downstream o f  t h i s  

mixing region, the low heat f l u x  data ind ica te  the wa l l  mixture r a t i o  i n  the 

i n i t i a l  f i v e  inch region i s  about 0.6. A f t e r  about seven inches, mixing i s  

complete and the XDT-1 data i n  the remainder o f  the c y l i n d r i c a l  sect ion and 

i n  the convergent sect ion agree w i t h  the lower end o f  the I R & D  data range. 

Throat thermocouples were inoperat ive on these tests,  bu t  downstream o f  the 

th roa t  the XDT-1 and IR&D data ranges are s imi la r .  

Three tests w i t h  fue l  f i l m  cool ing are included i n  Figure 89. 

w i t h  the coolant f low ranging from 9-15 percent o f  the fue l  flow. A l i q u i d  

f i l m  length o f  a t  l e a s t  2.5 i n .  i s  observed i n  each case. Downstream o f  the 

l i q u i d  f i l m  s i g n i f i c a n t  reductions i n  heat f l u x  compared t o  no f i l m  cool ing 

are noted; these reductions extend i n t o  the expansion section. 

2. XDT-2 I n j e c t o r  

Chamber heat f luxes f o r  the XDT-2 i n j e c t w  are shown on 
Figure 90 as a funct ion o f  circumferent ial  l oca t i on  a t  ax ia l  distances of 3.9 

and 4.9 i n .  from the i n j e c t o r  face. A l l  data were obtained on a 4-inch L* 

section, since other thermocouples were inoperat ive. A ~ o o d  comparison w i t h  

XDT-1 heat f l u x  data i s  no t  possible since the l a t t e r  were obtained a t  only  

two c i rcumferent ia l  locat ions. A t  these locat ions, the XDT-1 heat f luxes 

were independent of ax ia l  pos i t i on  f o r  a distance o f  a t  l e a s t  5 i n ;  these 

f luxes are shown on Figure 90 f o r  comparison w i th  the XDT-2 data. It i s  
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X I  ,B, Chamber Heat Fluxes (cont. ) 

noted t h a t  the low f l u x  XDT-2 data a t  30, 150, 210 and 2 i0  degrees from the 

fuel i n l e t  agree w i t h  the XDT-1 resu l ts .  However, s i g n i f i c a n t  ho t  streaks are 

observed a t  60' and 300°, wi th  smaller f l u x  increases a t  90, 120 and 330 degrees. 

A l l  four  locat ions a t  which both a x j a l  posi t ions were instrumented ind ica te  an 

increase i n  f l u x  a t  the downstream pos i t ion .  Therefore, the low mixture r a t i o  

zone establ ished a t  the wa l l  does not  pe rs i s t  as f a r  downstream w i th  XDT-2 

as i t  d i d  w i t h  XDT-1. The XDT-2 data ranges f o r  Test 138 are show on Figure 

89 a t  the appropriate distances from tho i n j e c t o r  face t o  provide fu r the r  com- 

parison w i t h  XDT-1. 

3. Mixed Element I n j e c t o r  

Fiqure 91 shows the heat f l u x  r e s u l t s  f o r  f i v e  tes ts  w i t h  the 

mixed element i n jec to r .  The la rge  spread i n  the data i s  caused by the wide 

range o f  operat ing conditionscovered by these tes ts  and by the i n s t a b i l i t y  

associated w i th  Test 151. Also shown i n  Figure 91 are the data ranges f o r  the 
X-doublet i n jec to rs  and two I R & D  conventional doublet i n jec to rs .  Figure 92 

provides a more meaningful comparison o f  i n j e c t o r  e f fec ts  by s h i f t i n g  the 

i n j e c t o r  fcces t o  a common locat ion;  Fiqure 91 should be used t o  compare r e s u l t s  

i n  the convergent sect ion and th roa t  region. Mixed element heat f luxes are 

i n  general agreement w i th  the conventional doublets throughout the chamber. 

X-doublet f luxes are i n i t i a l l y  lower due t o  the low O/F zone noted previously,  
but  Figure 92 ir ldicates tha t  a l l  i n j ec to rs  are s i m i l a r  a f t e r  about -7-8 inthes. 

O f  p a r t i c u l a r  i n t e r e s t  i s  the comparison of the mixed element 

i n j e c t o r  w i t h  the X-doublet un i ts .  The operat ing condit ions o f  Test 152 on 

Figure 91 correspond c lose ly  w i t h  t!lose f o r  the XDT-1 data. Figure 93 compares 

the data from t h i s  t e s t  w i t h  the XDT-1 data range from Figure 8% the l a t t e r  

have been s h i f t e d  i n  the in jec tor -a f fec ted  zone t o  provide a common i n j e c t o r  

face locat ion. Also shown i n  Figure 93 are the mixed-element th roa t  data from 
Test 149 and the heat f l ux  range which matched nominal regen chamber th roa t  

wal l  temperatures w i th  the XDT-2 i n jec to r .  The mixed-element f luxes are 
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X I  ,B, Chamber Heat Fluxes (cont. ) 

i n i t i a l l y  about 40 percent higher than those f o r  XDT-1, but a f t e r  about seven 

inches the cy l ind r i ca l  section data are i n  good agreement. A t  t t e  s t a r t  o f  

the convergent section, mixed element fluxes are s l i g h t l y  higher than XDT-1 

values; they are also a l i t t l e  higher i n  the throat than the XDT-P f luxes 

in fer red from regenerative chamber data. 

Figure 91 also includes a heat f l ux  predict ion f o r  Test 149 
using the Turbulent Boundary Layer Computer Program. This predict ion i s  i n  

reasonable agreemect wi th the data a f t e r  about 8 inches, a1 though i t  i s  

s l i g h t l y  low i n  the throat. 

4. DXDTI-1 In jec tor  

Figure 94 shows the ax ia l  d i s t r ibu t ion  o f  heat f l u x  f o r  the 

demo in jec to r  DXDT1-1; the trends shown are generally consistent wi th the 

above XDT-1 data. A low f l u x  region i s  evident w i th in  four inches o f  the 

i n j ec to r  face. Flux levels i n  t h i s  region are s imi lar  t o  XDT-1, but show a 

rapid increase wi th ax ia l  distance compared t o  the re l a t i ve l y  uniform f lux of 

XDT-1, This perturbation may have been caused by the acoustic cavi ty overlap 

ring, which created a discont inui ty i n  the chamber inside diameter. The 

t rans i t ion t o  the high f l u x  region i s  much more gradual i n  Figure 94 than for 

XDT-1, although the ult imate f lux levels are consistent. For DXDTI-1 t h i s  

t rans i t ion occurs over a 5-6 in.  length, compared t o  about 2.5 in. for XDT-1. 

I n  both cases a reduction i n  f lux i s  observed a t  the end o f  the cy l ind r i ca l  

section, wi th the DXDT1-1 reduction being somewhat smaller. 

Figure 94 c lear ly  shows the increases i n  heat f l ux  associated 

wi th  increases i n  chamber pressure and mixture ra t io .  These variat ions are 

exhibited by a l l  the demo in jec to r  data and are consistent w i th  the gas-side 

wal l  temperature variat ions .;served a t  WSTF wi th XDT-2 in jec to r  on the regen 

chamber. 
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XI,B, Chamber Heat Fluxes (cont.) 

Figure 95 gives the circumferential heat f l u x  var ia t ion ob- 

tained from the special L* section wi th  XDT1-2. Similar data which were 

obtained a t  approximately the same ax ia l  locat ion were presented i n  Figure 90 

f o r  the XDT-2 pattern. The present data are much more uniform, although a 

streak i s  observed i n  the 60-80° region. The thermocouple a t  260' i s  probably 

i n  error, since such low fluxes have never been observed a t  t h i s  axia l  pos i t ion 

wi th e i the r  the present o r  previous data. Differences between the two rows 

o f  thermocouples are evident on Figure 94; these differences appear t o  be 

consistent w i th  the scat ter  i n  Figure 95. 

5. DXDT1-2 In jec to r  

The ax ia l  var iat ion i n  heat f l u x  f o r  DXDTl-2 i s  shown i n  

Figure 96; data ranges from Figure 95 are included f o r  comnon t es t  conditions. 

