
.- 

SPACE SHUTTLE 

%ATELET INJECTOR PROGRAM 
-- _. ORBITAL MANEUVERIhG ENGINE 

NAS 9-13133 

__-  AY REPORT 

REPORT NO. 73133-F-2 
1 9ECEWER 1975 .-. - 

- .  I 

1 .  

-. .. , ._ .--- 

- -  
I 



SPACE SHUTTLE 
ORBITAL MANEUVERING ENGINE 

PLATELET INJECTOR PROGRAM 

Summary Report 

131 33-F-2 

Prepared by 
Aero j e  t L i qu i d Rocket Company 

A D iv is ion  o f  Aerojet-General Corporation 
Sacramento, ‘a1 i f o r n i a  9581 3 

Contract NAS 9-1 31 33 

Prepared For 
National Aeronautics , , ,d  Space Administrat ion 

Lyndon 6 .  Johnscn Space Center 
Primary Propulsion Branch 

Houston, Texas 72058 



Report 13133-F-2 

FORE WORD 

Aerojet L iqu id  Rocket Company submits t h i s  Summary Report as  part  o f  the 
OME Plate le t  In jec to r  Program, Contract ?IAS 9-13133. 

This work was conducted under the cognizance of Mr. R. C. Kahl of 
NASA/JSC,who i s  the contract monitor. Aerojet personnel include L. B. Bassham, 

Program Manager, Dr. 9 .  3. LaBotz, Pro ject  Manager, and R. W .  Michel , Project  
Engineer . 

Key Aerojet personnel contr ibut ing t o  the program include: 

S. D. Mercer, Project  Engineering 
D. F. Calhoon, WSTF Test Engineer 

J. L. Pieper, Performance Analysis 
R. L. Ewen, Thermal Analysis 
R. A. Hewitt, S t a b i l i t y  Analysis 
E. V .  Hmn, Manufacturing 
R. S. Gross, Test 

P. F. Stretch, Test 
P. D. H i l l ,  A l t i tude  Test 

K. Y .  Wong, Design 

L. 3. 0' Connell , Contracts 
J .  D. Duey, Data Analysis 
G. A. Godfrey, Typographical 

ii i 



Report 131 33-F-2 

ABSTRACT 

The OM€ Plate le t  In jector  Program, Contract NAS 9-13133, was undertaken 
t o  evaluate a platelet-face i n jec to r  for  the f u l l y  reusable O r b i t  Maneuvering 
System on the Space Shuttle as a means of  obtaining additional design margin 
and lower cost. This sunmary report  gives a br ie f  overview of the en t i re  
program. 

The program was conducted i n  three phases. The f i r s t  phase evaluated 
single in ject ion elements, or  unielemnts (6 l b f  thrust):  it involved visual 
flow studies, mixing experiments using propellant simulants, and hot f i r i n g s  t o  
assess combustion ef f ic iengl ,  chamber wall compatibil i ty, and i n j e c t o r  face 
temperatures. In  the second phase, subscale un i t s  (600 l b f  thrust)  were used 
t o  fur ther evaluate the o r i f i c e  patterns chosen on the basis o f  unielement 
testing. I n  addit ion t o  combustion eff iciency, chamber and in jec to r  heat 
transfer, the subscale test ing provided a preliminary indicat ion o f  i n jec to r  
s t a b i l i t y .  Fu l l  scale test ing (6000 l b i  thrust)  o f  the selected patterns was 
performed i n  the t h i r d  phase. Perfonnance, heat transfer, and combustion s t a b i l i t y  
were evaluated over the anticipated range o f  OMS operating conditions. The 
effects o f  acoustic cavity configuration on combustion s t a b i l i  ty, including 
cavity depth, open area, i n l e t  contour, and other parameters, were investigated 
using sea-level bomb tests a t  ALRC. Prototype in jector  and chamber behavior 
was evaluated f o r  a variety o f  conditions a t  NASA/WSTF; these tests examined 
the ef fects  o f  f i l m  cooling, helium saturated propellaots, chamber length, i n l e t  
conditions, and operating point, on performance, heat transfer and engine transient 
behavior. Helium bubble ingestion i n t o  both propellant c i r c u i t s  was investigated, 
as was chugging a t  low pressure operation, and hot and cold engine res ta r t  w i t h  
and without a purge. 
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I. INTRODUCTION 

The O r b i t  Maneuvering Engine P la te le t  In jector  Program, Contract NAS 9-13133, 
was awarded t o  Aerojet L iqu id Rocket Company (ALRC) f o r  the design, evaluction, and 
demonstration o f  a p la te le t  i n jec to r  suitable f o r  the Space Shuttle O r b i t  Maneuvering 
System (OMS) 6000 l b f  thrust  engine. The contract was started September 25, 1972, 
and completed on June 15, 1975. I t  consisted of three phases involving single i n j e c t o r  
elements o f  6 l b f  thrust, subscale in jectors  o f  600 l b f  thrust, and f i na l l y ,  f u l l  
scale in jectors  f o r  the 6000 l b f  application. 

The face o f  a p la te le t  in jector  i s  formed frcm a stack o f  t h i n  metal 
p latelets which are dif fusion bonded in to  a single un i t ;  propellant o r i f i c e s  and 
f low passages are photoetched in to  o r  through each p la te le t  p r i o r  t o  bonding. The 
p la te le t  concept was selected because of several unique features including ease 
of manufacture, low cost, potential high performance with reduced chamber lengths, 
and ease of pattern rework allowing economical and expeditious engine development. 
The f i r s t  phase o f  the program, unielement evaluation, consisted o f  cold flow and ho t  
f i r e  test ing o f  single candidate elements t o  determine performance, hydraulics , and 
compatibi l i ty and t o  obtain an underst- V I  of general pattern behavior. The second 
phase, subscale evaluation, involvec et test ing o f  the most promising elements 
t o  determine performance, s t a b i l i t y  ,,;e l i f c .  2nd compatibi l i ty under multielement 
f i r i n g  conditions. The f i n a l  phase o f  the program comprised design, fabrication, and 
test ing o f  f u l l  scale in jectors  t o  substantiate performance, s t a b i l i t y ,  and com- 
p a t i b i l i  ty characterist ics i n  f l ight - type hardware. 

Full scale test ing included evaluation o f  demonstration regeneratively cooled 
chambers. For  the i;:?st par t ,  demonstration chamber test inq was conducted under a 1  t i  tude 

conditions a t  NASA/WSTF. The WSTF test ing, which included 300 f i r i ngs ,  served as a 
demonstration o f  the regenerative chambers and i n  addition, evaluated such factors as: 
f i l m  cooling, chamber length variations, e f f e c t  o f  helium saturated propellant, 
ingestion o f  helium bubbles i n to  the propellant c i rcu i ts ,  s t a r t  and shutdown transient 
behavior, simulation o f  the vehicle pod feed system, chugging, res ta r t  with and with- 
out a purge, post f i re  propellant evacuation and heat soakback Characteristics, purge 
def in i t ion,  chamber heat transfer, and performance. 
which comprised some 362 f i r i ngs ,  was pr imar i ly  concerned with combustion s t a b i l i t y  
and the effects 61 acoustic cavity configuration. 

Fu l l  scale test ing a t  ALRC, 
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I ,  Introduction (cont.) 

The en t i re  program, i n  par t icu lar  the f u l l  scale test ing a t  WSTF, was guided 
i n  i t s  planning and proqress by the philosophy that i t  must provide a design base 
f o r  the OMS Engine. This contr ibut ion included early i den t i f i ca t i on  and solut ion o f  
potentiai problems, both i n  regard t o  hardware design and fabr icat ion as well as 
engine behavior and operating l i m i t s  as determined under simulated a1 t i t ude  test  
conditions. 

11. SUMMARY 

The primary objective o f  the program was t o  demonstrate a p la te le t  face 
i n j e c t o r  f o r  appl icat ion on the OMS engine. This engine i s  t o  develop 6000 l b f  
thrust  using nitrogen tetroxide, N204, and monomethylhydratine, N2H3CH3, as propellants, 
wi th a chamber pressure o f  125 psia and a mixture r a t i o  o f  1.65. The program was 
conducted i n  three phases which proceeded from a single i n jec t i on  element t o  the f u l l  
scale configuration, namely: 
(3)  f u l l  scale test ing. 

