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ABSTRACT 

This r e p o r t  presents analyses o f  r e s u l t s  obtained from c o l d  f l o w  and 
h o t  f i r i n g  t e s t s  conducted on the LM Ascent, LM Descent, and Service 
Propuls ion System engines. The purposes of these analyses were t o  
prov ide a basis f o r  de f i n ing  the thermodynamic processes and hardware 
var iab les  t h a t  lead t o  a hypergol engine hard r e s t a r t  a f t e r  a sho r t  
dura t ion  f i r i n g ,  and t o  determine i f  co ld  f low tes ts  can be formulated 
t o  provide data t h a t  w i l l  a l low a reduc t ion  i n  the requirements f o r  
c o s t l y  hypergol engine h o t  f i r i n g  r e s t a r t  performance tes ts .  Engine 
r e s t a r t  cha rac te r i s t i cs  were r e l a t e d  t o  the r e s u l t s  from thermodynamic 
analyses o f  p rope l l an t  behavior dur ing the coast phase o f  co ld  f l ow  
and h o t  f i r i n g  tes ts .  Hard r e s t a r t s  were r e l a t e d  t o  the accumulation 
o f  f rozen prope l lan ts  i n  the i n j e c t o r  assemblies and the  accumulation 
of n i t r a t e s  i n  the t h r u s t  chambers. Recommendations were made concern- 
i n g  the  conduct o f  f u t u r e  co ld  f low t e s t  programs and f o r  f u r t h e r  
experimental and a n a l y t i c a l  inves t iga t ions .  De ta i l s  o f  the t e s t  
programs are covered i n  these appendices. 
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AEDC 
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Bel 1 

TRW 
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DP S 
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LMDE 
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Arnold Engineering Development Center 

Atlantic Research Corporation 
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TRW Systems Group 

Service Propulsion System 

Ascent Propulsion System 

Descent Propulsion System 

Lunar Module Ascent Engipe 

Lunar Module Descent Engine 

Grumnan Aircraft Engineering Corporation 

Grumnan Aerospace Corporation 

Dry Star t  An engine s t a r t  mode w i t h  no  fuel or  oxidizer 
between the engine ball valves, and (APS and 
DPS only) no fuel i n  the valve actuator lines. 

Wet S tar t  An engine s t a r t  mode with propellants between the 
engine ball valves and (APS and DPS) fuel i n  
the valve actuator l ines.  

Ini t ia l  Start  The f i r s t  s t a r t  o f  a t e s t  ser ies .  

Hard S tar t  An engine firing which produced higher chamber pressure 
and accelerometer readings a t  ignjtion t h a n  
i n i t i a l  s t a r t s  made a t  the same t e s t  conaitions. 
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APPENDIX A - INJECTOR COLD-FLOW TESTING AT ARC 

A.0 GENERAL 

This appendix describes the A t l a n t i c  Research Corporation (ARC) t e s t  
f a c i l i t y  used for i n j e c t o r  cold-flow test ing.  The t e s t  series and 
engine instrumentation are described, and an evaluation o f  the cold- 
f low test-ing i s  presented. Detai led information on the test, f a c i l i t y ,  
t e s t  a r t r c l e ,  instrumentation and t e s t  series conduct is presented i n  
References 1 and 2. 

A- 1 
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A. 1 TEST FACILITY AND TEST APPARATUS 

A . l . 1  Faci 15 ty 

The s ta in less  s tee l  a l t i t u d e  chamber used dur ing the ARC i n j e c t o r  
t es ts  was ti f e e t  i n  diameter and 25 f e e t  long. 
evacuated by a 5 stage steam e j e c t o r  system designed t o  produce a 
no-load a l t i t u d e  o f  245,000 fee t ,  and t o  mainta in  an a l t i t u d e  of 
200,000 fe r t  w i t h  a E5 gram/second mass i n f l u x  ra te .  

The chamber was 

The p rope l l an t  supply system f o r  the B e l l  ascent i n j e c t o r  t es ts  i s  
shown i v  Figure A-1. 
and was thermal ly  condi t ioned by immersion i n  a temperature-control led 
water/alcohol bath. The f u e l  supply l i n e  was one inch  i n  diameter 
and was thermal ly  condi t ioned by c o i l s  through which the cooled w a t e r /  
a lcohol  so lu t i on  was c i r cu la ted .  A shor t  two inch  diameter f u e l  l i n e  
sec t ion  was equipped w i t h  an o r i f i c e  flowmeter and a del ta-p t rans-  
ducer t o  pleasure f low as a func t ion  o f  t i m e .  The ox id i ze r /ox id i se r  
s imulant tank was located i ns ide  the a l t i t u d e  chamber and was 
pressur ized w i t h  n i t rogen.  Thermai cond i t ion ing  was provided by water/ 
a1 coho1 so lu t i on  which was c i r c u l a t e d  through tub ing  co i  1 s wrapped 
around the e x t e r i o r  o f  the tank and the o x i d i z e r  feed l i n e s .  The 
quan t i t y  q f  o x i d i z e r  o r  ox id i ze r  s imulant used dur ing a t e s t  was 
determined by observing the o x i d i z e r  tank s i g h t  glass before and d f t e r  
each pulse. The l e v e l  o f  p rope l l an t  sa tu ra t i 0 . i  w i t h  p ressur iza t ion  
gases was n e i t h e r  c o n t r o l l e d  nor  measured dur ing the t e s t  ser ies .  
The B e l l  ascent i n j e c t o r  was cooled t o  40"F, when required, by u s i r g  
t r i c k l e  flows o f  methyl a lcohol  and Freon MF t o  cool the f u e l  and 
o x i d i z e r  passages respec t ive ly .  

The fue l  tank was pressur ized w i t h  hel ium gas, 

P r i o r  t o  the TRW descent i n j e c t o r  and Rocketdyne ascent i n j e c t o r  t es ts ,  
the o x i d i z e r  supply system w a s . m d i f i e d  t o  make i t  s i m i l a r  t o  the fue l  
supply system. A schematic o f  the modi f ied system i s  cnown i n  Figure 
A-2. 
ca t ing  the ox id i ze r  tank outs ide o f  the a l t i t u d e  chamber, p rov id ing  a 
temperatwe-control led bath f o r  the o x i d i z e r  tank and i n s t a l l i n g  an 
o r i f i c e  f low meter i n  the 2 inch  diameter sec t ion  of the ox id i ze r  
supply 1 ine. A n i t rogen gas valve ac tua t ion  system produced engine 
valve opening times o f  approximately 200 m i  11 iseconds and c los ing  tiines 
of approximstely 170 ms dur ing the TRW descent i n j e c t o r  t e s t s .  

The major changes t o  the ox id i ze r  supply syctef i  inc luded r c l o -  

The TRW descent i n j e c t o r  was cooled t o  40°F, when required, by spraying 
isopropyl  a lcohol  from two c i r c u l a r  manifolds onto the valve s i a e  o f  
the i n j e c t o r .  Two heat lamps were aimed a t  the lower area of the 
i n j e c t o r  man1 fo lds  t o  compensate f o r  the overcool i n g  which cccurred 
when alcohol drained dawn and co l l ec ted  near the bottom o f  the i n j e c t o r  
p!ate. 
by using t r i c k l e  f lows o f  methy'' a lcohol  and Freon MF t o  cool the f u e l  
and o x i  d i  zer passages respect ive .y . 

The Rocketdyne i n j e c t o r  was cooled t o  40°F, when required, 

A-2 
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A. 1.2 D i s t i  l l a t i w  Apparatus 

A vacuum d i s t i l l a t i o n  apparatus was used. t o  determine the volume of 
prope l l an t  mass res idua ls  located i n  the i n j e c t o r s  and i n j e c t o r  
manifolds.  A schematic drawing o f  the apparatus used w i t h  a l l  three 
o f  the i n j e c t o r s  i s  shown i n  Figure A-3, The fo l l ow ing  procedure was 
used t o  determine the prope l lan t  res idua l  volumes. A t  a preselected 
t i m e  i n t e r v a l  a f t e r  a p rope l l an t  co ld  flow, the t e s t  chamber pressure 
was broLght up t o  ambient, and a cap was placed over the i n j e c t o r .  
The d i s t i l l a t i o n  apparatus was connected t o  the fue l  i n j e c t o r  manifold,  
and the res idual  p rope l lan ts  were drawn o f f  i n t o  the evacuated co ld  
t raps, labeled A, B, and C on Figure A-3. The t raps were maintained 
a t  approximately O"C, -6O"C, and -200°C by using i ce ,  dry  i ce ,  and 
l i q u i d  n i t rogen respec t ive ly .  A t  preselected t ime i n t e r v a l s ,  the 
t raps  were removed, the volume o f  res idua ls  was determined, and the 
t raps  were r e i n s t a l l e d  f o r  f u r t h e r  d i s t i l l a t i o n .  

The p rope l l an t  d i s t i l l a t i o n  procedure was evaluated p r i o r  t o  s t a r t i n g  
Phase 11 o f  the B e l l  ascent i n j e c t o r  tes ts .  Since tne procedure was 
n o t  evaluated p r i o r  t o  the Phase I t es ts ,  the accuracy o f  the Phase I 
t es ts  i s  n o t  known. Data f o r  the f i r s t  ten evaluat ion runs are  shown 
on Table A-1.. The dura t ion  o f  the d i s t i l l a t i o n  was 30 minutes. Be- 
g inn ing w i t h  t e s t  #8, the d i s t i l l a t i o n  procedure was changed because 
s t rong t iydrat ine odors were observed a t  the vacuum pump exhaust, and 
a l a rge  f r a c t i o n  o f  the d i s t i l l a t e  was recovered i n  the co ldes t  t r a p  
( t r a p  "C") . The procedure change tnvolved keeping the stopcock between 
t raps  "Bl' and 'IC" c losed dur ing most o f  the d i s t i l l a t i o n  per iod.  
Although t h i s  procedure change reduced the r e p e a t a b i l i t y  of the d i s -  
ti 1 l a t i o n  procedure, i t  was re ta ined f o r  sa fe ty  reasons. 

A second procedure change was incorporated a f t e r  t e s t  # lo .  The d i s -  
t i l l a t i o n  was performed i n  two periods, l a s t i n g  30 minutes and 20 
minutes. The amount recovered dur ing the f i n a l  20 minute per iod  
was always less  than 10% o f  the amount' recovered dur ing  the f i r s t  
30 minute period, i n d i c a t i n g  t h a t  the d i s t i l l a t i o n  was e s s e n t i a l l y  
complete. I n  add i t ion ,  the tubing between the i n j e c t o r  and the 
t raps  was heated t o  reduce the , p o s s i b i l i t y  o f  condensate c o l l e c t i n g  
i n  the l i n e .  This procedure,which gave recovery ra tes  o f  85 + 5% 
o f  known samples, was used f o r  the Phase 11 B e l l  i n j e c t o r  tesTs. The 
w p o r t e d  mass res idua l  data are n o t  corrected f o r  t he  accuracy o f  the 
recovery process. 