Comparison o f  Figures 94 and 95 reveal the same trends f o r  both fnjectors. This 

i s  shown i n  de ta i l  i n  Figure 97, which includes data from both in jec tors  a t  

comnon t es t  conditions. Good agreement i s  noted between the circumferential  

data on DXDTI-2 and the data obtained j u s t  upstream wi th  the -1 in jec tor .  

I n  the t rans i t i on  and high f l u x  regions the -2 i n j ec to r  gives s l i g h t l y  

lower fluxes than the -1 un i t .  

6. High Contraction Ratio Chamber 

Heat fluxes in fer red from the high contractior r a t i o  chamber, 

i .e. , Tests 417-420, are shown on Figure 98. Comparison o f  the four tests 

indicates heat f l ux  increases wi th  chamber pressure and mixture r a t i o  consis- 

tent  w i th  previous data. B-row fluxes are readi ly  lower than A-row i17 the 

cy l ind r i ca l  section; however, a t  the s t a r t  o f  the convergent section, B-row 

values are higher. Approaching the s t a r t  o f  the convergent section, A-row 

heat fluxes decrease consistent wi th most previous data. However, B-row 

fluxes increase; i n  one previous case (XDT-1B) , heat fluxes were unchanged, 

but t h i s  i s  the only time an increase i.n heat f l ux  has been observed a t  
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Test 
No. psia  MR - - 

204 1 .90 
256 1.75 
308 1.43 
31 3 1.85 

Row 
0 A 
a 8 
Q C 

Wall Temp. =800° F 

v 
v 

B 8 
8, 
0 

S t a r t  
Convg . 

- 3 -6 -4  - 2 -0 
Axial Distance from the Throat, i n .  

Figure 98. Heat Flux Data f o r  the High Contraction Ratio Chamber 
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X I  ,B, Chamber Heat Fluxes (con 

the s t a r t  o f  convergence. The C l oca t i on  a t  the th roa t  ind icates much lower 
f luxes than corresponding o r  adjacent A- and B-row data. 

Test 418 approximates the t o t a l  f low r a t e  o f  previous tes ts  
a t  125 ps ia  chamber pressure, so tha t  the c y l i n d r i c a l  sect ion experiences the 

same mass ve loc i t y  as previous nominal tests .  Comparison o,F these data shows 
t h a t  the high-pressure heat f l i ixes are s l i g h t l y  higher. 

C. CHAMBER HEAT TRANSFER CORRELATING COEFFICIENT 

1. XDT-1 and XDT-2 In jec to rs  

Heat t rans fe r  co r re la t i on  coe f f i c i en ts  have been i n f e r r e d  

from the heat f l u x  data o f  Figures 90 and 91 using the  fo l low ing reac t ive  r i d e l s :  

where ( i s  the heat f l ux ;  ? the co r re la t i ng  coef f ic ient ,  p the density, ue 
q 

the f ree  scream veloc i ty ,  Re the Reynolds Number, P r  the Prandt Number, and 

H the ezthalpy, w i  th a l l  f i l m  proper t ies (subscr ipt  f) evaluated a t  0.5 

(Taw + Tw). A l l  p r o p i r i i e s  were evaluated a t  the ove ra l l  mixture r a t i o ;  thus, 
the low mixture r a t i o  region near the i n j e c t o r  i s  represented by an a r t i f i c i a l  

, reduct ion i n  co r re la t i on  coef f ic ient .  Figures 99 and 100 show the range of C 
9 

r e s u l t s  obtained. I n i t i a l  r esu l t s  a re  those for  the XDT in jec tors ;  unl ike-doublet 
I r esu l t s  are shown i n  the th roa t  region. Since the heat s ink t e s t i n g  was 
t 

t 
1 conducted w i t h  a conical nozzle, co r re la t i on  coe f f i c i en ts  i n fe r red  from the 

t regenerative chamber wa l l  temperature data are shown downstream o f  the throat ;  
i 

i these resu l t s  are consistent w i t h  the heat s ink data i n  the th roa t  region. 
i 
0 The C reduct ion observed i n  thecowergent sect ion i s  t yp i ca l  and resu l t s  
i 9 
i from f low accelerat ion e f fec ts  i n  the boundary layer.  Figure 99 a lso shows * 

the XDT-2 co r re la t i on  c o e f f i c i e n t  curve which s a t i s f a c t o r i l y  predic ts  regen 

chamber charac ter is t i cs  f o r  nominal operat ing condit ions. I n  the f i r s t  p a r t  
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XI ,C ,  Chamber Heat Transfer Corre lat ing Coef f ic ient  (cont. ) 

o f  the c y l i n d r i c a l  sect ion t h i s  curve was developed from the shape o f  the 

XDT-1 data and circumferent ial  i n teg ra t i on  o f  the XDT-2 data. 

Figure 100 shows the co r re la t i on  coe f f i c i en ts  f o r  the corres- 

ponding nonreactive model : 

The t i g h t e r  co r re la t i on  o f  the data t h a t  r e s u l t s  from the reac t ive  model i s  

apparent, 

2. DXDT1-1 and DXDT1-2 In jec to rs  

The co r re la t f  ng c o e f f i c i e n t  p r o f i l e s  f o r  the demo i n j e c t o r s  , 
as determined i n  reyenerat ively cooled chamber tes ts  a t  WSTF, are shown i n  

F i  qure 1  01 . 

D. MINI-SKIRT HEAT FLUXES 

Heat f luxes were i n fe r red  from mini - s k i r t  thertnocouple responses 

on s i x  ALRC tests,  both w i th  and without f i l m  cooling. Figure 102 shows these 

resu l t s  f o r  a  wa l l  temperature o f  600°F as a funct ion o f  a x i a l  pos i t ion ;  an 

addi t ional  thermocouple locat ion a t  the s t a r t  o f  the f lange was not u t i ' i z e d  

due t o  the uncer ta int ies associated w i th  p red ic t ing  conduction i n t o  the flange 

region. A small reduct ion i n  heat f l u x  due t o  f i l m  cool ing i s  noted. 

Heat t rans fer  cor re la t ion  coe f f i c i en ts  have been determined from 

the nominal t e s t  w i t h  no f i l m  cool inq using the nonreactive model w i th  a l l  

f i l m  propert ies evaluated a t  0 .5  (Taw + Tw). Use o f  t h i s  reference tempera- 

t u re  provides good cor re la t ion  o f  the effect o f  wal l  temperature on heat f l ux .  

This i s  especia l ly  important since the present s k i r t  data must be extrapolated 

t o  considerably higher wa l l  temperatures f o r  design appl icat ion.  Figure 103 
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X I ,  C, Chamber Heat Transfer Corre lat ion Coef f ic ient  (cant.) 

shows the resu l t i ng  cor re la t ion  coe f f i c i en ts  as a  funct ion o f  area r a t i o  and 

includes a  po in t  a t  area r a t i o  1.54 in fe r red  from regen chamber wa l l  tempera- 

tu re  measurements. The l a t t e r  po in t  i s  consistent w i t h  the m i n i - s k i r t  data; a  

s l i g h t  reduction i n  C w i t h  increasing area r a t i o  i s  observed. 
9 

E . CAV 1 TY ENV I RONMENT 

Cavity gas temperatub e  values are not  eas i l y  generalized, p a r t l y  

because o f  the wide va r ia t i on  of measured values w i t h  operating po in t  and i n l e t  

condition, p a r t l y  because o f  the la rge and rap id  f luc tuat ions  t h a t  were exper- 

ienced even w i t h i n  a  s ing le  f i r i n g ,  and p a r t l y  because o f  the u n r e l i a b i l  i t y  o f  

the indicated thermocouple responses. Nevertheless, the cav i t y  gas temperatures 

measured w i t h  the XDT-1 pat tern i n jec to rs  were t y p i c a l l y  i n  the range o f  800 

t o  1400°F, w i t h  numerous indicat ions o f  fue l  saturat ion temperature, i .e. , 300 

t o  400°F, being evident. The XDT-2 pat tern i n jec to rs  t yp i ca l  l y  produced much 

higher cav i ty  temperatures, usual ly  i n  the range o f  1800 t o  2200°F. No fue l  

saturat ion temperatures were experienced. No doubt the l w e r  temperatures 

measured w i th  the XDT-1 pat tern are due t o  the or ien ta t ion  o f  the outer row 

o f  f u e l  elements, which causes the edge o f  the fue l  fan t o  splash d i r e c t l y  i n t o  

the cavity.  