(1) unielement testing, (2) subscale testing, and 

A. UNIELENENT TESTING 

Six fundamentally d i f f e ren t  i n jec t i on  elements were conceived and tested 
i n  the unielement phase o f  the program. These were selected on the basis o f  
fabricabi li ty using p la te le t  construction techniques plus the usual considerations of 
performance, compatibil i ty, and s t a b i l i t y .  Thirty-nine geometrical var iat ions o f  the 
s i x  basic elements were b u i l t  and tested t o  some degree. 

As a resu l t  of mielement testing, two element ccnfigurations were 
selected fo r  subscale evaluation. One was a splash plate which indicated high per- 
formance, and insens i t i v i t y  t o  operating point and propellant temperature. The 

other was an X-doublet which showed lower perforniance ar.1 a l s o  lower heat f lux 
1 we1 s . 

Page 2 
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B. SUBSCALE TESTING 

Subscale t e s t i n g  consisted o f  eighty-seven h o t  f i r e  tes ts  and fourteen 

cold flow tests. The purpose of the l a t t e r  was t o  invest igate pattern, hydraul ic, 
and propel lant  d i s t r i b u t i o n  character ist ics.  

were tested: the splash plate, the X-doublet, and a mixed element consist ing o f  the 
splash p la te  and X-doublet patterns. Two var ia t ions o f  the splash p l a t e  and three 
var ia t ions o f  the X-doublet element were used. 

I n  the ho t  f i r i n g s ,  three patterns 

The s t a b i l i t y  of the high performing splash p la te  pattern was found 
t o  be very sensi t ive t o  operating point  chamber length and propel lant  temperature. 
The moderate performinq X-doublet indicated insensi t ive operation and was, therefore, 

chosen as the primary candidate pattern for the f i r s t  f u l l  scale design. 

C. FULL SCALE TESTING 

F u l l  scale sea leve l  and a l t i t u d e  t e s t i n g  a t  ALRC was conducted p r i m a r i l y  t o  
ident i f y  the ef fects o f  i n j e c t o r  pattern, cav i ty  configuration, chamber length, .and 
operating p o i n t  on s t a b i l i t y  character is t ics  and perfcrmance. The per iod of tes t ing  
extended over one year and i n  p a r t  was tandem t o  the WSTF test ing.  Five bas ic  i n j e c t o r  

designs were u t i l i z e d ,  and twelve ind iv idual  faces Nere actual ly  f i red.  There 
were 362 f i r i n g s  a t  ALRC, w i t h  a t o t a l  duration o f  819 sec. 

F U ' ~ ~  scale tes t ing  a t  VSTF was conducted i n  two phases, one i n  the f a l l  
of 1973 and the other i n  the Summer o f  1974.. During Phase I ,  the !.-1 o r  workhorse 
regenerative cb.aiiiher was used pr imar i ly  wi th the X-doublet (XDT-2) i n j e c t o r  tr r a 

t o t a l  durat ion o f  642 sec and 63 hot f i r i n q s .  A heat s ink 72: l  area r a t i o  nozzle 

was employed. These tests  evaluated engine performance, chamber heat t ransfer ,  the 
performance var ia t ions w i t h  helium saturated propellants, and fuel f i l m  cool ing.  As 
a r e s u l t  o f  successful completion o f  the test ing,  the XDT-2 pattern was selected as 
the primary candidate f o r  prot.otype evaluation. However, because of the la rge  body 
o f  empir ical data subsequently accuwilated a t  RLRC wi th  the XDT-1 pattern, the 
l a t t e r  was designated as  the demonstration in jec to r  f o r  the phase I 1  proqram. 

Page 3 
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I I J s  F u l l  Scale Testinq (cont.) 

I n  1974 WSTF tes t ing  (phase 11), the A-1 chamber accumulated a tu r ther  

882 sec of hot  f i r i n g  i n  159 tests  and the demonstration A-2 chamber accumulated 
410 sec durat ion i n  78 tests.  Three basic in jec to r  patterns were tested, two X -  

doublets which were p l a t e l e t  face in jectors ,  and a conventional 1 ike-doublet i n j e c t o r  
i n  which the o r i f i c e s  were formed by e l e c t r i c a l  discharge machininq. These t e s t s  
evaluated the effects of f i l m  cool ing, helium saturation, chamber length, i n l e t  
condit ions, and operatinq point  on performance, heat transfer and engine t rans ient  
behavior. Helium bubble ingest ion i n t o  both propel lant  c i r c u i t s  was investigated, 
as was chugging a t  low pressure operation. Hot and co ld enqine r e s t a r t  w i t h  and 
without a purqe was examined, Single propel lant  b o i l - o f f  t e s t s  and purge tests  were 
conducted t o  establ ish purge requirements, and longer coast periods were inves t i -  
gated on hot  f i r i n q s  t o  characterize pos t f i re  propel lant  evacuation and thermal 
soa kbac k responses. 

The e n t i r e  program schedule i s  given i n  Figure 1.  

Page 4 
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111 * RESULfS AND CONCLUSIONS 

The resu l ts  and conclusions l i s t e d  below d w i v e  m v * l y  from USTC test ing,  
which was the pi lncipal evaluation of the demonstration in jec to r  as chamber f i r e d  

under a l t i t u d e  condit ions. 

A.  PERFORMANCE 

Delivered speci f ic  impulse for  the p l a t e l e t  in jec to rs  a t  the nominal 
design point  i s  between 314 and 317 seconds, as extrapolated t o  the f l  i qh t  systt; 
e x i t  area r a t i o .  The conventional 1 i ke-doublet i n j e c t o r  shows comparable perform- 
ance. 
.beg1 i q i b l e .  
t u r e  i s  raised from 40 t o  110°F. 

Performance degradation due t o  hciium saturat ion of the propel lants i s  
Performance improves froin 0.2 t o  1.2 seconds as propel lant  tempera- 

B.  HEAT TRANSFER 

Maximum gas-side regenerative chamber temperatur? a t  the throat  i s  
765°F for the prototype i n j e c t o r  a t  nominal condit ions. dsponding cyc le  l i f e  

f o r  the f l i g h t  chalnber i s  estimated a t  1350 cycles. Nominal coolant bulk ternpera- 

ture r i s e  i s  165°F. The burnout safety Factor (RBo ) f o r  the f l i q h t  hardware a t  
nominal condit ions i s  est.,nated t o  be 1.40. Helium bubbles up t o  8 f t  long were 

ingested i n t o  each propel lant  c i r c u i t  without damage t o  the in jec to r  o r  regenera- 
t i v e  chamber; the larqest bui .ies momentarily extinguished combustion. 

C.. 

-1 

C. STARiLITY 

The demo (DXDTl) injectcir pat tern was e n t i r e l y  stable over th? range o f  
operating condit ions tested i n  conjunction with the OMS haseline c a v i t y  confiaura- 
t i o n .  Other conf igurat ions were frequently unstable i n  a hybrid mode ca l led resurg- 
ing, however. Resurging i s  characterized by r e p e t i t i v e  bb:sts 0: hiqh frequency 
i ns t a  b i  1 i t i es . 

Resurginq seems t o  be unique t o  the X-doublet i n j e c t i o n  element. Among 

the factors that  inf luence it are (1) acoustic cornrnun'cation w i th in  the face r i n g  
manifolds, (2) fue l  teinperature, (3)  acoustic cavi,'; d t l t h ,  ( 4 )  cav i ty  open a r e a ,  

(5 )  cav i ty  entrance -onf igurat ion.  Resurginq i s  considered t o  be an element and 

pattern-related phe 

in jec t ion  elements 
t i o n  o f  the peripheral row. 

senon, apparently o r ig ina t ing  d t h  the perioheral row o f  
l im ina t ion  o f  resurging may be possible by pzt tern modif ica- 

Page 6 
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I I I , C ,  Stabiliu (cont.) 

Numerous pops of sola11 amplitude and short durat ion ( -  1 msec) were 
exuerienced under a l t i t u d e  conditions; some were a t t r i bu ted  t o  intermediate product 
detonation during s ta r t ,  others to explosion of propel lant  agglomeration on the chamber 
w a l l  a t  the flans? j o i n t  locat ion of the workhorse hardware. 

Chugging could be induced only a t  chamber pressures below 70 psia. 

