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Tho ~ b 3 e ~ t i v 0  of t ' f ~ i a  pragram wao t o  provide, elm analys io ,  dcuign, f a b r i e a t i a n  
uoocrnb%y and t;oo t of a rogencra t$.vcly cooled tOX/tlydriagcn S toged Cornbun t lon  
h~ucnibly System wi th  a 400:l csxyanslen a r e a  r a t i o  nozz le  ut ; i l Iz inl :  a n  89 009 
Newton (20 000 . aund) thrtwf r agcne ra t ive ly  ~ 0 0 3 ~ i d  t l ; ~ u a t  chambar and J95 : l  
t ubu la r  nsxz lo  f a b r i c a t e d  and toa ted  during a n  oa rx io r  program, Thc ssmpancnta 
f o r  t h i s  nosemb3.y includd-4 two apa rk / to rc t~  oxygen-hydrogen i g n i f a r a ,  two o@rvo- 
coxatrsllcd LOX valvat;, a prc5urncr In jcccor ,  a preburnor canibuat~le, a main pro- 
p e l l a n t  i n j e c t o r  , a r aganora t iv s ly  cool.cd sambuabion ehbmbcr, a rc$pnara&ivoly 
cooled tubu la r  nozz lc  wi th  an expanofon a r a a  ratls of 275:lp a n  unssaled 
haavy-walf stael nozz lc  w i th  an expanaioa a fcn  r a t i o  s f  408:2, and inrorsonnoc- 
t i n g  duc t in$ ,  The a n a l y t i c a l  effort: was performod t o  opblmizo tha ct:az%aX tinct 
s r r u s t u r a l  c h a r n c t e r l a t i c n  of oach oE the new compononto and Mlo ducking, and 
t o  r e v e r i f y  t h e  s a p a b i l i t i c e  of t h e  previous ly  f a b r i c a t e d  component#, 

The t e s t i n g  e f f o r t  provided a dcmonscration of t h e  prelsurncr/combuato cIrambcr 
opera t ion ,  chamber combuction c f f i c l s n c y  and s t a b i l i t y ,  and chmbcr  and nozz le  
heat: t r ans£  e r  , Separarc? bypafia codkifll; of ehc cbambor axid nozzLe was porformcd 
to  reduce  tee$  o p e r ~ t i o n s  complexi t ies  and t o  pcavidc f e r  adequate  component 
caol ing  durihg t h e  chamber preasure  s t a r t  t ranaicnt :  when t h e  exl~auot: gas flow 
was separa tkd  from t h e  nozz le  w s l l .  Measurement of t h e  combustion pcrformoncc 
indf cared  t h a t  chamber cha rac t e r i s tLc  v e l o c i t y  c f f  i c i ancy  (T) c*) W & 6  99.3%; 
spec i f ic .  impulso wi th  t h e  490:l nazz l c  was 4690 N-se~/kg (478.2 accands) + 

The s p a r k l t o r c h  oxygen-hydrogen i g n i t e r  concepE was ea t ab l i ahsd  under NASAILoRC 
d i r e c t i o n  and f u r t h e r  daveloped by Rocketdyne. A sma1.I q u a n t i t y  ~f geecous 
oxygen and gaseous hydrogen, introduced i n t o  a hydrogen cooled duc t ,  a r e  
i g n i t e d  by a high-energy spark  t o  provide t a  the preburner  and main combuorion 
chambers a j e t  of ho t  gas  capable of i g n i t i n g  t h e  main p rope l l an t  fLows t o  
each chamber, 

The preburner  i n j e c t o r  was designed f o r  l i q u i d  oxygen and gaseous hydrogen 
p rope l l an t s  w i t h  coax ia l  i n j e c t i o n  elements and a s o l i d  copper f a c e p l a t e .  The 
i n j e c t o r  elements were designed t o  use  hydrogen a t  239 K (435 R ) ,  equiva len t  
t o  t h e  mixed mean temperature s f  t h e  chamber and nozz le  coolant  o u t l e t l  

The preburner  combustor was an Inconel  625 c y l i n d r i c a l  s h e l l  w i t h  a gaseous 
hydrogen cooled inne r  l i n e r ,  A t  !;he preburner e x i t  t h e  exhaust: gag flow was 
divided i n t o  two duc t s  l ead ing  t o  t h e  two high-pressure p rope l l an t  turbopumps, 
or  f o r  t h e  t e s t  e e r i e s  conducted on Xhls progzam, t o  two t u r b i n e  s imular ion  
o r i f i c e s ,  and thence i n t o  t h e  main combustion chamber: j , n j e c k ~ r ,  

The main p rope l l an t  i n j e c t o r  was a coaxia l  i n j e c t i o n  element unit: w i th  a 
porous R5gimesh f a c e p l a t e ,  f ab r i ca t ed  during a p r i o r  NASA/LeRC sponsored 
t h r u s t  chamber technoLagy program. The i n j e c t i o n  elements were modified t o  
u t i l i z e  t h e  f u e l  r i c h  preburner exhaust gases  a s  t h e  f u e l  toge ther  w l th  t h e  
remainder of t h e  system l i q u i d  oxygen. 



Tho rcgnnara$$vo2y caolcd combuatSon cbumbax waa a r;i%conium coppcr a l l o y  
Sinar with maehlncd longieudirtnl, Groevaa f o r  s ~ o l c r n t  pncoagco ntld an a lcc t ra-  
farmed nlekcl cloucotxt: oltoll that had boon Eabrisatcd during fhc p r i e r  NASA/ 
LoRC oponaorcc? progsam, Tho chambar included n amall part o f  t h e  expansion 
nazzlft f o  nn arc8 r a t i o  $:I, Thc eoolonc manifolding providea capab i l i ty  
E8F ~ S t h o ~  r o ~ o n c r a ~ i v a  o r  #cparato sonline, 

Tho noazlc witla tlla 175tlz axnannion a r e a  r a t i o  waa fabr isnted  witti A286 tapered 
tubing wffh t;wo-.paae coo l i t~g  and waa eiipnbla o f  cFtllor rogcncrativa o r  xlopardta 
s ~ 0 1 i n g .  Tk%o csmponont aloa waa fabcisated on tho p r i o r  NABAILcRC opanaorcd 
program, 

Tha l t O O 1 1  nsxzZa extlcrrfiian wafa fr;tkricnted from mild fitaol o h e ~ t  xol lcd  to  ofnape 
and b u t t  welded, h f t o r  trclding an$ acroas ~ o l i a v i n g ,  tho nozzlo innnr contour 
and tho cxtnricas worn macfaincd ke appr~ximo~toly  6 . 4  rnm (0,25 tnsh) t't~tclcnosa, 
Proaoure tapa wcro providud In two rowa along the langth  o f  che noszXo f o r  
msaauri ng tho otatxkc proeoure p r o f i l e ,  Tha noxzJe was fabr ica ted  by NA§A/LeRC 
and aupplied t a  Rockctdyric fo r  thoae tcaed. 

Thcl e e s t i ~ ~ g  e f f ~ r r  wao parformed i n  "buiTding block" fushian, with cach torat 
s a r i a o  providing a Boundntion o f  undcr~tnnding and p r ~ p a r a k i o n  f o r  tbu 
succeeding sa r l ea ,  Tho l a i t i a l  tent ing wao a aor ios  of l 8  t e s t a  of the  pra- 
burner i g n i t o r  and pxcburfier aoeembly t o  oetabJinh i g n i t o r  operat ion and 
proburner sequencing and  pera at ion. 

Staged wabusrisn assembly t c a t i n g  wat3 then performed t o  ca tab l i sh  the  opera- 
t i o n  of t h e  prebumer and main chanbec operacing an a unZt, Combu,ation ~'nambei: 
performance, heat t ranofer  characteristics, and Lhruat chamber s t a re lng  tran- 
o ients  woce dotermined t o  provide a baa l s  Ear cncublishing t h e  s t a r t  and 
operat ing sequences and parameters f a r  the nozzle t e s t i n g  with the di f fuse r /  
e j ec to r  system* During thcae t e s t s ,  f i n a l  modificat ion t o  t h e  opark ign i to re  
was made t o  enhance t h e i r  r o l i a b l l l t y  and capab i l i ty  t o  function with minimum 
between-test inspection,  

A ~,srjllib; r3 bkowdown t e s t s  of t h e  d i f f u a e r / e ~ e c t o r  system was performed to  
eet,abZ.jz& t h e  e j e c t o r  sequence timing, e j ec to r  pump-out capab i l i ty ,  and GN2 
preesure and heater  temperature c a p a b i l i t i e s ,  The compLetlon of these  blow- 
downs and t h e  p r i o r  staged combustion assembw t e s t s  signalled t h e  readiness 
t o  proceed in to  t h e  400:l nozzle t ee t ing .  The two nozzle components were 
instaZZed on the  staged combustion assembly and t h e  e n t i r e  system wao aligned 
with the  d i f fuse r  i n l e t .  

The t e s t  s e r l e s  wi th  the 400:l nozzle s t a r t e d  witb an I g n i t e r  system checkout, 
followed by a test of the  p~ciburncar only and then a mainstage test a f  very 
shor t  durat ion,  0,25 seconds, Staged combuation asaembly system operat ion 
was s a t i s f a c t o r y  as was the  GN2 e j e c t o r  operat ion,  although the  main chamber 
operating durat ion was too s h o r t  f o r  the  d i f f u s e r  t o  pump out  t h e  a l t i t u d e  
capaule and the nozzle  flow was separated from the  wa l l  throughout t h i s  test, 

Three t eoes  of 2.15, 2.65, and 2.89 seconds main chamber durat ion were per- 
formed during whicfn f u l l  unseparated flow i n  the  nozzle was rea l ized and 



steady-&$ate capsule  aL t i t udc  pressures  as low a s  0'23 N/crnZn (0.33 psis) were 
achieved, Main chamber p r e s s u r w  f o r  these t e s t s  were a a  high as 1582 ~ / c m 2 a  
(2294 p s i a )  , approximately 15% above t h e  chamber r a t e d  chamber prcsaure.  
System ope ra t ion  waa s a t i s f a c t o r y  durkng t h e s e  t e s t n  and an  average s p e c i f i c  
impu?.t;e of 478.2 seconds was measured* A23 t h r o e  tes t r ;  were of s u f f i c i e n t  
du ra t ion  f o r  a11 performance parameters t o  reach s teady  s t a t e ,  o r  very  nea r ly  
s o ,  and s t a b i l i z e d  h e a t  t r a n s f e r ,  nozz le  p re s su re ,  and d i f fu f i c r  measurements 
were obtained,  

Addi t iona l  t e s t i n g ,  i n c l u d h g  t h r e e  t e s t a  o f  4.0, 5 ,0 ,  and 5,2 seconds dura- 
t i o n ,  wae performed t p  ob ta in  f u r t h e r  performance, nozz le  aerodynamics, and 
t h r u s t  chamber hea t  "cansfer information.  Bypaoa cool ing,  w i th  tho hydrogen 
coolant  pasblng f i r s t  through t h e  combustion chamber coolant  j acke t  and then, 
i n  s e r i a s ,  through t h e  nozzle  tubes ,  was used t o  o b t a i n  t h e  cxtanded dura t ion  
t e s t i n g .  Main chamber p re s su res  a s  high as 1376,6 N/cm2a (2286.6 ps i a )  were 
a t t a i n e d ,  T e s t  d a t a  confirmed t h e  s p e c i f i c  impulse va lue  achieved and h e a t  
t r a n s f e r  measurements conformed t o  p r i o r  test r e s u l t s ,  



INTRODUCTZON 

System s t u d i e s  conducted t o  determine t h e  f e a s i b i l i t y  of develspZng a r eusab lc  
v e h i c l e  f o r  f u t u r e  NASA and A i r  Force o r b i t a l  t r a n s f e r  and deep upace maneuver- 
i n g  missions have shown t h a t  high-pressur2, staged combustion cyc le  engines 
o f f e r  the  h ighes t  e p e c i f i c  impulse acd payload c a p a b i l i t y .  A rev%ew of t h e  
v e h i c l e  and engine system s t u d i e s  i n d i c a t e s  t h a t  s s i n g l e  high a rea  r a t i o  b e l l  
nozz le ,  h igh  chamber pressure ,  staged combustion cyc le  engine a t  89 000 
Newtons (20 000 pounds) t h r u s t  l e v e l  i s  near  optimum f o r  t h e  NASA and DOD 
mission requirements.  The engine designed t o  meet the,se I?equiremer~ts has been 
designated t h e  Advanced Space Engine (ASE). 

Th i s  program was i i ~ i t i a t e d  t o  provide t h e  required technology base  f o r  t h e  
subsequent development of a h igh  performance, high expansion a r e a  r a t i o  
nozz le  and s taged combustion cyc le  vocket engine us ing  a s i n g l e  f u e l  preburner  
and a l i q u i d  hydrogen cooled t h r u s t  chamber assembly. 

Liquid hydrogen cooled and fue l ed  rocket  engine assemblies  and components have 
been s tudied  and developed by Rocketdyne and o the r  agencies  f o r  many years .  
The p a r t i c u l a r  design parameters u t i l i z e d  f o r  t h i s  program were es thbl i shed  by 
ex t r apo la t ing  from t h e  Rocketdyne Space S h u t t l e  Main Engine des igns  and t h e  
5-2 engine program t o  :;he ASE opers t ing  condi t ions .  The t h r u s t  chamber opera- 
t i n g  condi t ions  f o r  t h i s  engine a r e  shown i n  Table 1. 

TABLE 1, THRUST CHAMBER OPERATZNG CONDITLONS 

Thrus t ,  N (pounds) 
2 Chamber Pressure ,  N/cm a (ps i a )  

Mixture Rat io ( o v e r a l l )  
Nozz l e Expans i on Rat i o 

Regenerative 1 y Cooled 
Uncoo 1 ed 

Propel l a n t  l n l e t  Temperature, K (R)  

Hydrogen 
To In j ec to r  
To Chamber 

Oxygen 
Propel lan t  Inlet Pressure 

Hydrogen 

Oxygen 
Energy Release Eff ic iency  ( E R E ) ,  % 

I-, 

Nominal Design Point 

88 900 (20 000) 

1380 (2000) 

6 . 0  

175: 1 
400: 1 

-278 (-500) 

-50 (-90) 
78 (11.3) 

TBD 
TBD 

9 8 
L 



Technology items of i n t a r e s t  developed during t h e  course  of t h e  program 
i n c l u d e  continued eva lua t ion  of t h e  d q ~ i g n  parameters f o r  t h e  spa rk / to rch  
i g n i t e r ,  the multiolement preburner pgopel lant  i n j e c t o r ,  and t h e  hydrogen 
cooled combustion chamber; i n s t a l l a tXon  and u s e  of boundary l a y e r  p re s su re  
and temperature measurenent devices  , b t  t h e  e x i t  of t h e  400:l nozz le ;  and 
d i f f u a s r j e j e c t o r  d e s i g n  and ope ra t idn  wt th  t h e  high expansion a r e a  r a t i o  
nozz les ,  

T h i s  r e p o r t  p resents  t h e  design and a n a l y s i s  e f f o r t  conducted on each component 
and subsystem; t h e  f a b r i c a t i o n  e f f o r t ;  t h e  t e s t i n g  of t h e  pr,-burner sssembly, 
thc staged combustion assembly, and t h e  h igh  a r e a  r a t l o  noZ.tle w i t h  t + ~ e  
d i f f . u sa r / e j ec to r  system; the  r e s u l t u  from each phase of t h e  t e s t i n g ;  Lnd analy- 
sig of t h e  mador and s i g n i f i c a n t  events  of the progralrt. 



DISCUSSION 

The Advanced Space Engine system usen a singlYc preburner tc, provfdc t h e  h o t  
gas t o  power t h e  high-pressure f u e l  and o x i d i z e r  turbopunps. The preburner  
r e c e i v e s  l i q u i d  oxygen from t h e  high-pressure oxygen turl$opump and high- 
p re s su re  gaseous hydrogen Erom t h e  d ischarge  of t h e  t h r u s t  chamber upper 
coolant  j acke t ,  ox id i ze r  boost pump turb ine ,  and f u e l  booat  pump tu rb ine ,  The 
preburner  i n j e c t o r  in t roduces  t h e  w e l l  mixed p r o p e l l a n t s  i n t o  t h e  combustor 
and produces h i g h  performanee and s t a b l e  combustion, The preburner  is  d i r e c t l y  
a t t ached  t o  t h e  i n l e t  of t h e  t u r b i n e  an t h e  high-pressure f u e l  turbopump, The 
hot-gas flow Erom t h e  preburner i s  routed through a transition aec t ion  where 
hot-gas flow f o r  t h e  high-pressure ox id i ze r  turbopump i s  tapped o f f  through n 
branching elbow, The ba lance  of Ehe hot  gas  flows i n t o  t h e  t u r b i n e  manifold 
on t h e  high-presstj,re f u e l  turbopump. During t h i s  program, o r i f i c e s  were used 
t o  s i rx i l a t e  t h e  t a r b i n e s  and t o  provide t h e  necessary p re s su re  drop p r i o r  t o  
d i s t r i b u t i o n  of t h e  ho t ,  fue l - r i ch  gas t o  t h e  main i n j e c t o r .  

This  s e c t i o n  desc r ibes  t h e  design of t he  preburner  i n j e c t o r ,  combustor, s y s t e n  
duc t ing  and assembly, and the  des ign  modi f ica t ions  t o  t h e  i g n i t e r s  and t h e  
main p rope l l an t  i n j e c t o r ,  inc luding  hea t  t r a n s f e r  and performnrce ana lyses  
necessatry t o  complete t h e  f i n a l  des igns ,  

DESXGN AND ANALYSIS 
L 

The preburner  assembly (Fig,  I )  i s  designed t o  ope ra t e  through a tank-head, 
idle-mode start  i n t o  mainstage a t  any ope ra t ing  po in t  def ined  wi th in  t h e  
l i m i t s  of t he  engine mixture  r a t i o  excursiotl from 5,5 t o  6.5. The des ign  point: 
preburner  ope ra t ing  parameters (mainstage engine mixture r a t i o  6.5) a r e  given 
i n  Table  2, 

The s t r u c t u r a l  f e a t u r e s  of t h e  preburner have been designed t o  meet t h e  
requirements of a serv ice- f ree  l i f e  of 60 thermal  cyc l e s  o r  2 hours  accumulated 
zun t ime,  and a s e r v i c e  l i f e  between overhauls  of 300 thermal  cyc l e s  o r  
10  houcs accumulated run  time, 

TABLE 2 ,  PREBURNER NOMTNAL OPERATING P M T E R S  

I 1 
2 Chamber Pressure ,  N/cm a ( ~ s i a )  2328 (3377)  

Combust i on Temperature, K (d )  1053 (1 896) 

Mixture Rat lo  (o / f )  

Total plowrate ,  kg/s ( t  b/sec)  

I Fuel I n l e t  Temperature, K ( R )  2 39 (43 1 ) I i 
! 

I Oxldfzer I n l e t  Terpera ture ,  K (R) 9 1 (163) I i 
i 
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Figure I. Preburner of Staged Combustion Rocket Engine 



X g n i t i ~ n  Systems -.---- 

The i g n i t i o n  s o u r ~  f o r  t h o  prcburnor is a spark/torclz i g n i t e r ,  Pig.  2, 
mstinted i n  t h e  contcr  of tho  in3 c c t o r ,  Thia i g n i t e r  l o c a t i o n  was s e l e c t e d  
over an  i g n i t e r  l o c a t i o n  i n  t he  combustor wall because it w i l l  not :  (1) impinge 
h igh- tmpora ture  h a t  gas  against: t h e  combustor wall, (2) i n t e r f e r e  w i th  the  
flow streams of @ha i n j e c t o r  elements,  (3) r e q u i r e  an  envelope i n  a h lgh  s t r a i n  
r eg ion  of t h e  prsburner  s t r u c t u r e ,  and (4) compromise t h e  use  of a cooled l i n e r  
and acous t i c  absorbers ,  The p r i n c i p a l  disadvantage of u s ing  a cen te r  mounted 
i g n i t e r  i s  t h e  p o t e n t i a l  f o r  d i r e c t i n g  t h e  high-temperature i g n i t i o n  flame i n t o  
t h e  turb ino .  To prevent  t h i s ,  t h e  i g n i t e r  was designed t o  o p e r a t e  a t  an o v e r a l l  
mix ture  r a t i o  equal  t o  t h e  preburner  mixture r a t i o  and a c o a x i a l  i g n i t e r  exhaust 
nozz l e  was used t o  enhance mixing, 

I g n i t e r  Design and Operation, A spa rk l to rch  i g n i t i o n  system was s e l e c t e d  a f t e r  
a comprehensive review of t he  s ta te -of - the-ar t  i g n i t i o n  systems, The primary 
requirements of  t h e  i g n i t i o n  system are :  (1) t h e  i g n i t e r s  a r e  t o  be  capable 
of opera t ing  a t  start  w i t h  cold p r o p e l l a n t s  suppl lcd a t  tank  head / id l e  made 
p re s su res  producing repea tab le ,  r e l i a b l e  i g n i t i o n  of t h e  preburner  and t h r u s t  
chamber, and (2)  t he  i g n i t e r s  a r e  t o  be  of a con f igu ra t ion  which can meet t h e  
S i f e  reqpirements  of t h e  engine, The i g n i t i o n  systems considered t o  be  t h e  
most a p f l i c a b l e  were t h e  combustion wave i g n i t e r ,  t h e  ASI (augmented spark  
i g n i t e r ) ,  an$ t h e  sparh / torch  i g n i t e r .  Each of Chese systems appeared t o  have 
p o t e n t i a l  f o ) ~ )  meeting t h e  i g n i t i o n  system requirements;  however, t h e  spark/  
t o r c h  i g n i t e r  appeared t o  be supe r io r  because of t h e  p o t e n t i a l  f o r  h igh   park 
e l ec t cede  d ~ r a b i l i t f ,  pred iecsb le  and repeatable i g n i t i o n  cond$.tions a t  t h e  
s p a r k  e l ec t rode ,  and a higher  temperature downstream of t h e  i g n i t e r  e x i t  t o  
enhance main p rope l l an t  i g n i t i o n ,  The i g n i t e r s  used i n  t h e  preburner and 
t h r u s t  chamber weye b a s i c a l l y  t h e  same conf igura t ion .  

The spa rk / to rch  i g n i t e r  usos a spark  plug, F ig ,  3 ,  and e x c i t e r  assembly, 
Fig. 4 ,  f o r  Sgni t ion ,  a n  i n t e g r a l  oxygen/hydrogen i n j  e c t o r  , and combustor/ 
nozz l e  f o r  duc t ing  the  h o t  gas  t o  t he  i n j e c t o r ,  F ig ,  5 .  Gaseous ox id i ze r  i s  
i n j e c t e d  from an  annular  manifold around t h e  spark  e l ec t rode .  A small amount 
of gaseous f u e l  i s  i n j e c t e d  i n t o  t h e  i g n i t e r  combustor/nozzle where i t  mixes 
w i t h  the  o x i d i z e r  downstream of t h e  e l ec r rode  producing a n  oxid izer - r ich  
combustion ( M R s 4 0 : L ) .  The bulk  of t h e  i g n i t e r  f u e l  flows . f;tound - t h e  nozzle ,  
o r  tube  l i n e r ,  and i s  discharged a t  t h e  i n j e c t o r  face .  

The i g n i t e r  h a s  t h e  c a p a b i l i t y  f o r  r ap id - r e ign i t i on  w i t h  ninimum delay  i n  
event  of a £Lameout during t h e  s t a r t  t r a n s i t i o n .  It a l s o  provides a h igh  
mixture  r a t i o  near  t h e  e l e c t r o d e  f o r  r e l i a b l e  i g n i t i o n  and produces a h o t  
c o r e  f o r  main p rope l l an t  i g n i t i o n ,  The extxemely h igh  mixture  r a t i o  of t h e  
h o t  core  i s  a l s o  advantageous f o r  main p rope l l an t  i g n i t i o n  because combustion 
of t h e  coolant  hydrogen discharged from t h e  l i n e r  d r i v e s  t h e  h o t  c o r e  tempera- 
t u r e  higher  through t h e  s to i ch iome t r i c  p o i n t  be Io re  it  i s  t o t a l l y  mixed wi th  
t h e  i g n i t e r  flow. Other advantages of t h e  spa rk i to rch  i g n i t e r  a r e :  (1) t h e  
ox id i ze r  f low around t h e  e l e c t r o d e  provides cool ing  f o r  the e l e c t r o d e  and 
minimizes t h e  p o t e n t i a l  f o r  e ros ion  from combustion,,and (2) t h e  i n j e c t i o n  
technique us ing  impinging f u e l  streams below t h e  e l e c t ~ o d e  produces r e p e a t a b l e  
condi t ions  f o r  i g n i t i o n ,  

'\\ 
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1. SCOPE: T H I S  S P E C l F f C A T l O N  ESTABLISHES TXE REQUIRE- 
HENPS FOR A HULTIPLE-PURPOSE SPARK EXCITER. 

2. OPERATIONAL CHARACTERiSTlCS 
2-1 ELECTRI CAL 
2-1.1 EXCITATIOH - M E  EXCITER SHALL BE CAPABLE O F  OPERA- 

T I N G  WITHIN S P E C l F l E D  PERFORHANCE L I H I T S  WHEN 
S U P P L I E D  W I T H  24 T O  32 VOLTS D.C. THE APPLICATION 
OR REMOVAL O F  28 VOC POWER WILL NOT CAUSE A SPARK. 
THE POWER C I R C U I T  SHALL B E  ISOLATED FROM CASE GROUND. 
SPARK C O W N D  - M E  APPLlCAT1 ON O F  24 T O  32 VOLTS 
DC T O  THE SPARK COMMAND C t R C U f T  SHALL ! N I T  l A T E  
OUTPUT V i T H i N  10 NlLLISECONDS. 
SPARK MONITOR - A PULSE SlGNAL O F  1 T O  5 VOLTS SHALL 
BE PROViDED FOR EACH SPARK OUTPUT. M E  EXTERNAL 
LOAD V l  L L  B E  GREATER M A N  10 K OHMS- 
OUTPUT ENERGY - THE EXCITER SHALL DELIVER A MtNlhlliM 
O f  1 0 0  M I L L I J O U L E S  O F  ENERGY PER SPARK INTO A 1-23 
5 13 m (0.050 50.005 INCH) A t  R GAP THROUGH I8 
rt 1% (6 50.5 FEET) O F  INTEGRAL COAXEAL TRANSHISSSO% 
CABLE. 
OUTPUT VOLTAGE - THE EXCITER SHALL BE CAPABLE O F  
DELIVERING A BREAKDOUN VOLTAGE O F  25,COO VOLTS. 
REPETITION RATE - THE ENERGY S d R L L  B E  DELtVERfD 
A T  THE W T E  O F  200 2 1 0  S P A R S  PER SECOND. 
OUTPUT-ISOUITION - THE GUTPUT CI RCUIT SHALL BE 
ISOLATED FROM CASE AHD POWER GROUNDS. THE 
LEAKAGE CURRENT BETUEEN CASE OR POWER GROUND AND 
THE OUTPUT RETURN SHALL B E  L E S S  m N  1 H I L L I & P -  
THE EXCITER I S  WT REQUIRED T O  N N C T f O N  VIM A 
FLOATING OUTPUT AXD W I L L  B E  GROUNDED BY WAY OF 
M E  ATTACHED SPARK PLUG. 
ENVIRONMENT - THE EXCITER SHALL B E  OPERATIORAL 
I N  A TEMPERATURE RANGE O F  272 K T O  31 1 K f 30 F 
T O  100 F). THE G N l T  SHALL BE SEALED AGAINST 
TP'E EFFECTS O F  H U M I D J N .  
ACCESS - THE INTERNAL COMPONENTS SHALL BE ACCESS- 
ABLE WHEN THE U N I T  IS NWNI'ED. 
CONFlGULlATION - THE U N I T  SHALL BE COflSTIUCTED 
PS fLLUSTRATED BELOU, UNLESS OTHERWISE S P E C I F l E D ,  
DIMENSION AS REQUIRED. 
ACCESSOF~IES - EACH UHIT SHALL INCLUDE A SCHEHRTEC 
AND PARTS L I S T .  

[ olprpm ,ii .-r------- 
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Figure 4 ,  Capacitance Exciter Speeifica'cions 
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Tlia upark plug f a  at tact led f0  6ha i g n i t e r  w i t l a  a ct\r2adcd j o i n t  and tho mafi 
mt t f i i u  point: i n  i n t c ~ t a n l  with t;hc npnrk plop,, Tho igni ta t .  body van f ab r i ea tod  
frsm Incotlol, 625 and t . 3 ~  Liner ,  or subat wao medo o f  nisko2 and we2ded t o  t h e  
i g n i t a r  body. 

SCn an nctx.ml engkno oyotem, t11a propollantn for the plecburrrcr utld eltruck cham- 
~ C P  1gnd;toll~a would ho nupplied f r ~ m  thn d ioc l~a rgo  o f  tho Itiglx-praooure? Pttol 
and a x i d i z c r  turl)~pumpo, Cnnaoqucntly, t ha  i g n i t c r  wao d c n i ~ n e d  $0 oporoto 
wi th  an~b lon t  dcmporuturc gaseoun propo23,anta, 

A d c t n i l c d  d iosuos ion  o f  t k a  i g n i t o r  deoi,lil;n, Pabricnklan, and cvaluirtion toot-  
Itlg i n  prcoonted i n  t ' i~o Advanc~d Z'hruat Chamber Toshnology Xzlnnl Report 
(Rcf, 3.1, 

Proburner Xn*tsr ~ . &  ir;=s 

Thfs proburnor i n j c s t o r  i ~ n  nn nascmbly concis t iny,  oE a one-piece body, 15 ael%- 
c ~ n e n i n n d  coaxSa3 i n j e c t i o n  olemento, o f acap la t e ,  a Euol manigcald wi th  two 
in2e tn ,  on4 an o x i d i z a r  m a e i f ~ l d  and I n l o t ,  P ig ,  6 and 7, Tire aalf-contained 
coaxial f n j o c t i o n  clcmcnto d ischarge  l i q u i d  oxygen from a c e n t e r  pone whase 
e x i t  Is rccesscd  behlnd tho  p iano  of t h e  l n j c c t s r  face .  Gascoua hydrogen is 
i n j e c t e d  from an aanultts around each ox id i ze r  p08t. Each element i s  a u n i t  i n  
which ox ld i ze r  and Eual metering i s  provided. Tha o x i d i z e r  flow Is ccrntrslled 
p r imar i ly  by t1rc auddon expansion o r l f i c o  a t  t h e  upstream end of t h e  ox id i ze r  
p a L ,  .". z!Xndad mtrnnce m i n h l z e a  en t rance  c f f c c t s  so  tkae  t h e  p re s su re  drop 
is accu re to ly  c o n t r o l l e d  by tho   elations ship between t h e  o r i f i c e  and tha piwt  
diametora,  The f u e l  flow i a  mctarcd by t h e  annulus a r e a  between t h e  ox id i ze r  
poot and f u e l  s l eeves ,  The ontrance s l d t a  t h a t  Eeed t h e  annulus a r e  doalgned 
so t h a t  t h e  width, 0,89 m (0,039 Irwch:, is  l e s s  than t h e  minimum width of t h e  
f u e l  annulus,  1.50 mrn (0,059 Inch) ,  t o  provide a f i l . ter$ng capabLZity t o  prc- 
vent contaminat ion from plugging t h a  f u e l  annulus,  Cold-flow t e a t s  on t h e  
SSME pteburner  elcmenta, designed using che same b a s i e  criteria, have shown 
t h a t  a 6% r e s t r i c t i o n  of t h e  s l a t  entranco a r e a  r e s u l t s  i n  only  a 2% reduct ion  
I n  f lowra t e .  S p e c i a l  eons ide ra t ion  t o  prevent  a reduct ion  i n  clement f u e l  
f l owra t e  i s  warranted bccnuso a reduct ion  i n  clement Eual f l s w r a t c  r a i s e s  t h o  
clement mixture  r a t i o  and produces t h e  p o t e n t i a l  f o r  high temperature s t r e a k s  
I n  khe combustor, 

The preburner  I n j e c t o r  Is a l igh tweight  des ign ,  The self-contained elements, 
brazed t o  t h e  i n j e c t o r  body and f acep la t e ,  p rovlde  a pa th  through which rho 
p re s su re  loads  ac ros s  t h e  f a c e p l a t e  a r e  c a r r i e d  t o  t h e  i n j e c t o r  body. This  
reduces f a c e p l a t e  d i s t o r t i o n  and allows a t h inne r  Eaccplakc t o  b e  used. Low 
weight a l s o  r e s u l t s  from t h e  u s e  o f  n braze/wclded i n j e c t o r  aasembly s i n c e  
b o l t s ,  f l anges ,  and seala are noC required. 

Performance Analy#is .  The preburner haa been designed t o  produce high corn- 
bus t ion  efficiency and thoroughly mixed, uniform temperature exhauet gaa, The 
key f e a t u r e  of t h e  preburner  des i en  which c o n t r o l s  performance i s  t h e  coax ia l  
element design. Although the  main emphasis is  placed on des igning  i n j e c t i o n  
c h a r a c t e r i s t i c s  BE t h e  c o a r i a l  elements t o  produce performance and mixing, 
cons ide ra t ion  i s  a l s o  g iven  t o  f a c t o r s  which c o n t r o l  t h e  element p a t t e r n ,  
number of elements,  and element spacing, 
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Thc prcburner i n j e c t i o n  p a t t e r n  hao 25 a l c m o n e ~  approxfmatcly e q u a l l y  npnccd 
i n  u p a t t o r n  of two canccn t r i c  c l r c l e n ,  The a c l c c t i o n  sf t11a i n j e c t i o n  p a t t e r n  
and number of elements was baaed on t h e  minimum p r a c t i c a l  epacing becweon e l e -  
ments chat  E a b ~ i c a t i o n a l  l i m i t o  would al low,  t h e  minimum clement Elowrare t h a t  
can be metered wi th  reasonably aizcd csr i f iceo and annu l i ,  and t h e  number of 
elementa t h a t  would cornplats a concent r ic  c i r c u l a r  p a t t e r n  with n e a r l y  equal  
spacing'  

Low element f l owra t e  and c loac  element apacing are des ign  objec t iveo  f o r  t h o  
proburner boeauoe of performance and weight considerat ioni l ,  The alement flow- 
r a t e  must b e  s e l e c t e d  such t h a t  tho  diameter  of t h e  oxidiitor jet: is small, 
enough t o  a l l ow the  ox id i ze r  t o  bc completely atomized be fo re  t h e  surrounding 
annular  j e t  of gaseous hydrogen Elas f u l l y  expanded i n t o  t h e  csmbuotion chamber, 
The mechanisms through which t h e  coax ia l  element produces atomizat ion,  vapori- 
za t ion ,  and mixing a r e  a func t ion  of t h e  r e l a t i v e  v e l o c i t y  between t h e  low- 
v e l o c i t y  l i q u i d  ox id i ze r  and t h e  high-veloci ty  gaseous Euel,  Atomization of 
t h e  ox id i ze r  i n  a reg ion  of h i g ? ~  r e l a t i v e  v e l o c i t y  is d e s i r a b l e  s i n c e  t h e  
atomizat ion rate inc reases  w i t h  r e l a t l v c  v o l o c i t y  wh i l e  t h e  ox id i ze r  drop s i z e  
decreases .  Small drops i n c r e a s e  t h e  r a t e  of vapor i za t ion  by providing more 
a v a i l a b l e  s u r f a c e  a r e a  per  u n i t  mass f o r  h e a t  t r a n s f e r ,  A high v e l o c i t y  f u e l  
stream a l s o  enhances vapor iza t ion  because t h e  h e a t  t r a n s f e r  f i l m  c o e f f i c i e n t  
on t h e  s u r f a c e  of t h e  drops inc reases  w i th  t h e  r e l a t i v e  v e l o c i t y  between t h e  
drops and t h e  f u e l  stream, 

Two techniques were used i n  t h e  des ign  of t h e  preburner  element t o  ensure  h igh  
performance: (1) a recessed ox id i ze r  p o s t  was used t o  i nc rease  t h e  atomizat ion 
r a t e  and minimize t h e  ox id i ze r  drop s i z e  by fo rc ing  t h e  hydrogen t o  remain at, 
a high v e l o c i t y  around t h e  ox id i ze r  jet f o r  t h e  l eng th  of t h e  r e c e s s ,  and 
(2) t h e  element was designed f o r  complete atomizat ion of t h e  ox id i ze r  i n  t h e  
h igh  f u e l  v e l o c i t y  reg ion  of t h e  element flow f i e l d ,  

Vaporizat ion and r e a c t i o n  e f f i c i e n c y  of c o a x i a l  elements have been ex tens ive ly  
s tudied  and modeled a t  Rocketdyne, and a v e r y  comprehensive combustion model, 
t h e  Coaxial Enject ion Combustion Model (CICM, Ref. 2 )  has  been developed. 
The performance of t h e  preburner coax ia l  element wae evaluated using t h i s  
model. 