More important from the standpoint o f  hardware desipc i s  the 

actual ' heat f l u x  leve l .  Based on gas-side thernocouple respcilses taken 

around the w i t y ,  the :orresponding heat f luxes have beec in fe r red  by means 

o f  a  two-dimensional a x i a l l y  symnetric conduction mode?. Figure 1W shows the 

f l u x  leve ls  determined f o r  the XDT-2 pattern, which prodilced the higher c a v i ~ y  

gas temperatures, based on 1973 WSTF resu l ts .  A l i  f luxes indicated i n  the 
2 f igures have the un i ts  o f  B tu / in  sec. The flu!, on the side o f  the cav i ty  

p a r t i t i o n ,  which i s  not shcwn, i s  est iaated t o  be 0.07, hd l f  the value o f  

the top s u r f x e  o f  the p a r t i t i o n .  
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l njector 

hide = 0.07 9 1 2  I 
0.16 A re, 

Figure  104. Cav i t~v  Heat F lux  
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X I ,  F u l l  Scale Heat Transfedcont.  ) 

F. INJECTOR FACE ENVIRONMENT 

I n j e c t o r  face temperatures were measured by as many as four  thermo- 

couples on various un i t s  tested. Typical face temperatures were running from 
500 t o  750°F, depending on exact 1 ocation , propel 1 ant temperature and operating 

point.  Figure 105 displays the maximum face temperatures measured w i t h  the 

XDT-1 i n j e c t o r  as a funct ion o f  mixture r a t i o .  

A three-dimensional conduction model o f  a very l oca l  region o f  the 

i n j e c t o r  face and r i n g  manifold wa l l  was created t o  al low some in te rp re ta t i on  

o f  these data,thzt i s ,  t o  determine face f l u x  levels.  Typical ca lculated 
3 f luxes ranged from 1.5 t o  2.0 Rtu/ in sec. A reasonably good cor re la t ion  o f  

calculated f l u x  versus mixture r a t i o  and chamber pressure was achieved. This 

i s  shown i n  Figure 106. 

G. BAFFLE HEAT TRANSFER 

The mixed element-integral b a f f l e  i n j e c t o r  had only 

points tha t  were not u 

heat t rans fer  data i s  

pressure drop f o r  the 

pared t o  48 psid. Thi 

nstable; consequently, the amount o f  

somewhat 1 i m i  ted. The b a f f l e  had a s 

ox id izer  coolant than was predicted, 

s was due t o  weld penetrat ion i n  each 

a few t e s t  

meaningful b a f f l e  

i g n i f i c a n t l y  higher 

115 ps id  as corn- 

o f  the b a f f l e  legs. 

Val id  heat t rans fer  data were obtained i n  only three tests:  two 

a t  nominal conditions, the other one a t  high PC and l o w  O/F. Steady-state 

b a f f l e  o u t l e t  temperatures were achieved i n  1.3 sec, w i th  a nominal bul k 

temperature r i s e  o f  12°F. The predicted r i s e  was 18"F, i nd i ca t i ng  t h a t  ti le 

thermal environment was less severe than ant ic ipated.  Total  heat pickup i s  

given i n  Figure 107 for  the three points. The average heat f l u x  corresponding 
2 

t 9  these points i s  about 1.5) t o  1A Btu / in  sec, based on the e n t i r e  b a f f l e  

area. 
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X I  I. FULL SCALE COMBUSTION STABILITY 

A. INTRODUCTION 

A s ign i f i can t  p a r t  o f  the program e f f o r t  involved the evaluat ion 

of combustion s t a b i l i t y  charac ter is t i cs  o f  the f u l l  scale hardware. For the 

most par t ,  t h i s  work focused on the X-doublet pat tern in jec tors .  Although the * 
demo (DXDT1) i n j e c t o r  conf igurat ion was e n t i r e l y  s table over the range o f  a 

,i 
operating condit ions tested, i nstabi 1 i t i e s  could be induced by seemingly mi nor 

j : 
changes i n  cav i t y  conf igurat ion. Two bas i ca l l y  d i f f e r e n t  types o f  ins  tab i  1 i t i e s  4 + 

i i '' 
were t y p i c a l l y  encountered. The f i r s t  o f  these, termed "resuraing", was unique .i 

3 
t o  the X-doublets; the second type encompassed the c lass ica l  acoustic modes 

comnonly exptrienced i n  rocket f i r i n g s .  , . 

Resurgi ng i s  characterized by per iodic  bursts  o f  high frequency 

modes. The bulk o f  what fo l lows addresses the resurging phenomenon. 

The c lass ica l  acoustic modes and t h e i r  nominal frequencies f o r  the 

f u l l  scale chamber are: 

Chamber Acoustic Mode Frequency (Hz) 

F i r s t  long i tud ina l  (1 -L) 1400 
F i  r s  t tangenti  a1 ( 1  -T) 31 00 
Second tangential  (2-T) 5200 
F i r s t  rad ia l  (1-R) 6500 
Thi rd tangent ia l  (3-T) 71 00 
Fourth tangent ia l  (4-T) 9000 
F i  r s  t tangen ti a1 and 
f i r s t  r a d i a l  (1 -T + 1-R) 9100 

The in t roduc t ion  o f  acoustic cav i t i es  i n t o  the chamber d i s t o r t s  these c lass ica l  

modes. This has been demonstrated f o r  @NS-type hardware i n  acoustic t es t s  

conducted under Contrac+.s NAS9- 14232 and NAS9- 1 2802. W i  t h  the base1 i ne acous ti c 

cav i ty  described i n  Section I X ,  the d i s to r ted  o r  suppressed 1-T mode b3s a 2 
'" 

calculated frequency o f  2600 HZ. This value was corroborated experimentally: 
i 
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I I X I I ,  A, In t roduct ion (coot .) 7 : 
4 0, 

the mzasured 1 -T frequencies were general ly  i n  the ranqe o f  2600 Hz rathel- than 1: 7 .  

3100 Hz. Thus, i n  the fo l low ing discussion, reference to  the 1-T mode i n p l i e s  I \ ..' 
the d i s to r ted  mode a t  2600 Hz rather  than the 3100 Hz undistorted mode. Discus- t - 

i 
sion o f  the c lass ica l  modes w i l l  be 1 imited i n  what fol lows to  the i n te rac t i on  1 

thereof w i t h  the resurging-type i n s t a b i l  i t  ies. 

S tab i l  i t y  invest igat ions were a l so  made o f  mixed element patterns 

conta in ing X-doublet and splash p l a t e  elements i n  both a ba f f l ed  and an unbaffled 

conf igurat ion.  The mixed element i n j e c t o r  was bomb tested 17 times; eleven o f  I these tests showed high frequency i ns tab i  1 i t i e s ,  predominantly the  second tan- 

qent ia l  mode. The inc lus ion  o f  a r a d i a l  resonator tuned t o  the second tangent ia l  

frequency s tab i l i zed  the i n jec to r .  The i n teg ra l  b a f f l e  mixed element i n j e c t o r  

was tested 12 times; the i n i t i a l  t es t s  exhibi ted the expressed f i r s t  tangent ia l  

mode ind i ca t i ng  the ineffect iveness o f  the three-bladed b a f f l  e. Addi t ional  damp- I 
i nq  f o r  t h i s  mode was provided by re turn ing  the acoustic cdv i ty ;  improved s t a b i l i t y  

"m 

resul ted f o r  the m j o r i t y  o f  the remaining tes ts .  .I 
Also, considerable emphasis was placed i n  WjTF t es t i ng  on chugging 

behavior a t  low pressure operation, and on the occurrence o f  shor t  durat ion pops 
1 

ea r l y  i n  a f i r i n g .  These subjects a re  f u l l 3  described e l  sewhere and w i l l  not be 

I 
'B 

considered fu r ther .  What fo l lows then i s  p r imar i l y  a descr ip t ion  o f  the resurge r b  I : 
phenomenon, what inf luences i t , and what causes it. 