P r i o r  t o  the TRW descent i n j e c t o r  t es ts ,  the d i s t i l l a t i o n  procedure 
was rev ised t o  incorporate a t  l e a s t  two 30 minute d i s t i l l a t i o n  per iods,  
and the dry  i c e  t r a p  was replaced by a l i q u i d  n i t rogen t rap .  The 30 
minute d i s t i l l a t i o n  per iods were repeated u n t i l  no f u r t h e r  mater ia l  
condensed i n  the t raps.  Data obtained dur ing the eva lua t ion  of t h i s  
procedurk are given i n  Table A-1. This procedure was used f o r  the 
Rocketdyne ascent i n j e c t o r  tes ts ,  but no separate eya lua t ton  of the 

A-5 
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T E S T  
NUMBER 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

T E S T  
NUMBER 

1 
2 
3 
4 

TABLE A-1 

D I S T I L L A T I O N  APPARATUS CALIBRATION DATA 

BELL ASCENT INJECTOR T E S T S  

TIME FOR SAMPLE 
D I S T I L L A T I O N  AMOUNT AMOUNT RECOVERED 

( M I N . )  (ML) (ML) (PER CENT) 

5 
5 
10 
30 
30 
30 
30 
30 
30 
30 

9.8 
50 
50 
50 
50 

21 2 
100 
50 
50 
10 

7 
23.0 
40.0 
47.4 
48.8 

196 
99 
42.4 
40,4 
9.8 

71 
46 
80 
95 
98 
92 
99 
85 
81 
98 

TRW DESCENT INJECTOR T E S T S  

TIME FOR SAMPLE 
D I S T I L L A T I O N  AMOUNT AMOUNT RE COVE RED 

(MIN . ) (ML) (ML) ( P E R  CENT) 

- 100 95 95 - 100 95 95 - 10 8 80 - 10 8 80 
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A . 1 . 2  D i  s t i  11 ation Apparatus ( C o n t  , nued) 

d i s t i l l a t ion  process was made for  the Rocketdyne injector. 
reported mass residual data are n o t  corrected f a r  the accuracy o f  
the d is t i l l a t ion  procedure. 

The 

A.1.3 Instrumentation 

Thermocoup'es were installed a t  several positions on the injector and 
valve assemblies t o  o b t a i n  temperature histories.  Detailed thermo- 

Y 
couple locations are given i n  the t e s t  a r t i c l e  descrigtion section 
for each injector.  Some o f  the thermocouples were installed direct  
on the exterior o f  t h e  injectors and others were installed so that  
they protlruded i n t o  the propellant passages. Pressure transducers 
were instal led t o  provide pressure histories o f  the injector manifo 
the feed lines and a l t i tude chamber. All pressure and temperature 
transducer d a t a  were recorded on a 24 channel :!oneywe11 Model 1508 
oscillograph. Movie cameras were mounted i n  positions t o  obtain 
photographic coverage of the injector face f o r  each of the injectors 
tested, For the beaker' t es t s ,  the movie cameras were installed t o  
o b t a i n  a side view of the beaker. 
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A. 2 

A.2.1 Test Object ives 

E L L  ASCENT ENGINE INJECTOR TESTS, PHASE I 

The object ives o f  the Phase I co ld - f low t e s t s  conducted w i t h  a B e l l  
ascent i n j e c t o r  were: 

1. Determine ex ten t  o f  i n j e c t o r  o r i f i c e  obs t ruc t i on  from 
frozen p rope l l an t  t o  support  LM-1 mission. 

2, Determine quan t i t y  o f  res idua l  propel lants ,  

3. Obtain photographic records of the phenomena occur r ing  
dur ing p rope l l an t  f l ow  and coast  periods. 

Test A r t i c l e  Conf igurat ion and Inst rumentat i  on A.2.2 

The t e s t  a r t i c l e  consisted o f  an instrumented B e l l  ascent engine 
i n j e c t o r ,  p rope l l an t  ducts and quad-redundant p rope l l an t  shu t -o f f  
valve assembly. The i n j e c t o r  valves were actuated by a solenoid- 
con t ro l l ed  nitrzogen gas system, and were protected from the i n j e c t o r  
p rope l l an t  spray by a splash p la te .  The i n j e c t o r  and va lve assembly 
was fastened t o  s t r u c t u r a l  supports which were at tached t o  the s ide 
walls o f  the  ARC High A l t i t u d e  Test F a c i l i t y .  The t e s t  assembly was 
o r ien ted  sc t h a t  the i n j e c t o r  faced upward a t  30" from the hor izon ta l ,  
as shown on Figure A-4. 
described i n  Sect ion A;1 :and Figure A-1 o f  t h i s  appendix. 

Prope l lan t  supply system charac te r i s t i cs  are 

The l o c a t i o n  o f  temperature and pressure transducers i s  shown i n  
Figure A-5. Copper-constantan thermocouples were used f o r  a1 1 
temperature measurements. Fuel mani fo ld  pressures were measured 
w i t h  a 0-250 ps ia  transducer. Because hhe accuracy o f  the mani fo ld  
pressure measurements i n  the low pressure range ( less  than 10 psi:) 
was questionable, no f u e l  mani fo ld  pressure data were.= o r ted  for the 
Phase I tes ts .  High speed (1000 frames per  second) and !i ow speed (24 . 

fps) c o l o r  movies were take.1 o f  a l l  Phase I t es ts .  

A.2.3 Test  Ser ies Descr ip t ion  

A t o t a l  of 27 i n j e c t o r  and 4 beaker co ld  f l ow  tes ts  were conducted 
dur ing the per iod  from October 17, 1967 through December 8, 1967. The 
bas ic  cha rac te r i s t i cs  o f  these tes ts  are summarized i n  Table A-2. 
Q u a l i t a t i v e  data t o  support the LM-1 mission was obtained  fro^ the 
ser ies  o f  two-pulse t e s t s  having an 85 minute coast per iod  between 
pulses, An add i t i ona l  t e s t  ser ies,  cons is t ing  o f  f i v e  fue l  f low 
pulses, separated by 5 minute coast per iods,  was run t o  determine 
the thermal condi t ions and duty cyc le  requ i red  t o  produce i n j e c t o r  
o r i f i c e  blockage by f rozen fuel .  
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FIGURE A-4 ?EST ORIENTATION FOR BELL INJECTOR 
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FIGURE A95 INSTRUMENTATION LOCATIONS ON BELL INJECTOR 
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A.2.3 Test Ser ies Descr ip t ion  (Continued) 

Thermal condit-ioniny o f  the i n j e c t o r  was accomplished by spraying 
the i n j e c t o r  w i th  C02 a f t e r  the a l t i t u d e  chamber had been evacuated. 
Add i t iona l  thermal cond i t ion ing  was accomplished, i f  required, by 
using t r i c k l e  f lows o f  Freon MF and methyl a lcohol  i n  the o x i d i z e r  
and f u e l  ducts r e s p e c t i v e l j .  

S inu la t i on  o f  o x i d i z e r  cool ing e f f e c t s  was attempted dur ing 10 o f  
the Phase I i r j e c t o r  tes ts .  
s imulate N204 coo l ing  e f f e c t s  was i n i t i a i l y  determined by comparing 
the heats o f  vapor izat ion on a vo lumetr ic  basis.  The Freon MF heat  
o f  vapor izat ion (63.5 ca l /ml )  is 45% o f  the n i t rogen t e t r o x i d e  heat 
o f  vapor iza t ion  (142 ca l /ml ) .  Since the i c j e c t o r  o x i d i z e r  man i fo ld  
capaci ty  i s  475 m l  (29 i n3 ) ,  the volume o f  Freon requ i red  t o  s imulate 
475 n11 o f  o x i d i z e r  i s  1670 mi. The Freon was flowed i n t o  the i n j e c t o r  
over a per’oc‘ o f  30 seconds t o  2 minutes. This t r i c k l e  f l o w  o f  simu- 
l a n t  resul2ed i n  s i g n i f i c a n t l y  h igher  r e f r i g e r a t i o n  e f f e c t s  on the 
f u e l  s ide  o f  the  i n j e c t o r  than d i d  ac tua l  pulse f lows o f  n i t rogen 
te t rox ide .  
run w i t h  a reduced amount o f  s imulant (535 ml )  i n  order  t o  reduce 
the r e f r i g e r a t i o n  e f f e c t .  A complete eva lua t ion  o f  the o x i d i z e r  
s imulants i s  presented i n  Sect ion A.6 o f  t h i s  appendix. 

The amount o f  Freon MF requ i red  t o  

The l a s t  3 o f  the t e s t s  using an ox id i ze r  s imulant were 

A-1 5 
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A. 3 BELL ASCENT ENGINE INJECTOR TESTS, PHASE I 1  

A.3.1 Test Object ives 

The object ives o f  the Phase I 1  co ld  f l o w  tes ts  conducted w i t h  a B e l l  
ascent i n j e c t o r  were: 

1. Determine pressure and temperature h i s t o r i e s  o f  the i n j e c t o r  
asserblv and tht- re ta ined prope l lan ts .  

2. Determine f u e l  res idua ls  as a funct ion o f  coast t ime f o r  
s i n c l e  and dual pulse tests .  

3. Eval.iate the p rope l l an t  res idua l  d i s t i l l a t i o n  procedure 
f o r  the B e l l  i n j e c t o r .  

A.3.2 Test A r t i c l e  Conf igurat ion and Inst rumentat ion 

The t e s t  a r t i c l e  consis ted o f  an instrumented B e l l  ascent engine 
i n j e c t o r ,  p rope l l an t  ducts and a quad-redundant p rope l l an t  shut-off 
va lve assembly. 
con t ro l l ed  nitrogen gas system, and we:-e protected f r o m  the i n j e c t o r  
p rope l l an t  spray by a splash p la te .  The i n j e c t o r  and va lve  assembly 
was fastened t o  s t r u c t u r a l  supports which were attached t o  the s ide  
wa l l s  o f  t.he ARC High A l t i t u d e  Test F a c i l i t y  as i n  Phase I. 

The i n j e c t o r  valves were actuated by a solenoid- 

The o r i e n t a t i o n  and inst rumentat ion fo r  the Phase I 1  tes ts  was 
i d e n t i c a l ,  w i t h  one exception, t o  the Phase I o r i e n t a t i o n  and 
inst rumentat ion shown on Figures A-4 and A-5. 
was the  s u b s t i t u t i o n  o f  a 0-5 ps ia  transducer and gage p ro tec to r  
f o r  the 0-250 ps ia  transducer used dur ing the Phase I tes ts .  
graphic coverage consisted o f  1000 fps  (frames per second) and 24 fps 
co lo r  f i l m s .  

The s i n g l e  except ion 

Photo- 

A.3.3 Test Ser ies Descri p t i o n  

A t o t a l  o f  64 i n j e c t o r  co ld  f l o w  tes ts  were conducteG dur ing  the 
per iod from A p r i l  15, 1968 through J J ~ Y  12, 1968. The basic character-  
i s t i c s  o f  these tes ts  are sumnarized i n  Table A-3. All t e s t s  used 
simultaneous pulsed f lows o f  Aerozine-50 and an o x i d i z e r  simulant, 
Freon MF. 
i n  Sect'on A.2 and Figure A-1 o f  t h i s  appendix. 