The preburner coax ia l  element has  an ox id i ze r  pos t  r e c e s s  of 2.5 mm (0,100 
inch ) ,  a t o t a l  f l owra t e  of 0.284 kg/sec  (0,626 l b / s e c )  a t  t h e  des ign  po in t ,  
an ox id i ze r  j e t  v e l o c i t y  of 26.2 m/sec (85.9 f t l s e c )  , and an expanded Euel 
v e l o c i t y  i n  t h e  r eces s  of 213 m/sec (700 f t / s e c ) .  The s e l e c t t o n  of t h e  r eces s  
dep&B and p rope l l an t  v e l o c i t i e s  was based on t h e  succes s fu l  SSME f u l l - s c a l e  
prebufner coax ia l  element design.  The r e s u l t s  of t h i s  a n a l y s i s  are summarized 
i n  Fig,  8 through 10 .  It can b e  seen  from Fig ,  8 t h a t  t o t a l  vapor i za t ion  and 
r eac t ion  of t h e  ox id i ze r  i s  predic ted  w i t h i n  7.62 cm (3.0 inches)  from t h e  
i n j e c t o r  f a c e .  Figure 9 shows t h a t  t h e  f u e l  v e l o c i t y  remains h igh  i n  t h e  
r eces s  and decreases  r a p i d l y  wi th in  t h e  f i r s t  1.27 cm (0.5 inch)  from t h e  
i n j e c t o r  f a c e ,  The r e c e s s  produces 11% atomizat ion and complete atomizat ion 
occurs  w i t h i n  t h e  f i r s t  1.27 cm (0.5 inch)  , Fig ,  8 ; t h e  drops produced a r e  
small ,  ranging from 60 - 104 microns i n  diameter ,  Fig.  1 0 ,  The remaining 
6.35 cm (2.5 inches)  a r e  requi red  f o r  complete vapor i za t ion  and r e a c t i o n ,  
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Figure 9 ,  Preburner Axial Element Velocity vs Distarice From 
In3 ector Face 





Tho nixing c a p a b i l i f y  o f  tEto clcmcnt: dooian waa cvaluatcd using dcalfin 
criteria acquired during ~ o l d - f l o w  f c o t i n ~  oE tlla 8SME prcshurner coaxial 
clcmcntn, candustcd aeclording t o  Ref. 3 ,  Broin t t ~ c  xt30ul.to of: t lr io tccrting, 
a mixing unifermi.ty pnramatcr, FGk, roproncnt ing a maoo-wc2ghted moaauro of Qhc 
dov ia t ion  of t t ~ c  n ~ i x t u r c  r a t i o  d i s t r i bu f io r r  acroao t h o  clement: fJow EScld from 
the ovlt3rnlS element: tnixturc r a t t o  iiao bocn dcvolopcd, Tha l n l x i n ~  unif  ormiby 
patametar,  Em, i n  dcf%ncd below: 

t where 
6) 

r Qi/Gt = maan f r a c t i o n  i n  t h e  i t h  stroam tube  

t 
R = r a t i o  of t o t a l  s x i d i z c r  t o  t o t a l  ox id i ze r  plun f u e l  ( t o t a l  flow) 

r I W  t:dtlo of l o c a l  ox id i ze r  flow i n  a atreant tuba ts Cha t o t a l  Blew 
i n  streom tubes  f o r  which. ri < R 

- 
r, 9 r a t i o  of l o c a l  ox id i ze r  flnw .in a stresm tlibs LED t h e  26tni Elow 

i n  stream tubes  f o r  which ri R 

The mixing unrtformity f a c t o r  was found t o  c o r r e l a t e  w i t h  t h e  r a t i o  of t h e  
i n j e c t e d  p rope l l an t  d e n s i t i e s  and In j ec t ed  v e l o c i t i e s ,  F ig .  1%. The cold-flow 
d i s t r i b u t i o n  d a t a  from which t h i s  p l o t  was prepared was measured at; a l o c a t i o n  
12.79 cm (5 inches )  from t h e  i n j e c t o r  f ace ,  It can b e  seen  t h a t  f o r  t h e  
preburner nondLmensianless dens i ty /ve loc i ty  parameter of 0.5, t h ~  design po in t ,  
t he  predic ted  mixing uniformity parameter i s  approximatoly 95%' This  i nd ica t ed  
t h a t  t h e  element would produce thorough mixing and uniform temperature 
w h a u e t  gas. 

A cornpariaon of t h e  ASE preburner element des ign  f e a t u r e s  wi th  t h r e e  types of 
SSME preburncr elements 2 s  shown i n  Table 3 .  Study of t h i s  comparison shows 
that: t h e  ASE element des ign  has c l o s e l y  f o l ~ o w e d  tho  proven SSMJ3eLement con- 
f i g u r a t i o n s ;  t h e  only s i g n i f i c a n t  dev ia t ion  ahaws the element f u e l  s l eeve  
gap t o  be s i g n i f i c a n t l y  l a r g e r  than SSME coun te rpa r t s ,  b u t  t h i s  i s  p r i n c i p a l l y  
t h e  r e s u l t  of h igher  temperature of t h e  f u e l  at t h e  i n l e t  t o  t h c  ASE preburner.  
Table 4 summarizes t h e  s i g n i f i c a n t  f ea tu rea  of t h e  ASE preburner  i n j e c t o r  
elements,  

Thermal and S t r u c t u r a l  Analysis ,  A heat: t r a n s f e r  a n a l y s i s  of the i n j e c t o r  was 
condncted t o  suppor t  t h e  s t r u c t u r a l  a n a l y s i s  of t h e  i n j e c t o r  and t o  ensure  
t h a t  l o c a l  overheat ing wopld no t  occur on t h e  i n j e c t o r  f a c e  o r  kn t h e  i g n i t e r  
duc t ing .  The temperatures  at: var ious  l o c a t i o n s  on t h a  i n j e c t o r  a r e  shown i n  
Fig. 12.  A s  no ted ,  t h e  maximum I n j e c t o r  f a c e  temperature i s  predic ted  t o  b e  
478 K (500 F) and the  maximum i g n i t e r  tube temperature i s  p red ic t ed  t o  b e  
839 K (1050 F) n e i t h e r  of which is  excessive,  
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b" 
'1 TABLE 3. COWARISBl? OF ASE AND SS3E PBE&-R IXJE@TBR EEm\TS 
.i OPERATIKG e&ATb9G'P1ERIS'P'PCS 

Fuel In le t  Temperature. K [R) 

Oxidizer Enfet Temperature, K {K) 

Chamber Pressure, n/cn?a (psio) 

Oxidizer Post  Velocity,  

LUX Post  Thickrress, m finch) 

LOX Post  iD,  rm (inch) 

LOX Post  Recess, mz [inch) 

Fuel S l e e v e  ID, m (inch) 

Fuel S leeve  Gap, mm [inch) 

4..  " - 
_--*. - --..-."..- -1) 

_ U l t  - - - *  -4 .... -*-. 



TABLE 4 ,  PREIIURNER fNJECTOR ELEMENT PEAYUIIES 
-- - -=---*---=--A * ==- - --" -- -4 ---&=>ac--a -w-----w---- 

The ASE preburner elements have the same deslgn features 
as the SSME prcburners 

' I 

a Hlgh r s l a t l v e  v e l o c f t y  between the p rope l l an t  
streams i n  the recess, V, r 25 m/s , VF n 21 3 m / ~  , 
recess depth = 2.5  mm (V, n 80 Ft/scc, 
VF -7QQ Ft/sec, recess depth a 0,100 inch) 

Lm f lowra te  per element, Vs 0.23 ( =  0.5 lb/sec) 
and c lose element spactng, V a 1 2 . 5  mm, ( ~ 0 . 5  inch) 

e Rounded entrance ox id i ze r  con t ro l  o r i f i c e  

Narrow feed s l o t s  a t  entrance t o  fue l  s ide  o f  
e 1 emen t: 

o Elements fab r i ca ted  as separate subasgembl les 
9 The r a t i o n a l e  and subs tan t ia t i on  used i n  s{!ectlng these 

deslgn features a r e  the same as used f o r  $!"; SSME 
preburner elements 

Figure 12. Preburner Injector Temperature Distribution 



For purposos of modeling, t h e  preburner was divided i n t o  t h r e e  phys ica l  
p a r t s :  (1) t h e  i ~ n i t e r ,  (2) t h e  i n j e c t o r  hody, and (3) t he  combustor body, 
The i g n i t e r  was modeled as an ax2aymmctric t h i n  she21 of r evo lu t ion ;  t h e  
i n j e c t o r  body was modeled a s  an axisymmetris F i n i t e  element mode2, The 
sec r fons  of t h e  I n j e c t o r  and i g n i t e r  considered t o  b e  most c r i t i c a l  o r  of most 
i n t e r e s t ,  a r e  shown an F ig ,  13 ,  and the  b a s i c  s t r e n g t h  and l i f e  va lues  a r e  
shown i n  Tables  5 and 6 ,  F igure  14 shows *Lhe d e f l e c t i o n  of t h e  i n j e c t o r  
f a c e p l a t e  w i th  the  maximum r e l a t i v e  d$.~~placement of 0.01 mm (0,004 inch) .  

The i n j e c t o r  body and p rope l l an t  manifolds and l i n e s  were f a b r i c a t e d  from 
Inconel  625 because of i t s  h igh  s t r e n g t l ~  and r e s i s t a n c e  t o  hydrogen embr i t t l e -  
ment. The i n j e c t o r  f a c e p l a t e  was fahi:icated from copper t o  f a c i l i t a t e  h e a t  
t r a n s f e r  t o  t h e  hydrogen i n  t h e  i n j e c t o r  manifold, CRES 304L was used f o r  t h e  
self-contained i n j e c t o r  elements because i t  had adequate  s t r e n g t h  f o r  t h i s  
a p p l i c a t i o n  and was more e a s i l y  machined and brazed. 

Preburner Combustor 

The preburner combustor (Fig. 1 5 )  i s  a c y l i n d r i c a l  combustion chamhex wi th  an  
exhaust  t r a n s i t i o n  s e c t i o n  t o  i n t e r f a c e  w i t h  the  t u r b i n e  manifold on t h e  f u e l  
turbopump and a branch elbow t o  s p l i t  o f f  flow t o  t h e  ox id i ze r  turbopump. A 
fuel-cooled l i n e r  i s  w e d  wi th in  t h e  c y l i n d r i c a l  combustor body t o  l i m i t  t h e  
wall temperature of t h e  s t r u c t u r a l  s h e l l  and t o  extend t h e  combustor l i f e ,  
enhance the  d u r a b i l i t y ,  and reduce o v e r a l l  weight by allowing th inne r  wa l l s .  

Coolant flow f o r  t h e  l i n e r  i s  supplied from t h e  i n j e c t o r  Fuel i n l e t  manifold 
through 12  o r i f i c e s ,  The l i n e r  produce;? a n  e f f e c t i v e  thermal b a r r i e r  f o r  t h e  
s t r u c t u r a l  o u t e r  wa l l  w i t h  only 2% of t h e  preburner f u e l  flow, The coolant  
f low i s  dumped i n t o  t h e  exhaust gas flow a t  t h e  e x i t  of t h e  combustor. 

Wires,  brazed onto t h e  l i n e r ,  cen te r  t h e  l i n e r  w i th in  t h e  combustor body t o  
maintain a cons tan t  a r e a  annulus f o r  t h e  coolant  flow, S ix  acous t i c  absorber  
c a v i t i e s  a r e  provided i n  t h e  l i n e r  below t h e  i n j e c t o r  f a c e  f o r  increased com- 
bus t ion  s t a b i l i t y  margin. 

A heavy f l a n g e  was provided a t  t h e  forward end f o r  b o l t i n g  t h e  i n j e c t o r  t o  t h e  
combustor body, F l e x i b i l i t y  t o  change t h e  i n j e c t o r ,  o r  t o  remove t h e  i n j e c t o r  
f o r  i n spec t ion  of e i t h e r  i n j e c t o r  o r  combustor and l i n e s  was thus  r e t a ined .  

Thermal and S t r u c t u r a l  Analysis ,  A s teady-s ta te  h e a t  t r a n s f e r  a n a l y s i s  of t h e  
preburner combustor wa l l  temperature p r o f i l e  was conducted t o  support t h e  
s t r u c t u r a l  a n a l y s i s .  The combustor w a l l  temperature p r o f i l e  was determined f o r  
t h e  worst c a s e  preburner opera t ing  condi t ions  corresponding t o  a preburner 
combustion temperature of 1383 K (2030 R l  a t  t h e  maximum engine opera t ing  po in t .  
The r e s u l t i n g  temperature p r o f i l e  i s  given i n  F i g .  16 ,  The maximum temperature 
of t h e  combustor wa l l  under t h e  most severe  case  was ca l cu la t ed  t o  be 450 K 
(350 F) al though t h e  w a l l  temperature i n  t h e  t r a n s i t i o n  s e c t i o n  downstream of 
t h e  coolant  s l e e v e  exceeded t h i s  va lue .  



I N J E X O ~  BODY 
COMBUSTOR BODY 

tciNlTER 
[NICKEL? 

Figure 13. Preburner Structural Analysis 



A 5 , I~RI~UIIRNISR INJISC'I'OK BASIC: ST1IENf;THS 

(2) E f  fect ivc s t ress  

(3) rensllc yleld strength 51: upcrating tcntpcrature 
('4) p ~ n s i  le ult~milre strength a t  operating tcrnperoture 

TABLE 6. PREBURNER INJECTOR LIFE DATA 

--- -'* A"* ---- ---"-- ' -------- --"--".-- .-*Jr - 
Fattguc Crocp 

( 1 )  Polnts shown on Figure 10 
( 2 )  Effective s t ra in  range , 

(3) Cycles to f a i l u r e  a t  o p c ~ ~ t l n g  temperature and effective strain 
(4) Effective s t ress  

(5) f lmt? to rupture o t  a p e r ~ i t i ~ 2  temperature and effective s t ress  

NOTE: Operat rng cycles h" '300, and oxposure t ima - 10 hours 
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, Figure  14. Preburner I n j e c t o r  Faceplate  Def lec t ion  Model, 
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Figure 16 . Preburner Combust or Temperature Distribution 



A one-dimensional rilermal atlalynirr was performed on tho  preburner  l i n e r  both a t  
t h e  end of t h e  Liner  at  t h e  coolant  s x i t  and a t  t h e  forward end near  tho in jcc-  
t o r l  The gas-aido heat t r a n s f o r  coefficient waa detcrmlned using a s tandard  
p i p e  flow equa t ion  wi th  a  20% s a f e t y  f a c t o r :  

where 

c  P ~ p e c i f i e  hea t  
P 
fJ. J. v i s c o s i t y  

G = mass v e l o c i t y  

D~~ = hydrau l i c  diameter 

Pr P r a n d t l  number 

The coolant -s ide  h e a t  t r a n s f e r  coefEic%ent was determined using the  McCarthy- 
Wolf c o r r e l a t i o n :  

where 

k = thermal  conduct iv i ty  

and 

DH = hydrau l i c  diameter 

R e  = Reynolds number 

P r  = P r a n d t l  number 

T,, = coo lan t  bulk temperature 

Twc - coo lan t  s idewa l l  temperature 

Oc = cu rva tu re  enhancement 



The l i n c r  m a t e r i a l  thermal conductLvlty v a r i a t i o n  with tempmntttri?, was included 
and Eke hydragen gas  coolant  bu lk  tamperaturo riac W R ~  c a l c u l a t e d  us ing  avcrage 
valueo aE tho w a l l  temperature and f i l m  c o e f f i c l c n t u  over t h e  t o t a l  l i n c r  
sur faco  a r e a ,  The opera t ing  csndi t iona  ufied i n  t h e  a n a l y s i s  ape sXtawn i n  
Table 7, 

As previous ly  notcd,  t he  prcburncr  was divided i n t o  th rco  phys i ca l  p a r t s :  
(1) t h e  eornbt~~~~ear  body, (2) the. i e n i t e r ,  and (3) t h o  i n j e c t o r  body f o r  modol- 
Lng purposes. The cotnbueror body was modcled as an nxisymmetric t h i n  s l r a l l  o f  
r cvo lu t ion  and analyzed f o r  a t r eoecs ,  e t r a i n s ,  and d e f l a c t i a n s  by t h e  computer, 

Those a r e a s  of t h e  preburner considered most c r i t i c a l  o r  of t h e  moot i n t e r e s t  
a r e  shown on F ig ,  1 3  and the  b a s i c  o t r ang th  and L i f e  valueo a r c  shown on 
Table 8 and 9 

The combustor body and combustor exhaust manifolds were f a b r i c a t e d  from XnconeL 
625. Th i s  m a t e r i a l  was s e l e c t e d  p r imar i ly  because of i t o  hi811 s t r e n g t h  i n  khe 
range of temperatures which ware expected t o  occur  on t h e  prebumer ,  and i t s  
low susceptibility t o  hydrogen embritt lemcnt.  In  add i t i on ,  Rocketdyne Elaa 
es t ab l i shed  machining, braz ing ,  and welding techniques f o r  t h i s  m a t e r i a l ,  

A s t r u c t u r a l  and l i f e  a n a l y s i s  was conducted on t h e  preburner Ear t he  most 
c r i t i c a l  combinations of p re s su re  and thermal loading ,  The temperatures arid 
pressures  used a r e  shown i n  F ig ,  16 and 17, Minimum s a f e t y  f a c t o r s  of 2.5 en 
yield s t r engsh ,  1.4 ex ultJ;i;;s2e ~t t re i ig th ,  and b , O  ijn life were used while 
l i m i t i n g  t o t a l  c reep  t o  1.0%. 

The fundamental theory  used i n  l i f e  p r e d i c t i o n  a n a l y s i s  i s  t h a t  f a i l u r e  
depends on the  accumulation of creep damage and f a t i g u e  damage. Data obtained 
from m a t e r i a l  f a t i g u e  specimens and t e s t  d a t a  of  actual, hardware, o r ,  i f  t e s t  
da t a  a r e  unavai lab le ,  the  method of un ive r sa l  s lopes  is  used i n  t h e  l i f e  
ana lys i s .  

The l i f e  a n a l y s i s  i s  based on a d e f t n i t i o n  of t h e  s t ress -s t ra in- t ime tempcra- 
t u r e  h i s t ~ r y  dur ing  each ope ra t ing  cycle .  Creep damage i s  evaluated from t h e  
stress-time-temperature cyc le  and f a t i g u e  damage from t h e  s t rain- t ime- 
temperature cyc le .  

The increment of c reep  damage, A$,, i s  determined by the  r a t i ~  of t h e  time 
spent a t  a p a r t i c u l a r  s t r e s s  l e v e l ,  t ,  t o  t h e  time-to-rupture a t  t h a t  s t r e s s  
l e v e l ,  t r ,  This i s  presented mathematically a s :  

where I 

A+c  Creep damage increment 

t = time a t  s t r e s s  cr 

tr time t o  rup tu re  a t  t h e  s t r e s s  a 



r Coolant Inlet 

e F 3402 N, em2 (49311 ps 1 )  
a T = 281 K (506 R) 

* 'H~ P 45 g / ~  (01 1 !b/ses) 

e Hot Gas 
= 3034 ~ / c r n l  (4400 ps I )  

a Tc = 1129 K (2050 R) 

* W~~~ 
5 .153  kg/$ ( t l r 3 6  Ib/sec) 

a Geometry 

D ~ o t  Gas = 6.032 em (2 .375  Fnehss) 

a Linear  

lnconel 625 
0.89 mrn (0,035 inch) Thf ckness  

e Coolant Annulus = 0.76 mm (0.03 ~ n c h )  

TAB1,E 8 ,  PREBURNER COMBUSTOR BASIC STRENGTIIS 

( 1 )  Points shown an Fig, 1~ 

(2) E f f e c t i v e  stress 

(3)  7er s l l e  y l c l d  strength a t  opcratlng temperetura 

( 4 )  Tens i le  u l t ln iato  strength a t  opcratlng temperature 



TABI+E 9,  PREDURNER COMBUSTOR LIFE DATA 

( I )  Patnts shown on Fig, 13 

(2) Effactlve strain range 

(3) Cycles to fa1 lure s t  aperattng temperature and dffeetlve strain 
(4) Effactiva stress 

(5) Tlm to rupture a t  ~pe ta t ing  temperature and effectlye ctrass 

NOTE: Qperatlng cycles 3001 exposure t lme 10 haurs 

Figure 1 7 .  Preburner Pressure ~ i s t r i b u t i o n  PAGE IS 
0 ~ 1 ~ ~ ~  u ~ b l f l  
0 fl 



Thc total ccccp damage, rtrP i n  g i v m  by: 

Pneiguc dumaga, 4 f ,  i u  detern~ined by che r a t i o  of t h e  a c t u a l  numbor of cycJoo 
( a t a r t a  and a t o p ~ ) )  1 .~pp1Icd . a t  a p a r t i c u l a r  catrain rango, t o  t ho  number aP 
cyc lce  which wouLd cnuac Eai luro  at: that: n t r a i n  range,  

A goncraSlzcd l i f e  equat ion uned t o  cons ider  t he  t a t a l  damago cauaod by the 
i n t e r n e t i o n  o f  low-sycle Eatigua nnd creop r u p t u r e  t a k e s  t h e  Eollowing Eorrn: 

Thc s a f e t y  f a c t o r  o f  4 is  appl ied  t o  t h e  t y p i c a l  f a t i g u e  and creep  rup tu re  
1Zf c ,  

Main I n j  a c t o r  
C 

The main $rij e c t o r  (F ig ,  18) was modif i e d  from an  i n j e c t o r  previously f ab r i ca t ed  
a n  NASA Cont rac t  NAS3-17825, Advanced Thrus t  Chamber Technology, ,The doeifin 
and a n a l y s i e  of t h e  i n j e c t o r  i s  f u l l y  descr ibed  i n  t h e  f i n a l  r e p o r t  of t h a t  
program, NASA CR135221 (Ref, 1 3 ,  Tho i n j e c t o r  was modified t o  flow the  h o t  
g a s  e f f luonc  from t h e  preburner  through t h e  f u e l  manifold and f u e l  s l eeves  of 
t h e  i n j e c t i o n  elements.  The modificat2on cons is ted  of rep lac ing  t h e  e x i s t i n g  
f u e l  s l eeve  design wi th  s l eeves  with a Larger i n t e r n a l  diameter ,  The l a r g e r  
annulus t hus  c rea ted  was des ig~ ,~@d t o  pas s  t h e  lower dena i ty  h igher  preburner 
g a s  f l owra t e  a t ,  o r  near ,  t h e  optimum i n j e c t i o n  v e l o c i t y ,  The modified in j ec -  
t i o n  element conf igura t ion  is  ~ h a m  i n  Pig. 29.  

A summary of  t h e  main i n j e c t o r  element: des ign  parameter i s  presented i n  
Table  20 f o r  t h e  modifled i n j e c t o r  a s  well nu f o r  t h e  o r i g i n a l  i n j e c t o r ,  For 
comparison purposes t h e  design f e a t u r e s  of t h e  SSME main i n j e c t o r  a r e  a l s o  
shown, These comparisons i l l u s t r a t e  t h a t  t h e  main i n j e c e o r ,  a s  modified, 
compares favorably  wi th  ex i e t ing ,  t e s t e d  i n j e c t o r s .  Although the  f u e l  in lee-  
t i o n  (cup) v e l o c i t y  was h igher  than t h e  f u e l v e l o c l t y  i n  t h e  o r i g i n a l  i n j e c t o r ,  
it was s t i l J  l eao  than  thc  corresponding v e l o c i t y  i f i  the SSME i n j e c t o r .  

The i n j e c t o r  manifold h o u s h g  was modified t o  i nc lude  t h e  f u e l  duc t ing  leading  
from t h e  s imulated ox id i ze r  and f u e l  t u r b i n e  o u t l e t s  as shown i n  Fig.  20. 
While no turbopumps were used during t h e  assembly o r  test phases,  t h e  use  of 
f l i g h t  con f igu ra t ion  duct ing was considered d e s i r a b l e  t o  permit assessment of 
the i n j  ec  t o r  opera t ion  with p r  eburner exhaust  products  flowing i n t o  t h e  i n j  ec- 
t o r  manifold as though from t h e  tu rb ine  exhausts ,  



PORT IGNITER 7 

Figure 18. Flanged Injector RQ. 2 



NOTE: DIMENSIONS IN MILLIMETERS 
AND (INCHES) 

Figure 19. Main Injector Element Configuration 

--- - - ---- - -.- 



TABLE 10. MAIN INJECTOR ELHBNT DESIIB PARAMZTERS 

n P r e b u r n e r  e x h a u s t  p r o d u c t s  

" 

P a r a m e t e r s  

S l e e v e  I D ,  D ,  mm ( inch )  

Fuel S l e e v e  Gap, mm ( inch )  

Recess, L, nnn ( i n c h )  

Recess R a t i o ,  L/D 

Fuel  Gap V e l o c i t y ,  m / s  ( f t / s e c )  

Fuel Cup Ve loc i  t y ,  m / s  ( f t J s e c j  
2 Cup AP, e s t i m a t e d ,  N / c m  ( p s i )  

Fuel  F l o w r a t e  p e r  Element,  
kg/s  ( I  b /sec)  

LOX P o s t  OD, mm ( i n t h )  

LOX P o s t  I D ,  mm ( inch )  

LOX P o s t  Wall T h i c k n e s s ,  
mm ( inch )  

LOX P o s t  V e l o c i t y ,  m / s  
(f t/sec) 

LOX F l o w r a t e  per -Element ,  
kg/s ( I  b / s e c )  

Main I n j e c t o r  for  
P r e b u r n e r  Program 

9 

Main I n j e c t o r  
for  89K 

S I 

T h r u s t  Chamber 
Program ( ~ e f .  1) 

E n g l i s h  

5.33 

1.08 

SSME 
Main I n j e c t o r  

414.5 1360 

332.8 1092 

0.039 0,087* 

0,348 

0.060 

E n g l i s h  S I 

0.210 

0.0425 

Engl i s h  S 1 

111.22 

0.52 

0,166 

0.0205 

8.84 

1.52 



-SEE VIEW Biz 
2 2 3  Z.4 C U  - 
L L S O * . + ~  GlA ECP R S S C S ~ I L  

Figure 20. Main, Injector Elenlent Design Parameters 
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- DIAMETER OF L I Q U I D  JET  

VG - GAS VELOCITY 
VL - LIQUID VELOCITY l DL 

I "G 
- GAS MASS FLOWRATE I 

4 % MIXING PARAMETER,- (vG - V )-x 10 -4 
D~ W~ 

Figure 21. Injector Mixing Efficiency Cornparisan 
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Figure 22. Generalized Plot  of Mixing Efficiency (%) and rickdx:. Based on 
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Figure 23. Main Burner Injector Performance per CICM Computer Analysis 



conlbtxstion from t b c  prcburncr;  t h e  n e t  reaul t :  is n s u b ~ t a n t i a l  tcmpcraturt? 
d i f f c r c n t i a l ,  -780 K (-1400 F) , acroaa the  common wa l l  t>t?tr\reon t h e  f u e l  and 
ox id i zc r  in3cc t ion  manifold@, 

The cyc le  l i f c  of t h e  i n j e c t o r  i n  t h i 5  a r ea  can a l s o  be g r e a t l y  inf luenced by 
the  t r a n c i c n t  thermal bstravior during an c n g i t ~ c  s t a r t :  and shutdown wi th  l i q u i d  
hydrogen coolant  f low used f o r  prcburncr f u c l ,  1)urJfng a  t y p i c a l  engine start ,  
the temporaturc d i f f e r e n t i a l  (Thst-gas s i d e   LOX eido)  through t h c  in t c rp ro -  
p e l l a n t  a t r u c t u r o  would risc t o  t h e  mainstage va lue ,  On shut-down, s i n c e  
l i q u i d  l~ydrogen i e  co lde r  than l i q u i d  oxygen, and the  f u e l  flow l a g s  t h e  
ox id i ze r  flow, t he  temperature d i f f e r e n t i a l  might be negat ive ,  This  t r a n s i e n t  
thermal g r a d i m t  behavior would inc rease  t h e  e f f c c t l v e  s t r a i n  range  encountercd 
by zhc I n j e c t o r  and could decrease  i ts  c y c l i c  l i f e  c a p a b i l i t y ,  However, s i n c e  
near-ambient temperature hydrogen was used f o r  t he  prcburner  f u e l  during t h i s  
test  program, n l e s a  severe  impact on c y c l i c  l i f c  was expected. 

In3 actor  Simulator 

During t h c  i n i t i a l  t e s t i n g  of t h e  preburner assembly, i t  was necessary t o  duc t  
t he  h o t ,  fue l - r ich  preburner gases  away from t h e  test s t and  and toward t h e  
f a c i l i t y  flame duc t ,  For t h i s  purpose, a  main i n j e c t o r  s imula tor  was c rea t ed  
t o  which t h e  preburner ,  duct ing,  and tu rb ine  s imula tors  could b e  a t t ached ,  
This s imula tor  was f a b r i c a t e d  from a heavy cndpiece s u i t a b l e  f o r  b o l t i n g  t o  
t hc  t e s t  s tand and a  s e c t i o n  o f  15.2 cm (6 inch)  Schedule 80 p ipe  (Fig. 2 4 ) .  
The s imula tor  was designed f o r  use during t h e  e a r l y  t e s t i n g  SQ t h a t  poss ib l e  
d i f f i c u l t i e s  encountered with the  untes ted  and m t r i e d  preburner  assembly 
wou1.d n o t  pose I*nnecessary hazards t o  t he  more c o s t l y  i n j e c t o r  and cooled con- 
bus t ion  chamber. Comparatively t h i n  walled p i p e  was used f o r  t h e  s tmula tor  
body because t h e  p re s su re  wi th in  t h e  body was expected t o  b e  low, wi th  t h e  
simt,*ltor body p r i n c i p a l l y  providing flow d i r e c t i o n  f o r  t h e  exhaust gases.  

Combustion S t a b i l i t y  

A l l  f e a t u r e s  of t he  preburner design which have a  p o t e n t i a l  e f f e c t  on combus- 
t i o n  s t a b i l i t y  were con t ro l l ed  t o  provide maximum preburner  s t a b i l i t y ,  The 
recessed  coax ia l  element i n j e c t o r  design i n  i nhe ren t ly  s t a b l e ,  because t h e  
s t r i p p i n g  a c t i o n  of t h e  high v e l o c i t y  1-iydrogen produces smal l  ox id i ze r  d r o p l e t s  
which are vaporized s o  r ap id ly  t h a t  they a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  t rans-  
verse a c o u s t i c  d i s tu rbances ,  This  was v e r i f i e d  by performing a  Priem a n a l y s i s  
(Ref. 4 )  on t h e  preburner ,  P ig ,  25. Although t h e  r e s u l t s  of t h i s  a n a l y s i s  
i n d i c a t e d  t h a t  t h e  preburner  should be dynamically s t a b l e ,  an acous t i c  absorber  
was included i n  t h e  des ign  f o r  a d d i t i o n a l  s t a b i l i t y  margin. The absorber  has  
11% open a r e a  r e l a t i v e  t o  t h e  combustor c ros s  s e c t i o n  and c o n s i s t s  of s i x  
L-shaped qua r t e r  wave c a v i t i e s  spaced along t h e  periphery of t h e  i n j e c t o r  end 
of t h e  combustion chamber, F igure  26 shows t h e  damping provided by t h e  pre- 
burner absorber  a s  a  func t ion  of absorber depth.  The optimized depth of 
15.5 rnm (0.61 inches)  was se l ec t ed .  The absorber  i s  tuned f o r  primary damping 
of t he  f i r s t  t a n g e n t i a i  mode of i n s t a b i l i t y ,  approximately 16 000 Hz, a l though 
i t  w i l l  provide damping f o r  o the r ,  h igher  frequency, t r ansve r se  modes. 
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Figure  25. Priem Analyois With Prebuzner Combustor 
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Figtirc28at s>iowu an Industry-widc survey o f  test r e s u l t s  wi th  a c o u s t i c  damping 
doviceo, P igure  28b ohowex t h a t  the prcburnar  i n j e c t o r  wi th  t ha  n c o u s t j . ~  cavi- 
t ies  i a  well w i th in  t h e  s t a b l e  reg ion ,  t ha  l a r g e  open a r e a  t o  t h e  right, 
Although t h e  acoua t i c  abaorbor would hnvc been a f fec t ivc l  wi th  o s i g n i f i c a n t l y  
lower open a r e a ,  a l n r g c r  open a r ea  was incorporatcd i n t o  t h e  des ign  t o  main- 
tak,  a more reasaslnble a l o t  width of 2,03 mm (0,080 i n c h ) ,  

The Eecd-sfstom coupled s t a b i l i t y  o f  t h o  preburner  was evaluated u s ing  two 
approaches: (1) an a n a l y s i s  of tha  response c h a r a c t e r i s t i c s  of t h e  major 
elcments capable  of  coupling i n  an  uns t ab l e  feedback loop ,  and (2) an a n a l y s i s  
u s ing  a "double dead-time" analog s imula t ion  9f t h e  ongine whish allowed f o r  
a d e t a i l e d  cva lunt ion  of t h e  i n t e r a c t i o n  of the engine components i n  a closed-  
loop  o p c r a t i a n a l  environment, 

The b a s i c  tnechanism of feed-system coupl ing i s  a s  shown I n  F ig ,  27. For an 
o s s i l l o t i o n  t o  grow o r  s u s t a i n ,  t h e  t o t a l  loop ga in  tnuw be  g r e a t e r  than u n i t y  
and the  phase s h i f t  must be  proper.  One way t o  ensure a g a i n s t  coupl ing of t h i s  
t ype  i s  t o  des ign  t h e  va r ious  components such t h a t  t h e r e  a r c  no cornmoll Ere- 
quezlcies where each has  s i g n i f i c a n t  ga in .  This  approach wacl c a r r i e d  ou t  i n  t h e  
des ign  of t h e  ASE, 

F igure  27.  Feedback toop/Feed-System Coupling 

A? a r e s u l t  o f  t he  open-loop a n a l y s i s ,  t h e  preburner  was designed such t h a t  
t h e  hyd rau l i c  response,  t h e  combustion response (determined using t h e  
Rocketdyne Coaxia l  I n j e c t i o n  Combustion Model, CTCM, Ref. 2 ) ,  and t h e  combus- 
t o r  response have no common f requenc ies  where each has  a s i g n i f i c a n t  gain, 

To accomplish t h e  c losed  loop a n a l y s i s ,  a nonl inear  mathematical model. of t h e  
engine system wae cons t ruc ted  f o r  t h e  ASE system, This  model represen ted  t h e  
dynamics of t h e  t h r u s t  chamber and preburner  and t h e i r  l i q u i d  and gaseous feed  
systems. The model was mechanized f o r  closed-loop s o l u t i o n  on t h e  anaLog 
coaputer  and used t o  pa rame t r i ca l l y  s tudy  t h e  engine system s t a b i l i r y  i n  t h e  
frequency range  of O t o  3000 Hz. 
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A sLmpliEicd schetnatic of t h e  m d e l  i o  shnwn i n  F i g ,  29. Somewhat: f u r t h e r  
d e r a i l  of t h e  p r e b u r t ~ e r  ayotem ( P i g ,  30) and main combustion chamber (F ig ,  32) 
arc a l s o  shown, 'Ilhs, p o s s i b i l i t y  of coupJitrg between t h e  p r e b u r n c r  and t h e  
main chamber was al lowed through t h c  mechanizat ion of t h e  hot-gas system a s  
shown i n  P i g ,  32, 

The g e n e r a l  f o r m u l a t i o n  (Pig.  3 3 )  allowed f o r  v a r i a t i o n  o f  bo th  a time d e l a y  
, .nd l t l y s t r o n  (clumping) l e a d  term f o r  each p rope l l /  The model, t h e r e f  o r e ,  
may ko def icr ibed a a  a double  dead-time model w i t h  h.:.ts w n  l e a d ,  The 
d e s c r i p t i s n  was r c p c o t c d  f o r  b o t h  t h e  p r e b u r n e r  and m a L  chamber, and t h e  two 
systcmo were coupled t o g e t h e r  through t h e  hot-gas  system. 