T 
B. HARDWARE DESCRI PTlON a= 

Y 

There were three basic i n j e ~ t o r  patterns employed dur ing the f u l l  t 
*b 

scale t e s t i n g  por t ion  o f  t h i s  program: the X-doublet pattern, the f l a t  faced 

mixed element pattern, and the in tegra l  l y  ba f f l ed  mixed element pat tern.  Deta i led 

descr ipt ions o f  these i n jec to rs  are given i n  Section I X .  The s t a b i l i t y  bomb t e s t s  

were a l l  conducted i n  heat sink chambers described i n  the same sect ion. The i n -  

strumentation used during the s t a b i l  i t y  tes ts  normal 1 y consisted o f  1 ow frequency 

pressure instrumentation i n  the combustion chamber and both the i n j e c t o r  manifold -. 

,--.-.-- ------- 
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c i r c u i t s  and high frequency pressure transducers i n  the combustion chamber and 

one o r  more o f  the acoustic cav i t i es .  I n  addi t ion,  temperature measurements were 

made i n  the  acoustic c a v i t i e s  using chrome1 -alumel thermocoupl e probes. The 1 i f e  

o f  these probes was ra the r  shor t  and the probe could co t  be changed frequently; 

c a v i t y  temperature data were not obtained on a l l  t es t s .  

t ,  
$! 

= I I n  general, the tes ts  w,?re conducted w i th  ambient temperature o x i -  
2>, _ j 

jJ  
d i z w  and heated fue l .  The nominal f ue l  temperature when heated was 200°F. 

C . X-DOUBLET INJECTORS 

x. Ten d i f f e r e n t  i n j e c t o r  face assemblies were used i n  obta in ing the 
i .  

X-doublet s t a b i l i r y  data. These i n j e c t o r  face assemblies and the cores on which 
% they were mounted are  l i s t e d  i n  Table X I V .  i .  
F . , 

TABLE XI! 

X -DOURLET INJECTORS 

Core - Face Assembly 

Workhorse S I N  1 (Predam)* 

Workhorse S I N  1 (Postdam)* 

XDTl 

XDT1-1'4 
XDTl -B 
XDTl -C 

Workhorse S I N  2 (Predam)* 

Workhorse SIN 2 (Postdam)* XDT2-A 
LDP XDT 

Demonstration SIN 1 

Demonstration S I N  2 

DXDTI -1 

*"PredamM i s  without face r i n g  dams i n s t a l  led, "postdam" i s  
fol lowing i ns ta l  l a  t i o n  of face r i n g  dams. 

D. X-30URLET TESTING 

A 
i 

r I The s t a b i l i t y  t es t i ng  on the X-doublet i n jec to rs  can be d iv ided ib .d 4 
i 

,# I: 
? three phases, each phase having i t s  own object ives.  These are  summarized telow. 1 
4 
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XI1 ,D, X-Doublet Tes t ing  (cont. ) 

Phase I - E l im ina t i on  o f  Resurqinq I n s t a b i l i t y  

Resurging i n s t a b i l i t y  was i n i t i a l l y  encountered i n  the f i r s t  

f u l l  sca le  t e s t  se r ies  conducted a t  the ALRC J-4  f a c i l i t y .  The XDTl i n j e c t o r  

was used i n  these tes ts .  Subsequent t e s t i n g  -- a t  5-4 ,  WSTF, and the  ALRC 

A-5 f a c i l i t y  -- were d i r ec ted  toward e l i m i n a t i n g  the resurge. This was accom- 

p l i shed  by the i n s t a l l a t i o n  c 6  the  face r f n g  dams. 

Phase I T  - Evaluat ion o f  Cav i ty  Entrbnce Geometry E f f ec t s  2- 7- 

X-doublet i n j e c t o r  s t ab i  1  i t y  was observed t o  be q u i t e  

s e n s i t i v e  t o  the  acoust ic  c a v i t y  i n l e t  geometry. The r e l a t i v e  s t a b i l i t y  o f  

var ious c a v i t y  i n l e t  con f igurb t ions  was evaluated over Tests 173 through 369, 

al though o ther  types o f  t e s t s  were a l so  conducted dur ing  t h i s  per iod. The 

XDT1-B, XDTI-C, and DXDT1-1 i n j e c t o r s  were ~ ~ s e d  f o r  t h i s  t es t i ng ,  which estab l ished 

the  s t a b i l i t y  o f  the  bzse l ine  con f i gu ra t i on  and the s e n s i t i v i t y  o f  t h i s  con- 

f i g u r a t i o n  t o  var ious geometric changes. 

3. Phase I 1 1  - S t a b i l i t y  Marqin Test inq 

The i ~ t e n t  o f  t h i s  phase was t o  determine the s t a b i l i t y  design 

marqin o f  t he  base1 i ne  c a v i t y  i n  terms of c a v i t y  area and tune. Th is  was accomp- 

l i shed  by sys temat ica l l y  reducing the c a v i t y  area, by increas ing the  r i b  th ickness, 

and vary ing t h e  tune t o  determine the m i t l i m m  area con f igura t ion .  S t a b i l i t y  margin 

t e s t i n q  was conducted i n  Tests 376 t o  423. The XDT1-C i n j e c t o r  was u t i l i z e d .  In 

these tes ts ,  the  basel ine c a v i t y  was determined t o  have an 80% design margin 

i n  terms o f  c a v i t y  area, i .e., the basel i n e  c a v i t i e s  have an entrance area 

approximately 80% grea te r  than t hz  minimum requi red t o r  s t ab le  operat ion. 

Resurging i s  i l l u s t r a t e d  by the h igh  frequency osc i l l og raph  t race  
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X I 1  ,E, Descript ion o f  Resurging (cont. ) 

reproduced i n  Figure 108. It i s  seen t o  consis t  o f  per iod ic  bursts o f  h igh 

frequency i n s t a b i l i t y  and gives the appearance o f  being a combination o f  a low 

frequency chug, about 400 Hz, and one o r  more high frequency modes w i t h  

frequencies ranging from 2000 Hz t o  7000 Hz. Resurging has occurred both 

spontaneously and as a r e s u l t  o f  s t a b i l i t y  bombs; the number o f  resurges has 

varied from a s ina le  event t o  continuous resurging which l a s t s  u n t i l  engine 

shutdown . 

A de ta i l ed  examination o f  a number o f  both spontaneous and bomb- 

induced resurges showed tha t  they have a comnon, r e a d i l y  i d e n t i f i a b l e  character- 

i s t i c .  This i s  t ha t  the resurge can be broken i n t o  three phases, as shown i n  

Figure 109. Each resurge s t ~ ~ i  ts ,  i n  the f i r s t  phase, w i th  a spinning l - T  mode 

which r a p i d l y  increases i n  amplitude and undergoes a s l i g h t  increase i n  frequency. 

As a high amplitude wave, t h i s  spinning l - T  mode w i  11 only make a s inq le  

revo lu t ion  of the chamber. It then decays t o  much smaller amplitude. During 

the period o f  rap id  l - ' T  growth, the mean chamber pressure r i ses ,  i nd i ca t i ng  the  

r a t e  o f  gas generation w i th in  the chamber exceeds the steady s ta te  value and 

some burn-of f  g f  accumulated propel 1 ant i s  occurr i  na. The h i  qh ampl i tude wave 

i s  a detonation wave which atomizes and coesumss essen t i a l l y  a l l  the unburned 

propel lant  i n  the chamber. I t  subsides due t o  a lack o f  propel lant  ava i lab le  t o  

fue l  St. I f  the resurging i s  spontaneous, the time requi red f o r  the soinning 

l -T  mode t o  b d  l d  up from zero ampl i tude i s  0.003 t o  0.004 seconds. However, 

once resurging i s  established, each new resurge grows out  

ex i s t i ng  i n  the chamber from the previous resurge. I n  t h  

the l - T  bulldur, t o  occur i s  on the order o f  0.0004 sec. 

of the noise l eve l  

s case, the time f o r  

The second phase o f  resurging begins a f t e r  t h  spinning l - T  viave 

has peaked i n  amplitude. This second phase i s  characterized by a decay i n  chamber 

pressure t o  less than the steady-state value. Quring the decay, a number o f  

lower amplitude, high frequency modes are present i n  the chamber w i t h  the l-T, 

2-7, 3-T and 1 -R modes a1 1 having been noted during t h i s  phase. Apparently, the 
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I BURNOFF 

I 1  BLOWDOWN 

I I I ACCUMULATION 

F igure  109. Three Phases of Resurge I n s t a b i l  i t y  
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XI1 ,E, Descript ion of Resurging (cont. ) 

r a t e  of combustion drops o f f  considerably dur ing t h i s  phase because of the 

previous consumption of propel lant  by the detonation wave i n  add i t ion  t o  the 

reduct ion o f  propel l  ant i n j e c t i o n  during the high pressure period. The chamber 

pressure decay re f l ec t s  the f a c t  more gas i s  leaving the chamber than i s  being 

generated. This second phase o f  resurging l a s t s  about 0.0006 t o  0.0008 seconds. 