Prope l lan t  supply system charac te r i s t i cs  are descr ibed 

The p r i n c i p l e  d i f f e rence  between the Phase I 1  and Phase I tes ts  was 
the  method o f  f l aw ing  the ox id i ze r  s imulant.  
the o x i d i z e r  s imulant (Freon !IF) f lowed through the i n j e c t o r  valves, 
producing the same f l o w  dura t ion  f o r  both s imulant and fue l .  
t y p i c a l  f l o w  pulse du ra t i on  was 0.6 seconds. 
t es ts  employed a t r i c k l e  f l o w  o f  s imulant l a s t i n g  f o r  30 t o  120 seconds. 

During a l l  Phase I 1  tes ts ,  

I n  contrast ,  the Phase I 
The 

Ak16 
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A.3.3 Test Series Description (Continued) 

The effectiveness of using pulsed s8mulant flows was n o t  evaluated 
by testing. 
A - 6 )  indicates that pulsed flows of Freon MF provides a valid oxidizer 
simulation. 

However, an evaluation of sitiiulant properties (Section 

A significant number o f  the Phbse I 1  tes ts  wer? unsuccessful a t  a 
nominal i n i t i a l  temperature of 40°F. The principle reason was fai lure  
t c  a t t a i n  a uniform injector temperature o f  40 + 5°F prior t o  s tar t ing 
a tes t .  These tes t  failures resulted from diff icul ty  i n  using t r ick le  
flows of Freon MF and isopropyl alcohol to a t ta in  uniform injector 
tempcratwes. 

A-17 
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A.4 TRW DESCENT ENGINE INJECTOP TESTS 

A.4.1 Test Object ives 

The object ives o f  the co ld  f l o w  t e s t s  corlducted w i t h  a TRW i n j e c t o r  
were: 

1. Determine pressure and temperature h i s t o r i e s  o f  the i n j e c t o r  
assembly and the re ta ined prope l lan ts .  

2. Determine fue l  res iduals  as a func t ion  o f  coas t  t ime f o r  
s i n g l e  and dual pulse tes ts .  

Evaluate the d i s t i l l a t i o n  procedure f o r  the TRW i n j e c t o r .  

Evaluate the o x i d i z e r  s imulant (Freon TF) used dur ing 
f!:el s ide tes ts .  

Obtain photogrephi c records o f  the phenomena occur r ing  
dur ing prope l lan t  f low and r o a s t  per iods.  

Test A r t i  c l  e Conf i g u r a t i  on and Ins  trumen t a t  i on 

3.  

4. 

5. 

A.4.2 

The t e s t  a r t i c l e  consisted o f  an instrumented descent engine i n j e c t o r ,  
i n j e c t o r  manifolds and quad-redundant p rope l lan t  s h u t - o f f  valve 
assembly. 
s t r a i g h t  segments o f  tub ing.  
i n t o  the ARC t e s t  a r t i c l e  are l i s t e d  below: 

The var iable-area c a v i t a t i n g  vantur is  were replaced w i t h  
S i g n i f i c a n t  mod i f i ca t ions  incorporated 

1. 

2. 

3 .  

4. 

5. 

A f i x e d  t h r u s t  asse.Ibly t o  provide accurate adjustment o f  
the i n j e c t o r  gap. fo r  10% t h r u s t  s e t t i n g .  

Fixed-area c a v i t a t i n g  ventur is  (changeable i n s e r t s )  t o  
provide proper p r o p e l l a n t  f l o w  rates.  

An i n j e c t o r  mounting r i n g  t o  serve as a base f c r  the f i x e d  
t h r u s t  assembly, a support f o r  the i n j e c t o r  dome cover, 
and as a mount f o r  the asscrtibly i n  A t l a n t i c  Research 
Corporat i  on ' s t e s t  setup, 

An i n j e c t o r  dome coser t o  be L;sec' S E  vacuum d i s t i l l i n g  
res idual  p r o p e l l a n t  from the mani fo ldr .  

Prov is ion t o r  extensive inst rumentat ion t o  acquire the 
necessary t e s t  data. 

The t e s t  i n j e c t o r  was mounted i n  the ARC High A l t i t u d e  Test F a c i l i t y  
by fasten ing the i n j e c t o r  mounting r i n g  t o  a s p e c i a l l y  designed support 
s t r u c t u r e .  
vec tor  a x i s  (+X) was o r ien ted  8" above the hor izon ta l .  

The i n j e c t o r  face was t ipped down so t h a t  the t h r u s t  
The t h r u s t  

A-22 
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A. 4.2 Test Article Configuration and Instrumentation (Contl nued) 

assembly and fixed-area cavitating venturis were 3djdsted t o  provide 
a 10% thrust sett ing.  
described i n  Section A.2 a n d  are shown i n  Figure A-2 o f  this appendix. 

Propellant supply system .;hararteristics are 

The location sf pressure a n d  temperature transducers i s  shown on 
Figure A-6. Copper-cmstantan thermocouples were used for  a1 1 
temperat Are measlrrelnei,ts. Temperature measiirements identified as 
TC-113, -114, -1 15, m d  -:16 were immersion thermocouples supplidd 
by ARC.  Themocouples TC-I t h r o u g h  TC-12 were supplied and mounted 
by TRW. TC-1, - 2 ,  -5, -8 were cemented; a1 1 othcrs were spot welded. 
Available infomatior: on pressure t7ansducers i s  given i n  the table 
below. 

TRANSDUCER CHARACTERISTICS 

p4 
O X I D  i2ID 

P2 pa 
FUEL FUEL TEST p1 NUMBERS FUEL 

DUCT MAN1 FOLD MAN I FOLD cJCT I N J E CTOR 

1-3 0-350 none 0-5 psia  none none 
psi  a 

3-22 0-1 5 0-5 psia nons none none 
psi 2 

23-26 none none none 0-1 5 0-5 
psia psia 

The low range pressure transducers (0-5 p s i a  and 0-15 psia) were 
equipped w i t h  a protective device which prevented them from being 
damaged by exposure t c  the normal mani fol  d preszures experienced 
d u r i n g  propellant flow pulses. 

A.4.3 Test Series Description 

A total  u f  26 injector cold f l o w  t es t s  were conducted d u r i n g  the period 
from August 26 t h r o u g h  Septeniber 27 ,  1968 and  December 8, 1968 through 
March 8, 1469. The descent injector tes t s  were temporarily suspended 
i n  October i n  order to accomplish higher priority tes t s  on the Rocketdyne 
ascent injector. The basic characteristics of  these tes t s  are sununarized 
i. TsL:e A-4, No beaker tes t s  were L,nducted during the TJW injector 
+SI series.  

The . ,3d descess; injector was cooled t o  40°F, when required, by spraying 
isapropyl alcohol from two clrcular manifolds on to  the valve side of  
the injector.  Two heat lamps were almed a t  the lover area of the 
injector manifolds t o  compensate for the overcool i n g  which occurred 
when alcohol drained down and collected near t L a  bottom of the 

A-23 
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FIGURE A-6 INSfRUEIENTATION LOCATIONS ON TRW INJEtTOR 
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A.4.3 Test Series Descr ip t ion (Continued) 

i n j e c t o r  p la te .  

An o x i d i z e r  simulant, Freon TF, was used dur ing a l l  f u e l  f l ow  t e s t s .  
The simulant was flowed through the i n j e c t o r  o x i d i z e r  valves, pro- 
ducing the same f low dura t ion  f o r  both the s imulant and the A-50 f u e l .  
Two simulant f lows and two  o x i d i z e r  f lows were conducted t o  determine 
the  i n f e c t o r  thermal response t o  ox id i ze r  f lows and t o  evaluate the 
ef fect iveness of the o x i d i z e r  simulant. These t e s t s  a re  evaluated 
i n  Sect ion A.6 of t h i s  appendix. 

. ,  
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A. 5 ROCKETDYNE ASCENT ENGINE INJECTOR TESTS 

A.5.1 Test Objectives 

The objectives of the cold flow tes t s  conducted w i t h  a Rocketdyne 
ascent injector were: 

1. Deterinine pressure and temperature histories of the injector 
assembly and the retained propel ]ants. 

2. Determine fuel residuals as a function of coast time for  

3. 

single pulse tes t s .  

Obtain photographic records of the phenomena occurring 
dur ing  propellant flow and coast periods. 

The objectives of the cold flow tes t s  conducted w i t h  a beaker simulating 
the Rocketdyne ascent injector were: 

1. Evaluate the effects o f  orientation on propellant expulsion 
and freezing phenomena. 

2. Evaluate the effects of injector filters on propellant 
expulsion and freezing phenomena. 

3. Obtain photographic records of the propellant expulsion and 
freezing phenomena. 

A.5.2 Test Arti cl e Configuration and Instrumentation 

The t e s t  a r t i c l e  consisted of an instrumented Rocketdyne ascent engine 
injector, injector manifolds, and quad-redundant propellant ball valve 
assembly. The injector contained LM-3 configuration ("old")  injector 
f i l t e r s .  The t e s t  a r t i c l e  was modified t o  provide the required instru- 
mentation ports and tap for  the propellant d i s t i l l a t ion  apparatus, The 
injector ball valves were actuated by gaseous nitrogen, and were pro- 
tected from the injector propellant spray by a splash plate. 

The t e s t  injector was mounted i n  the ARC High Altitude Test Facil i ty 
by fastening the injector flange t o  a specially designed support 
structure. The injector face was tipped down so that  the thrust vector 
axis (+X) was oriented 8' above the horizontal. 

The location of pressure and temperature transducers i s  shown on 
Figure A d .  Copper-constantan thermocouples were used for a1 1 tempera- 
ture measurements. A low range (0-5 psia) transducer was erroneously 
mounted on a chamber pressure tap  instead of an injector fuel manliold 
tap. A high range (0-250 psia) transducer was mounted on the injector 
fuel manifold t a p  labelled P-2 an Figure A-7. Since the h i g h  range 
transducer d id  n o t  produce accurate pressure data i n  the ranqe of 
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FIGURS A97 INSTRUMENTATION LOCATIONS ON ROCKETDYNL INJECTOR 
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A.5.2 

in te res t  ( less  t h a n  10 ps ia ) ,  the h i g h  range transducer data were not  
reported. Therefore, there was no usable fuel manifold iI--essure da ta  
from the ARC Rocketdyne injector tes t s .  

Test Article Configuration and Instrumentation (Continued) 

The beaker used during the Rocketdyne injector t e s t  series was a 
modification of the beaker used during the Phase I Bell injector 
t e s t  series.  
middle alumin119 spacer so t h a t  a Rocketdyne injector f i l t e r  could 
be installed.  The beaker had an internal volume of approximately 
35 in3 ard an or i f ice  area 3f approximately 0.24 i$. In comparison, 
the Rxketdyne injector had a fuel side volume of  62.7 in3 and a fuel 
or i f ice  area of 0.203 i$. 