A s t a b i l i t y  map f o r  t h e  p reburner  was g e n e r a t e d  t o  d e p i c t  t h e  sys tem s t a b i l i t y  
margin ,  F i g ,  34, T h i s  map p l o t s  t h e  boundary of i n c i p i e n t  i n s t a b i l i t y  a s  a 
f u n c t i o n  of t h e  o x i d i z e r  i o j e c t o r  t r a n s p o r t  time d e l a y  and t h e  o x i d i z e r  clump- 
i n g  t ime c o n s t a n t  Tor f i x e d  sinlilac f u e l  pa ramete rs .  Zn t h i s  manner, t h e  
s t a b i l i t y  boundary can  b e  compared t o  t h e  p r o b a b l e  o p e r a t i n g  r e g i o n  of t h e  
p r e b u r n e r  ra  a s s e s s  t h e  degree  of s t a b i l i t y  margin p r e s e n t ,  The t h r u s t  chamber 
inap obta ined  from prev ious  s t u d y  is  p r e s e n t e d  i n  Fig .  35. 

Ateuv above t h e  boundary of i n c i p i e n t  i n s t a b i l i t y  a r e  u n s t a b l e ,  w h i l e  t h o s e  
below a r e  s t a b l e ,  The s e p a r a t i o n  of t h e  i n c i p i e n t  i n s t a b i l i t y  boundary from 
t h e  p robab le  o p e r a t i n g  r e g i o n  i s  t h e  b e s t  i n d i c a t o r  o f  t h e  s t a b i l i t y  margin ,  

R e s u l t s  of t h e  ana log  model s t u d i e s  showed no modes of i n s t a b i l i t y  because  of 
coup l ing  of e i t h e r  t h e  p reburner  or  t h e  main chamber w i t h  t h e  f u e l  o r  o x i d i z e r  
f e e d  systems. The Lowest s t a b i l i t y  margin of t h e  e n g i n e  i s  a s s o c i a t e d  w i t h  t h e  
p reburner  (F ig .  3 4 ) .  It should be  no ted  t h a t ,  even i n  t h i s  i n s t a n c e ,  t h e  
clumping l e a d  t i m e  c o n s t a n t  would have t o  b e  more t h a n  doubled from t h e  pxobable 
o p e r a t i o n a l  r e g i o n  t o  c a u s e  i n s t a b i l i t y ,  

The p reburner  d e s i g n  was reviewed f o r  s u s c e p t i b i l i t y  t o  l o n g i t u d i n a l  i n s t a b i l i t y  
b y  comparing t h e  power t r a n s m i s s i o n  f a c t o r s  c f  t h e  ASE preburner  and t h e  SSME 
~ r e b m  cers (Table 1 2 )  , 

T h e  power t r a n s m i s s i o n  f a c t o r  i s  d e f i n e d  as: 

where  

S1 = Chamber c r o s s - s e c t i o n a l  area 

S2 = T h r o a t  o r  n o z z l e  b lock  c r o s s - s e c t i o n a l  a r e a  
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Figure 3 4 ,  Stab i l i ty  Map for the Preburner 
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TABLE 12. COMPARISON UF POWER TRANSMXSSXON FACTORS 
FOR ASE AND SSME PREBUMERS 



The power t rnnan~ i s s ion  fr tc tor  oE thc ASE preburner  waa shown t o  be q u i t e  high,  
0,41, providing n k:gbex r ea io t ancc  t o  t h i s  i n s t a b i l i t y  mode than i o  found i n  
the SSME u n i t s ,  

The dynamic s t a b i l i t y  of t h e  r~lain chamnber during id l r?  mode wao reviewed by 
comparison with t h e  J-2S engine epcraeing a t  similar condi t ions ,  Table 13, 
Z'ho i n j e c t e d  propellants were assumed t o  b e  gaseous oxygen and gaoeous hydre- 
gcn, At: eha i d l e  mod3 opera t ing  chamber prossure  of 4.14 ~ / c m 2 &  ( 6  p s i a ) ,  tlrc 
ASE Is inhe ren t ly  marc a t a b l e  than the J-2S because t h e  in3e.crfa.r: P/P, r a t i o  
i a  mora favorable ,  'fIowevi?r, even i f  i n c t a b i l i t y  occurred,  expected ooc5 l l a t i on  
amplitudea would not: ~ x e e c d  2,Q7 ~ / c n ~ ~  (3  pa i )  pcak-to-paak (Tab3.c 14) .  

LOX Control  Valves 

The LOX preburner and main i n j e c t o r  va lues  were s p e c i f i c a l l y  designad and f a b r i -  
cated f o r  an engine assembly and were used dur ing  t h e  s taged con~bustion aseembly 
t e s t  s e r i e s  t o  pravidn systoin con t ro l .  The va lves  a r e  hydrau l i ca l ly  ac tua ted  
using f a c i l i t y  oervovalves and a p a i r  of c o n t r o l l e r s ,  The va lves  wore designed 
as a p a r t  of a campany-sponsored e f f o r t  t o  eva lua t e  c o n t r o l s  requirements 
and con t ro l a  components f o r  Space Engine a p p l i c a t i o n .  Use of t he  va lves  during 
t h e  test: program was intended t o  provide t h e  b e n e f i t  of c l ~ a r a c r s r i z i n g  t h e  
requirements f o r  e l e c t r i c  maror ac tua ted  va lves  f o r  engine opera t ion ,  and t o  
provide c l o s e  c o n t r o l  of LOX volumes, 

A valvz desigrt lnyaut is siium in Pig. 3 6 .  The d e r a i l s  of vaLve body, b a l l ,  
s e a l s ,  and bearings a r e  of a design s u i t a b l e  f o r  use  on a breadboard engine 
assembly. The hydraul ic  a c t u a t o r s  were a v a i l a b l e  from another  program. Zn 
t h i ~  componect app l i ca t ion  t h e  va lves  ~ o u l d  b e  ramped open t o  a p r e s e t  pos i t i on  
t o  con t ro l  t h e  r a t e  of preburner and main ehamber p re s su re  bui ldup wi th  the  
opt ion of switching t o  a parameter c o n t r o l  t o  provide  the  c o r r e c t  f l owra t e  f o r  
tlre main chamber i n j e c t o r  and t h e  preburiler i n j e c t o r .  Both a r c  b a l l  va lves  
us ing  s i m i l a r  d e t a i l s  except f o r  d i f f e r e n c e s  i n  t h e  b a l l  diameters  and r e l a t e d  
d e t a i l s ,  

The i n j e c t o r  va lve  incorpora tes  a 2.54 cm ( 1  inch)  s p h e r i c a l  diameter b a l l  wi th  
a 1 ,27  cm (0.56 inch)  diameter f low passage and t h e  preburner va lve  incorpo- 
r a t e s  a 1.59 cm (0.625 inch)  s p h e r i c a l  diameter b a l l  wi th  0.76 cm (0,300 inch)  
diameter f low passage. Tlie s h a f t  and b a l l  s e a l s  a r e  made from SF211 (Dupont) 
ma te r i a l ,  t r i a n g l e  shape design,  spr ing  loaded f o r  high-pressure s e a l i n g ,  The 
s h a f t  s e a l  design i s  s i m i l a r  t o  t h e  SSME va lve  s h a f t  s e a l  design;  however, 
t h i s  i s  t h e  f i r s t  app l i ca t ion  where t h i s  design concept has  been incorpara ted  
f o r  the v a l v e  b a l l  s e a l .  

Figure 37 shows a p l o t  of t h e  calculated va lve  hydrau l i c  a c t u a t i o n  pressure  
requi red  versus  va lve  i n l e t  (u stream) p re s su re  f o r  both va lves ,  The t e s t  P f a c i l i t y  can provide 1380 ~ / c m  (2000 p s i )  hydrau l i c  a c t u a t i o n  p re s su re  so 
adequate margin i s  ava i l ab l e .  
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Figure 37, Valve Actuation Pressure  vs J7z31-i;e h l e t  Pressure 



Cambus t i o n  Chamber 
o = % c - ? I l i g - r m  

The combustion chamber Ear: thc s t a g 6 J  contbustion c y ~ t c m  assembly was a 
zircoaium copper, e lect tofarmed n i c k e l  chamber, Tie ,  , designed and Eabri- 
cated as an i n t e g r a l  p a r t  of tho  Advanced Thrust  Chambcr Technology Program, 
NAS3-17825. A complete d i scuss ion  of t h e  a n a l y t i c a l ,  design,  and f a b r i c a t i o n  
e f f o r t  f o r  Chis component can be found i n  rkc f i n a l  r c p o r t  of t h a t  program 
(Ref, 21 ,  

R e ~ e n o r a t i v e l v  Cooled Nozzle 

1 I The Regenerat ively cooled 175:: nozzlu f o r  t h o  s taged  cambwstisn system 

i 1 assembly was a two-pass A286 t ubu la r  nozzle ,  Fig. 39,  designed and f ab r i ca t ed  
as  an i n t e g r a l  p a r t  of t h e  Advanced Thrust  Chamber Technology program, 
NAS3-27825. A complete d i scuss ion  of t he  a n a l y t i c a l ,  design,  and f a 3 r i c a t i o n  
e f f o r t  f o r  t h i s  compancnt: can be found i n  t h e  f i n a l  r e p o r t  of t h a t  program 
(Ref, 1 ) .  

400:l N ~ z Z l e  Extension -- 
F C " An uncooled nozz lo  ex tens ion  'was designed by NASA personnel  t o  mate wi th  t h e  

175:L r egene ra t lve ly  cooled nozz le  and t o  cont inue  tho  no rz l e  contour out  t o  

; 1 a 400: l  a rea  r a t i o ,  F igure  40 shows the  nozz le  conf igura t ion  wi th  t h e  w a l l  

. - -  a t a t i c  p re s su re  t aps  f o r  nozzle  p re s su re  p r o f i l e  recording.  Thermal ana lyses  
were performed t o  ensure that the miecmled nazzl.e w a l l  would c o t  be hazmed 
by t h e  expected high hea t  f l u x  dur ing  t h e  s t a r t  t r a n s i e n t  when the  exhaust 
gas f l ow weuld b e  separated from t h e  nozzle  wa l l ,  a s  w e l l  as t o  ensure t h a t  
the nozz le  would func t ion  s a t 9 s f a c t o r i l y  during s t eady- s t a t e  t e s t i n g  of 
extended du ra t ion  with t h e  exhaust gases a t tached  t o  t h e  nozz le  wal l .  Pig- 
ures  42 through 4 3  show t h e  r e s u l t s  of t h i s  a n a l y t i c a l  s tudy,  

: /  The h e a t  f l u x  t o  t h e  nozz le  during separated flow was est imated a t  e i g h t  t imes 

5 .:: the nominal s t eady- s t e t e  hea t  f l u x ;  t he  predic ted  nozz le  wa l l  temperature a s  
I. II 

I / ,  
a func t ion  of t ime i s  shown i n  F ig .  41, Shown pa rame t r i ca l ly  on t h i s  p l o t  a r e  

$ %.A s e v e r a l  th icknesses  of s t e e l  nozz l e  wa l l ,  Thus wi th  6 '35 mm (0.25 inch)  w a l l  
,, th ickness  the  lnaximum gas s i d e  w a l l  temperature would he abouk 950 K (1250 F) 
1 ,  aL t h e  e ~ d  OF 5 seconds uE t e s t i n g .  With t h i s  margin, no d i f f i c u l t y  wi th  
!it wall  burning was expected; any planned t e s t  would b e  au tomat ica l ly  c u t  okf tf  
k the  nozz le  were flowing separa ted  f n r  t h e  dura t ion .  
P 

The nozz le  wa l l  temperature ve r sus  time dur ing  nominal opera t ion  wi th  f u l l  
nozzle  flow is shown f o r  two a x i a l  Zocations i n  Fig.  42 and 4 3 .  The maximum 

k ah,pected p a l l  temperature does n o t  exceed 530 K (5QO F) dur ing  5 seconds of j t i s t i n g .  6: 

Staged Cotvtbustion Assembly System 
_II_II_II_II-_II_II_II- - 
The s taged  combtls?ion assembly system (Fig. 4 4 )  i s  composed of the  spa rk l to rch  
i g n i t e r s ,  preburner i n j e c t o r ,  preburner combustion chamber, ho t  gas duc t s ,  
oxygen and hydrogen t u r b i n e  s imula tors ,  main p rope l l an t  i n j e c t o r ,  zirconium 
copper LH2 cooled combustion chamber, LHz cooled t u b u l a r  nozz le  and uncooled 
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.SEPARATED NOZZLE FLOW 
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F i g u r e  41. S e p a r a t e d  Nozzle Flow Temperature vs  Time 
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nclzzle oxtcncl ion t o  t h e  400: 1 a r e a  r n t  i o .  'The p r e h u r n c r  compont.nts, duc t  i n g ,  
r .I* t11rbinc8 s l ~ n u l a t o r ~ ,  and r h c  n o z z l e  e x t e n ~ i o n  wcBre f a b r t c n t c t i  new f o r  t h i n  
progrnm; t llc r cnn  i n d e r  o f  t h e  components  wcrc  t r a n ~ f  e r r e d  from t h e  Advnncc~; 
'I'hrrlst Chamber Technologv program. 

Des ign  l n y o u t ~  Wert3 e r r t a b l l a h e d  t o  l o c a t e  tire v a r l o u ~  components  a s  t l lcv wo18ld 
h c  locn tod  t n  nn e n g i n e  svRtcm p a c k n p , ~ .  Thc i n t  tirrl t n v o l ~ t  nnd ~ r l h s c q r ~ c n t  
con-pontsnt f n b r i c n t  i on  w t r o  b n ~ e d  on iissemhlinp, t h e  ~ t a g c - d  combust i o n  ns~clmhl  v  
nn n  r ~ p , e n e r a t l v e l y  c o o l e d  ovstcm f o r  t h e  t e s t i n g  c f f o r t .  Thus,  t h e  l n v o ~ ~ t a  
rtlown, i~ncl t h e  f l a n g e d  ~ n d  f  i t t i n u  c o n n n e c t i o n  l o c a t i o n s  r e f l e c t  t h i s  o r l ~ t n a l  
I n t v n t .  y C ~ u r e  45  shows A p n t t i n l l y  3ct ioncvi l n v o u t  o f  t h c  s t a g e d  c o m h r ~ s t i o n  
nusem1)ly w i t h  t h e  i n t e r c o n n e c t f n ~  f u  duc t inp ,  and t u r b i n e  ~ l m u l n t o r a .  Figrtro 
46 RIIOWR t h e  Ramp nusembl!~ v icw w i t h  t h e  p r e b u r n e r  removed t o  i l l r ~ s t r a t e  t l ~ c  
d t ~ c t i n g  arrnngcamcnt more c l e a r l y .  Thin  v icw ~ h o w s  t h e  c o o l a n t   duct^ from t h e  
s i n g l r  n o z z l e  o u t l e t  connect!ng t o  t h e  two c o o l n n t  d u c t s  from t h e  combust ion  
chamber c o o l a n t  o u t l e t .  The combined c o o l a n t  f l o w  wns t h e n  t o  proceed  on t o  
t h e  p r e b u r n e r  i n j e c t o r  a t  t h e  t b o  f l a n p d  c o n n ~ c t i o n s .  / \ l s o  shown on t h e s o  
two vtcws arc two o f  t h r e e  th rcnded  f i t t t n g u  t o  ~ r o v i d e  a n  o v e r b o a r d  dump o f  
o x c c s s  c o o l n n t  f low,  t h u s  p r o v i d l , ~ p ,  a n  o p t t o n  d u r i n g  t h e  t e s t i n g  c f f o r t  o f  sup- 
p l y i n g  c x c e s u  c o o l a n t  f l o w  t o  bo th  t h e  chamber and n o z z l e .  

A comple t e  l a y o u t  o f  t h e  c o o l a n t  syutcm nnd ausembly i s  shown I n  F ig .  47.  The 
o x l c t i z c r  t u r b i n e  s l m u l n t o r  (F ig .  48) wi t h  t h e  h o t - g a s  d u c t i n g  (F ig .  49)  pro-  

% ,  

v l d c d  t h e  t r a n s p o r t  prrRsageway f o r  t h e  f r a c t i o n  cf t h e  p r e b u r n e r  caxhnuat pas  
w!~lch would t)e t*r*quired t o  d r i v e  t h e  o x i d i z e r  turbopump. P r o v i s i o n  hns  bccan 
made f o r  a n  w i f i c e  a t  t h e  f l a n g e  which c o n n e c t s  t o  one  s i d e  o f  t h e  main i n -  
j e c t o r  t o  s i m u l a t e  t h e  t u r b i , l c  p r e s s u r e  d r o p  and t o  meter t h e  h o t  gaR f l o w  t o  
t h e  r e q u i r e d  32%. I t e r a t i o n  o f  t h e  t h c r m a l  and s t r u c t u r a l  n n n l y s i s  o f  t h e  
d u c t i n g  and i t s  r o u t i n g  was r e q u i r e d  t o  n c h i e v c  n system c o n f i ~ u r a t i o n  w l ~ i c h  
c o u l d  w i t h ~ t a n d  t h e  l o n d s  imposed by t h e r m a l  growth o f  t h e  t i uc t ing .  

T a b l e  1 5  i s  r i  summary o f  two o f  t h e  c o n f i g u r a t i o n e  reviewed and nna lyzcd  f o r  
t h e r m a l  l o a d s .  Model 1 is r e p r e s e n t a t i v e  o f  a  compact d u c t i n g  s y s t e m  which was 
a c c e p t a b l e  ~ P C R U A P  of  t h e  h i g h  i o a d s  imposed on t h e  I n j e c t o r  body and t h e  tu rbo -  
pump a s s e m b l i e s .  Model 3 i~ t h e  f L n a l  c o n f i g u r a t i o n  which was r e l e a s e d  f o r  fnb- 
r i c a t i o n .  The l o n d s  t r a n ~ m i t t e d  t o  t h e  i n j e c t o r  h o u s i n g  and t o  t h e  two t u r b o -  I I 1 1 
pump a s s e v b l i e s  were s i g n i f i c a n t l y  lower  f o r  t h i u  model b e c a u s e  o f  t h e  comhinn- 
t i o n  of  ~ m a l l c r  d i a m e t e r  and t h i n n e r  w a l l  d u c t i n g  and g r e a t e r  l e n g t h  o f  duct fnp ,  
a s  n o t e d  i n  t h e  f i r s t  p a r t  o f  Tab le  15. 
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TABLE I S .  DUCT I.OIU)S 

PRCBVRNER w70EL D!FFERENCES 
---- - -  -. ---- - 

L -- Prrhurn r r  rue1 I n l e t  L lne r  
- -- - -.- --I 

I I l l n r  s t r e  

i I 43.2 m OD v 5.6 mm wa l l  i 47.2 m OD x 5.6 nn wa l l  
(1 .7- In .  7n x 0.72-In. Ma l l )  

I 
(1 .7 - In .  OD x 9.?7-in. wa l l )  1 

~ d r l  3 I ) R . I r * r O O x  l.65.-.twa!1 I 43.2 mm 0 0 ~ 3 . b  wm wal l  
(1.5-In.  OD x 0.065-In. wa l l )  

- ---- p-- -- -- -- -- - 
Prcburnrr -  to-Oxldl  rrr-Turbopump Hat-Gar O~rct 

T - - -  
! Remntks 

Modal I 38.1 mn 00 x 3.8 mm wa l l  
(1 .5- in .  OD x 0.15- in.  wa l l )  d 

Mode1 3 38.1 mm C D  x 3.18 mn wal l  I 1 0 . 5  i n .  OD x 0.125-In. :,all) , 
I Lenqth o f  p ipe Increased 

TRANSIENT THERMAL LOADS 

Haln I n j ec to r  Body - Ox ld l r e r  Puntp Side 

Fuel I n l e t  Loadinq 

+r--T---- 1 'a;lal@ 1 ' sh;ar8 1 M;oyq;;@ 1 M ~ y l ~ ; g v  

(pounds) (pounds) ( I n . - l a )  (In.- I b )  
.- 

66 72 3978 45 420 81 270 
( 1500) (883) (4020) (7193) 

I Turhlne Hot-Gas I n l e t s  I 

NOTE: Loads q iven  as maqnitudes on ly ;  no siqns are qlven, s ince d i r ec t i ons  f 
F 

shear a" 'berrd 1 nq do not necessar i ly  co inc ide.  ~ I G ~ ~ ! , . S  PACE b 

78 
POOR QUAIJTY 

Model 1 

Model 3 

Model 1 4 76 7731 1 3  330 91 400 
(107) ( 1730) (1180) (8090) 

Model 3 418 3843 8!;75 60 246 
(94) (864) (759)  (5332) 

L - 

Fue 1 lurbopump 

6805 
(1530) 

4804 
(1080) 

Oxldi  r e r  Turbopump 

4470 
(1005) 

4297 
(966) 

37  170 
(3299) 

30 660 
(2714) 

146 210 
(12,941) 

113 940 
(10,085) 
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The f u e l  t u r b i n e  r i m u l a t o r  (F ig ,  5 0 )  was d i m i l a r  t o  t h e  o x i d l z e r  s i m ~ l a t o r  
excep t  t h a t  t h e  d u c t i n g  d iamete r  was l a r g e r  t o  accowunodate t h e  g r e a t e r  ho t  
gaa f l o w r a t e  (68% of t h e  t o t a l )  and t h e  m e t e r i n g  and p r e s a u r e  d r o p  o r i f i c e  
wan l o c a t e d  f u r t h e r  upst ream from ttre mafn i n j e c t o r .  The downstream segment 
of t h e  n i m u l s t o r  and d u c t i n g  were welded d i r e c t l y  t o  t h e  i n j e c t o r  f u e l  mani- 
f o l d  hous ing  ( F i g ,  5 1 ) .  Incone l  625 was uaed f o r  t h i s  ~ubauuembly ,  as i t  wan 
f o r  t h e  o x i d i z e r  t u r b i n e  s i m u l a t o r  and d u c t i n g  b e c a u s e  of  t h e  h i g h  t empera tu re  
s t r e n ~ t h  p r o p e r t i e s  and t h e  r e s i n t a n c e  t o  hydrogen e m b r i t t l e m e n t .  

I n s t n l l a t i o n  of  t h e  p r e b u r n e r  and d u c t i n g  components on t h e  main i n j e c t o r  
s i m u l a t o r  is shown i n  F ig .  52, T h j s  was t h e  c o n f i g u r a t i o n  u t i l i z e d  f o r  i n i t i a l  
t e s t i n g  o f  t h e  p r e b u r n e r  ansembly. Use of t h e  i n j e c t o r  s i m u l a t o r  p e r m i t t e d  
i n s t a l l a t i o n  of t h e  p r e b u r n e r  i n t o  t h e  t e a t  s t a n d  i n  t h e  same p o u i t i o n ,  and 
w i t h  t h e  anme d u c t i n g ,  t h a t  would p r e v a i l  dur i t ig  t h e  aubeequcrit s t a g e d  com- 
bun t ion  assembly t e s t i n g .  Thus, t h e  o p e r a t i n g  pa ramete r s  ~ n d  t h e  high-  
p r e s s u r e  f e e d  sys tem d u c t i n g ,  once o p e r a t i o n a l ,  would not  r e q u i r e  replacement  
o r  r e - e v a l u a t i o n  for l a t e r  test a e r i e s .  

Combustion chamber c o o l a n t  d i s c h a r g e  d u c t s  a r e  shown i n  F i g .  53 and 5 4 .  
F i g u r e  55 shows t h e  n o z z l e  c o o l a n t  d i s c h a r g e  d u c t i n g .  A l l  d u c t i n g  was 
welded t o g e t h e r  i n p l a c e  on t h e  s t a g e d  combustion a s ~ e m b l y  p r i o r  t o  t r a n s f e r  
o f  t h e  aautlmbly t o  tile t e s t  f a c i l i t y .  The bala.rce of t h e  d u c t i n g ,  b0t.h f o r  
t h e  h igh-pr . -asure  p r o p e l l a n t  and c o o l a n t  i n l e t  aystcm and f o r  t h e  lower  
p r e s a u r e  c u d l e n t  d i s c h a r g e  t o  t h e  overboard d i s p o s a l  sys tems were  f i e l d - f i t t e d  
on t h e  test s t a n d .  
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HARDWARE FABRICATION 

Upon r e l e a s e  of  t h e  component and system drawings,  component f a b r i c a t i o n  and/or  
rework was i n i t i a t e d .  To a s s i s t  i n  t h e  t r ack ing  and coord ina t ion  of f ab r i ca -  
t i o n  e f f o r t ,  a  complete p a r t s  l is t  was generated (Table l h ) .  Components on 
t h i s  l i s t  a r e  o f  four  gene ra l  ca t ego r i e s :  (1) nu t s ,  b o l t s ,  washers, s e a l s ,  

4 

e t c . ,  ( 2 )  components a v a i l a b l e  from t h e  Advanced Thrust  Chamber Technology 
program with no modi f ica t ion  r equ i r ed ;  (3) components a v a i l a b l e  from tho  

t 
I0 

Advanced Thrust  Chamber Technology program, but  with modi f ica t ion  necessary i 
due t o  the  d i f f e r e n t  requirements of  t h e  s taged  combustion system assembly; and e t 
( 4 )  newly purchased o r  f a b r i c a t e d  u n i t s .  

The major components a v a i l a b l e  from t h e  Advanced Thrust  Chamber Technology 1 
program which d i d  not need modi f ica t ion  were t h e  spark  i g n i t e r  a s s e m b l i e ~ ,  t h e  
combustion chamber, and t h e  r egene ra t i ve ly  cooled nozzle .  Fabr ica t ion  pro- 
c e s s e s  fo r  t h e s e  components have been documanted i n  t h e  Advanced Thrust  Chamber 

I 
Technology F i n a l  Report (Ref. 1 ) .  The major component made a v a i l a b l e  from I 
the  Thrust  Chamber Technology program which d id  r e q u i r e  a l t e r a t i o n  was t h e  
main p rope l l an t  i n j e c t o r .  The b a s i c  f a b r i c a t i o n  processes  f o r  t h e  i n j e c t o r  
a r e  a l e o  r epo r t ed  i n  t h e  Advanced Thrust  Chamber Technology F i n a l  Report 
(Ref. 1) and w i l l  not  be  repeated,  a l though a  d i s cus s ion  of t he  rework e f f o r t  
i s  descr ibed .  P e r t i n e n t  d e t a i l s  of t h e  f a b r i c a t i o n  of t h e  remaining major 
components and subassemblies  is descr ibed .  I 1  

I 
Main I n j e c t o r  Rework - --- 

I 

The main p r o p e l l a n t  i n j e c t o r  (Fig.  56) was o r i g i n a l l y  assembled wi th  i u e l  
s l e e v e s  designed f o r  g J s e o u s  hydrogen a s  t h e  f u e l ,  because t h e  i n j e c t o r  had 

I 

been f ab r i ca t ed  a s  p a r :  of t he  Advanced Thrust  Chamber Technology program. 
Fuel s l eeves  w i t h  a  l a r g e r  i n s i d e  diameter ,  designed t o  pas s  t h e  lower d e n s i t y ,  I 
h ighe r  mass f l o w r a t e  preburner  gaees  were made. I 
The e x i s t i n g  s l e e v e s  i n  t h e  i n j e c t o r  were removed by machining out  t h e  c o n i c a l  
r e t a i n i n g  s e c t i o n s ,  a f t e r  which t h e  f a c e p l a t e s  could be l i f t e d  o f f  and the  
old s l eeves  could  be unthreaded from t h e  LOX posts .  The h o l e s  i n  t h e  face- 
p l a t e s  were en la rged  s l i g h t l y  t o  pas s  t h e  new flrel s l e e v . ~ s  and reassembly of 
t he  i n j e c t o r  began. F igure  57 shows the  main i n j e c t o r  l u r ing  reassembly a f t e r  
the  f i r s t  s e t  of f u e l  s l e e v e s  has  been threaded onto t n e  LOX pos ts  on rows 1, 
3 ,  and 5. A f t e r  these  s l e e v e s  were proper ly  l o c a t r  ... wi th  t h e  f a c e p l a t e  support  
f l anges  a l l  l o c a t e d  i n  t h e  same p lane ,  t h e  lower f ,ceplate wae put i n t o  place.  
The remainder of  t he  f u e l  s l eeves  were then threaded through t h e  f a c e p l a t e  onto 
t he  LOX pos ts  on rows 2 and 4 .  These s l e e v e s  have a  small  f l ange  which r e s t s  
on t h e  f i r s t  o r  lower f a c e p l a t e  when they a r e  properly s ea t ed ,  thus holding 
t h i s  p l a t e  f i r m l y  i n  pos i t i on .  The second f a c e p l a t e  was then  set i n t o  p lace  
on a l l  108 s l e e v e s  now a l igned  i n  t h e  same p lane  t o  provide a  support  f o r  t he  
p l a t e .  The ends  of a l l  of t he  s l e e v e s  were then swaged over  i n t o  t h e  con ica l  
r e c e s s e s  i n  t h e  second f a c e p l a t e ,  t h u s  r e t a i n i n g  t h i s  p l a t e  f i rmly  i n  pos i t i on .  
No f u r t h e r  e f f o r t  on t h e  j n j e c t o r  was requi red .  T3e water  flow t e s t i n g  of t h e  
LOX poa t s  had been completed dlrring t h e  Advanced Thrust  Chamber Technology 
program. 
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1 
TABLE 16. STAGED CO?BUSTIOY SI'STEY .'-SSI3BL'l PARTS LIST 

~ 

Par t  Name 

In jec to r ,  Preburner 99R5010247 1 2 

Seal, Preburner t o  I n j e c t o r  9100-40-0103 1 5 Hydrodyne 

Bol t ,  Preburner t o  I n jec to r  RD 1 11 -4008-6620 8 10 

Washer, Preburner t o  PL 1-6-7.3 8 10 
l n j e c t o r  

I 
I Simulator. Oxid izer  Turbaouma 99RtQ10253 1 I 1 I 

I t  

I 

i 
I 
I 
1 -  
1 

1 

, 
a 

Or i f i ce ,  Oxid izer  99RS010271 1 3 
Turbopump 

Sea!, Oxid izer  Simulator 9100-31-0103 1 6 Hydrodyne I 
Bolt ,  Oxid izer  Simulator R D l  1 1-4008-341 2 16 1 20 
t o  i n j e c t o r  I i 

Remarks 

1 

Quanti ty/  1 Quan t i t y  

a Staged Combustion System Assembly 

Combustor Assembly 

In jec to r  Assembly 

I n j e c t o r  Seal 

Hountlng P la te  

Bolts,  I n j e c t o r  

Washer 

Nozzle, REGEN - 
Bolt,  Nozzle Attach 

Washer, Nozzle At tach 

Seal, Nozzle Attach 

Body, Preburner 

Par t  Number Assembly 1 Ordered 

99RS010250 

99RS010263 

99RSO06 197-04 1 

9200-1 56-6245-0 103 

RS0 10243X 

RD 1 1 1 -4009-6722 

LDl53-0013-0005 

99RS006195 

R D l  1 1-4008-6408 

RD 153-5002-0004 

9500-7-3-SP-V 

99RS010246 

1 

1 

1 

1 

24 

24 

1 

12 

12 

1 

1 

6 

1 

3 0 

30 

1 

15 

15 

Hydrodyne 

I 

1 6 

1 

1 Advanced Product Co. I 

I 



I 
/ 'J TABLE 6 (Continued) 

I 

I 
I 
I 

I 

Nut, Fuel Turbopump RD 1 14-8005- 1005 22 2 5 I 

Simulator , 

Seal, Fuel Simulator t o  9200- 156-b935-0103 
l n j e c t o r  

Duct, Preburner t o  Oxid izer  
Turbine l n l e t  

O r i f i c e ,  Preburner In jec-  99RS010270 2 2 
t o r  Fuel l n l e t  

Seal, Preburner I n j e c t o r  AR10204-223A1 Q 4 10 ' Aeroauip ( ~ m n i s e a l )  
Fuel l n l e t  

Bo l t ,  Preburner I n j e c t o r  RD 1 1 1 -h008-6428 
Fuel l n l e t  

Washer, Preburner I n j e c t o r  ~0153-5002-0004 
Fuel l n l e t  

Nuts, Preburntr  I n j e c t o r  R0114-8005-2004 
Fuel l n l e t  

1 

Remarks 

Blank O r i f i c e  

Quant i ty  
Ordered 

20 

1 

1 

2 5 

6 

3 0 

Quant i ty /  
Assemb 1 y 

16 

1 

1 

22 

5 

I 
I 
I . f  

I 

I 

I 

1 

' 1 

, 
s 

Par t  Name 

Washer, Oxld izer  Simulator 
t o  l n j e c t o r  

Simulator, Fuel Turbopump 

O r i f i c e ,  Fuel Turbopump 
Simulator 

Bo l t ,  Fuel Turbopump 
Simulator 

Bo l t ,  Fuel Turbopump 

Par t  Number 

~0153-5002-0004 

99RD010252 

99RS010272 

R D l  1 1-4008-3528 

RD111-4008-3516 
Simulator 

Washer, Fuel Turbopump 
Simulator 

I 
RD153-5002-005 27 



- 
TABLE 16. (Continued) 

I ,' : 
1 Quant i ty /  Quant i ty  + 
1 -  Part Name Part Number Ass& 1 y Ordered Remarks 

t I Adapter, l gn l t e r  99RS010258 
I 

2 6 

Seal, I gn i t e r  Adapter RD261-3005-1010 2 10 Sierracin Harrison 1 * / I  
4 1  

Bolt,  I gn f t e r  Adapter I ND 1 12-0002-061 0 
I 

8 10 

Spark Plug Insulator, ! 99RSOl0273 1 
Electrode 3 

I Spark Plug Electrode 99RS010214 

\ f 
1 3 

Seal, I gn i t e r  
k RD261-3016-0110 2 5 Naf lex  

i O r i f  ice, Preburner In jec to r  99RS010269 1 5 (5) Blank Spares 
Oxidizer l n l e t  

Sea 1, Preburner In jec to r  AR10204-2 1 j A  1 Q 2 10 Aeraquip ( h i s e a l )  
Oxidlxer l n l e t  

I Duct, Fuel Coolant Discharge 99RS010275 1 1 

Duct, Fuel Coolant D l  scharge 99RS0 10276 1 1 

8 Exhaust Assembly, Preburmr -- 99RSO10249 1 1 

Preburner LOX Valve AP76005 1 1 

Main LOX Valve AP76005 1 1 

NOZZ 1 t (NASA) CF622498 1 2 

Combustion Chamber No. 2 99RS009520 1 1 

Fuel, Discharge Manifold RS009832~-011 1 1 

In jector ,  Fuel I n l e t  RSOO98328-00 1 1 1 
Manifold 

Spring, Wave RS00632 1 X 1 2 

Ring, Piston RS006322X 2 10 
1 

6 



T4BLE 16. (Continued) 

Part Name 

Ring, Fiston Retainer 

Bolts, Retainer 

Washer, Retainer 

Injector 

Flange,Oxidizer lnlet 

Elbow,Oxidizer Inlet 

Tube, Oxidizer Inlet 

Elbaw,Oxidizer Inlet 

Seal, Injector 

Bolts, Injector Retainer 

Washer, Injector Retainer 

Plate, Thrust Mount Adapter 

Adapter, Igniter 

Bolts, lgni ter Attach 

Seal, Igniter Adapter 

Spark Plug 

Insulator, Electrode 

Electrode 

Seal, Spark Plug 

Part Number 

99RS010259 

RDl 1 1-4009-3304 

RCl53-5002-0003 

99RSOO6197-001 

99RS010260-003 

99RS010260-005 

99RS010260-007 

99RSO10260-009-0103 

9200- 156-6245 

RD 1 1 1 -4009-6722 

SDl53-5002-0005 

RS0 102434 

99RS010258 

ND112-002-0610 

RD261-3005-9010 

99RS003397 

Quantity/ 
Assmbl y 

1 

8 

8 
1 

1 

1 

1 

1 

1 

2 4 

Quantity I I 

- 

1 I 
I 

10 
l o  I 

I I 

/ 1 

1 
I 
i 
I 

1 

1 I Hydrodyne I 
I 

30 
I 

Ordered 

3 

3 i Naf !ex j 
1 

99RS010273 1 1  

Remarks I 

I I 30 : 
24 I , I 

i 

99RS010274 

RD261-3016-0110 

1 

1 

4 

1 

1 

1 

1 

, I 

i 1 

* i I 

10 i ~ ~ e . 1  i 
5 

I 



TABLE 16. (Concluded: 

Par t  Name 

Thrust  Mount 

a Thrust  Mount I n s t a l l a t i o n  

Bo l t s ,  a f t  A t t ach  

I Quan t i t v l  
P a r t  Number 1 AssemSlv 

1 I I 
1 

RS0 10208X i 1 I l I 

I i 

I Washers, RD153-5002-0006 RD153-5002-0006 I 12 1 I s  I I 
I 

1 1 
Quan t i t y  I 

Ordered i Qema rks ! 