The t h i r d  phase consists o f  a l eve l  i ng -o f f  and slow r i s e  i n  the 

chamber pressure. There can s t i l l  be a s ign i f i can t  amount o f  hiah frequency 

r i no ing  o r  noise i n  the chamber during t h i s  time. The chamber pressure r i s e  

ind icates the combustion r a t e  o r  gas generation r a t e  has returned t o  essen t i a l l y  

i t s  steady-state value and any gross disturbances o f  the i n j e c t i o n  f l ow  r a t e  have 

apparently died out. This reestabl ishment o f  the near-steady-state cond i t ion  

i s  seemingly the requirement fo r  the next resurge. The durat ion o f  t h i s  t h i r d  

phase i s  not  sharply defined but  ranges between 0.0010 t o  0.0015 seconds. 

As noted previously, resurging f requent ly  stops by i t s e l f  and s tab le  

steady-state combustion resumes. A care fu l  review o f  t e s t  records was made t o  

see t o  what differences, if any, e x i s t  between the f i n a l  resurge and preceding 

resurges, t o  determine what causes the resurg'ng t o  cease. I n  no case was i t  

possible t o  d is t ingu ish  between the f i n a l  resurge and i t s  predecessors. The 

conclusion reached was tha t  the t r i g g e r  f o r  each resurge l i e s  hidden i n  the h igh 

frequency noise resu l t i ng  from the previous resurge. A1 though i n  the spontaneously 

unstable tests the t r ~ g g e r  fo r  the f i r s t  resurge has been c l e a r l y  i d e n t i f i e d  as 

a spinning 1-T mode, t h i s  i s  not  necessari ly the case f o r  subseauent resurges. 

There may not  be a s ing le  t r i gge r ing  event which can be i d e n t i f i e d  as causinq a l l  

resurges. The t e s t  data have indicated tha t  ce r ta in  cav i t y  conf igurat ions and 

operat ing condit ions are more susceptible t o  resurginq than others. This imp1 ies  

1 some tes ts  requi re l a rge r  resurging t r iggers  than others and possibly even a 

d i f fe ren t  mechanisn~. For those instances i n  which the resurging j u s t  stops by 

i t s e l f ,  i t  can oniy  be assumed tha t  the chamber noise produced by the previous 

resurge d i d  not contain the proper combination of frequenc,~, amp1 i tude, and phase 

re la t ionsh ip  t o  t r i g g e r  t' 2 next resurge. 
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XII, Fu l l  Scale Combustion Stabi 1 i t y  (cont. ) 

F FACTORS INFLUENCING RESURGING 

A number o f  factors were experimental l y  investigated t o  determine 
t he i r  influence on resurging characterist ics. Some o f  these were found t o  be 

o f  considerable impact while others had negl ig ib le ef fect .  The more s ign i f i can t  

o f  these are discussed below. 

1. Acoustic Comnunication wi th in  the Face Rinq Manifolds 
-* 
i". *.i. 
'i " B 

- . The two i n i t i a l  f u l l  scale X-doublet in jectors (XDT1 and XDT2) 

were fabricated wi th the face r i n g  manifold grooves completely unobstructed 
& ,,,- 
i&: 
.%: 

c i rcumferential ly, as shown i n  Figure 110, They were used i n  t h i s  configurat ion 
.?' 
' ,  I i n  Tests 1 through 38 i n  the ALRC 3-4 test ing, i n  Tests 1-1-1, 5, 6, 7, and 8 

a t  WSTF, and Tests 101 through 123 i n  the ALRC A-5 test ing. Approximately 
b 

8- 1 .. . . h a l f  o f  these tests exhibited resurging instabi  1 i t y .  ~ o l ' l o w i n ~  Test 123, the 
. 1 
D ~ ,  face was machined of f  the XDT2 in jec to r  and dams were ins ta l  led a t  the three 
ij- 

*. - .  I n u l l  points i n  each o f  the outer twelve face r ings. A new face was bonded t o  
;. 

the in jec to r  body and the u n i t  was designated as XDTP-A. I t was retested 

(Tests 124 through 138) and found to  be stable under operating conditions which 

had previously been unstable. A1 1 subsequent in jectors incorporated the face 
-, gp ** .  

r i n g  dams. The i ns ta l l a t i on  o f  the dams had a more pronounced ef fect  on resurging 

i n s t a b i l i t y  than any other single factor. 

2. Fuel Temperature 

It was determined very ear ly  i n  tes t ing that  high fue l  temper- 
I atures had a destabi l iz ing e f fec t  on the X-doublet injectors. This was noted 

1 on un i t s  both wi th  and without face r i n g  dams. During Tests 101 through 123 
I w i th  in jec to r  XDT2, a number o f  configurations which were bomb-stable w i th  ambient 

o r  warm fue l  (70" t o  120°F) were unstable wi th hot (180' to  220°F) fue l .  This 
f 

1 fuel temperature sens i t i v i t y  i s  probably also the reason the f i r s t  tests a t  
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WSTF w i th  the XDTl 

went unstable i n  r 
i n t o  the i n jec to r .  
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uenci ng Resurgi ng (cont . ) 

i n j e c t o r  and no r i n g  dams were s tab le  i n i t i a l l y  and then 

surging. The stable operat ion occurred whi le  cool f u e l  flowed 

A f te r  the regenerative chamber and the fue l  reached steady- 

s ta te  condi ti ons , the resurging began. 

3. Acoustic Cavity Area 

One of the more s i g n i f i c a n t  inf luences on resurging i ns tab i  1 i t y  

was acoustic cav i t y  area. I n  general, the i n s t a b i l i t y  would change f r o m  
resurg i  ng t o  pure high frequency modes as high frequency damping, i .e. , c a v i t y  

area, was reduced. This was demonstrated twice. F i r s t ,  on Tests 289 and 290, the 

XDT1-C i n j e c t o r  was run w i th  the acoustic c a v i t i e s  completely blocked o f f .  I n  

both tes ts  the i n j e c t o r  was bombed unstable i n  what appeared t o  be the 2T mode 

(5200 Hz), w i th  the 1R mode also present (6500 Hz). There was no resurging. 

Second, i n  the cav i t y  margin test ing,  which employed the same in jec to r ,  the 

cav i t y  area and tune were a l te red  t o  determine the minimum area required for  

stable operation. With decreasing area, the i n j e c t o r  showed more o f  the acoust ic 

mode i n s t a b i l i t i e s  and less  resurging (Tests 383 through 414). The 1-T mode 

was the predominant one encountered i n  these tests.  