The beaker configuration is shown i n  Figure A-8. 
constructed from 4 inch diameter pyrex g lass  sections w i t h  aluminum 
end caps and f i l t e r  holder. Holes were GV' lled i n  the t o p  end cap 
t o  simulate the area of the ascent injector fuel or i f ices .  Beaker 
instrumentation was -1 !mi ted to  four copper-constant.an fi~nnocouples. 
Locations for these thermocouples are shown on the scnematic drawing 
of the beaker, Figure A-8. 

A.5.3 Test Series Description 

The modification consisted of machining a hole i n  the 

The beaker was 

c 

A total  of 17 ascent injector cold flow tests  were conducted during 
the period from October 14, 1968 t h r o u g h  October 22,  1968. The basic 
characteristics of these iosts are summarized i n  Table A-5. 

A total of 20 beaker tes t s  were conducted dur ing  the period from 
September 30 th roagh  October 12, 1968 and November 10-23, 1968. The 
characteristics of these tes t s  are sumnarized i n  Table A-6. 
speed (1000 fps) and normal speed (@I fps) motion pictures were made 
for each t e s t .  
each tes t ,  while the normal speed films covered the ent i re  t e s t  
period. The beaker t e s t s  were r u n  according t o  the following general 
out1 ine: 

High- 

The h i g h  speed films covered the  f i r s t  4 seconds of 

1. Condition the beaker and t e s t  f l u i d  t o  the desired tempera- 
ture. 

2. F i l l  the evacuated beaker w i t h  t e s t  f luid.  

3.  Evacuate the t e s t  chamber, and remove the beaker cap oy 
actuating a pr imat i  c cy1 i nder. 

4. ' llow the beaker t o  remain uncapped until a l l  residuzl fuel 
i s  frozen. 

5. Recap the beaker, allow the residuals t o  melt, and measure 
the height O f  l i q u t d  i n  the beaker. 
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A. 6 EVALUATION OF INJECTOR COLD FLOW TESTING 

A.6.1 L im i ta t i ons  o f  Cold Flow T:.-.-ting 

This sect ion evaluates s p e c i f i c  c o l d  f l o w  t e s t  f ac to rs  which can 
l i m i t  the app l i ca t i on  o f  co ld  f l ow  t e s t  r e s u l t s  t o  the p r e d i c t i o n  
and eva lua t ion  o f  h o t  f i r i n g  t e s t  r e s u l t s .  The s p e c i f i c  t e s t  
f ac to rs  are l i s t e d  below. One s i g n i f i c a n t  f ac to r ,  the absence 
o f  combustion heat input,  i s  omit ted from t h i s  sect ion,  b u t  i s  d i s -  
cussed i n  Appendix E. 

1. Cold f l ow  t e s t s  were run w i thou t  a t h r u s t  chamber, 

2. Cold f l ow  t e s t s  used o x i d i z e r  simulants (Freon MF o r  TF) 
i n  placf  o f  the  o x i d i z e r  dur ing  a l l  f u e l  f lows. 

3. I n j e c t o r  valves were actuated by a GN system dur ing c o l d  

Tota l  ac tua t i on  times approximated those o f  the  f u e l  actuated 
sys tem . 
f l o w  tes ts .  H o t - f i r i n g  t e s t s  used a + uel  ac tua t i on  system. 

The c o l d  f l ow  t e s t  data can be s i g n i f i c a n t l y  a f fec ted  by the l e v e l  
o f  t h e  "chamber pressure" e x i s t i n g  a t  the i n j e c t o r  face during, and 
a f t e r ,  each propel la r i t  f l o w  pulse. The "chamber pressure'' measured 
dur ing  c o l d  f l o w  tes ts  was a c t u a l l y  the  a1 ti tude chamber pressure, 
which was s i g n i f i c a n t l y  lower than the  chamber pressure t h a t  would 
r e s u l t  from p r o p e l l a n t  combustion i n  a t h r u s t  chamber. During the  
p rope l l an t  f l ow  pulse, and immediately a f t e r  te rmina t ion  o f  the flow 
pulse, the  l i q u i d  f l o w  r a t e  ou t  o f  the  i n j e c t o r  w i l l  be increased 
by any reduc t ion  i n  the "chamber pressure" e x i s t i n g  a t  the i n j e c t o r  
face. #hen the  f l o w  through the i n j e c t o r  o r i f i c e s  becomes two phase 
( l i q u i d  plus gas) o r  s i n g l e  phase (gas cn l y ) ,  the chamber pressure 
l e v e l  may a f f e c t  the f l o w  r a t e  ou t  o f  the  i n j e c t o r .  A t  the  present 
t i m e ,  t he  e f f e c t  o f  chamber pressure on the gas and two phase f l o w  
ra tes  through the i n j e c t o r  " o r i f i c e s "  i s  no t  known. Analysis o f  the  
f l ow  phenomena i s  complicated by the f a c t  t h a t  the i n j e c t o r  l l o r i f f c e s "  
a re  a c t u a l l y  c y l i n d r i c a l  holes having an L/D of approximately 2 , 7  t o  
3.8. As a r e s u l t ,  the i n j e c t o r  o r i f i c e  f l o w  may n o t  "choke" i n  the 
same way t h a t  f l ow  through the t h r u s t  chamber t h r o a t  becomes "choked". 
I f  the i n j e c t o r  o r i f i c e s  do n o t  choke, the i n j e c t o r  f l o w  r a t e  w i l l  
always be a func t i on  o f  the 'lchamber pressure", and the  comparison 
of c o l d  f l o w  t e s t s  t o  h o t  f i r i n g  t e s t s  w i l l  become d i f f i c u l t  and 
complex. Because o f  the importance o f  i n j e c t o r  f l o w  cha rsc te r i  s t i  cs 
i n  the  c o l d  f l o w  t o  ho t  f i r i n g  co r re la t i on ,  the i n j e c t o r  f l o w  
c h a r a c t e r i s t i c s  requ i re  f u r t h e r  i nves t i ga t i on .  
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A.6.1 L imi ta t ions  o f  Cold Flow Test ing (Continued) 

The engine 
c o l d  f low t e s t s ,  instead o f  the normal f ue l  x t u a t i o n  system used 
dur ing ho t  F i r i n g  tes ts .  
on the c o l d  f l o w  t e s t s  because a co ld  f l o w  t e s t  i s  v a l i d  i f  the 
i n j e c t c r  and manifolds are f i l l e d  w i t h  propel lants  dur ing the  f l o w  
pulse. 
i t  i s  concluded t h a t  the actuat ion times were adequate t o  f i l l  the 
i n j e c t o r  and mani fo lds  dur ing the  commanded pulse durat ions.  This 
conclusion i s  based on approximate actuat ion times repor ted dur ing 
f a c i l i t y  checkout p r i o r  t o  the TRW t e s t s ,  and examiaation o f  t e s t  
data which show t h a t  the temperatures o f  both the top and bottom 
of the i n j e c t o r s  responded t o  p rope l lan t  f l o w  pulses. 

b a l l  valves were actuated by a GN2 3ystem dur ing the ARC 

This d i f fe rence had no signif ica1;t e f f e c t  

Although valve actuat ion times were n o t  repor ted by A R C ,  

An o x i d i z e r  simulant, Freon TF o r  Freon MF, was used dur ing a l l  f u e l  
flow t e s t s  on the Rocketdyne i n j e c t o r ,  the TRW i n j e c t o r  and the 
Phase 11 B e l l  i n j e c t o r  t e s t  ser ies,  and on some Q f  the Phase I BB1 
i n j e c t o r  t e s t  ser ies.  The purpose o f  using the o x i d i z e r  simulants 
was t o  produco all accurate thermal s imulat ion o f  the o x i d i z e r  cool 
e f f e c t s  w i thout  producing combustion. The ef fect iveness o f  the 
o x i d i z e r  simulants was evaluated by comparing the i n j e c t o r  thermal 

n3 

response t o  s imulant  f lows and t o  o x i d i z e r  (n i t rogen t e t r o x i d e )  f lows. 

Simulant evaluat ion t e s t s  were conducted a t  the end of the Phase I 
B e l l  i n j e c t o r  t e s t s  and a t  the end o f  the TRW i n j e c t o r  [ $ i t s ,  The 
e f f e c t  o f  the s imulant pulse f lows used dur ing the Rocketdyne i n j e c t o r  
tes ts  and Phase I1 B e l l  i n j e c t o r  t e s t s  was n o t  evaluated by t e s t i n g .  
As a r e s u l t ,  the evaluat ion o f  s imulant  e f fect iveness f o r  these t e s t s  
must be based on a compai-ison between simulant and o x i d i z e r  p roper t ies .  

The simulant x e d  dur ing B e l l  and Rocketdyne ascent i n j e c t o r  t e s t s  
was Freon MF. 
descent i n j e c t o r ,  the o x i d i z e r  s imulant was changed t o  Freon TF f o r  
the descent i n j e c t o r  tes ts .  
densi ty,  b o i l i n g  and f reez ing  po in ts  and heat c f  vapor izat ion f o r  N2O4, 
Freon TF ( C C l Z F  - CC14F2j and Freon MF (CC13F). 

Because o f  n a t e r i a l  c o m p a t i b i l i t y  problems i n  the TRW 

The tab les below l i s t  t!-e vapor pressure, 

Freon MF P rcper  t y  &A4 Freon TF - 
Boi 1 i n g  Po in t  70°F 8 1 atm. 
Freezing Po in t  12°F @ 1 atm. -31OF @ 1 atm. -168°F @ 1 atni. 
Heat o f  Vap. a t  178 BTU/lb 63.1 BTU/lb 78.3 B'iU/lb 

118°F @ 1 atm. 75OF @ 1 atm, 

B o i l i n g  Po in t  
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A.6.i 

T m p  . 
"F 

10 
20 
30 
40 
50 
6 0 
70 

. imitations of Cold Flow Testir.2 

h'?04 - __ Freon TF Freon MF 
Densi ljy Vapor Density Vapor Density Vapor 
l b j f t  Pressure 1 b/ft3 Pressure 1 b/ft3 Pressure 

(Continued) 

p s i  a psia psia 

94.5 2.5 1 .2  97 3.2 
93.9 3.5 1 bL 1.6 96.5 4.2 
93.2 4.8 101 2.0 96 5.5 
92.5 6.5 100 2 . 7  95 7.2 
91.7 8.6 99.5 3.3 94 8.9 
90.9 1 2 . 2  99 4.3 93.5 11 
90.2 14.3 98.5 5.4 92 5 13 

. .  

The tables above show that,  except for the lower freezing p o i n t  and lower 
heat of vaporization, Freon MF i s  a good N2C4 simulant. Freon TF, 
s e d  durf  :g the descent injection tes t s ,  i s  a noorer simulant t h a n  
Freon MF because the vapor pressure and hezt of vaporization are sig- 
nificantly lower than either F r v n  MF or N2O4. 