D. START AND SHUTWWM TRANSIENTS 

Thrust overshoot may exceed the a1 lowable 50% 1 i m i  t as aiven i n  the 

design speci f icat ion.  S t a r t  impulse and time t o  90% thrust  are w i th in  speci- 
f i ca t ion .  Shutdown impulse var ia t ion  may be excessive; off-nominal shutdowns may 

require correct ion t o  br ing impulse values w i th in  speci f icat ion.  Time from f u l l  
t h rus t  t o  1 m  th rus t  was acceptable. Helium saturat ion has no e f fec t  on engine 
transients. Chamber pressure osc i l  l d t i ons  a r e  character is t ic  o f  co ld  engine shutdowns. 

E. EVACUATION N D  SOAOUT CHAWCTERISTICS; PURGE 

Fuel c i r c u i t  evacuation times extended to  100 o r  150 sec, depending on 
hardware and propel lant  temperature. Oxidizer evacuation times ranged from 10 t o  
20 sec. Oxidizer freezing occurred regular ly,  without detriment. Fuel freezing d i d  
not occur as c e l l  pressures werx never below the f u e l  t r i p l e  po in t  pressure. Maximum 
chamber soakout temperatures ranged from 200 t o  300OF. 

The necessity f o r  a fue l  c i r c u i t  purge cannot be disproven without tes t ing  
below the fue l  t r i p l e  po int  pressure (approximately 200,000 f t  a l t i t u d e  equiva,.:nt), 

t o  assess p o t e n t i L l  fuel f r o s t  formation on the gas-side chamber w a l l  and the attendant 
danger o f  detonation. Except f o r  tha t  there i s  nc! reason tc,  purge the fue l  c i r c u i t .  
The purges tested d id  not appear t o  be t o t a l l y  e f fec t i ve  i n  expe l l ing  the fuel .  The 

current O f 6  purge, 380 standard cubic incnes o f  nitrogen, i s  probably adequate but 
no t  optimum. 
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I 1 1  , Results and Conclusions (cont .} 

F . FARR ICAR IL I T Y  

The f a b r i c a b i l i t y  of f u l l  scale OMS i n jec to rs  using p l a t e l e t  techniques 

was demonstrated i n  both f l a t  faced and baff led configurations. A very desirable 
benef i t  o f  t h i s  fabr ica t ion  technique '$cis the ease of pat tern rework, which allowed 
a completely new face t o  be i ns ta l l ed  on an i n jec to r  body a t  a f rac t ion  of the cost  
and time associated w i th  conventional rework methods. This benef i t  had been demon- 

s t ra ted w i t h  four i n jec to r  bodies, w i th  one having been reworked e ight  times. 

6. CYCLE LIFE 

The bonded j o i n t  between the p l a t e l e t  face stack and the i n jec to r  
body was subjected t o  1500 f u l l  thermal cycles without incident.  The same j o i n t  

w i t h  a redundant electron beam weld was a lso subjected t o  1500 thermal cycles 
wi thout incident.  Cracking evidenced on the top p la te  of the X-doublet i n jec t i on  

element dur ing t h i s  series indicated the need for a backup s t ruc tu ra l  p la te  t o  

prevent the recurrence. 

H. COMPLIANCE WITH OMS SPECIFICATION 

Table I compares prototype engine behavior as determir id i n  t.hr 1974 

WSTF t e s t  program w i t h  the OMS design speci f icat ion.  

Page 8 
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TABLE I 
COMPLIANCE WITH WS DESIGN SPECIFICATICVIS 

1. 

2. 

3. 
4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

spec. I tem Conclusion 

Performance: Winlrwm speci f ic  impulse. 1, - 310 sec 1. Acceptable: I, = 314-317 sec a t  nominal. 
a t  nominal conditions. 
Heat Transfer: Minimum burnout safety factor, 1.4. 2. Acceptable: Safety Factor = 1-60 

5 0.70 
Temperature: Outer surface o f  chamber: 500°F Maximum 3. Acceptable: Tmx :300°F (postf i re soak). 
Stability: Consistent wlth CPIA Spec. 247 4. Prototype in jec to r  had one i n s t a b i l i t y  under 

non-spec res tar t  conditions. 
S ta r t  Transient: 
a. Pc Overshoot: 50% maxlmoa 

5. a. Marginal: Several tests had greater over- 
shoot based on thrust; addit ional blark 
required. 

b. Start  Impulse: Repeatable within 5 50 lb-sec b. Acceptable: Repeatable w i th in  2 50 lb-sec. 

c. T h e  to 90% thrust: w l th in  0.8 S ~ C .  nom 2 c. Acceptable: Variat ion wl th ln f 0.1 sec. ; 
run t o  run. 

0.1 sec renge. 

100 lb-sec englne to engine. 

duration less than 0.8 sec. 

Shutdown trans len t  : 6. a. Acceptable on f l ight pmtotype, 

a. Impulse: Repeatable w i th in  2 300 lb-sec run t o  pressure and temperature effects; work- 
I f  correction can be made t o  account for  

horse chamber marginal. run. 2 600 lb-sec engine to  engine. 

b. Time t o  10% thrust: Wlthin 0.925 sec, nom 
+ 0.175 set range. 

b. Acceptable: Variat ion w i th in  0.150 sec. . 
duration less than 0.925 sec. 

Helium saturation and bubbles. 7. a. Acceptable: Nominal performance not 
a. Must m e t  performance w i th  helium saturatlon a t  

25 psi  above i n l e t  pressure. 
b. Must be able t o  Ingest any a w n t  of undissolved 

helium without external damage. 

degraded by helium saturation. 

b. No detrimental ef fects wlth helium bubbles 
i n  e l ther  propellant c i r c u i t  large enough 
t o  momentarily extingulsh combustion. 

Blowdom o f  e l ther  o r  bc+h propellant tanks without 
external damage. 

Cycle l i f e :  1000 f i r ings ,  1250 sec. max. contlnuous 9. Beyond scope o f  tests. 

8. Not Tested 

Minimum Coast: 

a. 30 sec, abort mode - may degrade engine 

10. Acceptable res ta r ts  a f t e r  30 set. w l th  purQe 
(shorter durations not tested), a f t e r  10 sec. 
w l  thout purge. 

b. 120 set, nominal 

Propellant Temperature: w l th  a 10F max. var iat ion 11. Acceptable: tested approximate range o f  40 t o  
between fue l  and oxidizer: (a) 40 t o  lOOF range i n  
steady state, (b) 30 t o  125F i n  s t a r t  translent 
( 7  lbm fue l  and 10 lh oxidizer). 

1OOF i n  steady state, fue l  temperatures to 
250F (unpurged residual i n  translent. 

Minfnwm f l r l n g  duration: shutdown signal may 
occur anv tlme a f t e r  sional to  s ta r t .  

12. Acceptablt mlnlmum on-period (FS1 to FS 1 
tested was 1 sec. resul t ina i n  1/2 tec. aioroxl-  - .. 
matety a t  steadyktate chaber  pressure. 
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I V .  RECOMMENDATIONS 

A. INJECTION ELEMENTS 

1. Development of the splash p la te  element should be pursued. This 
pattern showed excel lent  performance w i t5  reduced chamber lengths but i t s  s t a b i l i t y  
was sensi t ive t o  operating point  and propellant temper3ture. 

2. The Y-doublet element should be tested a t  the f u l l  scale level .  

3. Further explorat ion i s  recomnended of mixed element patterns 
which combine the desirable features, wh i le  e l iminat ing the undesirable features, 

o f  the const i tuent  elements. 

8. STABILITY TESTING 

8 

1. 
pattern, and the resu l t ing  ef fect  on s t a b i i  i t y ,  should be fu r ther  investigatod 

w i th  new i n j e c t o r  patterns. The resurging i n s t a b i l i t y  should be explored. 

The in te rac t ion  between the c a v i t y  entrance and the i n j e c t o r  

2. Addit ional tes t ing  o f  the in tegra l  baf f le i n j e c t o r  d i t h  modified 
patterns should be conducted to  determine s t a b i l i t y  requirements for the baff led 

uni t .  

3. Bomb t e s t i n g  w i t h  he1 ium-saturated heated propel lant  should be 

conducted . 

C. ENGINE OPERATION 

1 .  More tes t ing  a t  high chamber pressure and high mixture r a t i o  
i s  required, as i s  i d d i t i o n a l  tes t ing  w i t h  hot propellznts, since l i m i t e d  tes t ing  

was conducted a t  these condit ions. 