Bo l t s ,  Forward A t tach  

Washer 

Trunion. Gimba! 

Support, Gimbal Trun ion 1 RS009840~ 

Bo l ts ,  Gimbal Support 

Washers, Gimbal Support 

I Washers, F i x t u r e  I ~~153 -0013 -0008  I 

RDll l-3001-5608 

LDl53-0013-0006 I 
F i x t u r e ,  Gimbal A t tach  

Bo l t s ,  F i x t u r e  

RS0 10267X 

RDlll-3001-5814 



1YS42-2/10/76-ClC* 

Figuro 56. Main Propellant Injector 

1MS42-219177-C1 

Figure 57. Partially Rensscmbled Main Propellant In jcctor 
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Preburner  I n j e c t o r  - - - - -. - . - - - 
Two i n j e c t o r  a s s e m b l i e s  f o r  t h e  p rehurner  were made. Both i n j e c t o r s  a r e  nhown 
i n  F ig ,  58 which shown bo th  t h e  manifold  s i t l e  and t h e  f a c e  s i d e  of t h e  i n j e c t o r .  
The i n j e c t o r  hour ingn ,  man i fo ld  s e c t f o n s  and i n l e t  d u c t s  and f l a n g e n  were 
f a b r i c n t e d  from 321 CKES t o  p rov ide  t h e  s t r e n g t h  r e q u i r e d  f o r  h i g h - p r e s s u r e  
o p e r a t i o n  and t h e  r c n i s t a n c e  t o  hydrogen e m h r t t t l e m e ~ t  r e q u i r e d  i n  t h e  f u e l  
mnnlfold u r c a a .  The LOX p o s t s  were mndc from 304L CRES nnd t h e  i n j e c t o r  face-  
p l a t e  was NARlay A copper  a l l o y  t o  p r o v i d e  good h e a t  conduc t ion  from t h e  f a c e  
t o  t h e  gaseous  hydrogen i n  t h e  manif o l d .  The conf i g t l r a t i o n  o f  t h e  i n j e c t o r  is 
s i m i l a r  t o  t h e  main p r o p e l l a n t  i n j e c t o r ,  w i t h  two rows o n l y  of  c o n c e n t r i c  
p r o p e l l a n t  i n j e c t i o n  e lement8  and a  c o a x i a l  n p a r k / t o r c h  i g n i t e r  p o s t .  

1HS32-5/5/76-ClR* 
Figdra 58. Preburner  I n j e c t o r  A s ~ e m b l i e s  

r h e  i n j e c t o r  f a c e p l a t e  was mado o f  NARloy A,  a  copper based m a t e r i a l  a l l o y e d  
w i t h  smal l  amounts of  s i l v e r  and z i rconium t o  enhance t h e  m a t e r i a l  p r o p e r t i e s  
a t  e l e v a t e d  t e m p e r a t u r e s .  

Aesembly was begun by welding t h e  CRES components t o g e t h e r  t o  p rov ide  a  welded 
body assembly. The f u e l  s l e e v e s  were then  brazed t o  t h e  LOX p o s t s  w i t h  a  h i g h  
mc?ltj.ng t empera tu re ,  1310 K (1899 F ) ,  b r a z e  d e s i g n a t e d  PAL-7 which is  a  
70 gold-22 n i c k e l - 8  pa l l ad ium ~ l l o y .  Four 6.35 nun (0.250 i n c h )  l e n g t h 8  o f  
1.57 mm (0.062 inch)  d i ~ m e t e r  w i r e  were b razed  t o  each  p o e t  and s l e e v e  aesem- 
b l y  t o  p rov ide  p o s i t i v e  s p a c i n g  between t h e  ?WO e lements  t o  e n s u r e  t h a t  t h e  
p o s t  would a t  a l l  t i m e s  remain c o n c e n t r i c  w i t h  t h e  f u e l  e l e e v e .  I n  t h i s  way, 
each ciement would have a  uniform f i e l d  o f  gaseous  hydrogen ourrounding t h e  
c e q t r r ~ l  LOX flow. and h o t  e t r e a k s  from f u e l  s t a r v a t i o n  cou ld  be  avoided.  The 
s l e e v e  and p o s t  a s s e m b l i e s  were then i n s t a l l e d  i n t o  t h e  welded body aanembly 
and brazed w i t h  t h e  same PAL-7 b r a z e  a l l o y .  The o r i g i f i a l  n leeve- to-post  
b r a z e  waa u n a f f e c t e d  u t  t h i s  t ime  becatlee t h e  b r a z e  r e m e l t  t empera tu re  i a  
somewhat h i g h e r  than  t h e  o r i g i n a l  m e l t i n g  t empera tu re .  



The nrrhasnzmbly was n u b j e c t e d  t o  a  vacuum l e a k  check t o  v e r i f y  t h e  i n t e g r i t y  1 1  
of t h e  i n d i v i d u a l  h r n z e  j o i n t n .  S i l i c o n e  r u b h a r  p lugn were  i n s t a l l e d  ove r  I 
t h e  e r ~ d n  of t h ~  LOX ~ O R ~ R  nnd a  vncuum wnn d r a w l  on t h e  LOX mnnifo ld  s i d e  nnd 
h e l d  f o r  10  minuten .  No decay  o f  t h e  vacuum wnn o b s e r v e d ,  t h u s  i n d i c a t i n g  
t h a t  t h e r e  wan no Leakage p a n t  t h e  h r a t t  J o i n t s .  Thtn  p r o c e d u r e  wnn r e p e i ~ t e d  
f o r  a t o t a l  o f  t h r e e  vacuum checks .  I f  a  l e a k  had heen d e t e c t e d  t h e  u n i t s  

t 
I 

c o u l d  have beet; r e -b razed  by a p p l y i n g  b r a z e  p a s t e  t o  t h e  J o i n t s  which weve 
r e a d i l y  a c c e n n i h l e  a t  t h i s  time and r e h e a t i n g  t h e  a s s e m b l i e n .  

The NARloy A f a c e p l a t e  was i n s t a l l e d  on t h e  annembly and b r a z e d  t o  t h e  i n d i v i d -  
u a l  f u e l  s l e e v e s ,  t h e  c e n t e r  i g n i t e r  p o s t ,  and t h e  welded body annembly w i t h  n 
nomewhat lower  m e l t i n g  t e m p c r a t u r c ,  l l h H  K ( l h 4 3  F) a l l o y  d e s i g n a t e d  a s  
S l l c o r o  Rrnze,  which is a  75 gold-20 copper-5  s i l v e r  a l l o y .  During t h e  c o o l -  
down c y c l e  t h e  p a r t n  wpre h e l d  i n  t h e  f u r n a c e  a t  756 K (900  F) f o r  3 h o u r s  t o  
p r o v l d e  a g i n g  f r e a r m t n t  t o  t h e  NARloy A f o r  improved s t r e n g t h .  

F o l l o w i n 3  t h e  b r a z e  o p e r a t i o n  t h e  i n j e c t o r s  were  proof  p r e s s u r e  t e s t e d  w i t h  
w a t e r  a t  6000 p s i  f o r  a t o t a l  o f  f i v e  c v c l e a  and a g a i n  s u b j e c t e d  t o  t h r e e  
vacuum l e a k  c h e c k  c y c l e s .  

P r e h u r n e r  Combustor -- - -- 
The p r c b u r n e r  combuntdr  body 
( F i g *  5 9 )  waa f a b r i c a t e d  from 
t h r e e  b a s i c  e l e m e n t s ,  a 1 1  
mnch4ned from Tnconel  625 
a l l o y :  (1)  t h e  body and mount- 
i ng  f l a n g e ,  ( 2 )  t h e  hydrogen 
c 0 o l e 4  s l e e v e  o r  i n n e r  l i n e r  
w i t h  t h e  i n t e g r a l  a c o u s t i c  
c a v i t y ,  and ( 3 )  t h e  e x h a u s t  
d u c t  c o n n e c t o r  Y ~ e c t  i o n ,  

The body and f l a n g e  were 
machined by c o n v e n t i o n a l  l a t h e  
t u r n  ma chin in^. No s p e c i a l  
t ec l ln iques  were r e q u i  r e d  n o r  
were a n y  d i f f i c u l t i e s  
e n c o u n t e r e d .  

1HS32-4130176-ClE* 
The i n n e r  l i n e r  s e c t i o ~  was a l s o  F i g u r e  39. P r e b u r n e r  Contbuator Body 
machined by c o n v e n t i o n n l  l a t h e  
t u r n i n g  procedures, h u t  t h e  
a c o u ~ t i c  cavities were  formed by e l e c t r i c ~ l  d i s c h a r g e  m a c h l n i n ~  ( t . I ) M ) .  T h i s  

p r o c e s s  IlReS a n  e l e c t r o d e  formed t o  t h e  d e s i r e d  shape  of  t h e  c a v i t y  which is 
b r o u ~ ; ~ i  c l o s e  t o  t h e  s u r f a c e  o f  t h e  m a t e r i a l  t o  be removed. An i n t e r r u p t c a d  

e l ~ c t r i c a l  c u r r e n t  g e n e r a t e s  a n  a r c  from t h e  e l e c t r o d e  t o  t h c  p a r t  which m c l t a  
a  small p o i n t  on  t h e  p a r t .  T h i s  me l t ed  m a t e r i a l  is  then  washed nwnv by .I c i r  
c u l a t i n g  kerooerie  birth i n  which t h e  p a r t  i s  immersed. P r e v i o r ~ a  a p p l i c n f  i n n  of  

t h i s  t e c h n i q u e  h a s  d e m o n s t r a t e d  t h e  a b i l i t y  t o  machine o u t  s m a l l  c a v i t i e s  such  
as t h e ~ e  w i t h  g r e a t  a c c u r a c y  and upeed r e l a t f v c  t o  o t h e r  metal r cmcrv in~  
techniqucbs. 



Upon complet ion of t h e  l i n e r  machining,  sma1.l l e n g t h s  .!f w i r e  were b razed  
o n t o  t h e  o u t e i d e  w a l l  o f  t h e  l i n e r  a t  t h e  forward snd a f t  ends  o f  t h e  i i n e r .  
These  wireo l a i d  on I n  t h e  a x i a l  d i r e c t t o n  provided p o o l t i v e  c o n t r o l  of t h e  
s p a c i n g  u n i f o r m i t y  between t h e  l i n e r  and t h e  combustor body. A c o n s t p n t  width  
gap between t h e a c  two e lements  Fa r e q u i r e d  t o  e n s u r e  e q u a l  c i r c u m f e r e n t i a l  d i s -  
t r i b u t i o n  of t h e  gaaeous hydrcgen c o o l a n t  f lowing  i n  t h i s  gap  space .  

The l i n e r  was i n s t a l l e d  i n  t h e  body and t h e  two components were ER welded 
t o g e t h e r  a t  t h e  f0rwn.d o r  f l a n g e  end. ER we ld ing  was used t o  o b t a i n  t h e  
d e p t h  of weld r e q u i r e d  i n  a  conf ined  l o c a t i o n  w i t h  minimum h e a t  d i e t o r t i o n  
from t h e  we ld ing  o p e r a t i o n ,  

The exhaus t  d u c t  connec to r  waR machined on a  t a p e - c o n t r o l l e d ,  t h r e e  a x i s  
m i l i i n g  machine w i t h  p r o v i s i o n  f o r  f u l l  p e n e t r a t i o n  J-groove welding t o  t h e  
d u c t i n g  a t  a l a t e r  t ime.  T h i s  element was t h e n  ER welded t o  t h e  downatream 
end o f  t h e  p r e b u r n e r  combustor body. Cleanup machinu a t  t h e  f l a n g e  end t o  
p r o v i d e  t h e  d e s i g n  mat ing s u r f a c e s  t o  t h e  i n j e c t o r ,  hydroiten c o o l a n t  i n l e t  
p o r t a ,  and chamber p r e s s u r e  measurement p o r t s  was done a t  t h e  comple t ion  of 
a l l  welding o p e r a t i o n s .  Proof p r e s s u r e  t e s t i n g  of  t h e  assembly waa d e f e r r e d  
u n t i l  l a t e r  assembly w i t h  t h e  i n j e c t o r  and exhaus t  d u c t i n g ,  A t  t h a t  t i m e  t h e  
u n i t  wna proof p r e s s u r e  t e s t e d  t o  413.56 ~ / c m ?  (6000 p s i )  w i t h  w a t e r  f o r  a  
t o t u l  o f  f i v e   cycle^ wich t h e  p r e s s u r e  h e l d  f o r  2 minu tes  each  c y c l e .  

F i g u r e s  60 and 6 1  show t h e  p reburner  combaetor,  i n j e c t o r ,  and i g n i t e r  u n i t e  
p r i o r  t o  assembly and a f t e r  assembly. In t h i b  c o n f i g u r a t i o n ,  t h e  p r e b u r n e r  
body i s  ready t o  be  welded t o  t h e  exhaus t  g a s  d u c t i n g .  

Turb ine  S i m u l a t o r s  

The t u r b i n e  s i m u l a t o r s ,  which provided c o n f i g u r a t i o n a l  c o n t i n u i t y  f o r  t h e  
s t a g e d  c o m b u ~ t i o n  system assembly,  a l ~ o  provided a  hous ing  f o r  t h e  o r i f i c e s  
ussd t o  s i m u l a t e  t h e  p r e s s u r e  d r o p  which would be encoun te red  w i t h  a c t u a l  
t u r b i n e s  i n  t h e  nystem. The s i m u l a t o r  hous ings  a r e  shown i n  F i g . 6 2  thrcugh 64. 
They c o n s i s t e d  o f  f l anged  a s s e m b l i e s  machined from Znconel 625. The o r i f i c e s  
were i n i t i a l l y  machined a t  6.35 mm (0.25 inch)  t h i c k  rounded i n l e t  o r i f i c e  
p l a t e s .  The o r i g i n a l  o r i f i c e s  were 1atc . r  r e p l a c e d  w i t h  25.4 mm (1.0 i n c h )  
t h i c k  o r i f i c e s ,  s t i l l  w i t h  rounded i n l e t s ,  b u t  more c a p a b l e  of w i t h s t a n d i n g  
t h e  h i g h  p r e s s u r e  d i f f e r e n t i a l  of t h e  ho t  p r e b u r n e r  g a s e s  w i t h o u t  d i s t o r t i o n .  

The p reburner  combustor i s  shown i n  Fig.  65 w i t h  t h e  two t u r b i n e  s i m u l a t o r s  
(upst ream s e c t i o n  of f u e l  t u r b i n e  s i m u l a t o r  on ly )  and t h e  i n t e r c o n n e c t i n g  
e x h a u s t  gas  d u c t i n g .  F i n a l  welding o f  t h e  d u c t i n g  t o  t h e  p r e b u r n e r  was 
d e f e r r e d  pendittg a l ignment  of a l l  components i n  a  f i n a l  assembly.  



Figure 6 0 .  Preburner Combustor, In jec to - ,  and I g n i t e r  Prior  t o  
Assembly 

Figure 6 1 .  Preburner Combustor, I n j e c t o r ,  and 
I g n i t e r  Assembled 



Figure 62.  Fuel Turbine Simulator - 
Upetream Section 

Figure 63. Fuel Turbine Simulator - 
Downstream Section 

Figure 64. Oxidizer Turbine Simulator 



F i g u r e  65.  Preburner  Combustor With Turbine  S i m u l a t o r s  
and Exhaust Gas Ducting 

I n j e c t o r  S i m u l a t o r  

The i n j e c t o r  s i m u l a t o r  (Fig .  6 6 )  used f o r  i n i t i a l  checkout  t e s t i n g  of t h e  
p r e b u r n e r  was f a b r i c a t e d  from 3 2 1  CRES b a r  s t o c k  and p ipe .  I n c o n e l  625 
d u c t i n g  and t h e  downstream s e c t i o n  of t h e  f u e l  t u r b i n e  s i n u l a t o r  were welded 
t o  t h i s  u n i t  t o  p r o v i d e  t h e  i n i t i a l  mockup of t h e  d u c t  r c u t i n g  and p r e b u r n e r  
l o c a t i o n .  T h i s  s i m u l a t o r  c o n s i s t s  of  l i t t l e  more t h a n  a  p i p e  t o  d i r e c t  t h e  
e x h a u s t  g a s e s  from t h e  p reburner  i n  t h e  p roper  d i r e c t i o n  d u r i n g  i n i t i a l  pre-  
b u r n e r  t e s t i n g .  F i g u r e s  6 7  and 68 show t h e  f i n a l  assembly of t h e  p r e b u r n ~ r  
i n j e c t o r  and i g n i t e r ,  combustor,  t u r b i n e  s : i u l a t o r s ,  and d u c t i n g  t o  t h e  
i n j e c t o r  s i m u l a t o r .  Bosses were added t o  t h e  d u c t i n g  downstream of  t h e  pre-  
b u r n e r ,  s o  t h a t  t h r e e  thermocouples cou ld  be  i n s e r t e d  i n t o  each d i s c h a r g e  
d u c t  t o  d e t e r m i n e  t h e  o p e r a t i n g  the rmal  g r a d i e n t  and combustion t empera tu re .  

The i n j e c t o r ,  body, t u r b i n e  s i m u l a t o r s ,  t h r u s t  chamber s i m u l a t o r ,  and d u c t i n g  
were  assembled and s u c c e s s f u l l y  proof p r e s s u r e  t e s t e d  t o  3100 ~ / c m ~ g  (4500 
p s i g ) .  The proof  t e s t  c o n s i s t e d  of t h r e e  c y c l e s ,  each main ta ined  f o r  3  min- 
u t e s  a t  maximum p r e s s u r e .  Blank o r i f i c e  p l a t e s  were i n s t a l l e d  i n  t h e  t u r b i n e  
s i m u l a t o r s  t o  c o n t a i n  t h e  p r e s s u r e  f o r  t h e s e  tests, and t h e  d u c t i n g  d o n -  
s t r e a m  of t h e  s i m u l a t o r s  was n o t  proof t e s t e d .  The welds  i n  t h e s e  a r e a s  were 
s u b j e c t e d  t o  thorough X-ray i n s p e c t i o n  t o  v e r i f y  t h e i r  i n t e g r i t y .  
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Figure 66. I n j e c t o r  Simulator  

LOX Cont ro l  Valves 

A l t h o u ~ h  nbt  a  p a r t  of t h e  cont rac ted  e f f o r t ,  two se rvocon t ro l l ed ,  hydrau l ic  
ac tua t ed  LOX b s l l  va lves  were f a b r i c a t e d  and assembled f o r  use  wi th  t h e  
staged combustion system assembly during h o t - f i r e  test  a c t i v i t i e s .  The 
va lves  (Fig.  69)  were put toge ther  from a  combination of newly f a b r i c a t e d  
components and e x i s t i n g  a v a i l a b l e  components. One va lve  was intended t o  
c o n t r o l  t h e  LOX flow t o  t h e  preburner  ano one was f o r  c o n t r o l  of t he  LOX 
flow t o  t h e  main i n j e c t o r .  The two va lves  were e b s e n t i a l l y  t h e  eame, t h e  
p r i n c i p a l  d i f f e r e n c e  being t h a t  t h e  main LOX va lve ,  due t o  t h e  h igher  main 
LOX f low-ra te ,  had a  l a r g e r  diameter flow passage and a  l a r g e r  diameter b a l l  
with an  extension o f  the  e x i t  con<! required t o  mate wi th  i n j e c t o r  LOX i n l e t  
duct. The hydraul ic  a c t u a t o r s  and t h e  p o s i t i o n  i n d i c a t o r s  shown i n  Fig. 69 
were i d e n t i c a l  f o r  both u n i t s .  

Two c o n t r o l l e r s  were obtained t o  provide t he  p o s i t i o n  s i g n a l  and opening and 
c lo s ing  ramp r a t e  s i g n a l s  t o  t h e  va lves .  One of t h e  c o n t r o l l e r s  i s  sttown i n  
Fig. 70. These c o n t r o l l e r s ,  designed f o r  use on t h e  Space S h u t t l e  Main 
Engine (SSME) program have t h e  c a p a b i l i t y  t o  ~ i g n a l  s e t p o i n t  changes dur ing  a  
t e s t  and t o  u t i l i z e  engine ope ra t i ng  parameters o r  va lve  p o s i t i o n  feedback f o r  
pos i t i on  con t ro l ,  account ing f o r  t h e  l a r g e  a r r a y  of s e t p o i n t  c o n t r o l s  d i sp layed .  
This e n t i r e  c a p a b i l i t y  was no t  needed f o r  t h e  s taged  combustion system assem- 
bly t e s t i n g  with on ly  one p o s i t i o n  s e t p o i n t ,  one opening remp r a t e ,  and one 
c los ing  ramp r a t e  required f o r  each t e s t ,  



Figure 67. Preburner, Turbine Simulator and I n j e c t o r  
. Simulator Assembly 

lHS35-9/27/76-ClA* 

Figure 68.  Preburnzr, Turbine Simulators and 
I n j e c t o r  Simulator Assembly 
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Figure 69. LOX Control Valvee 

6CE63-7/24/72-SIR 

Figure 70. LOX Valve Controllers 



400:l Area Ratio Nozzle Extension - - -- -- -- - - .- 

Two 400:l area ratio nozzle extensions (Fig. 71) were fabricated by NASA and 
delivered to Rocketdyne for tenting with the staged combustion system Resem- 
bly. The fabrication technique for both nozzles was the name. Plate ntock of 
12.7 nm! (0.50 inch) mild steel (SAE 1010-1030) was brake-rolled and butt- 
welded together co form five basic truncated conical sectionn. These were 
welded together with continuous circumferential welds to form the rough nozzle 
shape which wan then "bumped", or cold-forged into a shape which could be 
machined to the final contour. This assembly was then welded to the forward 
flange ring rough machining and the temporary utiffening ring at the aft or 
exit end of the nozzle. Thiu rough p ~ r t  WAS atream relieved at 865 to 895 K 
(1100 to 1150 F) for 1 hour in air and then allowed to air cool. The rough 
contour was reviewed to determine whether further bumping wae required before 
final machining and welding of the otiffening ring support tabs. The nozzle 
inner contour was machined to the aerodynamic contour determined by Rocketdyne 
which matched and extended the contour of the regeneratively cooled, 175:l 
area ratlo, nozzle. Care was taken to ensure that an unfavorable "step" in 
the contour would not occur at the joint between the two nozzles. 

Figure 71. 400:l Uncooled Nozzle 



A t o t a l  of 1 6  3.18 mm (0.125 i n c h )  d iamete . .  s t a t i c  p r e e s u r e  t a p s  wt~re 
d r i l l e d  through t h e  w a l l ,  and th readed  b o s s e s  welded t o  t h e  w a l l  of t h e  n o z z l e  
t h a t  wan a u b s ~ q u e n t l y  ueed d u r i n g  t h e  test program. 

System Aseembly - - - - - -  

The o r i g i n a l  prograrn p l a n  inc luded  t h e  concept  of  f u l l  r e ~ e n e r a t i v e  coolinp,  of 
t h e  combustor chamber,  w i t h  t h e  chamber c o o l a n t  f ed  d i r e c t l y  t o  t h e  p r e b u r n e r  
f u e l  i n l e t  man i fo ld .  The p r e b u r n e r ,  t r l rb ine  a i m u l a t o r s ,  and d u c t i n g  suhaesem- 
b l v ,  which had been p r e v i c u s l y  welded t o g e t h e r  and a l i g n e d  w i t h  t h e  i n j e c t o r  
e i m u l a t o r  was i n o t a l l e d  and a l i g n e d  w i t h  t h e  coo led  combusticn chamber, and 
t h e  c o o l a n t  o u t l e t  t o  p r e b u r n e r  i n l e t  f u e l  d u c t s  were welded i n t o  p l a c e  a s  
ahown i n  Fig.  73aand73b.  T h i s  sys tem was welded t o g e t h e r  wi thou t  t h e  u s e  of  
ha rd  t o o l i n g  b e c a u s ~  i t  waa a  "one-of-a-kind" assembly.  The downstream 
s e c t i o n  of t h e  f u e l  t u r b i n e  s i m u l a t o r  does  no t  ahow i n  t h e u e  views because  
o n l y  one u n i t  was f a b r i c a t e d  and i t  WAR welded o n t o  t h e  i n j e c t o r  s i m u l a t o r  a t  
t h l s  time. For t h e  f i n a l  assembly o f  t h e  s t aged  combustion sys tem ~ s s e m b l y  t h e  
t u r b i n e  s i m u l a t o r  was c u t  o f f  o f  t h e  i v j e c t o r  e i m u l a t o r  fo l lowing  t h e  p r e b u r n e r  
checkout  t e s t s  and welded i n t o  p l a c e  w i t h  t h i a  system. I n  Fig.7Jb,  t h e  p re -  
b u r n e r  ~ e r v o c o n t r o l l e d  LOX v a l v e  can b e  Been au well  a a  b o t h  main chamber and 
p r e b u r n e r  i g n i t e r  a s s e m b l i e s .  F i g u r e  72 u h c w ~  t h e  s t a g e d  combustion assembly 
i n s t a l l e d  on t h e  r e g e n e r a t i v e l y  cooled n o z z l e  w i t h  a l l  p reburner  components 
and d u c t i n g  i n  p l a c e .  

lXZ21-11/30/77-ClE* 

F i g u r e  72, Staged Combustion Assembly and 
R e g e n e r a t i v e l y  Cooled Nozzle 



(b) 

Figure 73. Staged Combustion Syscem Assembly 



TEST 

The overall prcgram test plan was conceived as a step-by-step approach to sys- 
tem tenting, with each stage providing background and underatanding of the 
component and nubsystem operation and enaurance that each component and aub- 
system would perfon as projected during the aucceedin~ test phase. Schematic 
reprentntr.tives of the confi~urations a~sembled, and the desi~nation of each 
are shown in Fig .74 .  The preburner teat ayatem and the stiagecl combuation 
system assemblies were the configuration nubjected to hot-fire testing. The 
prekurner teat system and the ataged combuotion system assembly (8:l) were 
teated in open air with no diffu~er. The final sta~ed combuation system 
annembly with the 175:l nozzle and the 400:l nozzle extension installed was 
tested in the special ~iffuser/ejector. 

The coolant and propellant supply systems and the relationship of the test 
myatems to the altitude capsule and the entrance to the diffuser are shown 
in the installation drawing (Fig. 75). 

cant lJ)ur_.t_lm- -- Qerlgllo tl-m- Canpanon ts - 

Proburner Asry InJoctor,Bady 
lgnl tor  

Prebumer Test 
Sys tom 

Preburnr  Assy., 
Duct lng, Exhaust 
Assy. Turbl ne 
S lw lo to rs  

S t m d  Cmburtlon Preburmr k r y . ,  
System Assy C d u s t l o n  C h a r  

( 8 : l )  Assy 8: l  

System Assy. 
Proburner Assy. 
Comb. Chn.Assy (8: 
Nozzlo ( 1 7 5 : l )  
h z z l e  ( 400: 1 )  

Figure 74. Staged Combustion System - Designation8 and Configurations 
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Tes t  Systems and F a c i l i t y  - - - - -  --- - - - - -  ---- 

A l l  h o t - f i r e  t e s t i n g  was conducted 
on Nan s t a n d  ( t e s t  s t a n d  No. 017, 
Fig.  76, i n  t h e  P r o p u l s i o n  Researrli 
Arcla [I'M]) . The fnc  11 i t y  propel-  
l a n t  sys tem schemat i c  d iagr ;~ms  a r c  
shown i n  Fig. 77 th rough  79, which 
show t h e  e v o l u t i o n  of  t h e  f a c i l i t y  
from p r e b u r n e r  t e s t  sys tem t e s t i n g  
througti complete  s t a g e d  combustion 
system assembly t e s t  lng w l t h  tt:e 
400: l  n o z z l e  e x t e n s i o n .  

Liquid  oxygcn was s u p p l i e d  t c  t h c  
p r e b u r n e r  and main i n j e c t o r  trom 
n 3450 ~ / c m ~  (5000 p s i )  r a t e d  
7 5 0 - l i t e r  (200-gal lon)  l i q u i d  
n i t r o g e n  j a c k e t e d  t a n k  through 
7.6 c h  (3-  i n c h )  heavv-wall p i p i n g .  F i g u r e  76. T e s t  Stand Nan, PRA 
The 7.6 cm ( 3  i n c h )  h y d r a u l i c a l l y  
a c t u a t e d  two-pos i t ion  Annin v a l v e  used f o r  f low c o n t r o l  d u r i n g  t h e  Advanced 
Thrus t  Chamber Technology Program was used a s  a  f a c i l i t y  s h u t o f f  f o r  t h i s  
t e s t i n g .  Fo r  a l l  t e u ~ f n g ,  t h e  t a n k  was p r e s s u r i z e d  w i t h  helium gas .  

The f e e d  sys tem downstream of t h e  v a l v e  was reduced t o  a  2.5 mm ( 1  i n c h )  
p i p e  which branched i n s i d e  t h e  c a p s u l e ;  one  branch l e d  t o  t h e  p r e b u r n e r  
a e r v o c o n t r o l l e d  LOX v a l v e  and t h e  o t h e r  b ranch  l e d  t o  t h e  main i n j e c t o r  
va lve .  During t h e  preburner-only  t e s t i n g  t h i s  l a t t e r  branch was duc ted  
t o  t h e  f a c i l i t y  LOX b l e e d  dump l i n e  w i t h  a  small, 0.76 mrn (0.030 i n c h )  0;-f- 
£ i c e  to  keep LOX i n  t h i s  l i n e  s o  t h a t  gaseous  oxygen bubb les  would n o t  b e  
b l e d  i n t o  t h e  f low s t ream.  

A t u r b i n e  t y p e  f lowmeter and a n  i n l i n e  v e n t u r i  meter  upst ream o f  t h e  f a c i l i t y  
LOX valve provided t h e  pr imary o x i d i z e r  f l o w r a t e  measurement, A v e n t u r i  
me te r  i n  t h e  b ranch  l i n e  t o  t h e  p reburner  metered t h e  f l o w r a t e  t o  t h e  pre- 
b u r n e r  f o r  d e t e r m i n a t i o n  of p r e b u r n e r  m i x t u r e  r a t i o  and performance.  

I g n i t e r  o x i d i z e r  f low was capped from t h e  LOX l i n e  upst ream of  t h e  main 
v a l v e ,  b u t  downstream of t h e  f lowmeters ,  and r o u t e d  th rough  a c o i l  h e a t  
exchanger  t o  p r o v i d e  n e a r  ambient  t empera tu re  gaseous  oxygen t o  t h e  two 
i g n i t e r s .  A s e p a r a t e  2.5 mm ( 1  inch)  Annin v a l v e  was used t o  c o n t r o l  t h e  
i g n i t e r  o x i d i z e r  f low t o  pe rmi t  o p e r a t i o n  of  t h e  i g n i t e r s  independen t ly  o f  
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Figure 77. Propellant Feed Svstem Schematic 
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the  preburner  o r  main chamber opera t ion  and t o  permit s c q u e n c i n ~  of t h e  
i g n i t e r s  t o  f i r e  p r i o r  t o  perburncr main chamber ope ra t i on ,  

Gaseous hydrogen used f o r  f u e l  on a l l  t e e t u  waa suppl ied  from a 3450-N/cm 2 

(5000 p s i )  a r e a  supply syatcm, reduced t o  run l i n e  prensure through a Grove 
r e g u l a t o r ,  The feed l i n e  waa a 10 cm (4 inch)  p ipe  from t h e  f a c i l i t y  shu to f f  
va lve  t o  t he  main combu~ t ion  chamber Annin c o n t r o l  valve.  From the  va lve  t o  
the i n j e c t o r ,  5 cm (2 inch)  heavy wa l l  p ipe  was used. A con t ro l l ed  amount of 
l i q u i d  hydrogcn tapped o f f  of the  LH2 coolan t  Ryntcm l i n e  waa fed i n t o  a 
t ubu la r  mixer, (Fig,  80 ) ,  t o  provide hydrogen o f  t h e  proper temperature  t o  
the preburner  i n j e c t o r .  

Figure 80. LH2 - GH Mixer Element 
2 

Hydrogen f o r  t h e  i g n i t e r s  was tapped o f f  t h e  gaseoua hydrogcn l i n e  between 
the  r e g u l a t o r  and the  main prope l lan t  va lve  w i th  a s e p a r a t e  2.5 cm ( 1  inch) 
Annin va lve  f o r  i g n i t e r  flow and sequencing con t ro l .  The gaseous hydrogen 
f e r  b o t h  preburner flow and i g n i t e r  flow was no t  temperature  c o n t r o l l e d  and 
the  r e s u l t a n t  temperature of t he  gas  r e f l e c t s  t h e  l o c a l  ambient temperature.  
L i t t l e  problem was encountered a s  a consequence of t h i s ;  t h e  temperature  
va r i ed  gene ra l l y  between 290 K (60 F) and 310 K (100 F) ,  but  t h i s  span d id  
not c a m e  any observable  d i s c r epan t  opera t ion .  

Liquid hydrogen was suppl ied  t o  t he  combustion chamber and nozz le  coolan t  
systems and t o  t h e  preburner  f u e l  mixer from a 3450 ~ / c m ~  (5000 p s i )  r a t e d  
750 l i t e r  (200 ga l lon )  vacuum and l i q u i d  n i t r o g e n  jacke ted ,  i n su l a t ed  tank 
through 7.6 cm (3  inch) heavy wal l  vacuum jacketed piping and a 7.6 cm 
(3  i nch )  hyd rau l i ca l l y  ac tua t ed ,  two-position c o n t r o l  component valve.  The 
tank was pressur ized  with hydrogen g a s  t o  provide t h e  expu l s ive  force .  

Sea l e v e l  t e s t i n g  of a high a r e a  r a t i o  nozz le  r e q u i r e s  a d i f f u s e r - e j e c t o r  
system capable  of  accommodating rocket  nozz le  e x i t  p r e s su re s  a a  low a s  
0.28 ~ / c m ? a  (0.4 psi.) w i t h  an  e x t e r n a l  ambient p reqsure  of 9.5 ~ / c r n ~ a  
(13.8 p s i a )  . 



The d i f f u n e r  makes une o f  t h e  h i g h  v e l o c i t y  r o c k e t  e x h a u n t  gaaeo  t o  a c h i e v e  
a n  e j e p t o r  pumping a c t i o n  and  t o  e v a c u a t e  t h e  t e a t  chamber itround t h e  e n ~ i n e ,  
t hug  p r c v i d i n g  a low p r e n a u r e  env i ronmen t  a t  t h e  n o z z l e  e x i t  w h i l e  d e c r e n ~ i n ~  
t h e  v e l o c i t y  t o  i n c r e a a e  t h e  n t a t i c  p r e u o u r e  a t  t h e  d i f f u a e r  Ryutem e x i t .  An 
e j e c t o r  d r i v e n  by h e a t e d  Raaeoua n i t r o g e n  was p lnced  d o w n ~ t r e a m  of t h e  d i f f u a e r  
t o  e n a u r e  t h n t  t h e  d i n c h a r g e  t o t a l  p r e s u u r e  a t  t h , ?  ayutem e x i t  l a  g r e a t e r  t h a n  
o r  e q u a l  t o  t h e  ambien t  p r c a s u r e .  

D i f f u a e r / E ~ e c t o r  C o n B u r a t i o n .  A h e a t e d  g a s e o u s  n i t r o g e r  e j e c t o r  augmented 
d i f f u s c r  i s s c m b l y  &a used  t o  p r o v i d e  t h e  ~ l m u l a t c d  a l t i t u d e  f o r  t h e  h i g h  
e x p a n s i o n  r a t i o  n o z z l e  t e u t l n g  ( (  - 4 0 0 : l ) .  F i g u r e  H1 shows t h e  d i f f u s e r 1  
e j e c t o r  a s sembly  w i t h  t h e  c y l i n d r i c a l  c a p s u l e  o e c t i o n  i n c l u d e d  f o r  t h e  4 0 0 : l  
n o z z l e  aaeembly  t e a t i n u .  A f a c i l i t y  a c h c m n t i c  ~ h o w i n g  t h e  l o c a t i o n o  of  
d i f  f u u e r  and e j e c t o r  p r e s s u r e  measurements ,  I ) ,  i s  shown i n  F ig .  82 .  