The evaluation of oxidizer simulstion d u r i n g  Phase I Bell injector 
tes t s  was cocductecl by comparing tes t  results from tr ickle  flows o f  
simulant {Freon MF\ LO t es t  results from pulsed flows o f  oxidizer 
(N204). The vo!i-s of Freon used (535 m l  and 1070 m l )  during the 
evalua+ion t e sP  representative of the amolrnts used d u r i n g  the 
P h a v  I fuel flck tes ts .  The time required t o  flow these ar.aur,ts of 
Freon, d t  a supply pressure 9f 15 psia, w s  approximately CO seconds 
and 120 seconds respectiveiy. The dxat ion of the N2O4 flow pulse 
das 0.6 secor;.cts a t  a supply pressure of 160 psia. 

The themial response o f  the Bell injector t o  a t r ickle  flow 535 ml 
nf Freon MF and a 0.6 second flow pulse of N2O4 i s  shown on A .gure 
A-9. 
injector oxidizer flow passage (TC 11) responded rapidly, dropping  t o  
7°F i n  7.5 seconds. The injector (TC 8) responded slowly, w i t h  t3e 
injector temperature s t i l l  decreasing slowlv it the termination o f  
thc t e s t  (300 seconds). Although the ininiixm gxidizer flow passage 
tempersture was 7"F, the injector was cooied t a  a tninimurn of 32OF,  a 
10°F decrease i n  temperature. 
Freon MF caused a slow temperature del.rease t o  2OoF in the oxidizer 
injector flow passage. The injector was cooled siqnificantly dur i r , a  
the Freon flow, reaching 1 8 O F  a t  60 seconds. 
pass3ge temperature (19°F) and t h e  minimum injector temperature (24°F) 
were reached a t  apprcximately 120 seconds, Comparing the temperature 
d a t a  show t h a t  t b o  s iwlant  produced a signlficantly greater tempera- 
ture decrease (19-22'1 1 than d i d  the oxidizer ;9-lfJ°F). 

Following the N204 flow, the immersion thermocouple in the 

In  contrast, the t r ickle  flow of 

The minimum oxidizer flow 
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A.6.1 L im i ta t i ons  of Cold Flow Test ing (Cont i iued) 

Add i t iona l  data on the e f f e c t  o f  the Phase I o x i d i z e r  s imu la t ion  
i s  shown on Figure A-10. This f i  -ure presents temperature data from 
Test #9, run w i thout  simulant flovf, and Test #18, run  w i t h  a t r i c k l e  
f l ow  of 535 m l  o f  Freon MF dur ing each o f  the  f i r s t  f o u r  f u e l  pulses. 
The thermocouple, TC 12, wp’s l oca ted  on the ex terna l  surface o f  the  
i n j e c t o r  fuel manifold, a L  the bottom o f  the i n j e c t o r .  
show t ’ ia t  the t r i c k l e  f l ow  o f  simulant had a s i g n i f i c a n t  e f f e c t  on 
i n j e c t o r  temperature. The i n j e c t o r  temperature f o r  Test P18, run 
w i t h  simulant, was from 5O t o  2OoF colder than the  i n j e c t o r  temperature 
measured dur ing Test #9. The r e f r i g e r a t i n g  e f f e c t  o f  the  simulant 
t r i c k l e  f l ow  could h3ve s i g n i f i c a n t l y  increased the  amomt o f  f rozen 
f u e l  residbals,  and caused premature i n j e c t o r  blockage. 

The data 

An eva lua t ion  o f  the  ox id i ze r  s imulant (Freon TF) used dur ing  the  
descent i n j e c t o r  t e s t s  was conducted dur ing the  l a s t  4 t e s t s  o f  the  
t e s t  ser ies .  
pulses o f  Freon TF, and t e s t s  25 and 26 were run w i t h  3.6 second 
pulses o f  N2O4. 

The thelmal reponse o f  the TRW descent i n j e c t o r  t o  pulsed simulant 
and 0 x 1  i i z e r  f lows i s  shown on Figures A-11 ard  A-12. Figure A-11 
shows t,ie response of a thermocouple (TC 8) loca ted  on the ox id , ze r  
duct i n  a ;?gion which r e t a i n s  f l u i d  a f t e r  the f l ow  pulse i s  completed. 
These data show t h a t  the Freon TF d i d  no t  cool the  o x i d i z e r  manifold 
as r a p i d l y  nor  t o  as low a temperature as the N704. From 6 t o  about 
60 seconds, the Freon was approximately 10°F Warner thar: the M O4 and 
from 60 t o  1000 seconds, the tenperature d i f f e rence  increased ?o about 
20°F. 
converge, u n t i l  a t  3Cn0 seconds, they are again nea r l y  the  same. 
F igure  A-12 shows rhc rssponse o f  a thermocouple (TC 12) loca ted  on 
the b o t t m  of t’le i n j e c t o r  f u e l  manifold. The t m p e r a t u r g  response 
t o  s imulant and ox id r7er  f lows d i f f e r e d  by a maximum o f  7 F. 

Descent i n j e c t o r  t e s t s  23 and 24 were run w i t h  3.6 second 

From 1000 t o  3600 seconds, the Freon and N2O4 temperatures 

The s i m i l a r i t y  of the LMDE f u e l  manifold thermal reeponees i s  a r e s u l t  
ol’ the  LMDE oxid;z?r f l ow  ?ath. 
LPDE i n j e c t o r  i s  confined t o  the center o f  the i n j e c t o r .  
the heat t r a n s f e r  between the o x i d i z e r  f l ow  path and the  l a r g e  i n j e c t o r  
f u e l  man i fo ld  l oca ted  on the per iphery o f  the  i n j e c t c r .  
the  effectiveness o f  an ox id i ze r  s imulant has a r e l a t i v e l y  small e f f e c t  
on the  fue l - s ide  cha rac te r i s t i cs  o f  the LMCE ‘cljector. 

The e f f e c t  o f  the simulant pulse f lows used dur ing  the Phase I1 B e l l  
i n j e c t o r  t z s t s  and the Rocketdyne i n j e c t o r  t e s t s  was n o t  evaluated by 
t es t i ng .  
shows t h a t  the dens i t i es  and vGpor pressures are comparable, bu f the 
Freon MF heat o f  vapor iza t ion  i s  on ly  44% o f  the N2O4 heat o f  vapor i -  
zat ion.  The low Freon heat of vapor iza t ion  d!’d n o t  s i g n i f i c a n t l y  

Ox id izer  and simulant f low i n  the 
This l i m i t s  

As a r e s u l t ,  

A ,:omparison between the proper t ies  o f  Freon MF and N 04 
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A.6.1 Limitations of Cold Flow Testing (Continued) 

affect  the temperature of the injector because a major part of the 
oxidizer residuals were trapped i n  the duct between the injector 
valves and the injector. Within a few seconds af ter  flow termina- 
t i o n ,  t h e  injector w i s  essentially f ree  from oxidizer or simulant, 
and the injector passages were primarily cooled by vapor produced 
i n  the  propellant ducts. As a resu l t ,  the reduced coolinq capacity 
of the simulant primarily affected the temperature of the oxidizer 
duct. The relatfvely l a rge  mass of the injector valve assembly (27  
1 bs) decreased the effect  of oxidizer/simulant temperature differences 
on fuel residudls adjacent t o  the valve assembly, and the relatively 
t h i n  duct walls (0.035 inches) thermally isolated the oxidizer/ 
simulant l i q u i d  residuals from the injector.  At should be noted t h a t  
the descent injector oxidizer ducts were 10-20 F warmer when simulant 
(Freon TFJ was used, b u t  the injector fuel manifolds were a maximum 
of only 7 F warmer. 
concluded that  Freon MF produced a valid simulation of the oxidizer 
cooling effects on the injector and fuel ducts. 

As a resul t  of these considerations, i t  i s  

A.6.2 

The ARC testing was evaluated t o  determine i f  the  tes ts  were adequate 
t o  identify potential problem areas and t o  perpit a thorough engineer- 
i n g  evaluation. This evaluation was based on .ne t e s t  matrices, t e s t  
instrumentation and t e s t  f ac i l i t i e s .  The t e s t  matrices and t e s t  
instrumentation were specified by GAC and the t e s t  f ac i l i t y  was operated 
by ARC t o  meet the required t e s t  conditions. 

Ac!eqiiacy of Cold Flow Testing 

The sumnary t e s t  matrix below shows the basic types of tes ts  conducted 
on each injector. 

Test. 
Injector Test Series 

Bel 1 Bel 1 TRW Rocketdyne 
Phase I Vase I1 

Fuel F low Yes Yes Yes Yes 
Oxid. f’lod Yes N 0 Yes No 
D i  s t i  1 1 a ti on NO Yes Yes ?I 0 

Simul m t  Yes No Yes YO 
Evaluation 

Eva 1 ua t i on 

The Phase I te: ,s conducted on the Bell ascent injector were adequate 
t o  determine the oasic phenomena which occur a f t e r  engine shutdow i n  
a vacuurn. The omissicin of oxidizer flow tests  and simulant evaluation 
tosts  from the Bell Phase I1  t e s t  series reduced the effectiveness o f  
the engineering analysis. 
was significantly reduced by the omission o f  oxidizer, d i s t i l  lat ion 

The effectiveness of the Rocketdyne tes ts  
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A.6.2 Adequacy of Cold Flow Testing (Conti nued) 

evaluation, and simulant evalcation tes t s .  Tt-e TRW descent injector 
t e s t  ser ies  provided an adequate basis for encineering analysis. 

The surmiiary instrumentation matrix below shows the basic types of 
instrumentation for which data  were reported d u r i n g  each t e s t  ser ies .  

I hs trumen ta  t i on 
Iujector I . es t  Series 

Bel 1 Bel 1 TRW Rocketdyne - 
Phase I Phase I1 

Pressures (0-15 psia) 

Test Chamlpr 
Fuel Injector 
Fuel Duct ( In j . )  
Oxid. Injector 
Oxid. Duct ( In j . )  

No 
No 
No 
No 
NO 

Yes 
Yes 
No 
No 
No 

Yes 
Yes 
Yes 
Yes 
Yes 

Yes 
No 
No 
No 
No 

Tenperatures 

:njector Surface NO Q NO CJ Yes Yes 
injector Fuel Passages Yes Yes Yes 
Injector Oxid Passages No 8 %H’q Yes Yes 
Fuel Duct Surface No Yes Yes 

Yes Yes Yes 
Yes Yes 

Oxid Duct Immersion No Yes Yes 

Fuel Duct Immersion 
Oxic! Duct Surface No 8 

Flow Rates 

4 Instrumentation installed,  data n o t  reported 

Pressure data were adequate duri.ng the TRW and Bell Phase I1 t e s t s .  
However, an instrumentation error resulted i n  the loss o f  usable pressure 
data for a l l  Rocketdyne ;njector t e s t s .  Temperature data for the TRW 
and Rocketdyne injector tes ts  were excellent because data on both the 
duct inmersion and duct surface thermocouples were reported. Comparison 
of the data from these two types o f  thermocouples was used t o  establish 
the accuracy and response o f  the d u c t  surface thermocouples used d u r i n g  
the Seatt le h o t  f i r i n g  tes t s .  
i n  the injector d u r i n g  the Seattle t e s t s ) .  
were 1i.mi.ted t o  four inmersim thepygcpuples duyi.ng the Phase and 
Phase I1 Bell injector tests, a l though a’ total  of 14 thermocouples were 
installed.  No flow rate  data were reported, a l t h o u g h  flow ra t e  instru- 
mentation was installed for  a l l  t es t s  except the  Phase I oxidizer tes t s .  