2. Testing should be conducted t o  simula-e the design speci f icat ion 
condi t ion wherein the i n i t i a l  slug of both propellants i s  a t  the l i m i t i n g  tempera- 
t u r e  value, 3W’F o r  125”F, whi le the remainder i s  a t  the nominal value. 
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I V ,  C, Engine Operation ( a n t . )  

3.  Effects o f  helium bubble f ro th  i n  e i t h e r  propellant should be 
investi-dated. 

4. Testing a t  c e l l  pressures below the fuel  t r i p l e  po int  i s  imperative 
to deternine the necessity and effectiveness o f  the fuel c i r c u i t  purge. 

5. Hot restar ts  a f t e r  short coasts (less than 10 sec) should be 
investigated fur ther  because o f  the several i n s t a b i l i t i e s  encountered under these 
conditions . 

6. Excursions i n  the chamber gas-side wal l  temperature warrant 
fur ther  i nves ti gat i on . 

7. Sta r t  transient overshoot may exceed allowable leve ls  and require 
rede f i n i ti on o f  the des i gn speci f i cat ion. 

8. C;.,tdown impulse var iat ion my also exceed allowable l im i t s ;  the design 
speci f icat ion could be simpli f ied. 

9. Chag frequency margin test ing should be conducted. 
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V. APPLICATION OF RESULTS 

The p r imay  application o f  the resul ts of t h i s  prng-am has been the 
baseline design de f i n i t i on  o f  the Space Shutt le OMS engipe. I n  addition, however, 
the technology i s  relevant t o  several other rocket engine applications. 

5-10 l b  Thrust Vernier Engines 

The unielenent program, Task I ,  c lear ly  demonstrated the use o f  s ingle 
i n jec t i on  elements, fabricated of platelets, a t  the 6 l b  thrust  level.  These 
novel devices achieved high performance i n  minimal chamber length with minimum 
propellant volumes. The low cost f l e x i b i l i t y  o f  the concept provides a s o l i d  
foundation f o r  the application o f  unielements t o  t h i s  thrust  class o f  rocket 
engine. 

10-1000 l b  Thrust RCS Engines 

The subscale program, Task I I, demonstrated the mu1 tielement f l e x i  b i  li ty o f  
the p l a t e l e t  concept a t  the 600 l b  thrust  leve l .  Various i n jec to r  designs achieved 
high performance, good chamber compatibil i ty, s t a b i l i t y ,  and excel lent cycle l i f e .  
Low cost fabr icat ion techniques coupled with the rework capabi l i ty  o f  p l a t e l e t  
construction allow for exoeditious development o f  engines i n  t h i s  thrust  class. 
Moreover, i n j e c t o r  thrust  capabi l i ty  can be scaled up o r  down qui te  simply by 
photographic enlargement o r  reduction processes. 

6000 l b  Thrust Maneuvering Engines 

The f u l l  scale demonstration programs, Tasks V I  and V I I ,  not only defined a 
baseline design for the OMS engine but  also showed additional benefi ts to the p l a t e l e t  
i n jec to r  concept. Mixing o f  p l a t e l e t  elements by merging the artwork o f  two o r  more 
patterns allows the design emphasis t o  be sh i f ted t o  s t a b i l i t y ,  performance or  cooling 
margin as required. The rework feature provides f o r  i n jec to r  development with an 
inexpensive and rapid fabr icat ion cycle. The program also demonstrated that the p l a t e l e t  
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\I, Application o f  Results (cont.) 

concept i s  applicable t o  a baffled in jector  wi th the fabrication o f  an integral  
b a f f l e  unit  having thpe separate i n jec to r  compartments. These various design 
options c lear ly  i l l u s t r a t e  the inherent f l e x i b i l i t y  of the p l a t e l e t  i n jec to r  concept 
as applied t o  engines i n  t h i s  higher thrust  category. 

VI. CONTRIBUTIONS OF OM TO OMS 

The major accomplishment o f  the OME program has been t o  establ ish a firm 
technology base f o r  the design and development o f  the OMS, and t o  provide a fundamental 
understanding o f  engine behavior f o r  a var iety o f  conditions that may o r  w i l l  be 
encountered i n  actual f l i g h t  operation. The most s ign i f icant  contributions re la te 
t o  the design o f  the in jector ,  chamber, and acoustic cavity, and t o  operation o f  the 
engine. 

A. INJECTOR 

1. Pattern - The x-doublet pattern as developed on the program met 
all  requirements of the OMS procurement. 

2. Cycle L i f e  - Cycle l i f e  o f  1500 cycles was twice demonstrated 
i n  subscale test ing . 

3, 
developed and demonstrated. 

Hydraulics - Hydraulic design o f  the f u l l  scale i n jec to r  was 

4. Fabrication Sequence - A low cost fab sequence was devised 
and shown t o  be satisfactory. 

5.  Rework Capabil ity - Successful refacing o f  i n jec to r  bodies was 
accomplished, allowing pattern changes t o  be made a t  low cost. 
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V I ,  Contr ibutions of OMF: t o  OMS (cont.) 

B. CHAMRFR 

1. Fabrication Technique - The techniques f o r  fabr ica t ing  the 

electroformed jacke t im i l led  s l o t  chamber were i d e n t i f i e d  and appear t o  be sat isfactory.  

2. Heat Transfer Evaluations - - Heat f l ux ,  wal l  temperature, and 
coolant bulk temperature r i s e  data acquired i n  f u l l  scale tes ts  expedited the analy t ica l  
thermal design o f  the OMS chamber. 

3. Cycle L i fe  - Acceptable cycle l i f e  capab i l i t y  f o r  the OMS chamber 
could be predicted on the basis o f  these data. 

C. ACOUSTIC C A V I T Y  

1 .  Desiqn - The WS w i l l  use the twelve compartment dual tuned 
acoustic cav i t y  design w i th  the same area, tune, and i n l e t  geometry. 

2. 
conjunction w i t h  the XDT-1 p l a t e l e t  i n jec to r  was f u l l y  evaluated. 

S t a b i l i t y  Margin - The s t a b i l i t y  marqin o f  t h i s  configuration i n  

3. C r i t i c a l  Factors - C r i t i c a l  factors i n  the design, fabr ica t ion  
and instrumentation o f  acoustic cav i t ies  were ident i f ied .  

4. Operating Point  Sens i t i v i t y  - The inf luence o f  chamberpssure, 

mixture r a t i o ,  and propel lant  temperature on cav i ty  tune were investigated. 

D. ENGINE OPERATION 

1. Helium Saturation - The e f f e c t  o f  helium saturat ion o f  the 

propel lants on engine transients and performance was f u l l y  analyzed. 

2 .  Helium Bubble Ingestion - Ingestion o f  large helium bubbles i n t o  

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

3.  Operating Point  Sens i t i v i t y  - The inf luence o f  chamber pressure, 

mixture ra t i o ,  and propel lant  temperature on performance, heat t ransfer ,  and engine 

t rans ient  behavior was evaluated. 
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V I ,  0, Enqine Operation (cont.) 

4. Chugging - The threshold chamber pressure fo r  chugging was 

established. 

5. Propel lant  Lead - The inf luence o f  propel lant  lead e f fec ts  was 

investigated. 

6. F i l m  Cooling - The need f o r  and e f f e c t  o f  f i l m  cool ing was 
de t e  mined . 

7. Engine Transients - S ta r t  and shutdown t rans ients  o f  the engine 
have been characterized. 

8 .  Enqine Restart - 4 l t i t u d e  r e s t a r t  o f  hot and co ld engines, 
purged and unpurged, w i th  hot and co ld propellants, has been investigated. 

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

f o r  a range o f  engine and propel lant  temperatures. 

10. Pos t f i  re Heat Soakback - Post f i  r e  heat soakback character is t ics  

arsd maximum coast temperatures have been determined. 

11. 

was evaluated. 

Purge - Purge effect iveness f o r  a var ie ty  o f  purge parameters 

12. Compliance with OMS Speci f icat ion - Except f o r  minor deviat ions 
compliance w i th  the OMS design spec i f i ca t ion  has been demonstrated. 

13. Future Test ing - Areas tha t  require addi t ional  t e s t  evaluation, 

inc lud ing high temperature propellants, purge effect iveness, and reduced c e l l  
pressures, have been ident i f ied .  
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V I  I. UNIELEMENT TESTING 

A. INTfUlDUCTION 

Unielement tes t ing  provided the i n i t i a l  screening o f  candidate patterns 

f o r  the f u l l  scale appl icat ion, unielements being the basic i n j e c t i o n  element general ly 
consist ing of one ox id izer  and one f u e l  o r i f i ce .  Thir ty-nine var ia t ions of s i x  basic 
patterns were tested t o  some degree. Three types of tes ts  were conducted. 