I n jec to r  Pressure Drop 

During the program, i n jec to rs  w i th  several d i f f e r e n t  pressure 

drops were tested. These ranged from DXDT2-1 w i th  23 ps id on the ox id izer  side 

and 37 ps id on the fue l  side, t o  XDTl which when p a r t i a l l y  obstructed by wax i n  

the fue l  c i r c u i t  had pressure drops o f  50 ps id  on the ox id izer  c i r c u i t  and 81 ps id 

on the fue l  c i r c u i t  (Test 34, ALRC 3-4 tes t ing) .  I n  addi t ion,  i n l e t  o r i f i c e s  

were i n s t a l l e d  on the XDT2 i n j e c t o r  t o  provide an add i t iona l  65 ps id drop i n  

each c i r c u i t ;  these were used i n  the f i r s t  23 tests.  Ea r l i e r ,  50 ps id  o r i f i c e s  

were i n s t a l l e d  i n  both c i r c u i t s  o f  the XDTl  i n j e c t o r  fo l low ing i t s  resurging 

i n s t a b i l i t y  i n  Test 1-1-5 a t  WSTF. None o f  the above increases i n  pressure drop 

had any s ign i f i can t  e f f e c t  on resurging i n s t a b i l i t y .  The resurges p r i o r  t o  
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X I  I ,F, Factors I n f l  u-ncing Resurging (cont. ) 

and a f t e r  the i nse r t i on  o f  the added pressure drop were very s imi la r .  I t  was 

recognized t h a t  the addi t ional  pressure drop, t o  have i t s  maximum effectiveness , 
would have t o  be located a t  a ve loc i t y  antinode and tha t  t h i s  could be done by 

p lac ing the  pressure drop as close t o  the i n j e c t o r  face as possib 

was made t o  achieve a high pressure drop close t o  the face i n  the 

o f  the XDT2 i n j e c t o r  fo l low ing Test 109. This was done by i n s e r t  

the f u e l  c i r c u i t  torus as shown i n  Figure 111. This r i n g  p a r t i a l  

the 1/4 in.  hole< coming from the outer fuel tsrus agd intrx!uced 

e. An attempt 

fue l  c i r c u i t  

ng a r i n 9  i n  

y obstructed 

an addi ti snal 

35 ps id pressure drop a t  t ha t  point.  This r i n g  a lso contained three n u l l  po in t  

dams which prevented communication from one fue l  p i e  t o  another v ia  the small 

torus downstream. I n  t h i s  conf igurat ion there was no change i n  resurqe 

behavior from what had been demonstrated previously.  

5. Feed System Acoustics 

When resurgi  ng was f i r s t  encountered, the 1 ow frequency 

(400 Hz) por t ion  o f  the i n s t a b i l i t y  was thought t o  be the r e s u l t  o f  feed system 

coupling w i th  the combustion process. I n  an e f f o r t  t o  uncouple the feed system, 

a l i q u i d  accumulator o r  "can" was i n s t a l l e d  i n  both the fue l  l i n e  and the 

ox id izer  l i n e .  This was done during tes t i ng  of, XDT2 a t  ALRC. The fue l  can was 

i n s t a l l e d  p r i o r  t o  Test 110 and the ox id i ze r  can p r i o r  t o  Test 121. The e f f e c t  

which these cans had on i s o l a t i n g  the feed l i n e s  i s  shown i n  Figure 112, which shows 

the low frequency t race o f  the feed l i n e  pressures p r i o r  t o  and a f t e r  i n s t a l l a t i o n  

o f  the cans. I t  can be seen tha t  although both feed c i r c u i t s  upstream o f  the 

cans were e f f e c t i v e l y  uncoupled from the combustion chamber, the resurqing 

continued v i r t u a l l y  unchanged. This ind icated tha t  the feed system was simply 

responding t o  the pressure o s c i l l a t i o n s  i n  the combustion chamber ra ther  than 

being a cont r ibu t ing  element i n  a feedback loop. 

6. Cavi t y  Entrance Geometry 

The acoustic cav i ty  geometry was a1 tered considerably i n  the 
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XII, F, Factors In f luenc ing  Resurging (cont.  ) 

course o f  the t e s t  program. Ear ly  i n  the  t es t i ng ,  Tests 158 - 167, a  rectangular  

workhorse o r  base1 i n e  c a v i t y  con f i gu ra t i on  was demonstrated t o  be s tab le .  This 

conf igurat ion i s  shown i n  F igure 113. Fo l lowing t h i s  tes t ing ,  the f u l l y  

contoured con f igura t ion ,  a l so  shown i n  F igure 113, was found t o  be unstable 

This s e n s i t i v i t y  t o  i n l e t  con f i gu ra t i on  p r e c i p i t a t e d  ';he eva lua t ion  o f  a  var 

of con f igura t ions  as descr ibed i n  Sect ion I X .  The r e s u l t s ,  which are sumnar 

i n  F igure 114, ind ica ted  t h a t  combustion s t a b i l i t y  i s  s t r ong l y  in f luenced  by 

i e t y  

i zed 

the c a v i t y  l i p  geometry and by over lap. Overlap, as i l l u s t r a t e d  i n  F igure 115, 
i s  the  d is tance the  downstream edge o f  the c a v i t y  p ro j ec t s  inward beyond the 

ou te r  diameter o f  the  i n j e c t o r  core. 

Two ser ies  o f  t e s t s  were conducted t o  evaluate the e f f e c t  o f  

over lap on s t a b i l ' i t y  (Tests 306 - 336 and 350 - 368). The r e s u l t s  o f  these 

t es t s  are summarized i n  F igure 115 . With both i n j e c t o r s  tested, i t  was found 

t h a t  increased over lap improved combusti on s tab i  1  i t y .  The e f f e c t  o f  c a v i t y  

entrance geometry on s t a b i l i t y ,  which was sumnarized i n  Figure 114 , i s  cons is tent  

w i t h  these r e s u l t s :  namely, the i n l e t  con f i gu ra t i on  which placed the downstream 

edge of the c a v i t y  c lose t o  the i n j e c t o r  face was more s tab le  than those con- 

f i g u r a t i o n s  which d i d  not. The f u l l y  contoured entrance was unstab le  wh i l e  those 

w i t h  the sharp-edged entrances were s tab le .  The radiused edge c a v i t i e s  pro- 

duced greater  s t a b i  1  i t y  than the  f u l  l y  contoured entrances bu t  l ess  s t a b i  1  i t y  

than the  sharp-edged c a v i t i e s .  One t e s t  se r ies  (Tests 351 - 369) was conducted 

t o  determine whether i t  was the sharp edge o f  the c a v i t y  o r  the over lap which 

was s t a b i l i z i n g .  I n  t h i s  se r i es  the over lap  was increased from the  nominal 

0.125 i n .  t o  0.25 i n .  a t  the same t ime a 0.125 i n .  rad ius  was placed on the  

edge, as shown i n  F igure 11 6. These t e s t s  served t o  determine whether the 

destabi 1  i z i n g  e f f e c t  o f  a  radiused c a v i t y  entrance was caused by increased 

entrance f l o w  c o e f f i c i e n t  o r  decreased e f f e c t i v e  over lap. By p lac ing  the rad ius  

on the  h i gh  over lap l i p ,  the combination o f  h igh  f l ow  c o e f f i c i e n t  and h igh  over- 

l a p  could be tested.  This was found t o  be a b a s i c a l l y  s t ab le  con f igura t ion ,  

thereby i n d i c a t i n g  t h a t  the s t a t r i l i  t y  was the  r e s u l t  o f  over lap and n o t  the r e s u l t  

of low f l o w  c o e f f i c i e n t  from the  sharp-edged l i p .  
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Extensive var ia t ions  i n  cav i t y  depth were made during 

two t e s t  series. While tes t i ng  the various i n l e t  geometries, i t  was standard 

t e s t  procedure t o  a l t e r  the cav i t y  depth aver a r e l a t i v e l y  wide range, i n  order 

t o  ra te  the s t a b i l i t y  o f  the various i n l e t  geometries. Those i n l e t  geometries 

which would not show resurging w i th  the widest rmge  o f  1-T tuning were con- 

siderzd more stable than those which could only  t o l e r a t e  a small depth change. 

The resu l ts  o f  t h i s  tes t ing  were given i n  Figure 114. I n  these tests,  the 1-T 

cav i t y  depth was var ied from 0.4 inches t o  1.9 inches, g i v ing  an acoustic range 

~f i . 0  inches t o  2.5 inches. I f  the nominal 1-T cav i t y  tune i s  taken a, approxi- 

mately 3000 Hz, t h i s  depth va r ia t i on  represents a range o f  1-T cav i t y  tunin? of 

from 2500 t o  6300 Hz. These tes ts  showed q u i t e  c l e a r l y  t h a t  resurging i n s t a b i l i t y  

was d e f i n i t e l y  ef fected by cav i ty  tune and t h a t  deep cav i t i es  w r e  required t o  

e l iminate resurging w i th  a poor entrance geometry. C f i  t h  the basel ine entrance, 

i~owever, the resurging i n s t a b i l i t y  was absent over the e n t i r e  range o f  c a v i t y  

tunes tested. 