(No immersion thermocouples were Installed 
Reported temperature da*3 
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A.6.2 Adequacy o f  Cold Flow Test ing (Continued) 

The f o l l o w i n g  t e s t  f a c i l i t y  summary shows the f a c t o r s  considered 
dur ing the  evaluat ion o f  t e s t  f a c i l i t y  performance f o r  each t e s t  
ser ies.  

I n j e c t o r  Test Series 
Bel 1 Bel 1 FBci 1 i t y  Factor 

Phase 1 Phase 11 TRd Rocketdyne 

I n j e c t o r  O r i f i c e s  Choked Yes 4 Yes Yes 4 
I n i t i a l  I n j e c t o r  

Temperature V a r i a t i  ons 
Maximum 8 40°F Nom. 14 16 15'F 4°F 
Average 8 40°F Nom. 7 10 10.5"F 2.6"F 
Maximum 8 70°F Nom. 7 11 7°F 4" F 
Average @ 70°F Nom. 2.4 7.5 3.5OF 3.4OF 

Propel 1 a n t  He1 i um 
Saturat ion Level 

4 
4. 
4 

3ased on s i m i l a r i t y  t o  B e l l  Phase I 1  tes ts .  Pressure data 
n o t  a v a i l a b l e  f o r  these tes ts .  

I n j e c t o r  unchoked between approximately 5 seconds and 200 
seconds. See Figure 3-16 f o r  ty: l ical  t e s t  r e s u l t s .  

Notll.measured and n o t  con t ro l  1 ed. 

The t e s t  f a c i l i t y  pressure was s u f f i c i e n t l y  h igh dur ing a l l  TRW descent 
i n j e c t o r  t e s t s  t o  i n d i c a t e  prob3ble i n j e c t o r  o r i f i c e  unchoking dur i t ig 
a s i g n i f i c a n t  per iod  o f  each t e s t .  Typical  duct, injector.,  and 
a l t i t u d e  chamber pressure data from Test #18 are  shown on Figure A-13. 
These data show t h a t  the r a t i o  o f  a l t i t u d e  chamber pressure t o  i p j e c t o r  
pressure was greater  than 0.5 f o r  the t i m e  per iod  f rom 5 t'J 200 seconds. 
The s i g n i f i c a n t  increase i n  a l t i t u d e  chamber pressure i s  a t t r j b u t e d  
t o  the r e l a t i v e l y  long p r o p e l l a n t  f low durat io t l  (3.0 t o  3.7 seconds) 
which caused t h 6  t o t a l  p r o p e l l a n t  f low t o  be approximately twice as 
l a r g e  as t h e  t o t a l  ascent i n j e c t o r  propel lant-  f low. The f a c i l i t y  
steam e j e c t o r s  could n o t  remove the e jec ted  p r o p e l l a n t  f a s t  enough 
t o  mainta in  the  requi red t e s t  chamber pressure. The e f f e c t  o f  i n j e c t o r  
o r i f i c e  unchoking cannot be r i g o r o u s l y  evaluated because a1 1 desccnt 
i n j e c t o r  t e s t s  e x h i b i t e d  h igh  i n j e c t o r  pressure r a t i o s .  However, i t  
i s  apparent t h a t  the f lcel-side temperature data show a s i g c i f i c a n t  
t ime delay (up t o  60 seconds) before evaporat ive coo l ing  began. The 
low pressure d i f fe rence acvoss the i n j e c t o r  o r i f i c e s  reduced the mass 
flow r a t e  through the  i n j e c t o r ,  which slowed the evaporat ive cool inG 
process and increased the f u e l  res idua ls  present a t  any t i m e  up 
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A.6 r( Adequacy of Cold Flow Testing (Continued) 

to  residual depletion. 

The nominal allowable variation in i n 1  t i a l  injector temperature was 
- i. 5 O F ,  This requirement was met d u r i n g  a l l  of  the Rocketdyne 
injector tes t s  and dur ing  most of the TRW and Phase I 1  Bell injector 
t e s t s ,  Data were n o t  reported for a large number o f  the Phase I1 Bell 
injector tes t s  which were considered t o  be unsuccessful because of 
excess ive in i t i a l  temperature variations. The temperature variations 
may have caused some scatter i n  the mass residual da t a ,  b u t  d i d  not 
appear to  significantly affect  the phase history or temperature history 
data. 

The t e s t  requira,nents for the ARC cold flow tes t s  d i d  not specify 
e i ther  control or  measurement o f  the gas saturation level of the 
propellants. As a resul t ,  the effect  on t e s t  data of variations i n  
thi s parameter cannot be isolated. 
gases, principal ly he1 i um and ni trogen , may have a signi f i  cant 
effect  on the amount of residual propel4ants ejected immedi a%ely 
a f t e r  flow termination. 
the gas saturation pressure, gas bubbles come o u t  of solution and 
can force l iqlr id  out of the injector.  The effect  of .ielium and 
nitrogen effervescence cannot be established because the g c s  saturation 
levels are ro t  known. 

The effervescence of  dissolved 

When the propellant pressure decays below 
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APPENDIX B - ASCENT ENGINE TESTING AT SEATTLE 

B. 0 GENERAL 

This appendix describes the Seat t le  t e s t  f a c i l i t y  and t e s t  a r t i c l e  
csed i n  t e s t i n g  the ascent engine. The t e s t  ser ies and engine 
inst rumentat ion are described, and a review i s  made o f  t z s t  
v a l i d i t y  f o r  ascent engine r e s t a r t s .  
t e s t  f a c i l i t y ,  t e s t  a r t i c l e ,  instrumentat ion and t e s t  ser ies conduct 
i s  preserted i r i  Reference; 3 ,  4 ,  and 5. 

Deta i led in format ion G I I  the  
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B. 1 TEST FACILITY AND TEST APPARATUS 

6.1.1 Test Faci 1 i ty 

The basic t e s t  f ac i l i t y  used for  the LM Ascent and Descent Engine 
Restart Cap2bilities Test Program i s  the h i g h  a l t i tude - high  
temperature environmental t e s t  f ac i l i t y  located a t  Area 34 a t  the 
Boeing Company's Tulalip Test Si te .  This f ac i l i t y  has two environ- 
mental ckambers, twc, steam ejector systems, a steam generating 
plant, a coolir. tower, d control building, a h i g h  bay assembly 
building, an air. lock and a i r  bubble structure plus other ancil lary 
bui 1 dings and se:-vi ces . 
A l t i t u d e  pumping capability i s  provided by separate two stage and 
five stage steam ejector systems custom made for  this  installation 
by the ElliottCompany. Both ejectors operate on 500 p s i g  steam. 
The two stage system hzs a relatively h i g h  pumping capacity of 
1225 pounds per hour of 70°F a i r  a t  a relatively low design al t i tude 
of 96,000 f ee t  (9.91 mm Hg). The five stage system is complementary 
i n  tha t  i t s  pumping capacity i s  140 pounds per h o u r  a t  i t s  design 
al t i tude of 200,000 fee t  (0.169 m Hg). Both systems can be r u n  
together on e i ther  o r  both chambers t o  increase the pumping capacity. 
The limiting conditions are the design al t i tude o f  the two  stage 
system, c r  the mass flow desired. The pumping capacity i s  the co!n- 
bined mass flow of the systems a t  the particular a l t i tude.  
stage system is connected to  the t e s t  chambers by 48 inch diameter 
ducts. A remotely operated butterfly valve i n  the d u c t  serves to  
isolate  the chambers from the ejectors. The two stage system i s  
connected t o  the chambers by 18 inch diameter ducts, also with a 
remotely operated butterfly valve installed.  
and gas flows both chambers and ducts are equipped w i t h  atmospheric 
and n i  trogen gas bleed valves. 

The basic f ac i l i t y  was modified t o  meet the t e s t  requirements w h i c h  
specified a firing-chamber volume o f  633 cubic f ee t .  I t  was neces- 
sary t o  design and build a new f i r ing  chamber and close couple i t  
t o  the five stage ejector system. 
mandatory to use existing hardware wherever possible t o  reduce the 
duration of the design and bui ldup  phases. 
used for  the t e s t  program is shown i n  Figure B-1. 
i s  a truncated mi ld  steel cone, 80 inches long with an 80 inch diameter 
a t  the engine end and a 63 inch diameter a t  the exhwst duct end. 
The f i r i n g  chamber exhaust duct and diffuser d u c t  were inclined 8" 
below the horizontal. 

The five 

For control of a1 t i  tude 

Schedule requirements made i t  

The f ac i l i t y  layout 
The f i r ing chamber 

A liquid nitrogen cooled diffuser d u c t  was installed inside the 
faci 1 i t y  exhaust duct t o  increase fir ing chamber a1 t i  tude during 
engine operation. The cooled duc t  was installed a f t e r  the Phase 1 
t e s t  series was completed. The duc t  assembly was 38 inches i n  diameter 
and 26 f ee t  long ,  giving a l e n g t h  t o  diameter ra t io  of 8.2. I t  was 
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8.1.1 Test F a c i l i t y  (Continued) 

pos i t i oned  so the engine nozzle e x i t  plane was "bur ied" i n s i d e  the 
d i f f u s e r  i n l e t  approximztely one inch. Ci rcumferent ia l  clearance 
was about one inch  around the Descent engine nozzle and 2 inches 
around t h e  Ascent engine nozzle. 

The t e s t  engine and f i r i n g  chamber c losure door were bo1 t e d  t o  an 
engine car t .  The c a r t  was equipped w i t h  vee-groovkd wheels t h a t  
matched the r a i l s  i n  the clean assembly a i r  bubble and shop assembly 
b u i l d i n g  as w e l l  as r a i l s  on the f i r i n g  chamber support stand. 
I n s t a l l e d  on the c a r t  were p r o p e l l a n t  run tanks, r e c i r c u l a t i o n  
pumps, heat exkhangers, puqge and pressurant gas cont ro l  systems, 
f i l t e r s ,  valves, plumbing and inst rumentat ion necessary f o r  p r o p e l l a n t  
cond i t i on ing  and engine operation. 