P r i o r  t o  h o t - f i r e  t r a t  o f  t h e  n o z z l e  asserait 1 l e u ,  t h e  m a t i n g  s l e e v e  i n ~ t a l l e d  
i n o i d e  t h e  d i f f u s e r  a e c t i o n  wa8 p r o p e r l y  a l i g n e d  v i t h  t h e  n o z z l e  e x i t  t o  en- 
s u r e  p r o p e r  d i f f u s e r  a c t i o n  and t o  c n u u r e  t h a t  no  i n t e r f e r e n c e  would o c c u r  
d u r i n g  test  d u e  t o  t h e r m a l  e x p a n s i o n  o f  e i t h e r  t h e  a t a g e d  c o m b u ~ t l o n  s y s t e m  
a s s e m b l i e s  o r  t h e  d i f f u a c r  a s s e n b l y .  

EJ_c_c_tc,r-_Ol,cra t i_o-nn. Gascous n i t  rogc-n was 8 u p p l  fed  t o  t h c  c J c c  t o r  nozz lc* from 
two I l.l",nl7'(.i'>OO g a l  I o n )  b o t t l e s  a t  a n  i n i t l n l  p r c s s u r c  of :~pprox imi l t c ly  
2000 ~/cm.!  ( 2 0 0 0  p s i g )  t l r r o u g l ~  n m u l t i p a s s  t u b e  11c:ltcr ( F i g .  XJ t l l r o u g l ~  8 5 ) .  
w!lic!~ !lc;:tcc! t11c R;IS t o  :I tc- :npcraturc of E l 0  1.: t o  Hhr: K (? ! !00  1' t o  I!!!!) f ' )  
p r e t e s t .  Ilc*;ltc.d !:ascoils n l  trogcsn blowdowna wcrc rc lqul rcd  t o  c-stnhl  is11 t  hc  
opc>ra t  i n g  prcl:;qur(B r ~ q u i r c m c n t s  and c n p a c i  t i c s  o f  t h e  c j c c  t o r  svs t cm.  Thc 
dcaslgn r t*qulrcmc*nts  s l i o ~ ~ c d  t h a t  4 1  k ~ / s  (00 lb /sc*c)  g a s e o u s  n  1tro):cn wns 
rcbquircvl t o  draw t h e  i n t c l rna l  prcssurc1  clown t o  7  . h  ~ / c m L - i ~  (11  psi;^) , t l l c .  
r eq i~ i rc* t i  prc.ssure f o r  n o z z l c  f u l l - f  low s t a r t i n g .  The hlowdowns c s t n h l  i shc t l  
thc. t i m t ~  rcaquircd t o  n c l ~ i t w c  t h l s  c n p s u l r  s t a r t i n g  prcssurc .  and t  he dur:lt ion  
of  o p e r a t  o on a t  t h i s  p r e s s u r e  wl1ich ( '~t i11)l  i ~ 1 1 ~ d  ~ I I C  t h r u s t  chamber o p e r a t -  
ing  d u r n t  i.?n and t h e  s c q u c n c c - s t a r t  d c l n v  marg in .  

The blowdown tests were  conduc ted  w i t h  v a r i o u s  q u a n t i t f e s  o f  a i r  f l o w i n g  i n t o  
t h e  d i f f u s e r  i n l e t  t o  s i m u l a t e  t h e  r o c k e t  n o z z l c  e x h a u s t  g a s e s .  A i r  e n t e r e d  
t h e  two opened a l t i t u d e  c a p s u l e  e n t r y  p o r t s  d u r i n g  t h e  f i r s t  blowdown ( t e s t  
017) t o  p e r m i t  a p p r o x i m a t e l y  48 k g l s e c  (106  l b l s e c )  o f  a i r  t o  f low.  Dur ing  
t h e  s econd  blowdown, t h e  p o r t s  w e r e  c l o s e d  and no  a i r  f l owed ;  d u r i n g  t h e  
t h i r d  blowdown o n l y  one  p o r t  was opened  t o  p e r m i t  a p p r o x i m a t e l y  27 k g l s e c  
(60 l b l s e c )  o f  a i r  t o  f low.  Fo r  t h e  l a s t  two tests t h e  a l t i t u d e  c a p s u l e  
c y l i n d r i c a l  s e c t i o n  was removed t o  a l l o w  unimpeded e n t r y  o f  a i r  i n t o  t h e  
d i f f u s e r  and t h e  a i r  f l o w  was a p p r o x i m a t e l y  134  k ~ l s e c  (295  l b l s e c ) .  The 
d i f f u s e r / e j e c t o r  blowdown test  r e s u l t s  are  sr~mrnnrized i n  T a b l e 8  17  and 18. 
The c a l c u l a t e d  G N 2  f l o w r a t e s  and measured  e j e c t o r  CN2 t e m p e r a t u r e s  d u r i n ~  
t h e s e  blowdown tests  a r e  shown i n  F i g .  86 and 87 . 
I n s t r u m e n t a t i o n  ----. - 
T e s t  p a r a n l e t e r a  f rom t h e  h o t - f i r e  t e s t i n g  w e r e  measured  b y  a v a r i e t y  o f  
t r a n s d u c e r  t y p e s ,  c o n v e r t e d  t o  a  d i g i t a l  form by a Beckman 210 d a t a  a c q u i -  
s i t i o n  sys t em and f o r w ~ r d e d  t o  a  c e n t r a l  r e c o r d i n g  l o c ~ t i o n  f o r  record in^ 
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Figure 81. Altitude T e ~ t  Facility 
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Figure 82. ASK Altitude Test Facility 



1HS63-11/16/76-S1A 
Figure 83. Altitude Syetem Diffuser and Ejector Cae Heater 

1~~63-11/16/76-SlC 
Figure 84. Alt i tude System Diffuser and Ejector Gas Heater 



Figure 95. Combuution Chamber Coolant Side Thermocouple In~tall~tion 

Gaseous N l t r o g e n  l n l t  l a 1  P r e q r u r r .  N/crn2 ( p r l q )  1 1910 1 19.7 1 1188 1 1900 1 1900 1 
(2873) (2R97) I2RRI) (1R72) (2156) 

Careour Nt t rnqen  I n l  t  l a 1  T r w e r a u t r e .  K (F)  

Heater I n l t l a l  Temperature. K ( T )  

2 
E j e c t o r  Maxlrnum P r e r q u r r ,  N/cm ( n r i q )  

E j e c t o r  Maxlmum t a r r o ~ ~ r  N l t r o q r n  
Trwperaturc.  K ( F )  

- - 
'Not r e l a t e d  t o  h o t - f l  r e  t r q t  numhrrr 

' t a reour  n l t r o q r n  valve c y c l e d  f o r  1  qrcond p r e t c r t .  A l l  o t h e r  t e $ t r  u%ed l o u - l e v e l  purge f o r  
p r r h r r t i n q  downstream p l p l n q .  

TABLE 18. DIFFUSER/EJECTOR RLOVDOWN SUMMARY 

- - - -  - 

Clve I l lordowns 

EJec to r  Opera t lan :  

Maxlmum GN Temperature, K i ~ )  - 637 (686) 2 2 
Maxtnnnn GN1 Pressure,  N/cm ( p r l q )  - 391 (567) 

Test Durat  Ions, r - 9 t o  30 

GN2 F lawra te ,  kq/s ( Ib /sec )  - 43 t o  44 (95 t o  98) 

Mlnlmum "Throat" Pressure 
~ / c r n ?  ( p s l q )  - -3.28 (-4.76) 

Mlnlmum Capsule P r e r r u r e  
~ / c m 2  (p r  l q )  - -3 .23  ( -0 .68 )  

A l r  F l a r r a t e s ,  kg/s ( I b l r e c )  0. 27, 46, 114 (0,  60. 106. 2 1 5 )  
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Figure 86.  CN2 Flowrate to Ejector Nozzle va Flow Time Determined 
From Sonic Flow Through Ejector Throat 

T I M €  FROM START, SECONDS 

Figure 87.  Ejector CN Temperature vs  Time From Start 
.? 



and n t o r i n g  on m a ~ n e t i c  t a p e .  The d a t a  were  t h e n  " n l i c e d "  and "ficaled" a t  t h e  
comput ing  c e n t e r .  The s l i c i n g  o p e r a t i o n  c o n s i r t e d  of  a v c r a g i n ~  t h e  d i n c r c t e  
d i u i t a l i z e d  o u t p u t n  o f  e a c h  pa rame te r  o v e r  a  b r i e f  time i n t c r v n l  n c l e c t e d  hy 
t h e  d a t a  a n a l y s t ,  u n u a l l y  200 m i l l i a e c o n d n ,  t h r o u ~ h o u t  t h e  t e n t .  Each param- 
eter  wan t h e n  s c a l d  by , ~ p p l v i n g  t h e  a p p r o p r i a t e  p r e t e n t  o r  p o s t t e s t  r e r o  and 
c a l i b r a t i o n  npan f a c t o r  t o  c o n v c r t  t h e  Hcckman 210 d i g i t a l  o u t p u t  i n t o  t h e  
d e u i r e d  e n g i n e e r i n g  u n i t n .  Th in  r e n u l t  wau t h e n  p r i n t e d  o u t  i n  columnar farm 
RO t h a t  f o r  e a c h  t i m e  i n t e r v a l  ( s l i c e )  t n e  avcrafqed v a l u e  o f  e a c h  mcanurcd 
p a r a m e t e r ,  i n  t h e  a p p r o p r i a t e  engineer in^ u n i t n ,  wan l i n t e d .  In a d d i t i o n ,  
CRT ( c a t h o d e  r a y  t u b e )  p r i n t o u t n  o f  e a c h  d a t a  p o i n t ,  i n  e n g f n e c r i q ~  u n i t n ,  
o v e r  t h e  t o t a l  d u r a t i o n  o f  e a c h  t e n ?  were  o h t a i n e d  t o  p r o v i d e  a n a l o g  t r a c e a  
o f  each  pa rame te r .  These  d a t a  were  t h e n  u t i l i z e d  i n  t h e  pe r fo rmancc ,  t h e r m a l ,  
a n d  ae rodynamics  a n a l y s l n  a c t i v i t i e s .  The d a t a  a c q u i s i t i o n  and a n a l y s i u  f l o w  
d iag ram ( F i g .  88) shown t h e a e  s t e p s  i n  b l o c k  form, 

The  Bcckman d i g i t a l f z e r  sys t em h a s  a c a p n c l t y  o f  100 c h a n n e l u  of  p r e n s u r e ,  
t e m p e r a t u r e ,  and t h r u ~ t ,  p l u s  f i v e  c h a n n e l s  o f  h i g h  l e v e l  o l ~ t p u t  u u i t n h l e  f o r  
r e c o r d i n g  t u r b i n e  f lowmete r  o u t p u t  and v a l v e  p o n i t i o n  i n d i c a t i o n s .  The b a e i c  
a l l o c a t i o n  of  t h e s e  105  c h a n n e l s  w i t h  a n o t e  r e g a r d i n q  i t s  u s e  o r  need i n  
t h e  d a t a  a n a l y s i u  p r o c e s s  i u  g i v e n  i n  T a b l e  19. C h a n ~ e s  from t h e  b a s i c  l i s t  
w e r e  made from time t o  time t o  p r o v i d e  a d d i t i o n a l  measurementu o f  d i f f e r e n t  
a u p e c t b  o f  t h e  test program. For  example,  d u r i n g  e a r l y  t e s t i n g  of  t h e  4 0 0 : l  
n o z z l e ,  some p r e b u r n e r  ~ n d  t h r u s t  chamber p a r e m e t e r e  were  d e l e t e d  t o  p r o v i d e  
a d d i t i o n a l  d i f f u n e r  and e j e c t o r  meanurementu. I n  l a t e r  t e s t i n g  t h e u e  mea- 
Rurements  were  e l i m i n a t e d  and more n o z z l e  wall p r e u s u r e  and e x i t  b ~ w d a r y  
l a y e r  measurementR w e r e  made. 

The  the rmocoup les  u s e d  t o  mcanure combue t ion  chamber r i b  t e m p e r a t u r e s  were  a  
a p c c i n l  a s sembly  p r a v i d e d  by NASA/LeRC f o r  t h i n  t e u t i n g .  The Thermocouplee 
w e r e  made o f  chrome1 and c o n s t a n t a n  w i r e  w i t h  a s i l v e r  5 a l l  me i t ed  c n t o  t h e  
Ju r r c t ion ,  The the rmocoup les  were  u p r i n g  loaded  i n t o  t h e  0.50 mm (0.020 i n c h )  
h o l e s  d r i l l e d  i n t o  t h e  coppe r  a l l o y  c h a n b e r  r i b  as  shown i n  F ig .  8 9 .  The 
~ p r i n g  l o a d i n g  and t h e  s i l v e r  g l o b u l e  were  i n t e n d e d  t o  p r o v i d e  good c o n t a c t  
w i t h  t h e  coppc r  w a l l  and t o  min imize  t h e  c o l a t a c t  r e s i s t a n c e  sc, t h a t  t h e  coppe r  
w a l l  t e m p e r a t u r e  c o u l d  be  v e r y  c l o s e l y  measured.  A he l ium purge  was s u p p l i e d  
i n d i v i d u a l l y  t o  t h e  chamber w a l l  t he rmocoup les  a n d a h e l i u m  b l a n k e t  wa6 i n t r o -  
duced i n t o  t h e  e n t i r e  c a v i t y  s u r r o u n d i n g  t h e  t h r o n t  r e g i o n .  T h i s  i n e r t  ntmo- 
s p h e r e  was i n t e n d e d  t o  p r e v e n t  l i q u i f a c t i o n  o f  a i r  and t o  minimize  s u r f a c e  
o x i d a t i o n  a t  t h e  p o i n t  of c o n t a c t .  

S p e c i a l  p r e s s u r e  and t e m p e r a t u r e  r a k e s  ( F i g .  90) were  f a b r i c a t e d  t o  measure  
boundary  l a y e r  p a r a m e t e r s  a t  t h e  e x i t  o f  t h e  b00 : l  n o z z l e .  The f i r ~ t  p r e s -  
s u r e  r a k e  (F ig .  YO), wns f a b r i c a t e d  from molybdenum -50 r h e n i u r  t u b i n g  t o  
w i t h s t a n d  t h e  h i g h  e x h a u s t  g a s  t e m p e r a t u r e s .  The f i r s t  t e m p e r a t u r e  r a k e  was 
made w i t h  t u n g s t e n - 5  rheniuln/ tunp,sten-26 rhenium thermocouplca  encased  i n  
molybdenum s h e t t h s  and welded  t o g e t h e r  t o  form a  n i n g l e  r a k e  s t r u c t u r e  a l s o  
shown i n  F i g .  90 .  The i n i t i a l  t e s t i n g  w i t h  t h e s e  r a k e s  d e m o n s t r a t e d  t h e  need 
f o r  g r e a t e r  s t r u c t u r a l  s u p p o r t ,  and a  new p r e s m r e  r a k e  u t i l i z i n g  t h e  molyb- 
denum-rhenium t t lb ing ,  p r e s s - f i t  i l l t o  d r i l l e d  p a s s a g e s  f n  a  heavy CRES s a p p o r t  
was  f a b r i c a t e d ;  i n d i v i d u a l  t he rmocoup le  p r o b e s  were  i n s e r t e d  th rough  t h e  n o z z l e  
w a l l  n e a r  t h e  e x i t  p l a n e .  The new boundary  l a y e r  p r o b e s  a r e  shown i n  Fig.91 
and 9 2 , a n d  t h e  i n s t a l l a t i o n  on  t h e  4 0 0 : l  n o z z l e  is ~ h o w n  i n  F i g .  93 .  These  



Figure 88. Data Acquisition Flow Diagram 
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TABLE 19. TESTING INSTRUP(ENTAT1ON LIST 

I 1 1 I I 1 1 
I 

1 I 2  I I / Thrust Chamber ITNOZCIN / Nozzle Coolant l n l e t  T-rature / t!ozzle Meat F lux 

Becknun 
Svsttm 

1 13 1 I I Di f fuser  1 TCN, EJECTOR I E jec to r  CN2 T e v r a t u r e  1 E jec to r  b e r a t i o n  . 

Function 
I 
I use 

j 14 j I 1 Preburner I TPBFINJ 1 Preburner Fuel I n j e c t i o n  1-r r tur r  ! Preburmr Performonce 

Preburner I TPBLHV Freburner LH2 Jentur i  I n l e t  Temoerature Preburner LH2 Flow I lc8surcmnt 
I 

I 
t 1 5 I I  I I / TFVI I 2  2 

1 GH Venturi  T-rature / Preburmr-GH Flow W s u r a c n t  

/ I 8  I I / Preburnt r  1 TS-1 I Preburner Skin (wa l l )  Temperatart Preburner Perfornrnce 

1 16 
I 

I I I Thrust Cbmber TCDCH 

T-40 1 Thrust Chamber / TCHIDET 1 

1 I TPB GH2 

/ I Thrust C h . n k r i T l C  

I 7  j 
I 1 

GHt Temperature Upstream o f  mixer. I face Coo1ant and Wall 

1 I Preburmr / TLmIN 3 

i Thrust Chamber 'TCIOCAV I I g n i t e r  Oxidizer Cavi ty  1-rature l g n i  t e r  O w r a t  ion  
I I ( t h rus t  chamber) I 

i 4  (used f o r  face r m l a n t  and w a l l  1 Coolant Operation 
, coolant )  I I 

Rain Chamber Coolant 9 i s c b r g e  Ch&r Heat F lux 
Tanpe*a:ure 

lgn iger  Oxid izer  Cavity T e w t r e t u r e  I g n i t e r  Operation 
(preburnt r )  

CH Venturi  De l ta  P 
2 

Pre t -mer  GM2 Flow M e a s u t a n t  

Oxid izer  V t n t u r i  De l ta  P, Preburner 1 Prcburnt r  LOX F l o r  r k a s u r m t  
I 

I g n i t e r  I g n i t l o n C i e t u t  Thrust C h r k r  Ign i 'er  O m r a t i o n  
Temperature 1, I 

1 2. I 
3.  

l g n i t e r  1 g n ; t i o n D e t u t  Preburnar 
Temperature 1, 

I 
1 

I 
* I 3, 

Coolant 1n:et Tanoerature e Thrust Chamber Coolant Heat c lux  

Fuel Turbine I n l e t  Temperature 1 / ~ r t b u r n c r  G ~ S  1-rature 
I 

LOX Turbine l n l e t  T q r a t u r e  1 I 1 
LOX Turb!ne l n l e t  Temperature 2 I , 

Cambustlm Chunber Wall ( r i b )  1 Thrust C h r b e r  Y I l l  T m r a t u r e  
I 

T a g c r a t u r e  1 I i 



t-' 
W 

TABLE 19. (Continued) 

Beckman 
Channel 

' 34 i 
1 j 5  1 1 ! Thrust Chmber I TWO-:OUT / Nozzle Coolant Out le t  Temperature ' Nozzle Heat F lux 

T S D ~  

I LH2 Flounr ter  Tmperature LH To ta l  Flow Measurment 
2 

LH2 Tank Out le t  Ter*~erature ' LH2 Overation 

I 

I 

7-40 / Thrust Chamber TCH WALL 2 Canbust ion C h m k r  Wall ( r ~ b )  Thrust C h h e r  U a l l  fcmoeraturo 

I 1 1 Temperature 2 

i : Preburncr TOPVB j Preburner Oxydizer Venturi  Temoerature Preburner LOX rlor Neasurrmnt 

System 

I Preburner 
/ Tk, ~ - t  Chmber 

Preburner 

/ 39 1 1 1 Thrust Chmber / LOX I n j e c t i o n  Tccrperature Main Ch.nrbcr Thrust Ch-r O ~ r a t i a n  LOX Leak 

I I Detect 

)ism Function Use 

TCFn 

TCTO 
Thrust Chmber , 

I 42 1 T- I6  ! Preburner TtOOUS 

i 
; I g n i t e r  Oxid izer  O r i f i c e  U o s t r e w  , I g n i t e r  O x i d i n r  F l o r  Reasu-t 

I 
; Thrust Chmber / ! Temperature 

I Preburrer 
Thrust Chamber 

TOW / LOX F l a r t e r  Temperature LOX Tota l  Flow -nur - t  
I 

f l FOUS I I g n i t e r  Fuel O r i f i c e  Ups t rem , l g n l t e r  Fuel Flow Reasurcrrnt 
! Thrust Chmber I i Tcm~erature 

43 

44 

4 5 

46 

47 

r i  1 l " K ~ 3  1 ! 3 
' 56 TRAKE 4 4 

5 7 TPAKE 5 9 i 
1 I 

V-16 / T o t  I PSM(LIRA I I / I n s t r u m n t a t i o n  Traubleshoat 
I 

6 i ' Themmcouple Ie*erence Junct ion 

I Thermocouple Reference Junc t io r  

/ PSM(NAN) 1 + Irrstrumentation Troublesk00t 
I 

T-40 1 Thrust Chvnber T CH WALL 3 Cmbust icn Chwnbcr Wall ( r i b )  Thrust Chamber Wall Temperatures 

I I 

i 52 ' 

' 53 
I I 1 54 I 

1 Temoerature 3 
I 

48 l k  
I 

1 T CH WALL 6 1 
5 1 TFCHlN 2 1 Main Chamber Fuel (Preburncr Gas) In- Thrust t m b u s t i o n  o w r a t i o n  

I j e c t i o n  Temperature 2 

1 e r r  / T L ~ I N  2 
1 

F u e l  Turbine I n l e t  Temperature 2 Preburner Gas Tem~crature 

/ Thrust Chmber TRAUE 1 Nozzle E x i t  Boundary Layer Tcnpcratcre !i Yozzle Performance 
; 

I I TRAUE 2 f 2' 1 



TABLE 19. (Continued) 

Funct i o r  Use - ----- - 
5e  --4: * hr,s? Chawter 'CCPIY 1 r a i ~  Chamber Cue1 fcreburner gas) Thrust C h e r  b w r a t i m  

I I n j e c t  ioo - n ~ e r a t u r e  

55 Yo DCal D R A K E  1 Yozzle E x i t  Boundarv Laver Dressurc 1 Yozzle Per*orru-ce 

6 5  DRAKE 2 I 2 

I 

Prebur-c: Panu€ 5 5 ,  
- h r ~ ~ t  tha*Ler 

7*rdst  tba-Ser DRAKE 6 i 6 - 
D r e b ~ r - e r  'ODE I':J Dreburmer Lor I n j e c t i o n  f m e r a t u r e  Drebur rer O w r a t  ;6" 

I TLCX'IY 3 LCX Turbine I n l e t  Tmera:ure 3 ~ r e b u r w r  Gas T c ~ o c r a t u r e  * TLH?lY 1 Fuel Turbine I n l e t  f e m e r a t u r e  1 oreburner Gas T ~ r a t u r e  

'hrust tLa-ber TYPZ 1 Nozzle Temoerature 1 400: I Nozzle Meat Trans6er 

1 "4c.z 2 I 

?V" 3 3 * 

Test- v 
!J;CCuser 

P GN BOT BANK 
2 

THb:ST B 

PFCWIN 1 

P I C  

P NO2 E 1 

DDB l OOVS 

main Chamber Fuel !preburner gas) In- fhrust  Chaeber I n j e c t o r  Operation 
j e c t ; o r  Pressure ' 

Gu2 S U D D ~ V  pressure CM2 S u o ~ l r  t o  E jec to r  

Thrust. 9 Bridge Thrust Cha-ber Thrust 

r a i n  Chwber Fuel  rebu burner gas) In- Thrust Chamber I n j e c t o r  Operatian 
Ject ion Pressure i 

Coolant I n l e t  Pressure, Thrust Chamber Thrust Chamber Cdolwt Opcratlon 

b0b:l Nozzle S t a t i c  Pressure 1 M z z l e  Per fa rvoce  

I o ~ i t e r  Oxidizer S r i f i c e  Upstrean I g n i t e r  Or id i ze r  Flaw * e a s u r m n t  
Pressure I 

Preburner UaI l Coalant O r i f  i ce  ~ p s t r e d  Preburner Val 1 Coolant C l o r  
D r e ~ ~ ~ r e  * e a s u r m - t  



TABLE 19. (Continued) 

Beckman 
C?annel T y ~ e  S y s t e  I Nary Use 

79 O Preburner PPB 1 FOVS 
I Thrust ChmSer 

8 1; Thrust Cha~ber PNOZ E 2 

8 1 
I * PNOZ E 3 

8 2 Prebur-er PCP0 1 

I g q i t e r  Fuel O r i f i c e  U~s t re . rc  pressure I g ~ i t e r  Fuel FlCm %a%u?cc*crt 

400:I Vozzle S t a t i c  Pressure 2 ' ~ o z z ~ ?  Perfor*yoce 

40O:l Nozzle S t a t i c  Presscre 3 Y ~ Z I C  *erfoma*ce 

Preburner Cba-ber Pressure oreburner Ch.Fber Pressure 

83 Thrust Chamber P FACE C paim I n j e c t o r  race Coolant I - j e c t i o ~  'hrust CbCcbCr Oocra t~on  - 
Prtssure race Coora-? rlou 

8 4 Thrust Chaf-ber PDC C w f , ~ s t i o r  Chamber Coolant Discharoe CCI8nber Coola-t O o e r a t ; ~  
Dressure 

85 Preburner PCbp 1 Capsule Pressure 
Thrust Chamber 

I I 
86 I 2 

8 7 3 V 
8 8 Thrust Charrber P*.:ZC I N  Nozzle !17S:Ij Coolant I n l e t  Jres,ure ~ o z z l e  Coola*: Oocratio- 

89 D i ffuser PDIFF 1 D i f 'user Pre .:ure DicCuser Omra t ion  

'1; ! ' 2  1 1 

9 1 + + 3 9 * 
92 Thrust Chamber Ph3Z E 4 490: I Nozzle S ta t i c  Pressure 4 Yozzle =ercoma-ce 

93 Dl f fuser  I PCN2 EJECTOS G 1 2  E jec to r  I n l e t  Pressure / D i **user Oocrat iao-E J u t o r  GW2 
F l o w  WeasurCcT-t 

94 Thrust Chamber PNOZCOUT Nozzle Coolant Out le t  Pressure Yozzle Coola-t Oocrr t ion 

9 5 Thrust Chamber POCHIN LOX I n j e c t i o n  Pressure Warn C h a ~ k r  - rust  Chamber Omrat  ion 

96 Preburner , PPBWCODS Preburner Wall Coolant O r i f i c e  D w -  Preburner Wall Ccmlmt Flcm *Cosuremmt 
1 I s t  rean Pressure 

9 7 Thrust Chamber PC 1 Charber pressure *alp Cswber Thrust Chanber pressure 

98 ' ' T e s t  ' P ~ U P Y O  uydrau l i c  Systcr* Pressure C a c i l i t y  Docrat ion (2500 mi *vdraul ics)  

I I - 



TABLE 19. (Concluded) 

I 1 

Seckman I 
Channel ! Type 

Use 

99 / p Preburner PTO (TK iM) LOX Tank Pressure 
! Test Setup, LCX fa*k Set Pressure 

:\rust Chamber 

1 LH2 Tank Pressure Test Setup, ~r~ ' r n k  kt Pressure 
Thrust Chamber i 

101 11 , Preburner PPBLWUS 1 Prebumer L* Vent u r i  U ~ s t  r e r  Pressure 'reburner LW2 F l a  Measur--t 
102 

2 
PrVUS / CH Venturi  Upstrean, Pressure , 2 i Preburner CH2 Flow Weasurcncrt 

I03 DP 1 PPBLWDP Prebureer LH2 ( t o  mixer) De l ta  p I Preburner LW2 F l a  *casurcnc-t 
l ob  1 P Preburner i PLCH 2 1 ! CH2 L ine  (Regulated) Pressure Test S e t u ~ .  CH2 Set Pressure 

PPBOVU/S I Prebu-ne LOX V t n t u r i  U p s t r e a  Pressure 'e reburner  LOX F l a  *casurco~n t  

THRUST A Thrust, A Bridge I Thrust Cha~ber  Thrust 

PC2 Chamber Pressure, Main Chamber Thrust Cha-ber Pressure. B a c k u ~  

I PZKHYD Hydraul ic  System Pressure Fat i l i t y  O ~ e r a t  ;on (260 PS i ) 
h d r a u l  i c s  

PFPB l N Preburner Fuel l n jec  ion Pressure preburner Fuel O w r a t i o n  

POPB I N  ' Preburner LOX 1 n j e c t i ~ -  Pressure I oreburner LOX O w r a t i o n  

M X  LOX To ta l  F l a  Ueasurcrrnt 

VLH2 LH2 Tota l  F l a  Clcasurcrrnt 

POSTCLV 'hrust C b m k r  LOX Valve Pos i t i on  Thrust Chamber LOX Va lv t  Operation 

Thrust Chamber 

Preburner 
Thrust Chamber 

106 Thrust Chamber 

Thrust Chamber 

1 108 Test 
/ 

Preburner 

110 Preburner 

Preburner 
Thrust Chamber 

I ' 112 jFL  
I 

Preburner 
Thrust Chmber 

Thrust Chamber 

Preburner 

115 
I 

i i Preburner LOX Valve Pos i t i on  Ind ica to r  Preburner LOX Valve Oocra t im 

I 
L i 

NOTE: Test = F a c i l i t y  Requirement 
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ll1S'34-10/ 13177-SlA* 1HS62-'.3/5/77-Cl* 
F l ~ u r c  9 1 .  Improved Rounanry Layer Figure  9 2 .  Improved Roundory Layer 

P r r s s u r c  Rake Tnstel  l e d  '~'cmpcrnturc. Rakes 
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l a t e r  boundary l a y e r  p robes  ~ u r v i v e d  t h e  l a s t  series of f o u r  h o t - f i r e  t e a t s  
w i t h  some r r o s i o n  and damnut, b u t  w i t h   eater d u r a b i l i t y  t h a n  had been 
a n t i c i p a t e d .  

An a d d i t i o n a l  measurement o f  t h e  r e g c n t r a t i v c l y  coo led  n o z z l e  tube  w a l l  tem- 
p e r a t u r e  was a t t empted  w i t h  n 1.59 mm (0.0625 i n c h )  thermocouple f e d  th rough  
a p r e a s u r e  t a p  boss  on t h e  400: l  nozz le ,  l a i d  a l o n g  t h e  n o z z l e  w i r e  c o n t o u r  
and t ack  welded t o  t h e  A286 tube  n e a r  t h e  downutrenm turnaround manifold a s  
shown i n  F i g .  9 4 .  A l t h o \ r ~ h  t h e  thermocouple  heath waa h e l d  i n  p l a c e  w i t h  
s e v e r a l  s t r i p s  of t h i n  meta l  ~ h e e t  t a c k  welded t o  t h e  h e a v i e r  ~ e c t i o n u  o f  t h e  
n o z z l e ,  comple te ly  w i t h i n  t h e  f u l l y  developed boundary l a y e r ,  i t  was r ipped  
l o o a e  d u r i n g  t h e  . f i r a t  a t a r t  t r a n s i e n t  and no meanuremcnta of w a l l  t empern tu re  
were  ob ta ined .  

Water Flow 

The two p r e b u r n e r  i n j e c t o r s  were  water- f lcw t e s t e d  t o  e v a l u a t e  t h e  f low d i s -  
t r i b u t i o n   characteristic^. F i g u r e  9 5 i s  a diagrammatic  r e p r e s e n t a t i o n  of  t h e  
p r e b u r n e r  f a c e  and ahows t h e  numbering o r  t h e  i n j e c t i o n  e l e m e n t s  w i t h  r e s p e c t  
to  i h e  f u e l  and o x i d i z e r  i n l e t s .  R ~ R u ~ ~ R  o f  t h e  f low t e n t s  a r e  d e t a i l e d  i n  
T a b l e s  20 n n d 2 l .  While f-he f19w distribution is n o t  comp1etel.y uniform, 
t h e r e  is n o t  a  d i s c e r n i b l e  p a t t e r n  r e l a t e d  t o  t h e  i n l e t  m a n i f o l d s ,  and t h e  f low 
v a r i a t i o n  from element-60-element was w i t h i n  a c c e p t a b l e  l i m i t s .  The one  excep- 
t i o n  was t h e  f low th rough  t h e  f u e l  s i d e  of element 2-1 of i n j e c t o r  No. 2. Th i s  
f l o w  was 15% above t h e  average. I n s p e c t i o n  of t h i u  element d ivu lged  no d i s -  
c r e p a n c i e s .  While t h e  f low th rough  t h e  f u e l  s i d e  o f  b ~ c h  i n j e c t o r s  showed a  
g r e a t e r  v a r i a t i o n ,  t h i b  f low v , . u  J C ~  more d i f f i c u l t  t o  c a p t u r e  than  t h e  f low 
th rough  t h e  o x i d i z e r  s i d e  and ti,.:e is, consequently, a g r e a t e r  u n c e r t a i n t y  
r e g a r d i n g  e a c h  d a t a  p o i n t .  The exper imenta l  d i f f i c u l t y  was mani fes ted  by t h e  
v e r y  complete  d i ~ p e r ~ a l  o f  t h e  e f f l u e n t  w a t e r  w h i l e  t r y i n g  t o  c a p t u r ?  t h e  fuel- 
s i d e  f lows from t h e  i n n e r  row e lements ,  and t h e  a t t e m p t s  were abandoned. The 
o v e r a l l  f l o w  based o n  a v e r a g i n e  t h e  i n d i v i d u a l  e lement  f lows,  however, com- 
p a r e d  f a v o r a b l y  and b o t h  i n j ~ c t o r s  were a c c e p t e d ;  i n j e c t o r  No. 1 was chosen f o r  
i n i t i a l  t e s t i n g .  

O x i d i z e r  Va lve  -- - 

The two s e r v o c o n t r o l l e d  LOX b a l l  v a l v e s  were t e s t e d  i n  t h e  l a b o r a t o r y  p r i o r  
t o  d e l i v e r y  r ?d i n s t a l l a t i o n  o n t o  t h e  s t a g e d  combustion assembly.  The purpose 
o f  t h e  l abor .  o r y  tests was t o  d e t e r m i n e  t h e  s h a f t  and s e a l  leaknp,es, v a l v e  
h y d r a u l i c  r e s , s t e n c e ,  and a c t u a t i o n  p r e s s u r e  requirements .  The two v a l v e s  
were similar and used s i m i l a r  components excep t  f o r  t h e  d i f f e r e n c e s  i n  b e l l  
d i a m e t e r s  and r e l a t e d  d e t a i l s .  The i n j e c t o r  LOX v a l v e  u s e s  a  2.54 cm 
(1 .0  inch) d i a m e t e r  s p h e r i c a l  b a l l  w i t h  a 1.27 cm (0 .5  i n c h )  d i a m e t e r  f l o w  
p a s s a g e  w h i l e  t h e  p r e b u r n e r  LOX v a l v e  u s e s  a  1.587 cm (0.625 i n c h )  d i a m e t e r  
s p h e r i c a l  b a l l  w i t h  a  0.762 cm (0.300 i n c h )  d famcte r  f low passage.  

The v a l v e s  w e r e  s u b j e c t e d  t o  b a l l  s e a l  l e a k a g e  and s h a f t  s e a l  l e a k a g e  t e s t s  
a f t e r  a c t u a t i o n  a t  i n l e t  p r e s s i i r e s  v a r i e d  from arfibient  p r e s s u r e  t o  2750 ~ / c m 2  
(4000 p s i )  and ardbient and LK2 t e m p e r a t u r e s ,  f o l l o w i n g  c y c l i c  a c t i v a t i o n .  
The p reburner  LOX v a l v e  was a c t u a t e d  i n  e x c e s s  of  850 c y c l e s ,  and t h e  main . - 
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Figure 95.  ASE Preburner Injector Face 



TABLE 2 0 .  PREBURUER ISJECTOR SO. 1 

.'-P 7 11-18 fUhm2 (25-26 DU) AP * 1.4 Nkm 2 (2 OSi) 

T hid::er Fue 1 
?r:f lce  r - . : -e 5arp:e F l c r  T:M Sample T 

' . z ~ l e r  ] F l w  
i e  c - -: sec to te s  qcc ... r! s u  Wtes 

I Z - 1 C  , 1430 I '3.83 Flcu S l i g h t l y  
I h w  , 

1; erage ::.:-I 
I 

I 
I 



TABLE 21. PREBLTSER INJECTOR NO. 2 

-379 4 -  -320 Lg.:sec 
Oxidizer F l w  = I0  1 cps =(.SX 7 .C43 1 ,:ec) - 

= 3'8.9-- !Z.S nl /sec  
AP = 16-1 7 N m 2  423-24 or;) 

1.246 f .320 Q / s -  
Fuel Fl* = :00 1 ;ps -(=.'a6 2 .C65 .;,S,,) - 

= 1246 2 12.5 a l / s e c  
A P =  2 ~ ~ c m ~  (3-) 

h i f i c e  Oxidizer 

slumber T : r  Strrple F! au I 
Sec -8 . 1 Sotes 

!- I I 60.0 1490 4 . 8 3  j 

J 

Fue 1 
T r 

f i r  1 S-le F l w  T 
sec .A u I I 

- 
I I 

- 
- 
- 

I 

14.0 I 93.5- 

18.5 1 1590 1 85.95 I 

18.5 
I 

24.08 1 

(spi l led 

24.33 1 
13.314 1 
24.83 

2s. co 
24.2s 

23.54 

24.58 

19.0 1420 / '4.74 

18.0 1410 1 -8.33 

18.0 14'0 , 81.6' 

1445* 

1460 

1440 

1460 

1490 

1500 

1455 

1415 

14'5 

1-2 60.0 

1-3 60.0 

1-4 1 60.0 

1 

I 
I 
I 
4 

2-6 1 60.0 . - 
L - 60.0 

2- 8 1 60.2 

2-9 1 60.0 

2-10 60.0 

Average 1 
1 

h e r a l l  

1-S 
Average 

2- 1 

2-2 

18.2 , 1540 84.62 1 
19.5 1 1480 

18.7 i 1560 83.42 

9 . 7  1600 ' 81.22 

I 8 1 . 3  
oven11  

I 

I I 

! 1 1 

1435 I 23.92 

25.58 

25. 1' 

24.33 

IS'S " 1 26.25 k l i g h t l y  high 

24.-45 

I 

60.0 

60.0 

60.0 

i Average ' 21.603 1369 m l / s e ~  

,c .  era:: 

2-3 60.0 

2-4 1 60.1 

2-5 1 60.0 
I 



i n j e c t o r  I.OX ~ r a l v e  wnn a c t u a t e d  i n  exccan of 1000 cyclerr c i u r i n ~  t h e w  t e s t n .  
Valve sea1 l e f l k n ~ e ,  ~lttmmarixed i n  Tclhle 2 ? ,  wna a c c e p t n h l c  nncl ~ h n f  t seal 
leakage  waa n c g l l ~ i h l c  under n l l  c o n d i t i o n a .  