B. UNIELEHENT DESIGN 

The e n t i r e  unielement f i x t u r e  was made o f  p la te le ts ;  i t  had a diameter 
o f  0.650 in. and a thickness o f  0.150 in .  and contained both propel lant  manifolds and 
the i n j e c t i o n  element. 

The s i x  basic patterns tested were: X-doul, let, unlike-doublet, splash 
plate, like-doublet, V-doublet, and vortex element. Tdble I1 sumnarizes per t inent  
dimensions o f  the t h i  r ty -n ine var ia t ions o f  these patterns. 

Two uncooled chambers were used f o r  h o t - f i r i n g  purposes, one w i th  a 
length o f  2 in., the other w i th  a 4 i n .  length. Figure 2 shows a photograph o f  the 
two chambers and three o f  the unielement in jec to rs .  

C. TESTING 

The three types of  tests  conducted were: 
water, a l lowing visual  observation o f  both in jectants,  separately and together; 

(2 )  mixing tests wi th  immiscible simulants t o  enable mapping o f  mixturt? r a t i o  and 
mass f lux p ro f i les ;  ( 3 )  h o t  f i r e  t e s t s  t o  determine performance, pattern s e n s i t i v i t y  

t o  operating point  and propel lant  temperature, and face and w a l l  compat ib i l i t y .  

(1) atomization tests  w i th  
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TABLE I1 
SUMMARY OF UNfELEMENT ?ATTERNS TESTE0 

1. X-Doublet 

a. Offset Fans O r i f i c e  Size Slot  Size - Offset_ Oxidi t e r  - F u n x i  d i zer 

XD-2 
xo-2 
XD-4 

XD-01 
XD-92 

b. In-Line Frns 

XDI-1 
XDI-2 

11. Unlike-Doublet 

UD-1 
UD-2 
UO-3 

111. Splash Plate 

.OOO .020x.O20 .024x.024 .020x.080 .024x.096 

.020 .02@x.020 .024x.024 .020x.080 .024x.096 

.040 .020x .020 .024r. 024 .020x .080 -024x.096 

. OCO .020x .020 .024x .024 .020x.060 .024x .060 

.o(M .020x.020 .020x .024 .020x.060 .020x.060 

- .020x.020 .024x .024 .020x .080 .020x .080 - .020x.O20 .020x -024 .020x .080 .024x.080 

Oxidizer O r i f i c e  Fuel Or i f i ce  

.029x.024 

.031x.022 

.026x. 024 

Or i f i ce  Diameter - Fuel Oxidizer 

SP-1 .020 .U24 
SP-2 (re1 ieved) .020 .024 
LSP-1 .025 .030 
LSP-2 (rel ieved .015) .025 .OM 
4SP ( four  elements) 

I V .  Like-Doublet 

LD-B 
LO-FD 

LO-FOWO 
LD-FUD 

CUP Size 
Fuel Oxi d i  zer - 

.049x. 100 .055x. 100 

.059x.100 .055x.100 

.059x. 120 .055x. 100 

.059x. 129 .065x. 120 

.02ox. 020 . ozox .02c 

.020x.c20 

I n l e t  Outlet V. V-Doublet - 
Included Angle - Fuel Oxidizer Fuel- Ox i d i  zer - 

VDT-1 
VDT-2 
VDT - 3 
VDT-4 
VDT-5 
VDT-6 
VDT-7 
VOi  -8 

V I .  Vortex 

VTX-A 
VTX-B 
VTX-C ,Ca 
VT X-D . Da 

VTX-H 

60 
60 
60 
60 
90 
90 
90 
90 

E x i t  Confiq 

Circular 
Circular 
C i  rcu l  a r  
Circular 
E l l i p t i c a l  
Rectangular 
E l  1 l o t i  cal 
Rectangular 
Triangular 
Cross-Shaped 
Triangular 
Cross-Shaped 

.020x. 020 

.024x.020 

.02ox.320 

.024x. 020 

.020x. 020 

.024x. 020 

.020x.020 

.024x. 020 

.024x.O24 

.024x.O24 

.024x. 024 

.024x.O24 

.024x .024 

.024x.O24 

.024x.O24 

.024x. 024 

Cu Diameter R o f  
F h e  r I n l e t s  - 

1 .120 . l oo  
2 .120 .loo 
1 ,140 .I20 
2 .140 .120 
1 
1 
2 
2 
1 
1 
2 
2 
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.020x.020 

.020x. c20 

.0226 d ia  

.0226 d ia  

.020x. 320 

.02ox .020 

.0226 d ia  

.0226 d ia  

.024x.O24 

.024x .024 

.0271 d ia  

.0271 d ia  

.024x. 024 

.024x.O24 

.0271 d ia  

.0271 d id  

E x i t  Diameter 
Fue 1 Ox i d i zer - 

,029 d ia 
.027 d ia  
.030 d la  
.028 d ia  
.0204x. 0408 
.020x.0287 
.0204x. 0408 
.020x. 0287 
.0108bx .0093h 

,012 
.O 1 O8bx .009 3h 

.012 

.033 d ia  

.030 d ia  

.034 d ia  

.031 d ia  

.0234x.0468 

.023x. 0354 
,0234x.0468 
.02(r a .0354 
.P131bx.O113h 

.012 
.0131bx.O113h 

.012 
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VI I I. SUBSCALE TESTING 

A. INTRODUCTION 

Subscale tes t ing  furnished the f i r s t  screening o f  candidate element 

patterns wi th multielement in jec t ion .  The subscale u n i t s  produced 1/10 o f  the fit!? 
scale thrust ,  i.e., 600 l b f .  Three basic i n j e c t o r  patterns were tested i n  ho t  f i r ings,  
with var iat ions o f  each basic element. 

8. HARDWARE 

The three patterns tested were the splash plate, X-doublet, and a mixed 

element consist ing o f  splash p la te and X-doullet elements. The splash p l a t e  had 

two var ia t ions and the X-doublet pat tern had three. A l l  i n j e c t o r s  were o f  p l a t e l e t  
face construction, wi th  conventionally machined concentric r i n g  manifolds s i m i l a r  to  
those i n  the f u l l  sclae in jec to r .  

The heat sink chamber was fabr icated from 304L sta in less steel .  The 
chamber length was 4.0 i n .  Cy l indr ica l  L* section w i th  a cumulative length o f  8 in. 
could be used i n  conjunction w i t h  the chamber, as could sepa:-ate f i l m  coolant and 

acoustic cav i tv  r ings,  

Figure 3 shows a photograph of the chamber and i n j e c t o r .  

C. TESTING 

Propel lant  d i s t r i b u t i o n  tests  were conducted t o  establ ish i n j e c t i o n  mass 
f l u x  and mixture r a t i o  p ro f i les .  Eighty-seven ho t  f i r e  tes ts  were run t o  invest igate 
performance, heat t ransfer,  and s t a b i l i  ty. S t a b i l i t y  bombs were w a d  i n  f i f t y - f i v e  

o f  the f i r i n g s .  Chugging tests  were run. The var ia t ion  i n  performance acd chamber 
heat t ransfer wi th  f i l m  cool ing was also investigated. Two ser ies o f  tests  each 
comprising 1500 thermal cycles were conducted t o  assess r y c l e  l i f e  capab i l i t y  of the 
p l a t e l e t  bonding techniques. One in jec to r  face  so t w t e d  was diffusion-bonded t o  the 
in jec to r  body: the other was d i f f u s i o n  bonded and had redundant electron beam welds 
alons the channel lands. 
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i X .  - FULL SCALE TESTING AT ALRC 

A. INTRODUCTION 

F u l l  scale tes t ing  s t  ALRC was conaucted i n  tandem wi th  both o f  the 
WSTF t e s t  programs and l a s t s  approximately one year. The purpose o f  the tes t i ng  
was, broadly, t o  evaluate performance, s t a b i l i t y ,  and heat t ransfer character is t ics ,  

and more speci f i  ~ l l y ,  t o  i d e n t i f y  the ef fects o f  i n j e c t o r  pattern, cav i ty  con- 
f iguratiun, chanber length, and operating po in t  on those character ist ics.  The 
primary thrust o f  mch o f  the tes t i ng  was d i rected toward evaluat ing and improving 
s t a b i l i t y  margin and explor ing the l i m i t s  of stable operation; thus, many of the 
f i r i n g s  were s t a b i l i t y  bombed. Testing was conducted both i n  the 5-4 a l t i t u d e  and 
A-5 sea leve l  f a c i l i t i e s ,  p r imar i l y  i n  the l a t t e r .  

w i th  a t o t a l  durat ion o f  1453 seconds. 