8.1.2 Test A r t i c l e  

The Ascent Engine used i n  the Phase I t e s t i n g  was S/N 0003, Modei 
RS 1801A. This engine had gone through an acceptance t e s t  se r ies  
( f i v e  r e a c t i v e  t e s t s  f o r - m i x t u r e  r a t i o ' c a l i b r a t i m  and two 
r e a c t i v e  a l t i t u d e  perfomance t e s t s )  and then was shipped t o  the 
White Sands Test F a c i l i t y  (WSTF). There, i t  u n d e r w n t  a checkout 
f i r i n g  and a Mission Duty Cycle t e s t  ser ies.  A new t h r u s t  chamber 
was i n s t a l l e d  wh i l e  the engine was a t  WSTF and then approximately 
18 abor t  s t a r t  t e s t s  were run. Subsequently, the engine was returned 
t o  Rocketdyne where 4 more mixture r a t i o  t e s t s  were run. The engine 
was r e b u i l t  i n  preparat ion f o r  r e t u r n i n g  the engine t c  VSTF. However, 
before shitpment t o  WSTF, the engine was chosen f o r  the  subject  t e s t  
program. A used t h r u s t  chamber was then i n s t a l l e d ,  and the engine 
shipped t o  Boeing. , A  t o t a l  o f  approximately 31 r e a c t i v e  t e s t s  had 
been performed on the  engine p r i o r  t o  the 5 tes*:s o f  Phase I. Test 
f a c i l i t y  so lenoid valves were used t o  cont ro l  ''Jel f l ow  t o  the engine 
b a l l  valves dur ing the Phase I tests .  P r i o r  t:, the Phase I 1  tests ,  
the f a c i l i t y  solenoid valves were removed, ani: f l  igh t - t ype  f u e l  
prevalves were i n s t a l l e d .  

The ascent engine used i n  Phase I1  t s s t i n g  was the same u n i t  t es ted  
dur ing Phase I ,  except &hht the  t h r u s t  chamber was replaced w i t h  
a mod i f i ed  chamber containing three quar tz  wfnmws. The t h r u s t  
chamber windcws allowed photographic observat i ' ln of i g n i t i o n ,  com- 
bust ion,  shutdown, coast, and r e s t a r t  phenamend. The t e s t  a r t i c l e  
was designated "Par t  Number XEOR 919740, Ser ia l  Number 003(A)" by 
the manufacturer, Rocketdyne D i v i s i o n  o f  North American Rockwell 
Corporation. 
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B.1.3 k c e n  t Engine Instrumentat ion 

The same basic  inst rumentat ion was used i n  both Phase I and Phase I 1  
of the  Sea t t l e  r e s t a r t  tes ts .  
measure engine chamber pressure, p rope l lan t  pressure and tempera- 
tures , t e s t  c e l l  pressures and temperatures, and engine accelera- 
t i ons .  Inst rumentat ion loca t ions  are shown i n  F igure 8-2 f o r  the 
Phase I 1  engint  pressure measurements, and Figure 8-3 f o r  the Phase 
I1 engine tenperature measurements. 

Pressures i n  the  combustion chamber, p rope l l an t  feed system, t e s t  
c e l l  , and va lve actuator  vent  l i n e s  were measured by s t r a i n  gage 
type transducers. An A1 phatron pressure transducer was i ns t a l  1 ed 
i n  the  l a r g e  t e s t  chamber. Transducer c a l i b r a t i o n  was ca r r i ed  ou t  by 
the supp l i e r  and/or the T u l a l i p  Ca l i b ra t i on  F a c i l i t y ,  w i t h  record ing 
equipment s e t  t o  the ca l i b ra t i ons .  Temperatures were measured by 
surface bonded thermocouples which were ca l i b ra ted  a t  the T u l a l i p  
t e s t  f a c i l i t y .  During the LMAE t es ts ,  a l l  accelerometers were 
provided and ca l i b ra ted  by Rocketdyne. Tables B-1 and 8-2 g ive  
the p e r t i n e n t  inst rumentat ion i n f o n c i t i o n  f o r  Phase I and Phase 11, 
respec t ive ly .  

Inst rumentat ion was provided t o  

Primary data were recorded on osc i l lographs,  s t r i p  cnar ts ,  and on aq 
FM tape. The tape record was used t o  rep lay  selected c r i t i c a l  chamber 
pressure and accelerometer data onto an osc i l lograph a t  the speed 
necessary t o  reso lve  and separate t races. Data selected by GAC were 
hand reduced and p lo t ted ,  and compiled t o  form a "data pack" f o r  each 
t e s t  ser ies.  Add i t iona l  data record ing equipment was added f o r  Phase 
11. 

Photographic coverage o f  the Phase I t e s t s  was l i m i t e d  t o  a 16 mm 
M i l l i k e n  camera viewing the vent  l i n e s  o f  the engine b a l l  va lve  actua- 
to rs .  Photographs were taken a t  24 frames per second. Photographic 
coverage o f  the Phase 11 tes ts  was expanded t o  prov ide h igh  speed 
(1000 frames/second) and low speed (24 frames/second) photographs 
of the i r l j e c t o r  face.  The i n j e c t o r  face was photographed through two  
quar tz  windows i n s t a l l e d  i n  a mod i f ied  t h r u s t  chamber. 
provided by a photof lood lamp aimed through a t h i r d  quar tz  window. 
?he camera views, and loca t ions  of the  windows, cameras, and f lood-  
l i g h t  are shown i n  Figures 4-1 and 4-2 (Volume 1 )  o f  t h i s  r e p o r t .  

L igh t i ng  was 
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8.2 TEST SERIES DESCRIPTION 

8.2.1 Phase I Ascent Engine Tests 

Phase I o f  the LM Ascent Restar t  Capab i l i t i es  tes ts  was i n i t i a t e d  
on October 28, 1968 and was completed on October 31, 1968. A check- 
ou t  f i r i n g  and fou r  dual pulse f i r i n g s  were accomplished on the 
Rocketdynz Asceht Engine, Se r ia l  Number 0003. The f i r i n g s  were 
i n i t i a t e d  a t  simulated r t l t i t u d e  above 200,009 ft. and the LMAE 
exhaust nozzle remained choked throughout the f i r i n g s .  Minimuin 
t e s t  c e l l  a l t i t u d e  experienced dur ing the  f i r s t  pro3rs.m was 78,060 
ft. I n i t i a l  prop l l a n t  and hardware temperatures we:*e. he ld  constant 
a t  65 + 5OF. A r rary o f  i n i t i a l  condi t ions f o r  each se r ies  i s  
i n  Table 4-1, Volurlle I ,  o f  t h i s  repo r t .  

Engine Checkout F i r i n g  - October 28, 1968 

The Phase I checkout f i r i n g  was accomplished on October 28, 1968. 
The t e s t  cell a l t i t u e .  recovery was slow, r e q u i r i n g  150 seconds 
t o  rega in  200,000 ft. This . t iw on a l l  o ther  t e s t s  was 10 t o  20 
seconds. However, r e f a r r i n g  t o  Section 8.3.3, i t  can be seen 
t h a t  the lesser  a l t i t u d e  had no e f f e c t  on t e s t  r e s u l t s .  

Test Series A-1 - October 29, 1968 

One r e s t a r t  was made fo l l ow ing  a 1500 second coast period, as 
schedu 1 ed . 
Test Series A-2,- October 30, 1968 

One r e s t a r t  was made fo l l ow ing  a 300 second coast period, as scheduled. 

Test Series A-3 - October 30, 1968 - 
One r e s t a r t  was conducted fo l l ow ing  a 90 secund coast per iod.  During 
the  i n i t i a l  f a c i l i t y  pumpdown f o r  t e s t  ser ies  A-3, leaks were d i s -  
covered i n  the t e s t  c e l l  door. A new 0-Ring was i n s t a l l e d  and the 
t e s t  proceeded. Test a l t i t u d e  (see Section 8.2.3) was adequate 
f o r  v a l i d  t e s t  resu l t s .  

Test Series A 4  - October 31, 1968 

One r e s t a r t  was conducted fo l low ing  a 30 second coast per iod.  The 
engine experienced a chamber prsssure splfke i n  excess of 200% o f  
steady s t a t e  dur ing  the r e s t a r t .  The dura t ion  o f  t h i s  over pressure 
was very short ,  however, and no engine damage was noted dur ing post-  
t e s t  i nspec t i  on. 

6-12 
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8.2.2 Phase I1 As-cent .@ne Tests 

The LMAE Phase I1 tes ts  were conducted bstween January 15, 1969 and 
February 8, 1969.at simulated alt i tudes in i t i a l ly  above 200,000 
f t .  Following the checkout f i r i ng ,  each t e s t  series was scheduled 
t o  iiiclude two restarts.  The individual t e s t  series conduct is 
discussed fi: the following paragraphs, and a sumnary of i n i t i a l  
contiitinns for each test series is i n  Table 4.1.  

1969 First  Engine Checkout F i r i n g  - danu ty  15, I_ 

The f i r s t  Phase I1 checkout f i r i n g  on the Ascent engine was accomplished 
on J'anuary 15, 1969. An unplsnned second f i r ing occurred about 69 
seconds a f te r  the first f i r ing due t o  a Tally tape prograrnliw 221- 
function and an operatw error. During the checkout f i r ing,  a l t i t u d e  
conditions comparable w i t h  f ac i l i t y  checkout levels were n o t  cbtafned 
and two of the three cameras installed malfunctjoned. Grman 
requested a rerun of the checiroui i'-.'-- ? I  I I l b J .  

second P.sr : n t  Engine Chxkout F i r i n g  - January 20, 1969 

The second checkout fir+ng was successful 1.y completed. Some faci 14 ty 
diff iccl t ies  w i t h  water lines wre-e?cperienced :due 'to freezing 
temperatures. The f ac i l i t y  water flow coiltro? valve t o  the ejector 
intercondenser malfunctioned ju s t  a t  the time the firing occurred, 
however t e s t  results were not  affected (see Section B.3.31, 

Facility freezing problems prevented continuation of countdown f o r  
fol 10w-i,ia t?st mns. Winterizing was accomplished by install ing 
heating cables ana. ii,s:d+ation on. all ' f aa l l i t y  plumbing subject t o  
freezing. The winterizing program was completed prior t o  t e s t  A-7. 

Test Series A-5 - January 24, - 1969 

Two restarts were made w i t h  the required 200 second coast time between 
s t a r t s .  Due t o  the long coast periods, cryopatiels were not required 
and not used. The h i g h  speed camera d i d  r.ot operate. No accelero- 
meter- da ta  were obtained for  the second res ta r t ,  hawever, one chamber 
window cracked. 

Test Series A-6 - January 28, 1969 - 
Two res tar ts  w i t h  90 second coast time, as scheduled. 

Test Series A-7 - January 33, 1959 

Two res tar ts  with 50 second coast time were scheduled. The f i r s t  
rectar t  was successful, the second res ta r t  was not. Grunman directed 
that  only one res ta r t  be rdc on future tes t s .  The Ascent engine 
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8.2.2 Phase I1 LME Tests (Continued) 

was removed from the t e s t  stand on l:anuary 30, 1969 a f t e r  the th i rd  
t e s t  run o f  Phase I1 t es t i ng .  GAC requested an engine i n j e c t o r  
screen inspec t ion  because o f  p rope l l an t  f reez ing  a f f e c t i n g  the 
second r e s t a r t  o f  the engine. No engine damage was noted, and the 
engine was r e i n s t a l l e d  on the t e s t  stand and was ready fo r  the next  
t e s t  by Febwary 2. 