TABLE 2 2 ,  1,OX VALVE SFAI. LEAKACF TEST SL'MMARY 

Ter t  
Temperature 

-- 
l n f e c t c r  I Ambient 

P reburner  I Amb l e n t  

Val ve LN2 

Tota l  

Max I mum 
Seal  Lcakaqe, 

3ccm 

The minimum v a l v e  a c t u a t i o n  ( h y d r a u l i c )  preclaurc wan n l e o  determined dur inf i  
t h e a e  t e s t s .  Rer;ulto a r e  ahown i n  FIE. 96 and 7 ,  The t e e t  f n c i l i t y  u t i l i -  
z e s  a  1380 ~ / c m ? g  (2000 paip,) h y d r a u l i c  aycltem ao t h a t  bo th  v a l v e s  iinvc a n  
adequa te  ~ p e r a t i r . ~  margin ~t t h e  nominal 2760 ~ / c m 2 g  (4000 p a i ~ )  i n l e t  prea- 
a u r e .  The r e q u i r e d  a c t u a t i o n  prcclaure a t  LN2 tempera tu re  won R r c a t e r  than a t  
ambient t empera tu re ,  probably  becauae of  a  c h a n ~ i n g  f r i c t i o n  c o e f f i c i e n t  which 
i n c r e a s e s  w i t h  decreasing tempera tu re .  

The v a l v e  was then  f low tcclted w i t h  w a t e r  t o  e s t a b l i s h  t h e  valv.! f l o : ~  r c s i s -  
t e n c e  c h a r a c t e r i a t i c a .  F i g u r e  98 ahowcl t h e  e f f e c t i v e  f low a r e a  o f  tht* i n j e c -  
t o r  v a l v e  and p reburner  v a l v e  a s  a  f u n c t i o n  of v a l v e  b a l l  r o t a t i o ?  a n g l e .  
Water flow verau.4 d i f f e r e n t i a l  p r e s s u r e  d a t a  f o r  each  v a l v e  a r e  summarized I n  
T a b l e  23 which a l s o  t a b u l a t e n  t h e  v a l v e  r e s i ~ t e n c e  d e t c r ~ a i n e d  f o r  each v a l v e  
from t h e  r e l a t i o n s h i p  

where 

P - test f l u i d  d e n a i t y  
A ?  = v a l v e  p r e a s u r e  d r o p  

i~ - t e s t  f l u i d  f l o w r a t e  
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Figure 96. I n j e c t o r  LOX Valve Actuat ion Pressure  Summary 
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Figure 97. Srebumer Valve Actuation Pressure Summary 
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Figure  98.  LOX Valve Plow Area vs Open P o s i t i o n  



TABLE 23. LOX VALVE now TEST SLWY 



These r e s i s t a n c e   value^ were u t i l i z e d  i n  t h e  s y ~ t e m  and f a c i l i t v  f1o.d b a l a n c e  
computer pro,;rams t o  e u t a b l i s h  f a c i l i t y  p r e s s u r e  l o s s e s ,  t ank  p r e s s u r e  r e q u i r e -  
ments, and o r i f i c i n g  requ i rements  f o r  t h e  h o t - f i r e  t e s t i n g  phase  o i  t h e  program. 

Preburner  

The i n i t i a l  t e s t i n g  was under taken  w i t h  t h e  p r e b u r n e r  assembly and t h e  t h r u s t  
chamber s i m u l a t o r  t o  minimize exposure  of t h e  main combustion chamber and in -  
j e c t o r  dur ing  t h e  p r e b u r n e r  checkout  t e s t i n g .  The i n s t a l l a t i o n  of t h e  pre- 
burner  o n  t h e  test s t a n d  w i t h  t h e  t h r u s t  chamber s i m u l a t o r  was made i d e n t i c a l  
t o  t h e  impending i n s t a l l a t i o n  o f  p r e b u r n e r  and t h e  main combustion chamber s o  
t h a t  no p r o p e l l a n t  l i n e s  o r  o p e r a t i o n a l  p rocedures  needed t o  b e  changed f o r  
t h e  l a t e r  t e s t i n g .  F i g u r e  99 shows t h e  p r e b u r n e r  and s i m u l a t o r  d u r i n g  t h e  in -  
s t a l l a t i o n  on t h e  t e s t  s t a n d ;  c l e a r l y  shown a r e  t h e  t h r u s t  chamber s i m u l a t o r  
i n  t h e  c e n t e r ,  t h e  p r e b u r n e r ,  t h e  h o t  g a s  d u c t i n g  t o  t h e  two t u r b i n e  s i m u l a t o r s ,  
and t h e  LH2 pump t u r b i n e  s i m u l a t o r  t o  t h e  l e f t  c e n t e r  and t h e  o x i d i z e r  pump 
t u r b i n e  s i m u l a t o r  t o  t h e  r i g h t  of c e n t e r .  The e n t i r e  assembly is mounted 
w i t h i n  t h e  a l t i t u d e  c a p s u l e  i n  p r e p a r a t i o n  f o r  t h e  subsequent  t e s t i n g  w i t h  t h e  
h igh a r e a  r a t i o  n o z z l e .  

Table  24 is  a  summary of  t h e  i n i t i a l  t e s t i n g  e f f o r t  planned w i t h  t h e  p r e b u r n e r  
and t h r u s t  chamber s i m u l a t o r .  A minimum of s i x  s u c c e s s f u l  tests was p r o i e c t e d  
as needed t o  v e r i f y  t h e  i g n i t i o n  o p e r a t i o n ,  s t a r t  sequence,  sys tem p r e s s u r e  
drop,  and flow c h a r a c t e r i s t i c s .  

1HSS3-719176-S 1~ 

F i g u r e  99. P r e b u r n e r  I n s t & l l a t ~ . o n  Nan Stand 

ORIGINAL PAGE *b 
OF POOR QU- 



TABLE 24. PREBURNER INJECTOR TEST SEQUENCE 

Activities Pretest: Test Objectives: 

1. Instal 1 preburner assembly 
with injector simulator 

Hardware 
Conf iguraticn 

1. Check out preburner injector 
and body 

Activities Posttest: 2. Establish test stand APis and 

1 Remove fuel inlets from injector 
flow characteristics 

simulator for installation on 
injector 

Potential Problems: GH2 +=zi 
1. Off-design preburner operation ,J 

instability ,- - fm - PREBURNER INJECTOR + PREBURNER BODY + 
LH2 + -1 INJECTORSIMULATOR 

2. Igniter ignition-detect system 



A system f low balance f o r  t h s  prcburner  t c e t i a g  was performed using t h e  t e s t  
d a t a  obtained during t h e  p r i o r  test program f o r  Bystem r e s i s t a n c e s .  The re- 
s u l t s  of t h i s  aystem ba lance  a r e  shown i n  Table 26. The target: preburner  

.chambur p re s su re  was 2366 ~ / c m 2 a  (3432 p s i a )  a t  a mixture r a t i o  (o/E) of 0.650. 
The purpose of t h e  system ba lance  was t o  e s t a b l i s h  t h e  proper o r i f i c e  size and 
p rope l l an t  t ank  p re s su res  t o  achieve  t h e  target:  i g n i t e r  and preburner  0pera,4ing 
p o i n t s  and t o  ensure t h a t  t hese  tank p re s su res  were w i t h i n  t h e  l i m i t 8  of  the 
test f a c i l i t y  c a p a b i l i t i e s .  Severa l  i t e r a t i o n s  were requi red  f o r  each flow 
balance. The re&t strown i n  Table 26 I s  t he  f i n a l  and s a t i s f a c t o r y  balance, 

Tes t ing  was i n i t i a t e d  ss planned, wi th  i g n i t e r  checkouts a s  shown i n  t h e  Tes t  
Log (Table 25). During an  attempted preburner m a i n ~ t a e e  t e s t  ( tes t ,  No. 18) t h e  
ox id i ze r  s i d e  of t he  i n j e c t o r  burned o u t  causing a de l ay  i n  t he  program 

,schedule.  

The ox id i ze r  manifold helium purge s e t t i n g  f o r  t h i s  t e s t  was too low, and par- 
m i t t e d  t h e  gaseous hydrogen from t h e  f u e l  l e a d  t o  b a y  up i n t o  t h e  ox id i ze r  
s i d e  of t h e  i n j e c t o r ,  When t h e  ox id i ze r  va lue  was olpened t h e  incoming oxygen 
mixed wi th  t h e  f u e l  i n  the  manifoldt i g n i t e d  and burued, and caused ex tens ive  
damage t o  t h e  i n j e c t o r  f a c e  and manifolding, t he  i g n i t e r ,  and t h e  o x i d i z e r  
se rvocont ro l led  main va lve ,  The purge system regula ted  (lockup) p re s su re  had 
been s e t  a t  a high l e v e l ,  bu t  system r e s t r i c t i o n s  and p re s su re  l o s s e s  r e s u l t e d  
i n  a low p res su re  a t  the i n j e c t o r  manifold which was unable t o  prevent  hydro- 
gen backf low i n t o  t h e  in3 e c t o r  . 

TULE 25. PREBrJI-NBR PROGRAM TEST LQG 

Test No. 

14 

15 
16 

17 
18 
19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

...%v--+----..=~- " 

-- Type -- 
No i g n i t i o n  

I g n l r c r  on ly  

r e s t  &ut 

l g n l t c r  nn ly  

Cx!dIzer m;?nlfold Sl re ond dctonatlon 

i g n l t e r  on ly  - cu t  a t  GH2 s lqnc l  

I g n i t e r  + CH2/LH2 f low 

No l g n l t l o n  - Hz + LOX f low 

No l g n l t l o n  - Hz t LOX f low 

No l g n l t l o n  

No I g n i t i o n  

I g n i t e r  only  

Preburner tos t :  PC approximaply 1 second 
1380 N/cm o (2600 psia) 

i g n l t i o n  dotcct  c u t o f f  

Praburncr test1 PC a ~ p r ~ x l m e t e l y  3  ~ c c o n d ~  
1380 ~ / c m ~ a  (2600 ps le)  

Prcburner t cs t :  PC approxlmatoly 1 second 
2275 ~/cmZa (3300 psia) 

Preburncr t es t :  PC = approximately 3  seconds 
2275 ~/crn% (3300 pste)  

Prcburner test :  PC = approxi rn~te ly  8 seconds 

-- 2275 ~ / c m ~ a  (3300 ~ $ [ a )  



TABLE 26, COMBUSTION CfXI\MBlr;ll NO, 2 Xt1,OW IXN*ANCE WXTEI T I E  

I'REBURNXSR BASED ON TIIIiUST CEUMBBR NO, TEST DATA 

Fg.-ri- . .- ,,. *----- " x s m - r ~ ~ > = - s - A -  -----* __rm-- __ -_. __c-=-r _ 2 5 

1 -- fiblxc I$ . ' , t  7:- Id. ..:I-.--. - . - -  
PJ l:l:lJ*J$:l~:, 

Ox i d  i r c s r  Tjtik PI pe '~u~r . ,  ~/ i .~ i l ' r )  (ptrir)) j f ) & ~ f j .  $1 2'i 12.') (h l24 . l )  
OxiJi?t'r. T t v i i c ~ t ~ t c ~ r t ~ ,  K ( C )  (..;'61. $1 135.f1 r -2lil.0) 
G l i ~  L i r ~ v  PI v ~ , ~ , , ~ r  t* ,  t1/ini2tj ( i)*, i t~) f Z 9 ~ ~ 6 . l ~ l  4OCS.5 (Itizb.9) 
CH2 Lint? T r t : ~ p e r L l t ~ ~ r r ,  K (F) (31.1) icj1i e 11 cfO.o] 
LHZ Tdnk Pr.u~~,urc, tf/c,m2q ( p & , i q )  (4118.3) ?]f~!).l i l10 l6 . l )  
LH2 Tank T r : ~ ~ i r u t d t u ~ r ,  K ( F )  (-3110.8) 3 !.(1 (-,590.0) 

5,v,s t$?! 

Ox id izer  P1rti.r Tota l ,  Ircj/.~ (Ib/*,t1t ) 13.!,01 (110, 788) 
Fuel Tutal Flovi, kq/e (It,/<>rs~) 3 .  0Alr 16.798) 
Systcn~ Mixlure R a t i o  (o/f)  6 . 000 ( 6 . ~ 0 0 )  

(includes 0. I 6  kq/> (0.36 Itt/~,cc.) 
dump twzrlr f l o w  and 0.1b kq/li (0.36 It\/s,cbt ) 
FJLC ~ u d l r l r ~  t f low)  

Pr(*:+urncr ------ 
Oxidizer. I t l l ~ t :  f ' r c ~ ~ * ~ u r ~ ,  N/LIII~O (pt,iil) 2539.8 (3693.6)  
Oxid izer  I n l e t  Trmpcratute, K (F) IO5.G ( -710 .0 )  
Oxid izer  Scrvovalvc P, N/'nl2 (p5 i )  l $ I , l  (219.2) 
O x l d i r c r  Jalvc Pi~g>i t iup ,  rgd (drg) 13.9 (13.9) 
Ox id ixcr  Valve R r i , i $ t ~ n ~ c ,  bcc2/dln ( . ~ c ~ ~ / f t 3 * i n . ~ )  5.15.1 (970.6) 
Ox id izer  Valve P W/O Main Ox id l r c r ,  N/ril12 i p ~ i )  332.2  (1~81 ,0) 
Oyldfzer valve PssIriun, r'ad (deyt 64.4 (64.43 
Oxir l izer Valvc RcsI~,tancr, 5eb2/dlfl t ~ r ~ ~ / f t 3 - i r l . ~ )  1177.1 (2150,5) 
O x l d l r c r  Flowrate, kg/s (Ib/hec) 1.192 (3,950) 
ti2 l n l c c  Prcusu~o,  N / G I ~ I ~ ~  ( ~ s i c f )  2451 .O (3554.81 
LH2 Mlx D r i f i s c  Oianlc~tr ( C ) ,  nl:tl ( inch) 
G H ~  Flowrotn, ka / s  (~b/r,c.c? t!-ie0531 
LW2 Fltawratc, kg/$ I lb /scc)  (1.385) 
S l e ~ v a  Coolant Flow, kg/$ Ob/5c*b) (0. )a01 
S l f evc  Coolant O r i f l c c  Dianietcr, I~I~I ( i n ~ h )  (0,272) 
Face Coolont F law,  kq/$ (lb/srlc) (0 160) 
To'oeal H2 Flowrotc, kg/$ ( Ib/scc) (6.0781 
Fuel i n j e c t i o n  Veloci  t y ,  rii/:, ( f t / >ec )  (790, l )  
Nozzle Stagnat ion  PC, N/cmZa (p5io) (3432.0) 
l i i j e e t o r  End PC, ~/cmZa (psla) 0432.0) 
M lx tu ro  Rat l o  (u/f) !0.650) 
Cora h l x t u r e  Rat io  (o / f )  10,685) 
Proburncr Gas Tcriprrature, K (R) (1 59/11 
Ox ld i zc r  Turbine Simulated D lan~c t r r  (F I ) ,  mnl (Inch) (0.513) 
H2 Turbinc Simulated DIamcter ( F Z ) ,  mln ( inch) (0,753) 

!~gn i t c r  
2 Ox id izor  l n l c r  Prrc,c,urcl n/cm q (prriq) (11175.51 

Ox ld lzer  ir11et Tenipcraturc, K (F) (79.0) 
Oxid izer  Flowrate, kc]/$ ( I  b/soc) (0.OSiZ) 
Ox ld izcr  O r l f l c e  Oiamc*t~r (A, C ) ,  nun ( incb)  (0.0255) 
GHZ l n l c t  Prcssurc, N/cmZq (psiq) (3857.41 
GHZ l n l c t  Tcmpcrature, K (F) 
GH2 Flowrate, kq/s ( I  b/src)  

(70.0) 
(0.056) 
(0,0575) 
(0.929) 



Tire damagt?d csmponcntB, wi th  the  except ion BE t h e  i n j e c t o r ,  were reworked and 
reassembled with i n j e c t o r  Nor 2 and t h e  t e s t i n g  was resumed, T n i t i a l  d i f f i c u l -  
t i e s  wi th  the  i g n i t i o n  syotam were ovcxcomc, ~ q d  t e s r i n g  of t h e  preburner  pro- 
ceeded ttrraugh tcstn a t  t h e  planned 1389 N/qPo  (2000 poia)  and 2275 N/cmh 
(3300 psiti)  l e v e l s  was accomplished (Pig,  ~OCJ), Tent r c c u l t c  from t h e  d a t a  
t e s t s  a r e  ahown i n  'fable 27, During t h i s  t 96 t  eerier; t h e  tu rb ine  simulation 
o r i f i c e s  were g radua l ly  being enlarged by ec re t ch ing  s f  t h e  o r i f i c e  p l a t e s  from 
t h e  p re s su re  and temperature inf luence.  The degree of enlargamcnt occurr ing  
during each test  could .only  be est imated a s  t h e  o r i f l c c s  werG not  inspected 
u n t i l  t h e  completion of t h e  test series, The preburner  sombustlon p e r f o r m a ~ c e  
parameter,  c*, shown i n  Table 27 has been cor rec ted  f o r  t h e  est imated t h r o a t  
a r e a  v a r i a t i o n ,  

The preburner  gas tcmycraturc is p l o t t e d  i n  Flg, lOl .  The temperature va r i a -  
t i o n  s l i~wn  i s  the  r e s u l t  of Ind iv idua l  temperature meaauremcnts made i n  t h e  
duc t  supplying the  f u e l  turbopump and i n  tho duc t  supplyix~g t h e  o x i d i z e r  
tkrbopump, Approximately 68% of t h a  gas flows t o  t h e  f u e l  turbopump and t h e  
average temperature has been determined by taking a mass weighted average of 
t h e  two due t  gas  temperatures f o r  each t e s t ,  The extreme temporatuxn d i f f e r -  
ence between the  two ducts  shown i n  F ig ,  l 0 l w a s  n o t  evidenced i n  t h e  l a t e r  
t e s t i n g  of t he  s t aged  c~mbus t ion  assembly and an  i n v e s t i g a t i o n  of t h e  cause of 
t h e  differcsnee shown he re  was no t  pursued, 

Two Kistler p re s su re  transducers were i n s t a l l e d  i n  t h e  combustor w a l l  f o r  t h e  
f i n a l  two t e s t s  t o  determine whether high-frequency o s c i l l a t i o n s  were present .  
A t y p i c a l  s ec t ion  o f  the  S t a t o s  playback of t he  taped output  recording i s  shown 
i n  Fig, l02.  The sho r t ed  Inpu t  t r a c e  near  t he  top  r e v e a l s  some 350 t o  360 Hz 
i n t e r f e r e n c e  superimposed on the  Kistler output .  With t h i s  ignored, the  two 
K I s t l e r  t r a c e s  below show a  80 t o  90 ~ / c m 2  (120 t o  5% p s i )  peak-to-pecn,k o s c i l -  
l a t i o n  aap l i t ude ,  which i s  l e s s  than fou r  % of t h e  chamber pressurq and satis- 
f a c t o r i l y  meets u s u a l  s t a b i l i t y  c r i t e r i a ,  The IRIG t r a c e  a t  t h e  bct tomof 
F ig ,  1 0 2 i s  a time s i g n a l  where each cyc le  r ep re sen t s  1 mil l i second,  

S taaed Combus t i on  Assemblv 

Following the  succes s fu l  demonstration of preburner-only t e s t i n g ,  t h e  copper 
z l l o y  (Amzlrc) c h b u s t i o n  chamber and i n j e c t o r  were i n s t a l l e d  on t h e  t e s t  s tand  
wi th  the  preburner t o  form a staged combus t i o n  assembly conf igura t ion .  

The coolxnk woa plumbed a s  a bypass cool ing  system t o  provide g r e a t e r  f l e x i b i l -  
i t y  during t e s t i n g  as t o  coolant  Elowratea and cu to f f  over r ides .  F i ~ u r e  103 
and304,ohow the assembly i n s t a l l e d  on t h e  test s tand  toge ther  wi th  both servo- 
con t ro l l ed  ox id i ze r  valves.  The ~ i o z z l e  expansion a r e a  r a t i o  of t h e  copper 
chamber i s  approximately 8 : l  s o  t h a t  t h i s  nozzle  was expected t o  flow f u l l  
during a l l  t e s t a  a t  the  s i t e  ground l e v e l ,  and no d i f f u s e r  o r  e j e c t o r  opera- 
t i o n  was planned f o r  t h i s  phase of t h e  t e s t i n g ,  

Table 28 is a  summary of t e s t i n g  e f f o r t  t e s t s  planned wi th  the  8 : l  expansion 
r a t i o  s t aged  combustion assembly. A minimum of s i x  succes s fu l  test$ was pro- 
j e c t e d  as negded t o  v e r i f y  t h e  i g n i t i o n ,  s t a r t ,  and shutdown sequences, come 
bus t ion  chamber cool ing  c h a r a c t e r i s t i c s ,  and main i n j e c t o r  ope ra t ion  wi th  t h e  
h o t  gas f u e l .  The flow balance previously developed f o r  t h e  preburner  was 
found t o  have been adequate,  and a f u r t h e r  ba lance  was n o t  r equ i r ed  far t h e s e  
t e s t s ,  



Figure 100. ASE Preburner Test 







Figure 102. Typical Secfioh of Stator Playback 



1HS23-10/15/ 76-SIC* 

Figure 103. Staged Combustion Assembly on Nan Stand 

1~~23-10/15/7h-SlA* 
Figure 104. Staged Combustion Assembly on Nan Stand 
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i b o TABLE 28. PREBURNER OPERATION TEST SEQUENCE 

A c t i v i t i e s  P r e t e s t :  T e s t  O b j e c t i v e s :  

1. I n s t a l l  c o o l e d  chamber and 
i n j e c t o r  

Ha rdwa re 1. Ckeck o u t  ma:n chamber 
Conf i g u r a  t i on : i n j e c t o r  v:i t h  p r e b u r n e r  f u e l  

2. Flow test gaseous  hydrogen  
m i x e r  and  o r i f i c e s  LH2 

3.  I n s t a l l  LOX - 3 n t r o l  v a l v e  

A c t i v i t i e s  P o s t t e s t :  

P o t e n t i a l  p roblems:  GH2 

1. Of f -des ign  p r e b u r n e r  o p e r a t i o n  LH2 - -.- 
PREBURNER INJECTOR + PREBURNER BODY 2-. P r e b u r n e r  s t a r t u p  
COMBUSTION CHAMBER + FUEL MANIFOLD 
HOUSING + INJECTOR 

COMBUSTION CHAMBER ASSEMBLY 
[COOLED) 



Tout ing  was i n i t i a t e d  as planned w l t h  c!~eckout o f  t h e  p r e b u r n e r  and combustion 
chamber  park i g n i t e r s .  The e a r l y  pt,.rse of t h i a  r o o t i n g  were  plagued w i t h  
s p a r k  i g n i t e r  d i f f i c u l t i e u  which r e s u l t s  i n  r e p e t t t i a u s  i g n i t e r  checkout  
t e o t u .  The d i f f i c u l t i e s  were u l t i m n t e l y  a t t r i b u t e d  t o  breakdown of t h e  h igh 
v o l t a g e  c a h l e  i n s u l a t i o n  which c a u ~ , e d  t h e  ~ p a h k  c u r r e n t  f low t o  f o l l o w  a  s h o r t  
c i r c u i t c d  p a t h  r a t h e r  t h a n  jump in^ t h e  gap  i n  t h e  i g n i t e r  oystetn. Replacement 
h i g h  v o l t a g e  c a b l e u  were procured and t h e  d i f f i c u l t i e s  w i t h  t h e  i g n i t e r n  were 
aubnequent ly  minimized. 

The t e a t s  conducted a r e  summarized i n  t h e  T e s t  Log, Tab le  29 and t c s t i n g  o f  t h e  
assembly is  shown i n  Fig.  105. A a n t i s f a c t o r y  p r e b u r n e r  ma ins tage  o f  3 seconds  
d u r a t i o n  and main chambar t r a n s i t l m  test o f  0.5 seconds  d u r a t i o n ,  No. 039, waR 
performed b e f o r e  a  uystem e l e c t r i c a l  m a l f u n c t i o n  o c c u r r e d  which c a u ~ e d  s i g n i f i -  
c a n t  damage t o  t h e  p reburner  t u r b i n e  u i m u l a t o r a  and main i n j e c t o r .  The mnl- 
f u n c t i o n  occur red  when t h e  p r e b u r n e r  wao o i g n a l l e d  t o  s h u t  c f f  because  t h e  
chamber p r e s s u r e  had no t  reached t h e  mains tage  p r e s s u r e  l e v e l  i n  t ime.  The 
s h u t o f f  s i g n a l  g e n e r a t e d  a q  e x t r a n e o u s  e l e c t r i c 6 1  p u l s e  which o v e r r o d e  o t h e r  
commands and r e s i g n a l e d  t h e  p r e b u r n e r  LOX v a l v e  t o  open. The LOX v a l v e  t h u s  
opened w h i l e  p r e b u r n e r  f u e l  f l o w s  were decreaaingw.~d t h e  r e s u l t a n t  momentary h igh  
m i x t u r e  r a t i o  i n  t h e  p reburner  d u e t i n g  burned o f f  t h e  d u c t  thermocouplee.  The 
LOX con t inued  t o  f low and combined w ~ t h  gaseous  hydrogen back-flowing i n t o  t h e  
main i n j e c t o r  manifold  from t h e  main i n j e c t o r  f a c e  c o o l a n t  c i r c u i t .  T h i s  
c r e a t e d  a  g r e a t e r  f i r e  which burned t h e  main i n j e c t o r  f u e l  t u r b i n e  s i m u l a t o r  
and downstream f a c e s  of t h e  t u r b i n e  s i m u l a t i o n  o r i f i c e s .  The damaged compo- 
n e n t s  a r e  shown i n  Fig. 106 th rough  108. 

F i g u r e  105. ASE Preburner/Combustion Chamber T e s t  R e s u l t s  
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TMAE 29. STAGED COMBUSTIOX ASSEMBLY TEST LOG 

::'NOTE Ouraticn rco short for data stabidizatiar: 



, 

I ! .  
t 
4 '  

Figure 106. Damaged Fuel 
Turbine Simulator 

Figure 108. Damaged Turbine 
Simulation. Or i f  i c e s  

1HS35-11/15/7641!! 
Figure 107. Damaged Combustion 

Chamber Components 

- ">>a :.:-a 
l~S42-2/9/77-C1 

Fimlre 109. Injector Components 
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The i n j e c t o r ,  t u r b i n e  oimulatoro, and a r i f  i c e s  were r epa i r ed  and/or rep laced ,  
Yfgtvc 109 nhown the main injrastcrr aft:t%r r c p n i r  w i t h  the  f i r s t :  o p t  of fuel. 
a l e e v s s  i n s t a l l e d  prepara tory  t o  assembling the. Rigimanh f a c e  p l a t e o  onto t h e  
r,ax p ~ t l t ~ ,  

Seve ra l  f a c i l i t y  changes were made a t  t h e  same tima to  provide b e t t e r  s t a r t ;  
sequencing and more cons io t en t  s t a r t  t r a n s i e n t s ,  T h i ~  included r e l o c a t i o n  of 
t he  LOX blced system, Pig.Ll0. With t h e  p r e t e s t  bleed tapped o f f  j u a t  upatream 
of t h e  prcburnar  LQX e a n t r o l  va lve ,  dc l iva ry  of good q u a l i t y  LOX t o  t h e  pre- 
burner was ensured, A s i n g l e ,  20-channel, s o l i d - s t a t e  sequencer was i n s t a l l e d ,  
and wi th  i t ,  a r ev i sed  shutdown sequence providing f o r  simultaneaus and posi- 
t i v e  shutof f  s f  a l l  ox id i ze r  con t ro l  va lvcs  I I ~  t h e  cu to f f  s i g n a l .  

With these  rcworks incorpora ted ,  t e s t i n g  wae resumed wi th  n s c r i a s  of i g n i t e r  
eheckout tcsts and one b r i e f ,  0.2 second preburner  s t a r t .  Three s taged  corn- 
bus t ion  assembly t e a t s ,  009, 010, and 011, were performed t o  v e r i f y  the  syotem 
ope ra t ion  and ts e s t a b l i a h  t h e  c a p a b i l i t y  of t h e  main i n j e c t o r  and combustion 
chamber t o  func t ion  wi th  preburncr  gases ,  

Measurement s f  t h e  preburner exhaust gas  tempcrnturos i nd ica t ed  a s i g n i f i c a n t  
d i f f c r o n c e  between t h e  e a r l i e r  t e s t  series (preburner  t e s t s  026 through 031 and 
s taged  cembustion asscmhly t e s t s  039 and 042) and the l a t e r  tests (s taged  com- 
bus t ion  assembly t e s t s  009 through 011), RE shown i n  P ig ,  111, 

RELOCATED Ltlp 
HAIN LOX LOX BLEED VENT STACK 

Ilf GII-PRESSURE VALVE 
LOX TANK f 

Figure  110, $den Stand P rope l l an t  Peed System 



CI TESTS 026-031 

NOTE: SYMGOLS WITH 

PREBURNER M l  XTURE RAT1 0 (0/F 

Figure 111. Staged Combusltion Assembly Test Brebumer 
Gas Temperature vs MR 



I:av$ c ~ w  of' the t c l t ; t :  r;sc~uclxrc* ing and p r P  C C L ~ : ~ :  I,OX ~ I P c ~  CYC~.CI;  ~ ~ l l t i ~ t ~ t l  that the  
par1 f tar tc2:lc:r were ~ u b ~ j e c k  t o  a mixccf, ph;i!:o ox id i zu r  fl,ow, Thri mi;rwd phnr;c 
flow rrlf~ul tcad i n  1,oorcr. c~ombuotfon cf f ickdcrrcy and, consrqucirtJ,y, Lower gar; 
tcmprrnturca thin thc Intqyr d u r i ~ t i o ~ x  ti1!;tn and Lhc Saber akng.,ccl ro~~~bur;i:iott 
anricmt~ly tt lrxtr;  (009 tlirnu~lt 011). 

Prcburnor-only t c 8 t  O3l was the  ascond test of tho  day and was t h c r c f a r e  sub- 
j e c t e d  t o  a b e t t o r  LOX blecd and system c h i l l  than the  o t h c r  prcburncr t c a t n ;  
the ayctcm weplumbing and modified c e q u ~ n c i n g  Esr t h e  s taged combustion ao~cmbly  
t e s t a  (009 threugtr 011) reat i l tcd i n  b e t t e r  LOX q u a l i t y *  

S a t i s f a c t o r y  datcrmfnat ion of t he  corcbuutian e f f i c i e n c y  (c* o r  '16") could not: 
be made fo r  t h e  ntaged combuotion asncmbJy t o s t s  becauae t h e  EXow ac ros s  t h e  
t u r b i n e  s imula t ion  o r i f i c e a  wac a u b ~ o n i c  b e c a u ~ a  of t he  downstream backpres- 
sure s r c a t c d  by the  combustion i n  tho main chamber, Tho purpoGe o f  t h e m  t a n t s  
was t o  dcmonstrato opera t ion  of t he  preburner  wi th  tho main combustion chamber 
and i n j e c t o r ,  and performance meafiurementa were t o  be made dur ing  later t e s t i n g  
wi th  t h e  complete assembly, 

Staged Combustion Assembly With 400:l Nozzlc 
.---PI - 7  ----.___sCr 

SuccessEul demonstration of the  s taged  combustion assembly l e d  d l r e c t l y  t o  t h e  
next planned phaso of t e s t i n g ,  which was a l t i t u d e  t e s t i n g  o f  t ho  aascmbly wi th  
the 400:l  uncooled nozz le  extension,  

The r egene ra t ive ly  cooled tubular  115: l  nozz le  and t h e  400:l mild s t e e l  un- 
eeeZed nozzjc extens ion ,  shown toge ther  i n  Fig.  112 were added t o  tho s taged 
combustion assembly a l r eady  i n s t a l l e d  on t h e  t e s t  s tand ,  Fig.  193, F a c i l i t y  
plumbing was modified t o  add the  nozzle  LH2 coolant  flow c i r c u i t ,  To maxi- 
mize t h e  system f l e x i b i l i t y ,  t h i s  coolant: f low was i n s t a l l e d  I n  p a t a l l e l  w i th  
t he  e x i s t i n g  chamber coolant  flow c i r c u i t  a s  shown schemat ica l ly  i n  Fig,  114,  
Thus, coolan t  Plowrates t o  the  chamber and nozz le  were e s t ab l i shed  independently 
by means of t h e  two son ic  flow o r i f i c e s  i n  t h e  two o u t l e t  l % n e s l  Z t  was i m -  
p o r t a n t  t h a t  t h e  nozzle  coolant  Elowrate be h igh  during tho  s t a r t  t r a n s i e n t  
because of the  high hea t  f l u x e s  encountered i n  t he  nozzle  whi le  t h e  gas flow 
was sepa ra t ed  from t h e  nozz le  wal l .  For t h e  second s e r i e s  of t e s t s  (019-022) 
t he  coolant  f low c i r c u i t  was modified so  t h a t  t he  LH2 coolant  flow passed f i r s t  
through the  combustion chamber coolant  j acke t  and then through t h e  nozzle  tubes 
a s  s h m n  i n  F ig ,  115. 