Some 362 tests  were conducted 

B. HARDMARE 

1. In jec to rs  

I n  addi t ion t o  the XDT-1 and XDT-2 i n jec to rs  which were used i n  
the 1973 WSTF series, and the DXDTl, DXDT2, and l ike-doublet  in jectors ,  whic,r were 
used i n  the 1374 WSTF series, the ALRC tes t ing  also evaluated mixed element 
f l a t  faced and in tegra l  b a f f l e  in jec to rs .  The in tegra l  baf f le u n i t  was a lso a 

p l a t e l e t  face i n jec to r  and demonstrated the fabr icab i l  i t y  of baf f led i n jec to rs  w i th  

p l a t e l e t  technology. The u n i t  proved unstable, however, and tes t ing  was discootinued 
a f te r  only a few tests.  

There were, apart from the in tegra l  b a f f l e  and l ike-doublet  in jectors ,  

four  basic i n jec to r  bodies used i n  the ALRC and WSTF t e s t  series. The two used 

i n  conjunction wi th  the XDTl and XDT2 in jec to rs  were designated as workhorse bodies; 

the other two were nmre representativf 
t o  as demo bodies. Both workhorse bodies were refarc.' + h r v  times. One o t  the 

a f l i gh t - t ype  design and were re fe r red  
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I X ,  8, Hardware (cont.) 

demo bodies was refaced once, the other was reworked by the addi t ion of an EB 
weld t o  the ex is t ing  p l a t e l e t  face. 

bodies and t h e i r  numerous faces f o r  the e n t i r e  program. 

Table I11 smnarizes the h is to ry  of the four 

2. Chambers 

W i t h  the exception o f  twelve regenerative chamber tests, a l l  o f  

the ALRC t e s t i n g  involved uncooled chambers. Three such chambers were fabricated, 
with chamber lengths of 4, 8, and 12 in. Three L* sections w i t h  lengths o f  
2, 3 ,  and 4.125 in., =re also made. Thus, considerable var ia t ion  i n  chamber 
length could be achieved. 

A f i l m  coolant r i n g  could be mounted a t  the forward end o f  the 
chamber, downstream of the acoustic cavity, as desired. 

3 .  Cavity Configurations 

Considerable var ia t ion i n  cav i ty  conf igurat ion was also possible. 

Cavity depth was adjustable by means of blocks which were attached t o  the bottom 
of the cav i ty .  
various widths decreasing both vclume and area. Cavity width was a lso  a l tered by 
changing the width o f  the cav i ty  p a r t i t i o m .  
achieved by several overlap r ings.  
contour were evaluated. 

Entrance area was changed by the inser t ion  o f  a x i a l  blocks of 

In jec to r  overlap var ia t ions were 
F ina l l y ,  several var ia t ions i n  cav i ty  i n l e t  

C. TEST SUMMARY 

The ALRC t e s t  series are not read i l y  described, p r imar i l y  because of the 
many conf igurat ion changes that  were made. Table I V  summarizes the purpose of 
various t e s t  sequences but  does not go i n t o  s i g n i f i c a n t  d e t a i l  regarding actual 

hardware configurations. 
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x. 1973 WSTF TESTING 

A. INTRODUCTION 

The purpose o f  the 1973 WSTF t ? s t  series was t o  demonstrate the 
p la te le t  i n jec to r  with a m i l l ed  s l o t  electroformed nickel  c;oseout regenerative 

chamber t o  establ ish a technology base for OME-type engines. Testing extended 
fra7 Feptenber 7 t o  October 17, 1973, and took place i n  Test Stand 401 o f  the 
f a c i l i t y .  The workhorse A-1 chamber was used i n  these tests, i n  conjunction w i t h  

the XDT-1 and XDT-2 in jectors.  The XDT-1 in jector  was used i n  the f i r s t  t es t  
sequence and suffered resurging combustion i n s t a b i l i t i e s .  It was returned t o  
ALRC f o r  evaluation o f  remedial measures; the i n s t a b i l i t i e s  were eliminated 
by means o f  dams a t  the n u l l  points i n  the r i n g  manifolds. Testing a t  WSTF 
was resumed and completed without incident. Sixty-three f i r ings w i t h  a 
t o t a l  duration o f  642 sec were conducted. 

B .  HARDWARE 

1. In jectors 

Two in jectors were u t i l i z e d  i n  the 1973 testing, both with 
X-doublet patterns, designated YDT-1 and XDT-2. The two were ident ical  except 
for  the outer row o f  elements which on the XDT-2 produced a fuel  fan pa ra l l e l  
t o  the chamber wall and on the XDT-1 a fan canted 30" t o  the wall .  Figure 4 
shows a photograph o f  the i n j e c t o r  body and manifold; the small blocks 
shown were i ns ta l l ed  i n  the bottom o f  the cavi t ies to  change cavi ty "tune". 

2. Chamber 

A l l  test ing was accomplished with the 12 i n .  A-1 o r  workhorse 
regenerative chamber. Coolant enters a t  the a f t  end of t h i s  chamber, by 
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X ,B ,2 .Chamber ant .  

meals o f  a c i r c u l a r  manifold,and passes through 180 s l o t s  m i l l e d  i n  the 304 
stainless s tee l  inner  l i n e r .  The outer wal l  o f  the chamber and coolant 
channel close-out i s  made f r o m  electroformed n icke l .  A f t e r  passing through 
the channels, the fue l  i s  co l lec ted  i n  another c i r c u l a r  manifold and passed 
through a U-shaped l i n e  t o  the i n j e c t o r  manifold. Figure 5 shows a drawing 
of the chamber. 

The chamber could be used w i t h  o r  without a 4 i n .  long heat 
s ink L* section located a t  the forward end. This 3/4 in .  t h i ck  - y l i n d r i c a l  
section, which i s  shown on the above drawing, l i m i t e d  f i r i n g  durations t o  less  
than 10 sec since i t  was not cooled. 

The acoustic cav i ty  housing contained 12 compartments which 
were cooled by means of a c i r c u l a r  fue l  manifold. 
t o  the f i r s t  tangential acoustic mode and four were tuned t o  the t h i r d .  

Eight cav i t i es  were turned 

Pert inent design de ta i l s  f o r  the engine are presented 
i n  Table V. 

C. TEST SUMMARY 

Eight  t e s t  series were conducted as s m a r i z e d  i n  Table V I .  The 

f i r s t  o f  these evaluated the XDT-1 i n j e c t o r  which proved subject t o  resurging 
i n s t a b i l i t i e s  and was returned t o  ALRC f o r  remedial test ing.  The XDT-2 

in jec to r ,  w i th  dams i n s t a l l e d  a t  the t i u l l  points o f  the face r i n g  manifolds, 
was used upon resumption o t  WSTF test ing.  

The second series was f o r  checkout purposes and the t h i r d  f o r  
acquir ing heat t ransfer  and pei-formance data wi th the 12.9 i n .  chamber and 
20:l nozzle. The fourth and f i f t h  series evaluated performance with t h i s  

72:l nozzle and chamber lencths o f  12.9 and 16.4 i n .  
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X,C, Test Sumnary cont. 

The s i x t h  ser ies invest igated the e f fec ts  of helium-saturated 

propellant. The seventh invest igated the e f f e c t  on performance and heat 
t ransfer  o f  f ue l  f i l m  coolirlg w i t h  the f i l m  coolant f rac t i on  nominally 

8% of the t o t a l  f ue l  flow. 

The l a s t  ser ies consisted o f  two tests, the second o f  which 
lasted 150 sec and was intended t o  examine the e f f e c t  o f  extended f i r i n g  

durations on i n j e c t o r  face and chamber wa l l  i n t e g r i t y  and on acoustic 
cav i ty  operation. No damage was experienced. 

D. CONCLUSIONS 

Following i n s t a l l a t i o n  o f  the face r i n g  dams, the i n j e c t o r  
operated s tab ly  over the remainder o f  the t e s t  series - 54 tests with a 

t o t a l  durat ion o f  620 sec. 

No hardware damage occurred. 