The second t e s t  ser ies i n  which cav i t y  depth was var ied 

was the s t a b i l i t y  margin series. As noted e a r l i e r ,  these tes ts  were intended 

t o  establ ish the minimum cav i t y  area required t o  s t a b i l i z e  the i n jec to r .  The 

approach employed was t o  systematical ly reduce the cav i t y  area and vary the 

cav i ty  tune a t  each reduced area u n t i l  the stable ranqe o f  cav i t y  tune a t  each 

area could be established. The resu l t s  o f  these tes ts  are presented i n  Figure 117. 

These tests showed t h a t  a t  the minimum area the optimum 1-T denth was 1 .I inches, 

which i s  considerably removed from the 1.5 t o  1.9 inch depth which was apparently 

optimum a t  the f u l l  (18%) 1-T area. Also, as the cav i t y  area and tune decreased, 

the character o f  the i n s t a b i l i t i e s  began t o  change w i th  more 1-T and less 

resurgi  ng becoming evident. An osci  11 ograph t race i 1 l u s t r a  ti nq t h i s  i s  aiven 

i n  Figure 118. As noted previously, i t  appeared possible t o  qo from a resurqe 

i n s t a b i l i t y  t o  a pure acoustic mode i n s t a b i l i t y  a t  w i l l ,  simply by reducinq the 

amount o f  acoustic mode damping present i n  the chamber. 
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Inf luencing Resurging (cont. ) 

One other  cav i t y  configuration, the p a r t i a l  contour a1 so 

shown on Figure 1 13, was evaluated. The back corner o f  t h i s  conf igurat ion was 

radiused, a1 though the i n l e t  had a sharp, rectangular corner. This i s  essen t ia l l y  
the f l i g h t  hardware conf igurat ion as i s  necessitated by wa l l  cool ina and f a b r i -  

ca t ion  considerations. There was no observable d i f ference i n  the operating 
character is t ics w i th  t h i s  conf igurat ion. 

7. Cavity Tune 

The tune frequency o f  the acoustic cav i t i es  i s  dependent upon 

the acoustic o r  effect ive length o f  the cav i t ies ,  and the temperature and mole- 

cu la r  weight o f  the gas i n  the cav i ty .  O f  these three factors,  only the c a v i t y  

depth can be accurately control led. The s e n s i t i v i t y  o f  cav i t y  operation o r  

i n j e c t o r  s t a b i l i t y  t o  s h i f t s  i n  the cav i t y  tune i s  o f  considerable importance. 

For t h i s  reason, a s i g n i f i c a n t  number o f  t es ts  were conducted i n  which cav i t y  

depth was varied and cav i t y  temperatures were measured. No attempts were made 

t o  sample the cav i t y  gas t o  determine i t s  molecular weight, however. 

a. Cavity Depth 

The baseline cav i t y  depths (measured from the i n j e c t o r  

face) were 1.5 inches f o r  the 1-T cav i t i es  and 0.4 inches f o r  the 3-T cav i t ies .  

The cav i t y  entrance added an e f f e c t i v e  length o f  approximately 0.6 inches t o  

each o f  these cav i t ies ,  g i v ing  acoustic lengths o f  approximately 1.0 and 2.1 inches 

for  the 3-T and 1-T cavi t ies,  respect ively. The e f f e c t i v e  entrance length was 

established i n  acoustic tes ts  conducted under Contract NAS 9-1 4232. The 

cav i t y  depths were varied by adding o r  removing f i l l e r  blocks i n  the i nd i v idua l  

. cavi t ies.  
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b. Cavity Temperature 

Cavi ty  temperatures were measured i n  a number of t es t s  by 

i ; ~ s e r .  ing  chrome1 -alumel thermocouple probes i n t o  the acoustic c a v i t y  . I n  most 

instarces a s ing le  .020 in .  diameter sheathed probe was used, bu t  i n  a number o f  

tests  a four-probe rake was inserted t o  determine the temperature p r o f i l e  along 

the length o f  the  cav i t y .  Typical temperature responses obtained w i t h  the rake 

are  g i . e n  i n  Figure 119. These data, obtained dur ing a t e s t  w i t h  heat s ink hard- 

ware, ! x t rapolate t o  a steady-state c a v i t y  temperature of approximately 1700 t o  

1800°F. Plots  showing the  e f f e c t  o f  l oca t i on  and mixture r a t i o  on c a v i t y  tempera- 

t u re  are given i n  Figures 120 and 121. These f igures  show tha t  the temperature 

i n  the .:avity i s  near ly  uniform and tha t  mixture r a t i o  has no s ign i f i can t  i n f l u -  

ence on c a v i t y  temperature. 

The temperatures shown on Figures 120 and 121 were taken 

1.5 seconds i n t o  the  tes ts  and a re  no t  steady-state values. The indicated pres- 

sure dependence i n  the f igures simply r e f l e c t s  the f a c t  t h a t  the thermocouples 

apprl ach steady-state more r a p i d l y  a t  h igh pressure than a t  low pressure and i s  

no t  i nd i ca t i ve  o f  'ncreased c a v i t y  temperature w i th  increasing pressure. 

The ef fect  of c a v i t y  depth on c a v i t y  temperature i s  given 

i n  Fiaure 120. The c a v i t y  temperature i s  measured a t  t he  plane o f  the i n j e c t o r  

face. Ne dependence o f  c a v i t y  temperature on c a v i t y  depth i s  apparent. I n  no 

case was an,,y cor re la t io r :  ever noted between c a v i t y  temperature and the occurrence 

o f  resurgjnq. 

A f i n a l  set  o f  c a v i t y  temperature data was obtained w i t h  

the two der..,nstration X-doublet i n jec to rs .  These i n jec to rs  were unique i n  tha t  

when op-ating w i t h  the 0.126 inch overlap the  downstream edge of the  c a v i t y  pro- 

j ec to  i n t o  the spray from the outer f u e l  elements and deflected some of the 

fi!?l spray i n t o  the r a v i t y .  The r e s u l t  was a very wide spread i n  measured c a v i t y  

temperatures as given i n  Figure 122. The temperatures ranged from the fuel satu- 

r a t i o n  tern,-c?ruture up t o  1600°F and showed no mixture r a t i o  dependence. Even 

though ? $ i s  represented a wide range i n  c a v i t y  tune, i t d i d  not  have any observ- 

ab' e e f f e c t  on the occurrence of resurging i n s t a b i l  i t y .  
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X I I ,  Fu l l  Scale Combustion S tab i l i t y  (cont. ) 

G. MECHANISM OF RESURGING 

Resurging ins tab i l  i t y  manifests i t s e l f  as periodic low frequency 

(-400 Hz) bursts o f  high frequency (2200-2700 Hz) instabi  1 i ty.  Because 

resurging has both a well  defined low frequency and high frequency character- 

i s t i c ,  attempts have been made t o  analyze and el iminate i t  from both low and 

high frequency points o f  view. This i s  evidenced by the number o f  feed system 

and acoustic cavi ty modifications tha t  were evaluated i n  the course o f  the program. 

Although no single low o r  high frequency damping device was found t o  el iminate 
f a 

resurging, the e f fec ts  o f  the various changes d id  provide su f f i c ien t  ins ight  t o  

allow a phenomenological model o f  resurging t o  be constructed. This model 

explains essent ia l ly  a1 1 the experimentally observed characterist ics o f  resurgi ng. 

Resurging i s  considered t o  be an element- and pattern-related 

phenomenon. The X-doublet element can be character4 zed as a good atomizing, 

poor mixing element. When i t  i s  used wi th the concentric r i n g  manifold pattern, 

a spray of concentric r ings o f  wel l  atomized fue l  and oxidizer exists which 
extends some distance downstream from the in jec to r  face. This i s  evidenced not 

only by the mixing t es t  resul ts but also by hot f i r e  heat t ransfer  data which 

indicate the existCnce o f  a low heat f l u x  region f o r  several inches downstream 

o f  the in jector .  