Test  and Performance, The o r i g i n a l  t e s t  p l an  was prepared wi th  the  i n t e n t i o n  
of conduct~ing t h e  tests w i t h  r egene ra t ive  cool ing  of t h e  combustion chamber and 
nozzle. However, AS t he  d e t a i l e d  planning progressed,  i t  was decided t o  r e v e r t  
t o  bypast; coa l ing  of both components. This  modified test p l a n  i s  s u m a r i z e d  i n  
Table 30, I n i t i a l l y  two t e s t s  of t h e  i g n i t i o n  system and preburner-only were 
scheduled t o  v e r i f y  t h e  ope ra t ion  of t h e s e  subsystems and ensure  t h a t  va lve  
sequencing and timing were c o r r e c t ,  Of p a r t i c u l a r  concern was t h e  sequencing 
of t h e  e j e c t o r  va lve  t o  achieve maximum e j e c t o r  chamber p re s su re  a t  t h e  in- 
s t a n t  t h a t  the  main combustion chamber reaches maximum chamber pressuze so 
t h a t  t h e  nozzle  would flow f u l l .  Because of t h e  excess ive  LH2 bypass cool.ant 
flow requ i r ed  w i t h  t h e  p a r a l l e l  flow system and t h e  l lmi t ed  LH2 high-pressure 
tank capac i ty ,  mainstage t e s t  du ra t ion  was l i m i t e d  t o  j u s t  under 3 seconds, 
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Figure 112. Regener~tively Cooled Nozzle and 
400:l Uncooled Nozzle Stockup 

1HS35-5/16/77-S2* 

Figure 113. Staged Combustion Assembly and 400:l 
Nozzle Assembly on Nhn St.and 



175: 1 N O Z Z L E  à7 ti^ COOLED) 7 

COMBUSTION CHAMBER 

P1g.m L l h ,  1)nrallcl 1112 ( :oolme ~ : i ' ~ c u i c \  f u r  400:L Noazle Ti3st ing 

175: 1 N O Z Z L E  
400: 1 N O Z Z L E  
(UNCOOLED) 

COMBUSTI ON CHAMBER 

COOLANT 
C I R C U I T  

Figurtz. 115. S e r i e s  LIZ Coolant Circ,uJt  Ecr 4 0 0 : 1  Nozz1.c Tosting 2 



'REBURNER SYSTM, SYSTM OPERATION TEST SEQLWCE 

Activi  

1. 

retest : 

1 175:l nozzle 

Plumb nozzle coolant 

Test Objectives: 

1. f u l l  regenerative cooled 
operat ion 

Hardware 
Conf iau-at ion: 

2. Performance evaluation Instal  1 400: 1 nozzle 

4 .  Blowdown test  ser/ejector Lw2 

C 
3. A1 t i  tude ooerat ion 

Act i vi 3s t tes t 

1 .  r lnar operati  

Potential Problems: 

1 .  Preburner sta 
.3 

WEBURNER I%€ R W O V  

FUEL MINIFOLD 
COWBUSTION CHAMBER WOZZLE (175-1) 
NOZZLE EXTENSION (100.1) - 

? r  oper 
THRUST CHAMBER ASEMBLY 



Addi t i a n a l  toa ts w l  t h  the series coalant: E l ~ w  wcrc subsequcntLy u n d c ~  takcn wSfh 
t e a t  duratLona of 4 and 5 secondsl A comp2ctc tacct: log  $3 abswn- i n  Tnitko i 3 J r  
inc luding  the pe r fomansc  and coolnnt  GIFCU~Q parameter meaaurcmcnte, 

Specifit: impulnc for: each t o s t  da t a  p o i n t  was cnmputod from ellc meaourcd thrrrot: 
and measured p ropa l l an t  EIowratcs. Ttlc t h ruo t  was crerractcd ts vacuum condi- 
t i o n s  by addtng a capsule  praaaure timee finzzlc c x i t  area, 

Figuro 526 i o  a t y p l s a l  thrust :  and chamber pru,saurc CRT t r a c e  with flte Corrc- 
sponding capsule  p re s su re  and nozz le  e x i t  prcanurc t:racces. Tt~e t h r u e t  mea- 
aurcd was inf lueneed  by thc capsule  p re s su re  and could no t  achlavo ~ t a b i l i z a -  
t i o n  u n t i l  the capsu le  wa8 completely pumped down to  a s teady-a ta te  I e v c l  which 
generaxly requi red  2 au 2.5 scconds, The t~ozz le  c x i t  prowauro tended t o  re- 
E l e c t  t h e  rapid s tnb i lbznk ion  of t h a  main chnmbcr p re s su re  and ind ica t ed  t h a t  
f u l l  E2ow i n  the nozz le  was quickly r e a l i z e d .  

Operation of tho d i E f u s e i / ~ j e ~ t o r  if a h o m  i n  Fig.  11.7, which  summarize^ t h e  
pressure  measured dur ing  tests 015, 016, and Q17,, Ao t h e  r e s u l t s  of ehesc 
t e s t s  showed the  s a t i s E a c t o r y  ope ra t ion  of t h e  diffuser, f u r t h e r  prcosure ma- 
surements were n o t  made an t h e  aubsequent t e s t n ,  

P * 
---------A --&kt. n * - ~ w l - * n ~  C l  nwmntor and a aubson i~ :  The a x l d l z e r  r lowrase  was I I I C L I I J U ~ ~ ~  WJIL..I  uv.....r, -.-.--r.----- 

venkur ime te r  i n  s e r i e s  upstream of t h e  main f a c i l i t y  LQX val.ve, A s o r i e s  of 
in-place flow c a l l b r a t i o n s  were performed us ing  a s p e c i a l l y  c a l i b r a t e d  f acAl i ty  
flowmeter f o r  a s tandard  t o  ensure accu ra t e  measurement of t ve  t o t a l  c x i d i z e r  
flow t o  t h e  preburner  and main i n j e c t o r ,  Ca l ib ra t ed  v e n t u r i  meters  were used 
f o r  measurement s f  t h e  gaseous hydrogen and t h e  l i q u i d  hydrogen f law t a  pre- 
burner f u e l  mixer. Gaseous hydrogen f o r  i n j e c t o r  f a c e  cna lnnt  and f o r  t h e  
preburner inner  l i n e r  coolan t  wcro take* from t h e  hydrogw l i n e  downstream of 
t he  v e n t u r i  meter s o  t h a t  t h e  two meters descr ibed  were m e a ~ u r i n g  t h e  t o t a l  
hydrogen flow t o  t h e  t e s t  system. 

P rope l l an t  temperatures were measured a t  the  flowmeters $a t h a t  t h e  c o r r e c t  
p rope l l an t  dens i ty  could be  u t i l i z e d  i n  t h e  f lowrnte  c a l c u l a t j o n s ,  The speei-  
f i c  impulse was then  computed from t h e s e  measurements: 

Is Fvaeuum'(**xid ' *fuel1 t o t a l  

k The s p e c i f i c  impulse was f u r t h e r  co r r ec t ed  f o r  t he  h e a t  l o s s  t o  t h e  codlnnt  
r flow, which of course  was c a r r i e d  away with t h e  bypass coolant  system employed 

f o r  t h e s e  t e s t s .  This  c o r r e c t i o n  was made by comparing the  theore t ica l .  per- 
formance a t  the a c t u a l  p rope l l an t  i n l e t  temperatures w i th  t h e  t h e o r e t i c a l  per- 
formance a t  the p r o p e l l a n t  i n l e t  temperatures  pred ic ted  wi th  a regenerat ive2y 
cooled system. Th i s  d i f f e r e n c e  was appl ied  t o  t he  c a l c u l a t e d  s p e c i f i c  impulse 
and i t  ranged from 0.98 N-s/kg (0.2 sec )  t o  14.7 N-s/kg (1.5 s ee ) .  
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Figure 116. Preburner/Thrust Chamber lest Resuits 



CAPSULE PRESSURE MEASUREMENTS 

NOZZLE EXiT PRESSURE MEASUREMENTS 

NOZZLE EXIT BOUNDARY LAYER PRESSURE MEASUREMENTS 

DIFFUSER CONVERGENT SECTION PRESSURE hlEASUREMENTS 
DIFFUSER PRESSURE lCfEASUREMENTS 

EJECTOR GNs: 

/ \ TrNITIAL = 710K TO 730K (820  T O  8 6 0  F) TEST016  

PINITIAL = 4 M T O  450 Njfcm2 g I610 T O  650 PSIG 0 T E S T 0 1 7  

FLOWRATE = 4? TO 46kglSEC (96.0 TO 101.4 LBISEC) 

Figure 117. ASE Diffuser/Zjector Operation 



Pcrformancc c a l c u l a t i o n s  wcre mado fo r  s cvoru l  s l l i ccs  Eram each of Chc Lotrrglpr 
du ra t ion  (mare than 2 seconds) tCfi#Ba A plot: ~f 8pkieifi6: Impulec, versue pro- 
p e l l a n t  mixttire r u t i o  with a l l  of the80 ~?lic:es i s  shown i n  F i g I  J18, The 
characteristic v e l o c i t y  of f  ic ioncy  (~lc"), t h r u s t  coef f i c i e n t  o f f  i c i cncy  O]cp), 
and s p e c i f i c  impuLsr! e f f i c i e n c y  (qxS) po in t s  for each of theno d a t a  s l i c o s  
a r o  shown p lo t t ed  a g a i n s t  propallant:  mixture r a t i o  i n  Fig,  119, The t l z s  i n  
r e l a t i v e l y  cons tan t  over t h e  mixture r a t l s  range t ~ s t e d  a l thaugh t h e  C* c f E b  
c iency  t r ends  s l s a h t l y  higher  wi th  a compensating drop i n  tho  TlQ a t  t h e  hSghc?r 
mixture r a t i o ,  

The temperature and prcnsure rakes wore included wi th  
ng of t h e  s taged combustion assembly, As previous ly  in-  

d i ca t ed ,  two d i f f e r e n t  rake  c o n f i ~ u r a t i o i ~ s  were used f o r  t he  i n i t i a l  test 
s a r i e s  ( t e s t s  012e through 017) and t h e  second test a e r i e s  ( t c s k s  018 through 
022). 

Temperature Rake Resul t s ,  Temperature measurements obtained during t h e  - * .- - -- *-- 

i n i t i a l  s e r i e s  a r e  presented i n  Table 32, and the  temperature measurements 
obta ined  during the  second s e r i e s  a r e  shown i n  Table 3 3 ,  During the  i n i t i a l  
test s e r i e s ,  the  thermocouples d id  n o t  have r a d i a t i o n  s h i e l d s  and the  measured 
temperature were aZ1 cor rec ted  f o r  a r a d i a t i o n  l o s s  t o  t he  surraundings,  

, 

The r a d i a t i o n  s h i e l d s  a t tached  t o  t h e  thermocouple shea ths  f o r  t h e  f i n a l  t e s f  
s e r i e s  were torn  of f  by t he  f o r c e  of t h e  nozz le  gases  as va r ious  times dur ing  
t h e  f i r s t  two tests, and only  l imi t ed  d a t a  not  r equ i r ing  a r a d i a t i o n  l o s s  cor- 
r e c t i o n  were obtained,  

Thermocouple c o r r e c t i o n  is  necessary  t o  a2low for t h e  convect ion t o  and t h e  
r a d i a t i o n  Zrom the  exposed thermocouple j unc t ion ,  It i s  assumed t h a t  t h e  corm 
r e c t i o n  f o r  conduction l o s s  t o  t h e  thermocouple shea th  and base  is  small ,  
Based on a balance between t h e  thcrmocouple element canvect ion and t h e  e le -  
ment r e r a d i a t i o n  (assuming the i n c i d e n t  gas  r a d i a t i o n  i s  small)  t h e r e  r e s u l t s :  

Assuming t h e  s i n k  temperature (TS) i s  small w i t h  r e s p e c t  t o  t h e  thermocouple 
probe temperature (Tp), 
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I h e ~ d  on a 0.81 mm (0.032 in.) dinmccor. junction Binmeter and the following 
data: 

2 4 2 4 a - 5.68 2C 10-l~ W/cm -K / (3.31 x ~ t ~ / i n ,  -f;cc-R ) 

The average heat t ransfer  coefficient becomes apptaximately 

where 

The AT correction then becomes 



Ilxprefininp, rlm maof; v c L o c i ~ y ,  ~ I U ,  i n  Ccrma of throne mafit; v e l o c i t y  (p*U*) and 
Gas riynaniic equivalent arcs r a t i o :  

= f ( a ,  M) = 250.6 

t h e  Cinal c o r r e c t i o n  bccomeo: 

The co r rec t ions  a r c  included i n  Tnl)les 28 and 29. 

The values of temperature cor rec ted  f o r  t h e  r a d i a t i o n  influences from the probe 
a r c  shown i n  F ig .  120. The l e v e l s  shown a t  t he  maximum measured poin t  a r e  
deemed low, however, due t o  thc, a d i a b a t i c  w a l l  e f f e c t  on the. temperature ra-  
covery from s t a t i c  t o  t o t a l  i n  tile boundary l a y e r .  

For PrnndtL number of u n i t y  o r  Mach number of zero no c o r r e c t i o n  need be  madc. 
Based on the  fol lowing:  

a = 0.42 (average of t u rbu len t  ( 0 .33 )  and laminar  (015) 
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Figure 120. S m a r g  of ASE: Tenzperature Zake Test Data 
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At. ii jincla aumbcr of 5.0, a 2,Q Forcent  C Q P ~ C ~ ? G ~ $ ~ O X Z  $0 ' t l ~ t ~ d r  At: a Mach numher 
of 5,4S,  a value of 3Jct% s r ~ r r c c t i o n  Za ntlown, A t  the  cor rec ted  f a r  r a d i a r i s n  
mcanurcd valuon af 2478 K (4460 R) stlc r o ~ u l t i n g  prcd%ctcd gnn tcmporaturc a t  
t h e  outer  c d ~ c  bccomca 2852 K (TL33 Xi) which $8 a u b o t a n t i a l l y  cloocr to  t h e  
100% somr>u:;t;ion v a l u c  of 3483 K (6230 K) n t  MR = 6.0, Th i s  added c o r r e c t i o n  10 
t;hown i n  Fig ,  120. The i n a b i l i t y  t o  m W O U L h  3 Gat tenapcrzture more near ly  equal  
t o  the t i l c s r c t i c a l  tcmpcmtura may b e  duo t o  nne o r  tnore of t he  Eollawing 
e f f cc to :  

! [I e Inaccura te  mcnsurement of Maeh number 
i 

a Incamplcto cembuotion noar t h e  wa l l  

% Laminar i n s t cad  of mixed tu rbu len t  gas f low 

e A c t u a l y  h ighe r  than t h a t  utsed f o r  t h e  c a r t e c t i s n s  

e Inaccura te  thsrmncouplo i n d i c a t i o n s  a t  h igh  tempcratureo 

e I n s u f f i c i e n t  c o r ~ e c t i o n  f o r  r a d i a t i o n  

T o t a l  gas temperature lower a t  lower nozz le  shock recover  prossure  
l e v e l  due t o  presoure e f f e c t  

P re s su re  Rake Resul t s .  During t h e  t e s t  program the  two p re s su re  r ake  con- 
f i g u r ~ i o n s  were aubjecteh t o  e ros ion  and d is tor t i ran  due to the  h igh  tsrngcrs- 
t u r e  and h igh  v e l o c i t y  of t h e  exhaust gas  s t ream a t  t h e  nozzle  e x i t .  F i g u r e 1 2 1  
shows t h e  pressure  and temperature rakes  a t  t h e  conclusion o f  t h e  f i rs t  t e s t  
s e r i e s ,  tests 012 through 017, whi le  s t i l l  mounted on t h e  nozzle. Figure122 
shows t h e  second p re s su re  r a k e  a f t e r  completing t e s t i n g ,  tests 018 through 
022. The severe e ros ion  noted was cumulative throughout t h i s  t e s t  s e r i e s ;  
t he  molybdenum-rhenium tubes which burned of f  a f t e r  each t e s t  were c a r e f u l l y  
replaced by d r i l l i n g  o u t  t he  damaged tubes and press ing  %n replacement tubes ,  
Figure 122  i n d i c a t e s  the  remarkable d u r a b i l i t y  of the  s t a i n l e s s  s t e e l  p i t o t  
support . 
Table 34 i l l u s t r a t e s  the  va r ious  measured va lues  of p i t o t  and 
t h e  r e s u l t i n g  ca l cu la t ed  v e l a c i t i e s  and Mach numbers f o r  computation of bound- 
a r y  lhye r  drag, S a t i s f a c t o r y  p i t o t  p re s su re  readings  were obtained on t h e  
first t e s t  s e r i e s ,  w i t h  some o p e r a t i o n a l  d i f f i c u l t i e s  encountered during 
t e s t  022 which r e s u l t e d  i n  only  Limited p re s su re  measurements. The p re s su re  
measurements were made with 0 t o  15 p s i a  Data Sensor p re s su re  t ransducers .  
For t e s t s  018 through 022 t h e s e  t ransducers  were accu ra t e ly  c a l i b r a t e d  i n  t h e  
0 to  0.7 ~ / c m 2 a  (0 t o  1 ps i a )  range w i t h  p r e c i s i o n  Wallace and Tiernan vacuum 
gauges. 

To o b t a i n  the  p re s su re  measurements c l o s e  t o  t h e  nozzle  w a l l  i t  was necessary 
t o  f l a t t e n  the open end of t h e  2.29 mm (0.090 inch)  diameter molybdenum- 
rhenium tubing t o  about 1.0 mrn (0.040 i n c h j  i n  width. 
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Figurc  121.  Eroded CRES P i l o t  Pres sure  Elcmcnts 
and l'cmpernturc Knkc Displnccmcnt 

F igurc  122 .  Improved Boundary Layer P r e a s u r t  
Rake A f t e r  T c s t  
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The p i  tot: Iisc7f:t:rlrc3 6 0  r-sitll prPn:;rirtt rrltb~!; fronl h3tlt ! i( '~ir?fi r j f  tcrltn arc 
plottrrl i n  Fir:. 1,' 4 ,  w l  tfi :1 ntlrnmi~ry I-itltl drmm go btwt rcpre:,cne ttic tlnt;ii, 
A1r;cp r:ltokti otk thi:: pilot for romporIr;~jn plirfaor:cl arc tfitt r:unlrriary cttrvcri from 
prf?vlkjtti; :lub:~c~ol v rnt3dcJ ttwt;:; perf tlsmorl v~i t'tl otiicr err16 f l ~ t i t l n ,  A 8:ood af:rac- 
tet?rtt with tlicr:c! curve:] A:] :;lrown. All:;o pluktt'ii urn stln p9tot prc::t;urct t o  
ehunijcr trrot;r;txrc ruelor;, 1:4fi, I ? & *  

The Mac'tt nurn!~cr away front &I161 nozzle wall flttrfaec war, ertnlptitcd bitricd or, Elrcl 
ttittu t prenfJure rat%@ by tha xrssmal ollcdrif rclationr:t~lp, 

Thet~c valucc arc corrtprttad i n  Table  '34 aald arc t l l Juo~ra tcbd  911 Fig, 125, 
The Efaclr numbcr t:urvc hun boen drawn c?opmptotic, t o  n 5.45 vn lua ,  

Thc d a f i c i t  i n  Mach number below tiic free otrcnm l e v e l  v a l u e  j u s t  ou t :~ idc  tlle 
boundary l a y e r  reprcocnto  t h e  acsumulrread drag  reoul t int :  from wall, shear  and 
cool ing Xoc;eaai A n  a n a l y t i c a l  rievclopmcnt of the l s o a  percentage  is rcasoncd 
by khc ttttttlzotX dc~jcrlbed below. 

The gr22 stzZSE t k r m t  b a ~ ~ d  on iin unattcnuatcd exec v e l o c i t y  of uniform pston- 
t i n l  f i e l d  v a l u e  b ~ ~ o r n c s  approximately: 

The boundary l a y e r  t h r u s t  f o r  a  t h i n  f r a c t i o n a l  l a y o r  becomes 

FOE a cons t an t  s t a t i c  p r e s s u r e  through t h e  boundary layer 
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Figure 123. Comparative Sumnary of ASE Full-Scale Boundary 
Layer Pitot Pressure With Cold-Flow ?!ode1 Data 



Figure 124. S u ~ u a r y  of  ASE Pitot Pabe Test Dafa (P /? = C.OOD197) 
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Figure 125. Computed S E  Zoundary Layer Xach Xunber vs y j B  



Tho t h r u s t  of t h e  boundary l a y e r  consequently results a s ,  

Taking t h e  r a t i o  of t h e  boundary l a y e r  t h r u s t  t o  mainstream t h r u s t  t h e r e f o r e  
r e s u l t s  

A c o r r e c t i o n  f o r  t h e  p o t e x f i a l  f i e l d  Mach nonuniformity i n  t h e  r a d i a l  d i r e c t i o n  
s t  the  e x i t  was made a s ,  

A va lue  of 6.14 was used f o r  M, based on a  uniform average one-dimensional. 
e x i t  va lue .  A v a l u e  of  5,45 was used f o r  t h e  boundary l a y e r  edge v a l u e ,  M6, 
a s  shown by the  b e s t  f i t  curve  of Fig.  125. The d e f i c i t  shown i n  F ig .126  i n  
terms of  t he  r educ t ion  of Bfy2 below t h e  f r e e  s t ream va lue  r e p r e s e n t s  t h e  drag  
l o s s ,  Graphica l  i n t e g r a t i o n  of t h e  d e f i c i t  a r e a  r e s u l t e d  i n  a de te rmina t ion  
of t h e  drag  v a l u e  f o r  a11  tests a t  2,0% 5 . 2 5 % .  Fur the r  p r e c i s i o n  of t h i s  
va lue  could on ly  b e  der ived  through a  f i n e r  net: o t  d a t a  i n  t h e  r eg ion  cLoSe 
t o  t h e  nozz l e  wall. 

Nozzle Wall S t a t i c  Press f r re  Resul t s .  Table  35 Lists t h e  nozz le  w a l l  pres- --- 
su re s  measured du r ing  tests 0'20 t o  022, Fig,  127 shows a  p l o t  of  t h e s e  pres-  
a:ve&, normalized a s  ~ ~ ~ l 1 / P ~ : ~ ~ b ~ ~ ,  compared t o  t h e  v a r i a b l e  p r o p e r t i e s  
t h e o r e t i c a l  curve  f o r  t h e  1 7 5 : l  t o  400:l  nozz le  contour.  Addi t iona l  d a t a  
s l i c e s  were reduced,  and t h e s e  p o i n t s  a r e  shown on Fig.  127, a l though n o t  
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Figure 126. Summary of (>I Y )2  for Xozzle Ball Drag Determination 
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TABLE 35. KOZZLE WALL STATIC PRESSURE BEASURBErUTS 

Nozzle 
Area Ratio 

(A/%hroat' 

Nozzle 
Wall Pressure 

Ratio 
(P,,,/pC1 Test No. 

Nozz 1 e 
Wall S t a t i c  
Pressure, 

2 N/cm a 
(psis) 

020 

- 
02 1 

022 
- 

---\ 

0,794 
(1 - 152) 

- --. 0-379 ?-.- 
(0.549) 

0.301 
!o - 437) 

0.865 
(1 -255) 

0.416 
(C. 603) 

0.316 
(0.458) 

0.836 
(1.212) 

\ 

0.567 
.. (0.823) 

' 0.399 
(0.579) 

0.299 
(0.433) 

0.000 518 

0.000 247 

0.000 195 

0.000 553 

0.000 266 

0.000 202 

0.000 563 

0.000 373 

0.000 263 

0.000 796 

221 

332 

395 

221 

332 

395 

22 1 

298 

332 

395 
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Figure  127. Nozzle Extension Wall S t a r i e  Pressure  P r o f i l e  



included i n  the t a b u l a r  l i s t i n g n .  These wall p re s su re  measurements were made 
wi th  Data Sensor p re s su re  t ransducers  which were a l s o  a c c u r a t e l y  c a l i b r a t e d  
i n  the 0 t o  0.7 ~ / c m 2 a  (0 t o  1 psia)  range wi th  p r e c i s i o n  Wallace and Tiarnan 
vacuum gnugcs. These da t a  a g r e e  we11 w i t h  t h e  a n a l y t i c a l  s o l u t i o n ,  and ind i -  
cate t h a t  no adjustment needs t o  be made t o  t he  v a r i a b l e  proper ty  method of 
c h a r a c t e r i s t i c s  s o l u t i o n s  f e r  h igh  area r a t i o  nozz les ,  

Preburner Gas Temperatures 

Tempetsture measurements i n  t h e  two preburner exhaust  duc t s  were made during 
a l l  t e s t s .  Mo&t of t h e  t e s t s  were of s h o r t  du ra t ion ,  however, and t h e  re-  
corded te ,nperatures  were of a  t r a n s i e n t  na tu re  and were, t he re fo re ,  no t  in-  
cluded i n  t h e  d a t a  e n a l y s i s ,  Figure 128 shows t h e  preburner  i n s t a l l e d  wi th  
t h e  main combustion chamber and the thermocouple bosses  i n  t h e  two ducts  can 
b e  c l e a r l y  seen, An a d d i t i o n a l  boss was subsequent ly added i n  each duct  t o  
circumvent i n t e r f e r e n c e  wi th  some of t h e  system duct ing  and hardware. The . 
thermocouples were i n s e r t e d  i n t o  the  duc t  to  vary ing  depths,  F igu re  129 i s  a 
schematic c r o s s  s e c t i o n  of t h e  duct ing showing t h e  d i f f e r e n t  p o s i t i o n s  of t h e  
tkemocouples  throughout t he  t e s t i n g  program, Three thermocouples of d i f f e r -  
i n g  l eng ths  were i n s e r t e d  i n t o  each duc t  and these  were Interchanged between 
t e s t  series t o  provide  the  coverage shown. 

Tables 36 and 37 summarize t h e  duct  gas  temperature recorded. Some of t h e  
record ings  during t h e s e  t e s t s  were not  y e t  s t a b i l i z e d ,  a s  noted i n  t h e  t a b l e s ,  
and the  temperature a t  wh4ch t h e  thermocouples would s t a b i l i z e  was inde ter -  
minate. Included i n  Tablcls 36 and 37 a r e  t h e  main i n j e c t o r  i n l e t  tempera- 
t u r e ,  measured by a s i n g l e  thermocouple a t  each of t he  two main i n j e c t o r  i n l e t  
l oca t ions ,  These measurements do not  purport  t o  be averages of t h e  upstream 
duct  measurements, bu t  r a t h e r  i n d i c a t e  t h e  temperature downstream of t h e  t u r -  
b ine  s imula t ion  o r i f i c e s  and downstream of t he  duc t ing  passageways which con- 
t inued t o  absorb h e a t  from t h e  preburner exhaust gas  during these  compara- 
t i v e l y  s h o r t  du ra t ion  t e s t s .  

The d a t a  from Tables  36 and 37 a r e  p l o t t e d  on Fig. 130 and 131,  t h e  ox id i ze r  
turbopump duc t  temperatures and f u e l  turbopump duc t  temperatures.  On t h e s e  
p l o t s  a  s l i g h t  b i a s  can be seen  f o r  those  temperature measurements taken c l o s e r  
t o  the d u c t  wa l l s  (B, 0, U ) .  The temperatures near  t h e  wall a r e  lower than  
t h e  temperatures a t  o t h e r  l oca t ions ,  poss ib ly  due t o  t h e  in f luence  of t he  
combustor s l eeve  coolant  flow which may not  be  f u l l y  mixed wi th  t h e  balance of 
t h e  exhaust gas. 

The t h r e e  d a t a  p o i n t s  on F ig ,  130 which r ep resen t  t h e  r e s u l t s  from t e s t  031 do 

I 
n o t  conform t o  t h e  balance of t h e  d a t a  po in t s  nor  t o  t h e  s lope  of t h e  theo re t i -  
c a l  temperature v e r s u s  mixture r a t i o  curve. They a?e,kncluded i n  t h e  i n t e r e s t  
of completness. It should b e  noted t h a t  t hese  p o i n t s  were der ived  from t e s t  
031, which was a  preburner-only t e s t  w i th  no combustion chamber downstream of 
t h e  t u r b i n e  s imula t ion  o r i f i c e s  so  t h a t  t h e r e  was son ic  f low ac ros s  t hese  o r i -  
f i c e s  throughout t h e  test. The balance of thqr p o i n t s  were from s taged  com- 
bus t ion  assembly t e s t s  and from a time s l i c e  wpen t h e  main combustion chamber 
downstream of t he  t u r b i n e  s imula t ion  o r i f i c e s  was ope ra t ing  a t  g r e a t e r  than 
1380 ~ / c m 2  (2000 p s i )  and t h e  flow ac ros s  thebe o r i f i c e s  was subsonic,  



Figure 128.  Stage Combust ion Assembly I n a t a l l a t  i o n  With 
Duct Thermocouple Rof3~eS 
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Figure 129.  Preburner Duct Thermocouple i o c a t i o n s  a s  Viewed 
From the Injec tor  
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TABLE 36, PREBT3"RNER OXYGE?J TTJ%3'I?U'E DECT GAS TEPEMTERES 
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Figure 130. Preburner Oxidizer Purbopwp Duct Gas Teqerafurs  ss $12 
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Figure 131, PreEsrnen: Fuel. Turbapa~p Duct Gas Pccperatrrre vs I% 



tlcrrt t r nnufc r  mcaouramctrto W E W ' ~  made cfurlng a l l  of: tile tootttq:. Ncacurcmcntr; 
were of f o u r  kinds: 

2, T o t a l  hca t  i n p u t  t o  t h e  comtrurctisn ct~ambcr coolant  

2, T o t a l  hea t  i n p u t  %a tilo coaled tubular  nozz le  

3,  Tranoicnk 1.ieat input: t o  t he  uncaeled nozz le  cx tcnr~ion  

4 Combustion chambor r i b  wa l l  temperatures 

The haa t  i n p u t  ko the  sombuatian c'trambor wan dcrcrmincd Erclllr tllc ceoltlnt t o t a l  
en tha lpy  incrcaoc  a s  cvaluatod Erom mcaut.rremcnta of t ha  coolant: Elowrate, seab- 
ant: i n l e t  tcrnperaturs, and coolant  o u t l o t  tcmperattiroo Thc tubu la r  nozzle hea t  
i n p u t  wan oimilar1,y dct~yrmined Erom tha  enthalpy increafie of t he  nozz le  coolant  
f lowra te ,  baaed on t h e  nozz le  coolant  f lowra tc  and t h e  i n l e t  and s u t l c C  coolant: 
tcmpcrature,  Thc uncooled 400:l nozzlo sec t ion  hca t  t r a n s f e r  r a t e  wao dc tcr -  
nlincd By t h e  t r a n s i e n t  mstlnod from t r a n a i c n t  t m p e r a t u r e s  recorded Erom 
thcrmscouples welded t:e t h c  ou te lde  of the  nozz le  wa l l  a t  t h r e e  loca t iono ,  

Combustion chamber r i b  tamperature meaaurcments were taken wi th  t h e  s p c e i a l  
thcrmocouplcs p r ~ v i e u s l y  d e ~ ~ r i b ~ d ~  These tneasurcmcnts ware intended t o  corn- 
-'I .5...-*8. 
IJJ.E;LlhC;ub ths  ~Zhi?r  heat input measLtrexente, 

Cornbus t i o n _ - C ~ ~ ~ ~ e r ~ - H e a t  Input ,  The combustor heat: input  measurement r e s u l  ts 
f o r  t h e  longer  duration, (more than 2 seconds),  t e s t a  a r c  summarized i n  
Table  38 and Fig,  132. F3.gure133 p re sen t s  t h e  some d a t a  normalized t o  
1290 ~ / c m ~ a  (2800 ps i a )  chambor pressure ,  

For  comparison purpoaea the  heat: t ransEer  r e s u l t s  from the  previous t e s t i n g  of 
t h e  NARloy-Z chamber, a s  repor ted  I n  CRl35221, F i n a l  Report of Advanced Thrust 
Chamber Technology (Ref, 1) a r e  p l o t t e d  on Fig. 132. These t e s t s ,  i d e n t i f i e d  
as t e s t  008 and 043 through 048, u t i l i z e d  ambient temperature hydrogen as t h e  
f u e l .  The h e a t  i npu t  t o  t he  chamber was nbaut 40% higher  during che cu r r en t  
tes t :  se rges .  Numerous in f  luences which may c o n t r i b u t e  t o  t h i s  l f tcrease were 
eva lua ted ,  The in f luences  ca l cu la t ed  t o  be o f  s i g n i f i c a n c e  a r e :  

1. Combustion chamber geometry 

2, Chamber p re s su re  and wal l  temperature 

3 ,  Fuel  i n j e c t i o n  v e l o c i t y  

The Zr-Cu c,ombustor r e s t ed  i n  the  cu r r en t  test s e r i e s  had a lower con t r ac t ion  
r a t i n  (3.64 versus  4.02) as a r e s u l t  of a s l i g h t l y  l a r g e r  t h r o a t  diameter.  
Th i s  i n f luence  and t h e  d i f f e r e n c e  I n  contour (Fig.  134)  r e s u l t e d  i n  an analy- 
t i c a l l y  ca l cu la t ed  h e a t  input  d i f f e r e n c e  of 4.8%. The in f luence  o? chamber 
p re s su re  and wa l l  temperature d i f f e r e n c e  r e s u l t e d  i n  a 9.8% i n c r e a s e  over t he  
e a r l i e r  test  d a t a ,  



TABLE 38. COMBUSTION CHAMBER HXAT TRANSFER AErTD PRESSIS'fPE DROP SLWVBIZ 

Chamber 
Pressure, 

Test ~/cmZa 
NO. (ps i a) 

011 1581.6 
(2293.9) 

015 1557.1 
(2258.3) 



Ffgure 332. 2s-Cu Cazl~rastor Eezt input 
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Applying tlre heat: i n p u t  v a r i a t i o n  wi th  f u e l  i n j e c t i o n  v e l o c i t y  BE Ref, 5, a 
3.2% i n c r e a s e  woo determined. Tha combined c f f c c t  o f  thoso  t h r e e  in f luences  
brougtlt t h e  two combustor h c a t  i npu t s  w i t h i n  18.6% of t h a t  &own i n  Fig. 135, 

I n  a d d i t i o n  t o  t h e  c a l c u l a b l e  i n f luences ,  t h c  a d d i t i o n a l  i n f luences  were con- 
s idered ,  and the  maenitude on hea t  input: change was est imated.  The t h r e e  major 
unca lcu lnble  i .nfluenccs considered were: 

1, E a r l i e r  o r  enhanced combustion process  wi th  prcburner  gas  r e s u l t i n g  i n  
higher  h e a t  f l u x e s  i n  t h e  subsonic po r t ions  of t h e  chamber 

2, D i f f e ren t  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  f o r  t h e  two i n j e c t o r s  

a ,  Hot preburner  gas  i n j e c t o r  may c r e a t e  a s i g n i f i c a n t l y  higher  tur -  
bulence l e v e l  near  t h e  i n j e c t o r  increasing i n j e c t o r  reg lon  h e a t  
f l uxes .  

b. Change i n  c h a r a c t e r i s t i c s  of t h e  f a c e  coolant  flow through the  
Rigimesh i n j e c t o r  f a c e  wi th  t h e  two i n j e c t o r s .  

3.  Higher than  p red ic t ed  combustor geometry in f luence  

A s  shown i n  the  t a b l e  i n  Fig.  135 ,  the  magnitude of these  unc laculab le  in-  
f luences  range from a 10  t o  30% heat i npu t  i nc rease  which could e a s i l y  account  
f o r  t h e  18.6% remaining d i f f e rence .  

I n  t h e  s e r i e s  cool ing c i r c u i t  used f o r  t e s t s  020 through 022, t he  Zr-Cu com- 
bustor  was cooled i n  t h e  same manner a s  i n  t h e  p a r a l l e l  cool ing c i r c u i t .  A s  
shown i n  Fig,  1 3 6 ,  t he  combustor coolan t  o u t l e t  temperature s t a b i l i z e d  typi-  
c a l l y  w i t h i n  1.5 seconds of t h r u s t  zh3mber s t a r t ,  For t hese  t e s t s ,  two addi- 
t i o n a l  thermocouples were i n s t a l l e d  i n  t h e  chamber coolant: o u t l e t ,  one i n  each 
duct  . 
The t h r e e  combustor coolan t  o u t l e t  temperatures d i f f e r e d  by 5 K (9  R ) ,  which 
t r a n s l a t e s  i n t o  a maximum of a 4% d i f f e r e n c e  i n  t h e  combustor hea t  input .  