A l t i t ude  perfwmance fo r  a 55 : l  OMS prototype nozzle was determined 

t o  be 314.9 sec speci f ic  impu:se as extrapolated from the 72: l  nozzle tests .  
The e f fec ts  o f  helium saturat ion,  f i i m  cool ing, operating point ,  and chamber 
length on performance were a1 so determined. 

The maximum measured chamber wal l  temperature, a t  the throat,  was 

850°F, f o r  which the corresponding cycle l i f e  i s  calculated t o  be 1125 cycles. 
The nominal coolant bulk temperature r i s e  for the 12 i n .  chamber regenerative 
length was 145OF. The effects of helium saturat ion,  f i l m  cool ing, operating 
point, and chamber length on w a l l  temperature and bul k temperature r i s e  were 
a1 so determined. 
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X I .  1974 WSTF TESTING 

A. INTRODUCTION 

The 1974 WSTF tes t ing  was directed t o  a more comprehensive examina- 
t i o n  o f  the engine behavior, emphasizing i n  par t icu lar ,  ear ly  i d e n t i f i c a t i o n  3 f  

potent ia l  problems on the  OMS, and was as wel l  the f i r s t  t e s t i n g  o f  the demon- 

s t r a t t o n  i n j e c t o r  combined wi th the  16 in .  demonstration chamber. I n  add i t ion  
t o  the  usual performance and heat t ransfer  evaluations -- concerning the effects 
o f  f i l m  cooling, helium saturated propellants, i n l e t  condit ion, and operating 
p o i n t  -- there were a lso  t e s t  sequences involved with:  helium bubble ingest ion 
i n t o  both propellants, chugging thresholds a t  low pressure operation, hot ar,J 
co ld engine res tar ts  w i t h  and without a fuel c i r c u i t  purge, purge effectiveness, 
and long coast periods t o  character ize propel lant  evacuation and heat soakback 

behavior. The major i ty  o f  these sequences served t o  establ ish a basis for  
understanding and predic t ing engine behavior i n  space f l  ight .  

I n  t h i s  series, two p l a t e l e t  face i n j e c t o r s  and a conventional EDM 
machined 1 ike-doublet were tested i n  conjunction w i th  two regenerative chambers 
f o r  a t o t a l  durat ion o f  near ly 1300 szc i n  237 hot f i r i n g s .  

6.  HARDWARE 

1. In jec to rs  

The l ike-doublet  i n j e c t o r  which was used 
ser ies was residual  from a cornpar. funded program. I t  was 

baseline of comparison for the p l a t e l e t  i n j e c t o r  character 

n the f r s t  two t e s t  
used t o  establ ish a 

s t i c s .  

Two p l a t e l e t  face patterns were tested on demo bodies. 
d i f f e r e n t i a t e  the demonstration in jec to rs  f r o m  those used i n  the 1973 test ing,  
they were designated OXDTl and DXDTZ, followed by the se r ia l  number. The 
major dif ferences between the demo in jec to rs  and those used e a r l i e r  were that  

To 
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X I ,  R, Hardware (cont.) 

i n  the  demo un i ts :  
rnanifolas) were tapered, (2) the downcomers between tne  "pie manifolds and tt.e 
r i n g  manifolds had less flow area, and (3) fue l  from the chamber was fed d i r e c t l y  
around the acoustic c a v i t y  t o  the  pies rather  than wi th a separate l i n e  and 
co l lec to r  manifolds o f  the e a r l i e r  A-1 design. Figure 6 shows a drawing of 
the demo in jec to r  body p r i o r  t o  welding the back (Die manifold) cover i n t o  

place. 

(1) the "pie" manifolds (entrance manifolds t o  the r i n g  

2. Chambers 

The A-1 o r  workhorse chamber used i n  the 1973 tes t ing  was 
used again i n  the ear ly  1974 test ing,  A f l i g h t  prototype o r  demonstration 
chamber was a lso tested, The demonstration u n i t ,  designated as A-2, d i f f e r e d  
from the A-1 p r imar i l y  i n  t h a t  the chamber and acoustic c a v i t y  housing were 

f u l l y  regeneratively cooled, the coolant i n l e t  manifold was tapered t o  g ive  
be t te r  f low d is t r ibu t ion ,  the coolant exi+ed d i r e c t l y  i n t o  the i n j e c t o r  and 
the regenerative length was extended t o  16 i n .  A drawing o f  the A-2  chamber 
assembly i s  reproduced i n  Figure 7. 

The A-2 was o r i g i n a l l y  iden t ica l  t o  the A-1. It was reworked 

by adding an 8 i n .  c y l i n d r i c a l  section w i t h  acoustic c a v i t i e s  t o  an ex is t ing 
8 in .  chamber. Because o f  poor surface preparation p r i o r  t o  electrcforming 
the addi t ional  length, a poor bond was achieved between the electroformed outer 
jacket and the inrler l i n e r .  Af ter  78 f i r i n g s  and 410 sec f i r i n g  duration, the 
chamber f a i l e d  by v i r t u e  o f  an inward bulge o f  the inner l i n e r  over an area 
approximately 3 in.  by 10 i n .  The f a i l u r e  was contained e n t i r e l y  by the outer 
w a l l .  Later sectioning o f  the w a l l  showed the bond t o  be poor or nonesistent 
over much o f  the in ter face o f  the addi t ional  length. . 

C. TEST SIJMN4RY 

Table V I 1  summarizes the e n t i r e  t e s t  program insofar as t e s t  pur- 

pose, enaine operating point, and propel lant  temperature. 
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X I ,  1974 WSTF Testing (cont.) 

D.  CONCLUSIONS 

Table I i n  Section I11 summarizes the  numerous conclusions drawn 

i n  the 1974 WSTF tes t i ng  by means of comparing engine behavior w i t h  the actual 
9MS design speci f icat ion.  

I n  general, the  demonstration i n jec to r  and chamber were found t o  be 

S ta r t  t rans ient  overshoot may exceed 
acceptable i n  the areas of performance, heat transfer, and s t a b i l i t y  over the 
speci f ied range o f  operating condit ions. 
desired OMS l i m i t s ,  howewer. Shutdown impulse may l ikewise exceed OMS l i m i t s  
i f  not corrected f o r  i n l e t  temperature and pressure effects; such correct ions 
are al lowable but correct ional  corre la t ions have not been developed. 
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B IBL IOGRAPH Y 

The following bibliography suimnarizes the contents o f  a l l  the monthly progress 
reports (M-1 through M-32) and WSTF t e s t  reports (S-1, -2, -3), Test Plans and 
Oral Reviews. 

Month1 k o r t s  
*ring October 1972: Plexiglas element models, concept selection 

evaluation, spray tests, unie lemnt  chamber deslgn and injector 
detai 1s. 

13133-E3-2, covering November 1972: mielement fab and te;ring, f low ca l ibrat ion 
spray comparisons, mixing evaluation, hot  f i r i ngs .  

13133-M-3, covering December 1972: un ie lemnt  mixing results, energy mlease and 
speci f ic  impulse from hot  f i r ings,  conclusions regarding unielement 
configurations and t e s t  program. 

13133-M-4, cowerino . ,ry 1973: unielement data analysis, mixing patterns 
of car5 
chamber .s. 

.Iements, hot  f i r i n g  results, subscale i n jec to r  and 

13133-M-5, coverin? . 2c: ry 1973: expanded unielement testing, '. ldraulic and 
hot  f i r e  t e s t  results. 

"133-M-6, covering March 1973: hydraulic, mixing, and ho t  f i r e  t e s t  rksu l ts  
wi th  subscale hardware (SP1 and XDT in jectors)  including bomb 
s t a b i l i t y  tests. 

13133-M-7, covering Apr i l  1973: hot f i r e  resul ts  from XDT, XDI and SP2 subscale 
configurations, including bo& tests. 

13133-M-8, covering May 1973: subscale s t a b i l i t y  comparison of XD and 
injectors; thermal analyses, f l a t  face and baff led f u l l  sca 
i n jec to r  designs, bonding experiments. 

13133-M-9, covering June 1973: subscale mixed element performance, fu 
i n jec to r  hyd-aul i c s  . 

SP 
e 

1 scale 

13133-M-10, covering July 1973: i n i t i a l  f u l l  scale sea level  a1 ti tude uncooled 
and regen cooled tests  a t  ALE including performance, heat transfer, 
stabi 1 i ty. 

13133-M-11, covering August 1973: addi t ional  a l t i t ude  regen test ing a t  ALRC; 
i n i t i a l  WSTF tests. 