The resurge begins wi th  a low amplitude spinning 1-T wave. This 

wave i s  supported by the induced mixing o f  the edges o f  the fuel  and oxid izer 

fans very close t o  the face and qui te possibly by a monopropellant decanposition 

of the fue l  droplets. The possibi l  i t y  o f  a monopropellant fuel  reaction support- 

ing the 1-T wave i s  based on the great sens i t i v i t y  t o  fuel  temperature, and i s  
substantiated b,y the photographic work done under Contract NAS 9-1 41 86. The 

combustion photographs show tha t  w i th  the X-doublet element there i s  a s i g n i f i -  

cant monopropellant fuel  reaction before the unl i ke  fans impinge and the bipro- 

pel1 ant reaction begins. 
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The spinning 1-T wave a lso can couple w i t h  the f l ow  out the i n j e c t o r  

elements. The X-doub?et element i s  a low inertance element and i s  ca lcu lated 

t o  have a break frequency o f  about 6200 Hz on the f u e l  side. The break frequency 

i s  t ha t  frequency a t  which the a b i l i t y  o f  the element t o  respond t o  perturbat ions 

begins t o  f a l l  o f f  rapid ly .  Since the spinning 1-T wave i s  i n  the 2000 t o  3000 Hz 

frequency range, the perturbat ions are r e a d i l y  fed back i n t o  the face r i n g  channels, 

The calculated f u e l  r i n g  resonant frequencies are a lso i n  t h i s  range so tha t  a 
coupl ing between the combustion and the propel lant  i n  the face r i n g  channels could 

r e a d i l y  occur. The f a c t  the i nse r t i on  o f  the three face r i n g  dams i n  each r i n g  

had a very pronounced s t a b i l i z i n g  e f f e c t  ind icates tha t  such coupling was 

occurring. However, the occurrence o f  resurg i  ng a f t e r  the i ns ta l  1 a t i o n  o f  the 

face dams impl ies other  sources o f  damping are required i n  add i t i on  t o  the  face 

r i n g  dams. 

Once the spinning 1-T wave begins i t  rap id l y  grows i n  amp1 i tude and 

frequency u n t i l  i t  becomes a detonation wave. The increasing wave strength can 

come from several sources. The r a d i a l  and c i rcumferent ia l  motion induced by 

the spinning wave promotes mixing o f  the atomized but  unmixed propel lants. 

Also, as the wave increases i n  strength i t  produces droplet  shat ter ing and mono- 

propel lant  f ue l  rext ic ! ; .  A t  t h i s  time the  wave i s  gaining st renyth from the 

combustion o f  the unburned propel lants accumulated downstream o f  the i n j e c t o r ,  

r a i s i n g  the gas generation r a t e  abcve i t s  steady-state value and causing the 

chamber pressure t o  r i s e .  A l l  the h igh frequency records leeviewed ind ica te  t h a t  

the detonation wave makes only  one c i r c u i t  o f  the chamber before i t  decays. As 

a h igh amplitude wave i t  consumes almost a l l  the unburned propel lant  ava i lab le  
so t h a t  there i s  very l i t t l e  l e f t  t o  support i t  i n  the next cycle. The subsequent 

decay can be compounded by the decrease i n  the propel lant  i n j e c t i o n  r a t e  brought 

about by the higher chamber pressure. 
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Third, the cavi ty entrance may be d is to r t ing  the pe r i phe r~ l  f low 

of injected propellant. Visual cold flow tests have shown that  the outer edge 

of the fue l  spray impinges on the cav-'ty l i p  and i s  deflected by it. The 

cavi ty 1 i p acts as a splash plate, def lect ing the outer fue l  inboard i n t o  the 

oxidizer. This produces ear ly m i  x i  ng and combusti on o f  the in jected propel lants 

around the periphery o f  the in jec tor ,  depleting that  area o f  the downstream 

unburned propellant. Since the area imnediately adjacent t o  the wall  i s  most 

important i n  supporting the spinning 1-T wave, t h i s  e f f ec t  would be expected 

t o  be s tab i l iz ing.  Improved s t a b i l i t y  d i d  i n  fac t  resu l t  from increased overlap. 

This iniplies tha t  the source o f  the resurging i s  largely the low mixing o f  the 

outer X-doublet pattern and tha t  the el iminat ion o f  resurging could be accom- 

plished by a pattern modif icat ion i n  that  area. 

H. SUMMARY 

The demo (DXDT1) i n j ec to r  pattern was en t i r e l y  stable over the range 

o f  operating conditions tested i n  conjunction wi th the WS baseline cavi ty con- 

f igurat ion.  Other configurations were frequently unstable i n  a hybrid mode 
termed resurging , however. R~su rg i  ng i s  characterized by repet i  ti ve bursts o f  

high frequency mode ins tab i l  i t i e s .  

Resurging seems t o  be unique t o  the X-doublet i n jec t ion  element. 

I t  i s  a t t r ibuted t o  the accumulation o f  unburned propellant w i th in  the chamber 

which i s  consumed by a detonation wave that  originates as a spinning 1 -T wave. 

The detonation wave makes only one c i r c u i t  o f  the chamber, fol lowing which the 

pressuue decays. Acoustic cav i t ies  do not damp out the resurge and i n  e f fec t  

may be foster ing i t  by v i r tue  of damping out the high frequency modes which 

normally would promote m i  x i  ng and combustion of unburned propellant. 
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After the peak amplitude i s  reached, i t  takes a period o f  t ime 

fo r  the flow and steady-state combustion t o  be re-established. This i s  a lso  
a period i n  which the unburned propel lant  cloud downstream o f  the i n j e c t o r  i s  

re-establ ished. A s i g n i f i c a n t  amount o f  h igh frequency a c t i v i t y  a t  several 

d i f f e r e n t  acoust ic modes can e x i s t  during t h i s  time per iod as the chamber i s  

r i ng ing  down from the detonation wave. The spinning 1-T does not  begin ag-'lG 

u n t i l  the unburned propel lant  i s  accumulated, since i t  receives most o f  il. - ,,  n 

from t h i s  source. However, once the propel lant  i s  there the whole process 

repeats, w i t h  the spinning 1-T a r i s i n g  from the ringdown noise i n  the chamber. 

When 1-T damping i s  removed from the system, the resurging disapoears 

and a normal 1-T o r  2-T x o u s t i c a l l y  coupled mode appears. Resurging disappears 
because the acoustic mode aids the mixing process and prevents the accumulation 

o f  unburned propel lant .  Thus, there i s  no burn-off  and accumulation process since 

the propel lant  burns as rap id l y  as i t  i s  i n jec ted  i n t o  the chamber. I n  e f f e c t ,  
the add i t ion  o f  acoust ic mode damping suppresses the normal acoust ic modes, al lows 

unburned propel l a n t  t o  accumulate, and thereby makes resurging possible. 

The sensi ti v i  t y  o f  the resurg i  ng i nstabi 1 i t y  t o  cav i t y  entrance 

geometry and overlap i s  probably the r e s u l t  o f  three separate e f fec ts .  F i r s t ,  

a rounded entrance on the cav i t y  reduces the viscous energy d i ss ipa t i on  o f  the 

o s c i l l a t i n g  gas j e t  a t  the cav i t y  entrance. Although t h i s  e f f e c t  i s  rea l ,  i t  

may not  be s ign i f i can t .  Second, i f  the j e t  o f  gas e x i t i n g  from the cav i t y  

induces mixing and combustion i n  the react ing propel lants, i t  w i l l  have a 

s t a b i l i z i n g  e f f e c t  by v i r t u e  o f  adding energy out  o f  phase w i th  the acoustic 

mode i n  the chamber. Changing the cav i t y  1 i p and overlap can r e s u l t  i n  a 

red i rec t i on  o f  the j e t  from an area o f  h igh  induced mixing t o  low induced mixing 

o r  v ice  versa and thereby change the effect iveness o f  the cav i ty .  The importance 

o f  t h t s  e f f e c t  i s  unkno;m a t  t h i s  time. 
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Among the fac tors  t h a t  in f luence the resurge behavior are (1) 

acoust ic comnunication w i t h i n  the face r i n g  manifolds, (2 )  f u e l  temperature, 

(3) acoust ic cav i t y  depth, (4) cav i t y  open area, and (5 )  cav i t y  entrance con- 

f i  gurat ion. Resurgi ng i s  considered t o  be an element- and pa t tern-re1 ated 

phenomenon, apparently o r i g i n a t i n g  w i th  the peripheral row o f  i n j e c t i o n  elements. 

E l im ina t ion  o f  resurging may be possible by pa t te rn  mod i f i ca t ion  o f  the peripheral 

row. 
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