The combustor coolan t  f l owra t e  during t h e  p a r a l l e l  cooled t e s t i n g  was computed 
from t h e  sonic  flow equat ion  using t h e  combustor coolan t  o u t l e t  p r o p e r t i e s  f o r  
t he  s o n i c  o r i f i c e  i n  the  o u t l e t  duct ,  For t h e  s e r i e s  cooled t e s t i n g  the  com- 
bus tor  coolan t  f l owra t e  was computed by sun~oing t h e  bypass flow and nozzle  
coolant  f low using son ic  f low equat ions.  The nozz le  coolant  f l owra t e  was 
ca l cu la t ed  using t h e  two d i f f e r e n t  nozzle  coolant  o u t l e t  temperatures s o  t h a t  
two d i f f e r e n t  combustor coolan t  f l owra t e s  r e su l t ed .  Both combustor hea t  i n p u t s  
determined using t h e s e  Elowrates a r e  shown i n  F ig ,  132 and t h e  d i f f e r e n c e  only 
amounted t o  a maximum of 1.9%. The combustor hea t  i npu t s  obtained from both 
of the cu r r en t  t e s t  s e r i e s  were e s s e n t i a l l y  i d e n t i c a l  and were e s s e n t i a l l y  inde- 
pendent w i t h  mixture r a t i o  over  t h e  4.7 t o  6.4 t e e t  range and approximately 
7% lowek than  the  des ign  r a t i o e d  va lue ,  

' , r  

/ The Zr-Cu combustion chamber coolant  p re s s ixe  drop v s  coolant  f l owra t e  d a t a  
l i s t e d  i n  Table 38, are p lok ted  i n  Fig. 137, 
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Figure 136. Typical Zr-Cu Combustor Coolant Outlet Temperature History 





Tho dosign &:a@-r;idc heat  t rannf  cr cfie,ef Eicd c n t  d i a  t r l b u t l o n  warr pcr t tabed  a sun- 
t; t n n t  poreontn$:t! u n t i l  t h e  n n c ~ ? ~ y t i e a l  computar run (unlng thc? rcgcncra t ive  
cool ing  dcni~3;nJanal.ynir; computsr profiram) niatched the t e o t  d a t a  hont input ,  
The r c c u l t i n g  coolinfi  prcocuro dropn were compared. Ths annXytSca2l.y de te r -  
mined combttutor coolan t  pressure  dropo f o r  tho ter,tn werb witl l in  $22. I% of 
the mcasurcd va lue ,  

Tubular Noz3J.c fieat; L - . =.* , Tttc hydrogen coolod nozz le  hea t  inpu6 rncnourclmcnt: 
Et?s<lrkzr - & ~ G c  R O ~ B  (except  0 1 l  which d id  n o t  have the noze5.e in- 
a tal l led)  a r e  eommarlzed i n  Table 39 and Fig,  138, Again, f o r  comparison pur- 
posca, t h e  Itcat;: tranoEcz r o c u l t a  from t h e  previous testing: of eliamber and 
nozzle ,  as rcpor ted  i n  Ref, 5 6B135221, F i n a l  Report of Advanced Thruat 
Chamber Technology, t e s t  008, is  p l o t t e d  on Fig ,  138, Figttrt? 139 nhewo t h e  
d a t a  a l l  normalized to  l380 ~ / c m 2 a  (2008 p s i a )  chamber pressure  by t h e  
r e l a t t t o n ~ h i p  

1380 Q 6 8 

'1380 (P noz s t a g  ) 'measured 

During a l l  of t h o  t e s t e ,  the  nozz le  wbo dump cooled using hydrogen. The nozzle  
was over-cooled using ~ o o l a n t  Elowrates up t o  four  t imes the  r a t e d  flow t o  pro- 
t e c t  t h e  nozzle  from t h e  g r e a t e r  than t h r e e  t imes i n c r e a s e  i n  h e a t  f l u x  which 
is  encountered during t h e  nozzle  s epa ra t ion  which normally occurs  during each 
&L-.*-A. 
~ I L  UJ L ~htriilb~f start diid ~-hui;do~n. 

The h e a t  t r a n s f e r  measurements from t e s t s  015 through 017 with t h e  p a r a l l e l  
cool ing  c i r c u i t s  i nd ica t ed  a much higher  nozz le  hea t  t r a n s f e r  rate than an t i -  
c ipa t ed  (Fie.  138). 

Due t o  the  l a r g e r  combustor t h r o a t  a iameter  of t h e  Zr-Cu channel wa l l  combustor, 
the nozz le ,  dur ing  the cu r r en t  t e s t s ,  contained a lower combustion gas mass 
v e l o c i t y ,  This  inZluence was ca l cu la t ed  t o  r e s u l t  i n  a 6.9% h e a t  input  in- 
c r e a s e  over t h a t  of test: 008. The higher  chamber p re s su re  and lower w a l l  
temperature i n f l u e n c e  was computed t o  r e s u l t  i n  a 16.2% inc rease  over t h e  h e a t  
i npu t  measured during t e s t  of t h e  NAR1oy-Z chamber. 

Figure140 p re sen t s  a g raph ica l  cor re l r r t ion  of t h e  nozz le  h e a t  i n p u t  from 
t e s t  017 aE t h e  current: t e s t  s e r i e s  and test 008 from the  t h r u s t  chamber pro- 
gram t e s t i n g .  F igure  140a shows a d i r e c t  comparison of nozz le  h e a t  input  from 
these  two t e s t s .  A s  noted,  t h e  nozzle  h e a t  i npu t  dur ing  t e s t  017 was 32.7% 
g r e a t e r  than expected a f t e r  a l lowing f o r  t he  con t r ac t ion  r a t i o  eEfec t  (6.9%) 
and t h e  chamber pressure /wal l  temperature e f f e c t  (16.2%). 

An ex tens ive  a n a l y s i s  of t he  nozz le  hydrau l i c  r e s i s t a n c e  was performed wi th  
both sets of d a t a ,  and t h e  comparison of t h e  a n a l y t i c a l  coolan t  p re s su re  drop 
was determined and compared t o  t h e  measured va lues ,  (Fig. 141) .  F ig .  140b 
shows t h e  comparison of t h e  hea t  i npu t  d a t a  assuming t h a t  t h e  t e s t  008 d a t a  
a r e  i nco r rec t .  The hea t  i n p u t  of test: 008 has been increased  by the  amount 
necessary,  37.5%, t o  r e s u l t  i n  a A P  c o r r e l a t e d  t o  t h e  test 017AP; t h a t  i s ,  



TABLE 39. REGEHEEUTIWLY COOLED lu'l)Zi!LE BEAT TF?h,YSFER K;D PXESSe'RE DROP 

Feat Transfer 
Ra+r p;crcal i zed 

Heat Trans Ser 



f ) - CENOTES T E S T  NUMBER 
0 - COMBUSTOR NO. I ( ~ A ~ l o y - 2 )  WiTH AMB! ErZT WE!. 

PC RANGE: 1 3 8 2  TO 1422 N/cm g (2005 TO 2063 PSIA) 

a - COMBUSTOR NO, 2 ( ~ r - C U )  W!TH PRESURHER GAS 
P RANGE: 1561 TO 1586 !4/wzg 9226ft TO 230D PsIA) 

C 

1 MEASURED USING THERMDCOPUEE 

m (TH 1 MEASBRED U S I N G  TEMPEWT4JRF BULE 

2 ~ 0 ~ ~ t ~  OLOTLIET 

ANALYTICAL PREDFCTBON 
AT 1 5 8 2  !4/ern2g (2294 P S ~ A ]  I 

ANALYTICAL PEEDICBlON 

3000 
5.4 5.6 5-8  6.0 6.2 6.4 6.6 

MIXTURE RATIO 

Figure 138. A-286 Xegeneratzvely Cooled Sozzle Heat Inpazt 
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011339 26.7% grc?aCer than tho  predic ted  AP, The 6.9% becauna of the  con t r ac t ion  
r a t i o  d i f f e r e n c e  and the  16.2% due t o  t he  chamber prenoura nnd w a l l  tompcra- 
turc dif1csrenc:a have beet! added, Thc r c ~ u l t a n t  pro jes ted  h e a t  input: for 
t a s t  008 was then wi th in  3.62 of that, f o r  t c o t  01,7, 

Figure  lbOc shown t he  comparison sf t h e  kea t  i npu t  d a t a  assuming t h a t  t h e  
t c s t  019 d a t a  a r e  i n c o r r e c t .  Thc hca t  input: of t e a t  011 has  bcen decreased by 
t11c m s m t  neceanary, 26.4%, t o  r e s u l t  i n  a A P  c o r r e l a t e d  t o  t h e  t o o t  008AP; 
that: is, 38,3% g r o a t e r  than t h c  p red ie t edAP,  Thcs r e s u l t a n t  p ro j ec t ed  h c a t  
input: f o r  tegt 017 waa then wiehin 2.4% of t he  test OQ8 heat: i npu t ,  a c  modified 
f o r  the  G,9X con t r ac t ion  r a t i o  difference and t h e  16.2% chamber preasure  and 
wall temperature d i f f e r ence .  

Mcitlit?r approach pravidct: a c l u ~  as Lo tnrhic'h B e t :  of h a a t  t r ano fu r  data were in-  
c o r r e c t  ctnd an a d d i t i o n a l  twt licric8, tests 020 cX1rough 022, wile undcrtalccn, 
tlx~t? of the  obJuctalvt?s of t h e  fltlr21, t e s t  a c r i t ? ~ ,  t e s t a  020 thrcaugh 022, was t o  
r e so lve  t:he mozslc heat: input: anomaly and, i f  poss ib l e ,  t o  datermine the  cause 
u f  thc anomaly. 'dllic? data prosantled i z l  Tabla 39 and Fig.  138 show t h a t  on t b i ~  
fixrnl, wcries t h e  haat  input  muaaclremetltt~ tended t o  confirm Che e a r l i e r  (resf: 008) 
resu l tc ; ,  Ilual mcnsurament of t h e  nozz lc  coolant  o u t l e t  ecmperatura wi th  a thcrmo- 
couplc and a temperature resistrlmcu bulb an Chcea tests shewed a s l i g h t  discrcp-  
a t~cy  X)ut 110t cnorrgh t o  ac writ f o r  the anomafloucs r e s u l t s  from t e s t s  025 through 017. 

'The nozzle @ool.ant Elowrute was ca l cu la t ed  from the  son ic  flow expression u t i l -  
i z i n g  the nozzle  o u t l e t  p r e s m r e ,  temperature,  and son ic  o r i f i c e  a rea .  A s  
t h e ~ e  weret'5~0slightlj.  d i f f e r t a t  temperatures recorded f o r  t e s t s  021 and 012, 
two s l i g h t l y  d i f f e r e n t  f lowrntes  can be ca l cu la t ed  and two somewhat d i f f e r e n t  
h e a t  t r a n s f e r  r a t e s  were determined, These d i f f e r e n c e s  a r e  i nd ica t ed  041 
F ig ,  138 al though the  da t a  tabula ted  i n  Table 3P r e f l e c k s  only the  r e s u l t s  
us ing  the  thermocouple measurement o f  t h e  nozzle  o u t l e t  temperature,  

The measured nozzle  coolant  o u t l e t  temperature (Fig. 142) i nd ica t ed  t h a t  o u t l e t  
temperapure d ld  not  s t a b i l i z e ;  however, t h e  coolant  f l owra t e  decreased continu- 
ous ly  during the  t e s t  (Pi$, 1 4 3 ) , a s  a r e s u l t  of a decreasing LH2 coolant  tank 
p re s su re ,  Computing t h e  rtozzle hea t  i npu t ,  t h e  h e a t  i n p u t  d id  s t a b i l i z e  a s  
shown it1 Fig.  144. Figure 145 i s  a p l o t  of t h e  hea t  f l u x  ve r sus  time f o r  
t e s t  022, t h e  f i n a l  5-second du ra t ion  test showing the  same trend t o  s t a b i l i z a -  
t i o n ,  A s  shown i n  Fig. 142, t h e  two nozzle  coolant  o u t l e t  temperatures d i f -  
f e r e d  by approximately 5 K (9 R ) ,  bu t  a l s o  d i f f e r e d  by 5.5 K (10 R) p r i o r  t o  
t h e  t h r u s t  chamber s t a r t  i n d i c a t i n g  a p o s s i b l e  zero s h i f t .  A review of t h e  
temperatures i n  t h e  v i c i n i t y  of t he  nozzle  coolant  o u t l e t  i nd ica t ed  t h a t  t h e  
thermocouple p r e t e s t  va lue  of t he  o u t l e t  temperature was more v a l i d  than  t h e  
temperature r e s i s t a n c e  bulb p r e t e s t  va lue ,  l ead ing  t o  t h e  g r e a t e r  r e l i a n c e  on 
t h e  thermocouple, 

An attempt: was made t o  determine t h e  t rans ien t :  h e a t  i npu t  on t h e  A-286 tubular  
nozz le  hy t ack  welding a thermocouple on t h e  hot-gas s i d e  of a nozzle  tube a s  
shown i n  P ig ,  94. The thermocouple was introduced through an  e x i s t i n g  pres- 
s u r e  port: on the  h e a t  s ink  nozz le  exterlsion and fed  forward toward t h e  A-286 
t u b u l a r  nozzle .  Thermocouples w i re  were tacked t o  t h e  crown of a tube. The I 

sheathed p o r t i o n  of t h e  thermscouple was s t rapped  down using s t r i p s  t ack  I 

welded to  t h e  heat  s i n k  nozzle  extension.  , 
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Figure  142.  Typica l  A-286 Tubular Nozzle Coolant 
O u t l e t  Temperature His tory  
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Figure 143. Coolant Flow Variation With Time (Test 021) 



Figure 144. Combustor and Nozzle Hcnt Input Variation 
With Time (Test 021) 
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Figure 145. Combustor and h'ozzle Heat Input Variat ion \s;ith Tize (Test 822) 



The gao dynamic f o r c e s  generated by the  cornbur;t;ion Ran during tkrulst chambat: 
a t a r t  t o r e  tho. thcrmosouplc l006e and no rcadinjj wao obtained.  Tltc thcrmo- 
couple temperature r scord ing  is  nkewn i n  Fig,  146.  

Ilcclt Sink - Nqzzle Extension --- ( - c ---m 175 - t o  c nlrOQ), Thiz mild t3kee.l Ileat s i n k  
nozz le  extcnaion was used i n  placorof  a*-%itbular dump-coaled nozz le  t o  provide  
a more durable  nozz le  c!xtension cnpabJe of withstanding t h e  high nozz le  f low 
s c p a r a t i o r ~  heat f l u x e s ,  Three back-side wa l l  thermosoupltjs were I n s t a l l e d  on 
t h e  hea t  sinlc nozz le  and t h e  t r a n s i e n t  temperature da t a  obtained were rodused 
t o  determine t r k n s i e n t  h e a t  f l u x e ~  and s teady-s ta te ,  gao-side h e a t  t r ano fc r  
d a t a ,  The a n a l y s i s  was performed wi th  t h e  assumption of on ly  n a t u r a l  canvec- 
t i a n  on t h e  tiozzle back-sidc wa l l ,  

In  the f i r s t  t e s t  s e r i e s  ( t e s t s  015 t o  017), t h e s e  back-side w a l l  t e m p c r a t u r e ~  
were measured; however, convect ive inf luences  on the  back-side wall near  t h e s e  
thermocouples a f f e c t e d  the  measured va lues  and t h e s e  r e s u l t s  were inva l ida t ed .  
On t h r u s t  chamber start  and shutdown, gas  e i t h e r  from t h e  capsule  o r  d i f f u s e r  
flowed p a s t  these  therrnocoupleo providing convect ive cool ing and hea t ing ,  
a l t e r n a t e l y .  Theref o r e ,  metal s h i e l d s ,  o r  "convective ha ts"  were placed over  
t h e s e  t h r e e  thcrmocouples t o  at tempt  t o  i s o l a t e  them from these  back-side 
i n f  luencao (Pig, 147 ) . 
Measured wa l l  temperature h i s t o r i e s  f o r  test:  021 a r e  presented i n  Pig.148 f o r  
t h e  t h r e e  a x i a l  p o s i t i o n s ,  A s  expected, t h e  temperatures a r c  lower a t  t he  
h igher  a r e a  r a t i o s  because of t he  lower hea t  i n p u t s ,  A cc;nparieon of t h e  d a t a  
for teaks 029; Q21$ and 022 are shorn - in  F ig ,  149 through 151, with all data 
superimposed on one t r a c e ,  The measured temperatures f o r  a given a x i a l  posi- 
t i o n  had e s s e n t i a l l y  t he  same temperature versus  time s lope .  The s t eep  i n i t i a l  
ramp i n  temperature from 25 t o  27 seconds and t h e  inc rease  i n  s l o p e  i n  tempera- 
t u r e  a t  3 1  seconds a r e  t h e  r e s u l t  of t h e  increased  hea t  i npu t  duct t o  nozz le  f l o w  
s e p a r a t i o n  a t  t h r u s t  chamber s t a r t  and shutdown. 

The measured t ra r rs ien t  temperature response o f t h e i n d i v i d u a l  thermocouples was 
a n a l y t i c a l l y  modeled o r  matched using a one-dimensional mode1 capable of a t ime 
dependent a d i a b a t i c  w a l l  temperature and gas-side hea t  t r a n s f e r  c o e f f i c i e n t .  
Th i s  modeling enables  t he  determinat ion of t he  t h r u s t  chamber s t a r t ,  mainseage, 
and shutdown gas-side hea t  t r a n s f e r  c o e f f i c i e n t s .  

The t r a n s i e n t  gas-side hea t  t r a n s f e r  c o e f f i c i e n t s  were obtained using t h e  
r e l a t i o n s h i p  
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Figure  146. Nozzle Tube Wall Temperature I I i s t o r y  



Figure 147. Convective Hat Welded Over 
Uncooled Nozzle Wall 
Thermocouple 
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Figure 148,  Typ l c i l l  IIrtnL Sink No:szlc Exf c.nslaxl 
Tempcrnturu IIis tor ics  (Tcs t 021) 



Figure  149, 

26 30 35 

TIME, SECONDS 

IIcat Slnlc Nozzle Extansion T~mpc?.raturc! 
H i s t o r i e s  nt  198:l Area Rat io 



TIME, SECONDS 

Figure  150. Heat Sink Nozzle Extension Temperature 
IIistoriefi n t  3Q9:1 Area Ratio 
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Fif:urc! 151, Ilaat Sink Nozzlc, ISxtont3ion Tcmpcrtlture 
fIil;torfca at: 3'31.: 1 I"ircn Ratio 



hi\HIR ci main(; t:iii:c gni i - f i id~ lien r tmen for cocf f icicn~ 

P a nazzlc w a l l  o t n t i c  pronnurc at: time C no a 

1' a nainotngo n ~ z z l c  wall o t a t i c  pronourc 
%if/ B 

Ttac rcor i l t ina  va lue  of tho  cscff ic lclac K va r i ed  f ren i  1 , 0  a t  an a r e a  r a t i o  of 
1,98:1 t o  0,379 a t  &hc nozzlc  e x i t ,  

The d a t a  at l ta incd Erom test 021 wcrc modeled assumi,nfi t h e  t t ieorctlcal.  gas  
tcmpcrattnrc and the wall, thiskncsa moaaured at: t ho  nozz lc  eltit (0,2G inch)  and 
o re  prcsentcd i n  Fig, 152 tlrrotieh 1 5 4 ,  Tho f i n o l  match of  t h e  t e s t  d a t a  and 
the  a n a l y t i c a l  modal at a rea  r a t i o  39b:l i o  nhown i n  Fig ,  152, Tho ana ly t i -  
eu l ly  dcrermfncd temperatures through t h e  nozzle  w a l l  a t  t h i s  l o c a t i o n  a t e  
ohown i n  Fig, 153, The highest we12 temperature %a thc gse-nida va lue  and the  
lowcat i n  t h e  nozz le  back sAdc, The r e s u l t i n g  gas-nidc heat: t r a n s f e r  coe f f i -  
c i e n t  and h e a t  f l u x  r a t i o n  .:t t h i a  l o c a t i o n  arc ~ l z a m  i n  P ig ,  154. Z t  shoul4 
be note6 t h a t  tt'ic? peak hea t  f l u x  encountered during a t a r t  was 4 . 6  times tlic 
mains cage val,uc. 

S imi l a r ly ,  r e a u l t s  of tile modcling a t  a r c a  r a t i o s  sf 309:l  and 198: l  o r e  pro- 
sontcd i n  Izig, l,55 and 1.56, As ~hown i n  Fig. l f jk  through 156, t h e  peak hea t  
Elux during s t a r t  wae h igher  a t  t he  lower arca r a t i o s ,  and v a r i e d  from 4,6 t o  
6 , 2  timoo the  mainstage va lues ,  A t  shutdown, the  r a t l o  v a r i e d  from 2 ,8  t o  3.1; 
s f  course ,  t h e  s t a r t  t r ans i cn tx  wcremuch slowar than t h e  shutdown t r a n s i o ~ t s ,  

The c a l c u l a t e d  mainseagc gas-sldc hea t  t r a n s f e r   coefficient^ f o r  t ho  t h r e e  
a x i a l  p o s i t i o n s  a r e  presented i n  Fig.  157 along wi th  the  a n a l y t i c a l l y  pre-  
d i c t ed  curves f o r  chamber p re s su res  of 3180 v/cm2a and 1567 ~ / c r n h  (2000 p s i a  
and 2273 p a i a ) .  Comparing the  t e s t  da t a  t o  t h e  corresponding a n a l y t i c a l  curve, 
the experimental  gas-side heat  t r a n s f e r  c o e f f i c i e n t s  were 3 t o  36% lower,  
Based on those  da ta ,  t h e  gas-side hea t  t r a n s f e r  c o e f f i c i e n t  p r o f i l e  and, 
t he re fo re ,  the dump-cooled nuzzle  hea t  i npu t  appears to  be lower than t h e  
a n a l y t i c a l  va lue ,  

Combustion Chamber Rib Temperatures. The h e a t  f l u x  a t  two a x i a l  Locations I n  -- ----*--- 

ihe  combustion chamber was t o  be de terminod using spring-loaded thormocouplcs 
i n  h o l e s  i n  t h e  lands ,  o r  r i b s ,  of the  channel w a l l  combustor as shown i n  
Fig, 8 9 ,  The r i b  themocouples  were intended t o  measure t h e  wall temperature 
a t  0 ,76 mm (0,030 inch) Erom t h e  hot-gas w a l l ,  These thermocouple assemblies  
were placed 12.7 mm (0.5 inch)  upstream of t h e  t h r o a t  and i n  t h e  combustion 
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Pigurc? 152. TcsC I): l trx/Analyticn ( ; o r r c l u t f o t ~  for 1391 : 1 
Arcs K;rr l o  1,t)cntion (Tcr;t: 021) 
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Figure 153. Analytical Correlation for 39l:l Area 
Rat io  Location (Test 021) 
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Figure 154. Gas-Side Heat Transfer Coefficient. Ratio, H e a t  Flux Ratio, an?,$ Adiaba~ic Kall 
Temperature Variatior, With Tize fur  395:il. Area 4atic (Test 0213 
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Figure 155. Gas-Side Heat Transfer Coefficient  Raxio, Heat Flux Raris, and Adiabatic i.:aIH 
Temperatwe Vith Time f o r  389; 1 Area liatfo (Test Q21) 
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198:l Area Ratio (Test 321) 
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chnmbcr 1Q cni (4 inctros) front the  th roa t .  There were t h r e e  thcrmocctupl,co 
loca t cd  c i r su tu fc ren t i a l l y  at: thc, eombut~tor l ~ c a t i a n  arid t l ~ r e o  thcrmesauplw 
c l r c u a f o r c n t i n l l y  ncnr tho t h r o a t  plunc aa shown aclrematicall,y i n  Fig.158 , 

S E C ,  A-A SEC.  0-0 

Figure 158, Rib ThermczeoupLs Plncem~nt: 

Typica l  measured t h r o a t  reg ion  temperature h i s t o r i e s  a r e  shewn i n  F i g , l ~ g  , 
A 390 t o  450 K (700 t o  800 F) t e m p e r a t u r e y n r i a t i o n  ex i s t ed  f o r  t h i s  t e s t ,  A s  
shown I n  Pig. 160through 1 ~ 2 ~  t h e  th rea  t h r o a t  reg ion  temperatures xepeated 
w i t h i n  15  t o  40 K (30 t o  70 F) on t e s t s  020 t o  022, Thermocouples No. 5 and 
6 agreed w i t h i n  55 K <I00 P), although No, 6 exhib i tad  a petallliar behavior of  
decreasing dur ing  mainstage. Thermocouple No. 4 recorded an  e x t r a o r d i n a r i l y  
high temperature throughout ag,d no c e r t a i n  explana t ion  can be  made. 

Typica l  measured   om bust ion chamber temperatures a r e  shown i n  F ig ,  1 0 3 ~  A 
155 K (280 F) temperature v a r i a t i o n  ex i s t ed  during t h i s  t c s t ,  bu t  thermocouple 
No, 2 apparent ly  had an excess ive  contac t  r e s i s t a n c e  &s evidenced by i ts  slow 
response. On t h r u s t  chamber start (sharp decrcnses i n  w a l l  temperature a t  
approximately 23.5 seconds) ,  thermocouples No. 1 and 3 responded s i m i l a r l y  and 
niora r a p i d l y  than  No, 2,  This t rend  occurred during a l l  of t h e  t e s t s .  The 
repeato929liry of thermocouple No, 1 and 3 i s  shown i n  Fig ,  164and 165. 

For :KQ t h r o a t  reg ion  thermocouples, two-dimensional thermal ana lyses  were per- 
L~aaced using one model wi th  a s l o t  f o r  t h e  thermocouple ho le  and one without  a 
thermocouple h o l e ,  The a c t u a l  con f igu ra t ion  i s  of course three-dimensional 
and t h e  measured temperature va lues  should a c t u a l l y  l i e  between t h e  two thermal 
models analyzed, However, a s  shown i n  Fig. 166and 167, t h e  p1:edicted w a l l  
temperatures va r i ed  8 t o  40 K (15 t o  70 F) between t h e  two models i n  t h e  range 
of temperatures measured, The thermocouple ho le  tends t o  r a i s e  t h e  p red ic t ed  
wa l l  temperature s i n c e  t h e  ho le  e l imina te s  a po r t ion  of t h e  two-dimensional f i n  
conduction. F igu re  168 shows t h e  same model f o r  t h e  combustion chamber 
l oca t ion .  

The curves shown i n  Figs.  166 through 168were obtained a n a l y t i c a l l y  by matching 
the  test d a t a  measured h e a t  i npu t  of t e s t  021. The r e s u l t i n g  coolant  bu lk  
temperature and coolant-s ide f i l m  c o e f f i c i e n t  a t  t h e  two a x i a l  thermocouple 
l o c a t i o n s  were used i n  t h e  two-dimensional thermal. a n a l y s i s .  The t h r o a t  reg ion  
was a l s o  analyzed with and without  coolant  cu rva tu re  enhancement. 
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Figure. 161. Throat Region Thennocouple No. 5 Temperature Ni s to r i e s  
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Figure 162, Throat Region Thermocouple No. 6 Temperature Histories 
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YLgurc 163. T y p i c a l  Combusfion Chamber Rib Temperature 
Niutar ies  (Test 021) 
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Bi;gure 164.  Combustion Kcgion Thermocouple No. 1 
Temperature ifis to r i s e s  
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Figure 165, Combustion Chamber Thermocouple No. 3 
Temperature Kistories 



Figure 166. Wall Tempcraturc Variation With Thermocouple 1,ocation and Film 
Cocf f i c i c n t  Ratio for Throat  L ~ c n t  ion (Tcst  021) 
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Figure  L68. Wall Temperature Var i a t ion  With Thermocouple Locat ion 
and Film Coeff ic ien t  Rat io  f o r  Combustion Chamber 
Location (Test 021) 



The a n n l v ~ i ~  of the mensrrred t hront  r  t h  tempcrntr~res  rear11 t  I rl t 1 1 6 1  f 0 1  lowlnj; 
p o s s 1 l ~ : l l t i e s :  

1. J f t h  the thermocorrples located 0.76 mm (0.07 inch) from the hot-:..a5 
wnll ,  the pns-slde heat t r a n s f e r  coe f f f c i en t  a t  the throa t  v n r i r ~ i  
from 0.4 t o  ):renter than ?.0 times thc  des i~ :n  r ~ t f o ( r :  re fe rence  
vnlire. This woi~ld i n d i c a t c  a  fnc to r  of 5 v : ~ r i a t i o n  in  heat f lux .  

2 .  Thermocouple No. 5 i s  located c l o s e r  to hot-pas wall  than thctrmo- 
couple No. 6 and the  as-side heat  t r a n s f e r  !s a  const;.nt 1:slrre of 
approximatclv 1.1 timce the r e f e rence  value. 

7. The h igh  measrrred va lue  of thermocouple No. 4 i s  the  r c s r ~ l t  of a  
hot-gas l e ~ k  and thermocouple No. 5 and 6 9re co r r ec t .  depend in^ on 
the thermocouple d i s t a n c e  from the  hot-gas wnll ,  t h r  gas-side heat  
t r a n s f e r  c c e f C I c i e n t  i s  0.4 t o  1.0 times the  re ference  value. 

4 .  A combination of one o r  more of t he  above is posnible .  

The ana lys i s  of the combustion chamber r i b  temperatures res r r l t s  i n  the  follow- 
 in^ possibilities: 

1. Thermocouple No. 2 had excessjve contac t  r e s i s t a n c e  and read lower 
than the  a c t u a l  value. 

2 .  Thermocouples No. 1 and 3 a r e  c o r r e c t  and a r e  located q u i t e  f a r ,  
2.5 t o  3.0 mm (0.10 t o  0.12 inch) from the  hot-gas wall .  

3 .  Assuming the thermocouples a r e  loca ted  0.82 mm (0.032 inch) from the 
hot-gas wall ,  t he  gas-side heat t r a n s f e r  coe f f f c i en t  would be 0.4 of 
the re ference  value. 

4. as sum in^ the gas-side hea t  t r a n s f e r  i s  c o n s t a n t ,  the l oca t ion  of 
the  thermocouple v a r i e s  from 0.13 mm (0.005 inch)  t o  g r e a t e r  t>an  
2.5  m (0.1 inch) .  

5 .  A combination af  one o r  more of t he  above i s  poss ib le .  



Pk&RAM SUMMARY AND CONCLUSIONS 

The Preburner  of Staged Combuation Rocket Engine proRram was cozducted t o  
e s t n b l i s h  t he d c s l g n ,  L O  dcmons t ra tc  t h c  thcbrmal and combust i o n  pcrforntnnce 
c a p a b i l i t y  of n  h igh  chamber p r e s s u r e  p r e h u r n e r ,  and t o  combine t h i n  w i t h  n  
p r e v i o u s l y  demonstra ted  A9 000 N (20 000 pound) t h r u s t  c h ~ m b e r  aseembly t o  
t e R t  and demona t ra te  t h e  o v e r a l l  the rmal  and cornbuation performance of  t h e  
s t a g e d  cornbuation aystem. The p r e b u r n e r  d e s i g n  p o i n t s  a r e  ahown i n T a b l e  40 
and t h e  t h r u s t  chamber o p e r a t i n g  c o n d i t i o n s  a r e  ehown i n  Table 41. A n a l y t i c a l  
n t u d i e ~  were conducted t o  e v a l u a t e  t h e  p r e b u r n e r  i n j e c t o r ,  combustor,  and ho t -  
gan duct  t e m p e r a t u r e s ;  main I n j e c t o r ,  chamber and n o z z l e  h e a t  t r a n s f e r  r a t e ,  
n t r u c t u r a l  and c y c l i c  l i f e  f e a t u r e a ,  and combunJion performance and s t a b i l i t y  
c h a r a c t e r i s t i c s  wele reviewed f o r  c o m p a t i b i l i t y  w i t h  t h e  p reburner  Bases.  I n  
c o n j u n c t i o n  w i t h  t h e a e  s t u d i e s ,  component d e s i g n 8  f o r  t h e  i n j e c t o r ,  combuation 
chamber, r e g e n c l a t i 7 3 t l y  cooled n o z z l e ,  and dump-cooled n o z z l e  e x t e n s i o n  were 
developed.  The i n j e c t o r  was redes igned  t o  u t i l i z e  t h e  p r e b u r n e r  gaaes  f o r  t h e  
f u e l  whi le  t h e  r e g e n e r a t i v e l y  cooled chamber and n o z z l e  s e c t i o n  used l i q u i d  
hydrogen a t  approx imate ly  50 K (90 R) i n l e t  t empera tu re  f o r  c o o l a n t .  

The p r e b u r n e r  assembly (F ig .  169) was des igned  f o r  l i q u i d  oxygen and gaseous  
hydrogen from t h e  main chamber and n o z z l e  c o o l a n t  j a c k e t s  a s  t h e  p r o p e l l a n t s .  A 
s i n g l e  p r e b u r n e r  i s  used w i t h  t h e  s t a g e d  combuscior assembly and t h e  hot-gas f low 
brancl~t ts  through two d u c i s  t o  supp ly  t h e  o x i d i z e r  and f u e l  pump t u r b i n e s  
i n d i v i d u a l l y  (Fig .  170).  

F igure  169. P r e b u r n e r  Combustor, F i g u r e  170. Preburner  Combustor 
I n j e c t o r  and With S i m u l a t o r s  and 
I g n i t e r  P r i o r  t o  Exhaust  Turbine  Gas 
Ar3ser.L l y  Duct i n g  
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The main propc.1 l i ln t  in . j t -c tor ,  (Ffp,.  
171) f c n t t ~ r c * ~  c o n c c w t r l c  1 n . j ~ - c t o r  
c*lc.mcnt~i, hvdrn~t*n-conlcacl  I t l ~ i m e ~ h  
face., nntl conven lclnt d l snsscml) lv  from 
tl~ca combust i on  c l ~ n m b r r .  

Thr d e s i g n  p a r a m e t e r s  f o r  t h i s  In Jcc -  
t o r  wcrc obtn inc t !  hv t * x t r ; ~ p o l n t  l n g  
i n j e c t i o n  r l c m c n t  f c n t u r c s  from 
othc-r 1,OX hydrop.cn 1 n . l c c t o r ~  ( P i p ; .  
1 7 2 ) .  

The combus t ion  chnmhcr nsscmbly  wan a 
c h a n n e l  w a l l  rcgcencrnt i v c l y  c o o l e d  
z i r c o n i u m  c o p p e r  n l l o y  nsscmbly  w i t h  
an  c l c c t r n f o r m e d  n i c k e l  c l o s r o u t .  
T h i s  chamber was d e s i g n e d  nnd f n b r i -  
c a t e d  a s  p a r t  o f  t h e  Advnnccd T h r u s t  
Chamber Technology Program. 

U 
a 
I,. 

DL - DIAMETER OF L I Q U I D  J E T  

VG - GAS VELOCITY 

VL - L I Q U I D  VELOCITY 

WG - GAS MASS FLOWRATE 

WL - L I Q U I D  MASS FLOWRATE 

l~S42-2/10/7h-ClC* 

F i g u r e  171.  I n j e c t o r  No. 2 

SEGMFNT (NAS 8 - 2 0 3 4 9 )  

SSME NPL (MR - 6 . 0 )  

I SEGMENT (NAS 8 - 1 0 3 4 9 )  
I 

"I s s n E  n P L  

NONBURN l 
CUP RECE 

85 

4 
M I  X I N G  PARAMETER, (VG - v ) > x  I f 5  

L "L 

F i g u r e  1 7 2 .  I n j e c t o r  Mixing  E f f i c i e n c y  Comparison 



I'w :75:l . . i p n n s l o n  nrcbn r n t  l o .  r c p c 3 n c r n t  l v c l v  coc,lctl trrt jrrlnr n 0 7 z l c  sl\own 
a s s ,  ml)lctl w 1 r l ~  t l l c *  comhtrst t o n  c*lr.rmht*r (l 't r,, 1 7  1)  and  n  4 0 0 :  1 txxl)nnqlon nrcln 
r n ,  lo, l ~ c v w v - w a l l ,  mt ld -u tcc .1  ~rncoc, lcd no7:lr cnmplctccl  tl~cb mn l o r  .;trhas~cml,l lc: 
f o r  t c a s t  l n ~ .  ' I  r . r i e rn t  l v c l v  c*oolc*d t iorxlc* w h t c l ~  was f n h r  tc-ntcld i\s p a r t  of. 
t h e  ~ l c l v i t n c ~ ~ d  l ' l ~ r t ~ ~ t  ~ h a m b c r  1'roj:rnm r ~ s c ~ ~ ~  A-2HO t  i 1 p ~ r ~ t 1  nncl formctl c. l rcqu l ilr 
~ r o s s - s v ~ t  lnv  t u h c * ~ .  The \rncool~acI s t # * n l  no77 I c- wns f n b r l  c-ntc  l l)v NASA : ~ n d  
R I J ; I P L . P ~ I  to  hockt>ttlync1 f o r  : h i s  t t * a t i t , g .  

F i g u r e  173. R e g e n c r a t i v e l y  C o o l e d  Nozzle 

T e s t i n g  of t h e  s t a g e d  c o m b u s t i o n  a s s e m b l y  was  c o n d u c t e d  i n  o r d e r l y  " b u i l d i n g  
b l o c k "  f a s h i o n ,  w i t h  e a c h  test  p h a s e  p r o v i d i n g  t h e  s u p p o r t  a n d  b a s i s  for  t h e  
s u c c e e d i n g  test e f f o r t .  I n i t i a l  t e s t i n g  c o n s i s t e d  of e v a l u a t i o n  o f  t h e  p r c -  
bu;*ner a s s e m b l y ,  w i t h  tes ts  c o n d u c t e d  u s i n g  c o m p o n e n t s  t o  s i m u l a t e  t h o  main  
i n l e c t o r  and  c o m b u s t i o n  chamber .  Wi th  t h e  p r e b u r n e r  o p e r a t i o n  v e r i f i e d ,  t h e  
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1 . i  i.c~rck 171,. !;tngc Comhr~st 1c.n Asscmbly on NM Stand 

11iS3.i-1111 7175-SIR* 

Figure 175. Altitude Test Faci11tv 

lHS75-5/1h/77-S2" 

Figure 176. Staged Combustion Assembly and 430 :1  
Nozzle Assembly on Nan Stand 
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