13133-M-12, covering September 1973: sea level  s t a b i l i t y  tests a t  ALRC and 
a l t i t ude  tests a t  WSTF t o  remedy s t a b i l i t y  problem, s tab i l i za t i on  
w i t h  manifold dams. 
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B i  b l  i ography cont . 

131334-13, covering October 1973: subscale thermal cycle tests, ALRC test ing 

13133-M-14, covering November 1973: f u l l  scale mixed element i n jec to r  heat 

o f  XDT2 in jec to r  performance and heat transfer. 

t ransfer and performance resul t s  a t  ALRC, i n jec to r  hydraulics . 
13133-M-15, covering Deenber 1973: f u l l  scale mixed element tes t ing  A-50, 

XM-1A testing, A-2 chamber design and fabr icat ion detai ls,  stress 
and thermal/hydraulic analysis o f  A-2 chamber. 

131334-16, covering January 1974: f u l l  scale XDT-1B and mixed element testing, 
baffled in jector,  t e s t  plan for  proposed WSTF testing, heat t ransfer  
analysis o f  bubble ingestion and chugging. 

13133-M-17, covering February 1974: f u l l  scale ba f f led  i n jec to r  tests, XM-18 
tests, resonator i n l e t  evaluation, XilT-1B heat f l u x  data, t e s t  
matrices f o r  proposed WSTF testing. 

13133-M-18, covering March 1974: additional unielement concepts, f u l l  scale 
large thrust  per element in jector,  high contraction r a t i o  chamber, 
resonator i n l e t  evaluation, undamped test ing o f  XDT-16 and l i ke -  
doublet injectors, XUT-1B rework. 

13133-M-19, covering April 1974: f u l l  scale DXDT1-1 s t a b i l i t y  tests a t  ALRC, 
resonator differences i n  A-1 and A-2 chambers. 

13133-M-20, covering May 1974: f u l l  scale DXDT1-2 s t a b i l i t y  test ing a t  ALRC, 
heat f l u x  data from DXDT1-1 and -2, XDT-IC test ing,  DXDT1-2 mixing 
tests. 

13133-M-21, cavering June 1974: additional unielement design de ta i l s  and spray 
t e s t  results: f u l l  scale XDT-1C in jec to r  test ing a t  ALRC, high 
contraction r a t i o  chamber test ,  low pressure drop in jector ,  cav i ty  
i n l e t  thermal analysis, cavity temperatures, like-doublet test ing 
a t  WSTF, DXDT1-2 in jec to r  test ing a t  WSTF. 

13133-M-22, covering July 1974: f u l l  scale high contraction r a t i o  chamber 
s t a b i l i t y  and thermal analyses, fuel c i r c u i t  helium bubble tests 
a t  WSTF, pos t f i r e  inspection of DXDT1-2 in jector,  XDT-IC tests a t  
ALRC, pop analysis, pos t f i r e  thermal e f fects  and propellant evacuation. 

13133-M-23, covering Aligust 1974: f u l l  scale A-2 chamber checkout tests a t  
WSTF, DXDT2-1 i n s t a b i l i t i e s  a t  high O/F and during hot restar t .  

13133-M-24, covering September 1974: f u l l  scale hot and cold engine restar ts  
wi th DXDT2-1 a t  WSTF, repeat wi th DXDT1-1R in jector ,  A-2 chamber 
f a i  1 ure . 
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131334-25, covering October 1974: primary a c t i v i t y  consisted o f  WSTF t e s t  
data analysis and documentation. 

13133-M-26, covering November 1974: primary a c t i v i t y  consisted o f  analysis and 
documentation o f  WSTF tests, hardware and t e s t  sumnary o f  WSTF 
testing; s t a b i l i t y  tests o f  XDT-1C i n jec to r  a t  ALRC. 

13133-M-27, covering December 1974: primary a c t i v i t y  consisted o f  analyzing 
WSTF data: s t a b i l i t y  tests a t  XDT-1D and XDT-1E a t  ALRC. 

13133-M-28, covering January 1975: primary a c t i v i t y  consisted o f  analyzing 
WSTF data and preparing WSTF Final Report; s t a b i l i t y  tests of 
XDT-IF a t  ALRC. 

13133-M-29, covering February 1975: primary a c t i v i t y  consisted o f  preparing 
WSTF Final Report. 

13133-M-30, covering March 1975: primary a c t i v i t y  consisted o f  preparing the 

13133-M-31, covering Apr i l  1975: primary a c t i v i t y  consisted o f  preparing the 

progranr f ina l  report. 

program f ina l  report. 

13133-M-32, covering May 1975: primary a c t i v i t y  consisted o f  preparing the 
program f ina l  report. 

Speci a1 Reports 

s-1 WSTF Test Report, covering 1973 WSTF testing: sumnary o f  tests, 
hardware, measurements, resul ts  and conclusions: analysis of 
performance, heat transfer, hydraulics, and dynamics; t e s t  plan, 
data sumnaries, computer program f o r  calculating performance, analog 
data. 

s-2 

s-3 

Test Summary Report Summarizing ALRC Testing a t  WSTF (1974): 
sumnary o f  hardware and t e s t  f a c i l i t y ,  description o f  t es t  series, 
sumnary o f  indiv idual  tests, contents included i n  S-3 below. 

1974 WSTF Test Report: technical analysis o f  1974 WSTF test ing i n  
areas of performance, heat transfer, s t a b i l i t y ,  s t a r t  and shutdown 
transients, evacuation and soakout character ist ics o f  purged and 
unpurged engine, nickel  compat ib i l i ty  tests; results, conclusions, 
recommendations, compliance with OMS specification; includes S-2 
above. 

Page 40 



Report 131 33-F-2 

Program Plans 

Program P l a n  - 10/20/72 - Defines program l o g i c  task description 
and. 
Task I A  Test Plan - 10/30/72 - Unielement cold f low a n d h t  t e s t  
plans, hardware and t e s t  system description. 

Task I1 Test P l a n  - 1/23/73 - Subscale cold flow a n d b t  t e s t  plzn, 
hardware and t e s t  system description. 

Task V I  Test Plan - 5/11/73 - Fu l l  scale a l t i t u d e  and sea level  
t e s t  plan, operating procedures, requirements, data analysis, 
hardware and t e s t  syskm description. 

Task V I 1  Test Plan - 8/17/73 - 1973 WSTF t e s t  program, operating 
procedures and requirements, data analysis, hardware and t e s t  
system description. 

Task V I 1  Test Plan - 2/1/74 - 1974 WSTF t e s t  program, operating 
procedures and requirements, hardware and t e s t  system description. 

Program Oral Reviews 

10/30/72 - NASA/JSC - Program plan, logic, task description ard 
schedule 
1/5/73 - NASA/JSC - Unielement t e s t  results, subscale design 

1/16/73 - RI/Downey - Unielement test  resul ts 

3/20/73 - NASA/JSC - Subscale tes t  results, expanded unielement 
t e s t  results, f u l l  scale design review 

4/17/73 - NASA/JSC - Subscale program review, f u l l  scale i n j e c t o r  
selection 

4/26/73 - RI/Downey - Ful l  scale ddsign review, subscale t e s t  
program resi f l  t s  

6/31/73 - NASA/JSC - O v e r a l l  program review, preliminary f u l l  
m s t  rcsul t s  

8/17/73 - RI/Downey - Ful l  scale tes t  program results, WSTF 
m o g r a m  p l  an 

9/25/73 - NASA/JSC - S t a b i l i t y  resul ts from f u l l  scale t e s t  
Program 
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Program Oral Reviews cont. 

10 19 73 - RI/@ ALRC WSTF t e s t  resul ts review, f u l l  scale design +- se ect ion analysis 

10/30/73 - NASA/JSC - WSTF t e s t  program resul ts and ful i scale 
desfgne I ect  i on 

12 12 73 - NASA/JSC - Mixed element i n jec to r  results, d i f fus ion 
6-Y- on ing, demo i n j e c t o r  design 

3 12 74 - NASA/JSC - Acoustic cavi ty operation, s t a b i l i t y  results, $1- e m  in jec to r  t e s t  plan 

5/7/74 - NASA/JSC - General stabi li ty review 

6/30/74 - NASA/JSC - Overall program review, s t a b i l i t y  resul ts 
sumnary 

11/12/74 - KASA/JSC - S t a b i l i t y  review 

11/13/74 - NASA/JSC - 1074 WSTF t e s t  program resul ts sumnary 

Page 42 