Test Sei*ies A-8 - Febr iary  3 

This f i r i n g  was made on February 3, 1969 w i t h  30 second coast. 
was very rough. 
dur ing  the engine r e s t a r t .  One o f  the engine combustion chamber 
pressure transducers, a water cooled Photocon furn ished w i t h  the  
engine, f a i l e d  dur ing the t e s t  and leaked 90 ga l lons  o f  water i n t o  
the engine combustion chamber. The water f roze  and an i c e  p lug  
formed i n  the engine th roa t .  The transducer had been leak-checked 
p r i o r  t o  tes t ing .  

Replacement u n i t s  were procured firom Rocketdyne. Rocketdyne and GAC 
requested t h a t  the i n j e c t o r  be flushed with deionized water and 
dryed w i t h  h o t  gas due t o  the p o s s i b i l i t y  o f  water en ter ing  the 
i n j e c t o -  head. The h igh speed Photosonics camera broke i t s  f i l m  
dur ing  the r e s t a r t ,  which was a lso a t t r i b u t e d  t o  the hard s t a r t .  
The slow speed M i l l i k e n  camera on the SOV vent  l i n e s  broke i t s  f i l m  
a t  the s t a r t .  Both low speed cameras were overhauled and checked i n  
the Kent vacuum chamber. 

Res tar t  
Two engine combustion chamber windows were cracked 

Test Ser ies A-9 - February 6 

This  f i r i n g  was accomplished w i t h  a 15 second coast. One engine 
combustian chamber window was cracked and requ i red  replacement. The 
slow speed M i l l i k e n  camera on the SOV vent  l i n e s  again broke i t s  film. 
No d i f f i c u l t y  was experienced wich t h i s  camera i n s t a l l a t i o n  a l l  
through Phase I t es t i ng .  Rubber pad shock mounts were i n s t a l l e d  on 
the camera mount t o  i s o l a t e  the camera from engine shocks. 

Test Ser ies A-10 - February 6 

This t e s t  was made w i t h  scheduled 10 second coast and one r e s t a r t .  

Test Series A-11 - February 7 

This  t e s t  was made w i t h  a s ing le  r e s t a r t  and a 2.5 second coast per iod.  

. 8-14 
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B . i . 2  Phase I1 LMAE Tests (Continued) 

Test Series A-12 - February 8 

This t e s t  was made w i t h  1 second coast time and one restart. This 
completed the Ascent Engine testing. The engine was removed from 
tke t e s t  stand and shipped t o  Rwketdyne. 

Test Series A-5, A-6, and A-7 were made i n  the sub-freering tempera- 
tures di t h  varyf ng problems. 

-- 

1.  The cameras were not functioning arld this was found t o  be 
caused by film breaking and an apparent owrload on the 
h i g h  speed cmwa drive motor. A heater was connected on 
the h i g h  speed camera and the 1200 f t .  film magaziiie was 
rep laed  with a 400 f t .  magazine. Mylar film was installed 
i n  the Milliken camera covering SOV vent lines. 

2. The h i g h  a l t i tude in i t i a l  s t a r t  requirement of 250,000 f t .  
was hard to  reach because o f :  

a. Ice i n  the diffuser, 8 

b. Frozen seals on the cryopanel chamber door with the 
possi bi  1 i ty of ice there a1 so. 

B-15 



6.3 TEST RESULTS 

8.3.1 V a l i d i t y  o f  Test Resul ts 

Review o f  the t e s t  data snowed t h a t  a l l  of the Phase I 1  LMAE t e s t s  are 
v a l i d  f o r  r e s t a r t  i n v t s t i g a t i o n s ,  w i t h  the exception o f  t e s t  AOII-1, 
which was conside. ed an unsuccessful checkout. Va l i d  comparisons w i t h  
raminal  engine data cannot be made for  the Phase I tes ts ,  s ince  the  
f.:iel p.-evalves w.r+ n o t  o f  f l i g h t  can f igura t ion .  

Test V - l i d i t y  ancr L im i ta t i ons  

The v a l i d i t y  .:f the Sea t t l e  LMAE tes ts ,  and the l i m i t a t i o n s  on 
a p p l i c a b i l i t y  o f  the t e s t  data are dependent on: compliance w i t h  t e s t  
requirements; i c c x a t e  s e t t i n g  o f  i n i t i a l  condi t ions such as 
propel1 an t  and hardware temperatures; he1 i um saturat ion;  
a1 ti tude chamber ?ressure as i t  a f f e c t s  mani fo ld  vent ing  chai-acter- 
i s t i c s .  
respect  t o  Sea t t l e  Phase I and Phase I 1  LMAE tes ts .  

The fo l l ow ing  paragraphs discuss these c r i t e r i a  w i t h  

The t e s t  requirements f o r  Phase I and Phase I ?  eest ing as o u t l i n e d  
i n  Sect ion 4.1.2 r e r e  met i n  a l l  tes ts ,  w i t h  the  fo l low ing  exceptions: 

1. Photoqraphic Coverage - Photographic coverage was n o t  
obtained i n  the  fo l low ing  t e s t s  due t o  equipment mal- 
f u n c t i o n  or i*.i lnt breakage: 

Photoscnics - M i l l i k e n  I M i l l i k e n  I1  

A01 1-1 A-5, a, b, c AOII-1 
A01 1-2 AOII-2 
4-5 a, b, c A-5 a, b, c 
A-8b A-6 a, b, c 
A-12 a, b, c A-7 a, b, c 

A-8 a, b 
A-9 a, b 
A-10 a, b 
A-12 a, b 

2. F a c i l i t y  Requirements - The rrinimum Phase I1  i n i t i a l  
a l t i t u d e  requirement o f  250,,000 f e e t  was n o t  met in any of 
the LMAE tes ts .  I n  each case the lesser  a l t i t u d e  a t ta ined  
was accepted and signed o f f .  by a GAC representa t ive .  The 
requ i red  a l t i t t Jdz  f o r  v c s t a r t  of 200,000 fee t  was no t  met 
i n  t e s t s  A-9, 10, 11, and 12 because o f  the t ime requi red 
f o r  f a c i l i t y  a l t i t u d e  recovery f o l l o w i n g  a f i r i n g ,  and 
because the crycpanels d i d  'not func t i on  as expected. 

The i n i t i a l  p rope l l an t  and hardware temperatures and propel  1 an t  he1 i u n  
sa tu ra t i on  sequirements speci f ied In.. the Phase I and Phase 11 t e s t  

I 
I 

1 '  1, , I  '\! 1 

8-16 , 
I .  
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8.3.1 V a l i d i t y  o f  Test Results (Continued) 

matrices were met i n  a l l  LMAE tests ,  w i t h  the exception o f  AOII-2. 
I n  t h a t  t e s t  yothe i n i t i a l  p rope l lan t  temperature o f  44OF f e l l  outs ide 
the 40 +O -10 F range ca l led  fo r .  
w i t h  no res tar ts ,  the i n i t i a l  p rope l lan t  temperature had no impact 
on r e s t a r t  t e s t  resu l  t s  . 

Since the t e s t  was a checkout, 

The e f f e c t  o f  the a l t i t u d e  chamber pressure on r e s t a r t s  i s  zero 
unless i t  i s  high enough t o  unchoke the engine nozzle. Thus, i f  the 
2ozzle remains choked dur ing the c r i t i c a l  manifold b o i l i n g  and 
f reez ing processes, the "downstream" pressure w i l l  have no e f fec t .  
Referr ing t o  Table 8-3, i t  can be seen that ,  fo r  Phase 11, the 
nozzle unchoked only  i n  tes ts  A-6a, A-6b, and A-6c. 
p i e s u r e  data i nd i ca te  t h a t  the d e l t a  presswe across the i n j e c t o r  
o r i f i c e s  was m c h  i n  excess o f  t h a t  requi red f o r  simple theore t ica l  
choking o f  the o r i f i c e s .  Sharp-edged o r i f i c e  and two-phase flow 
considerations preclude t h i s  pressure d i f f e r e n t i a l  from ac tua l l y  
i s o l a t i n g  the manifolds from the chamber, bu t  i t  i s  safe t o  assume 
t h a t  there was s u f f i c i e n t  decoupling t o  make t e s t  ser ies A-6 va l id .  

However, mani fo ld  

The Phase I t e s t  pressure r e s u l t s  were no t  as c lea r  as those fo r  
Phase 11. GAC data reduct ion requirements differed fran t e s t  t o  tes t ,  
r e s u l t i n g  i n  somewhat spot ty  coverage of  the re levant  parameters. 
The Boeing Phase I r e p o r t  stated, however, t h a t  "the combustion 
chamber th roa t  remained choked u n t i l  i n  the range o f  200 seconds". 
This ind icates t h a t  the i n j e c t o r  was i n  f a c t  i so la ted  from events 
i n  the  a1 ti tude chamber. 

The r e p e a t a b i l i t y  o f  s t a r t s  f o r  t es ts  having s i m i l a r  i n i t i a l  condi t ions 
i s  appl icable on ly  f o r  i n i t i a l  s t a r t s  i n  the Seat t le  LMAE tes ts .  This 
i s  because r e s t a r t s  were performed on ly  once o r  twice a t  s i m i l a r  
coast times, and i f  repeated a t  the same coast time were run  a t  d i f f e r -  
en t  temperatures and degrees o f  helium saturat ion.  Also, s ince non- 
f l i g h t  prevalves were used i n  Phase I, only  the Phase I 1  i n i t i a l  
s t a r t s  a re  acceptable f o r  comparison. 

The i n i t i a l  s t a r t s  f o r  Phase 11 can be compared t o  a nominal engi ne 
on the basis o f  t ime t o  i g n i t i o n  o r  f i r s t  Pc r i s e  and peak Pc. For 
the Phase I 1  i n i t i a l  s t a r t s  AOII-2 through A-7-all d ry  s t a r t s -  the 
t i m e  t o  i n i t i a l  Pc r i s e  var ies  from ,250 t o  .279 seconds. The Space- 
c r a f t  Operational Data Book (SODB) (Reference 12) Volume 11, Par t  I 
shows a range o f  t ime t o  i n i t i a l  Pc r i s e  of ,360 t o  .370 seconds f o r  
d ry  s ta r t s .  For the wet i n i t i a l  s t a r t s  A-8 through A-12 the t ime t o  
i n i t i a l  Pc r i s e  var ies  from ,231 t o  ,248 seconds, compared w i t h  .190 
t o  .330 seconds f o r  the SODB nominal engine. The Phase I 1  LMAE peak 
i n i t i a l  s t a r t  Pc var ies  from 170 t o  182 psia. The SODB nominal peak 
Pc i s  180 psia.  

It can be seen f r o m  the above t h a t  the i n i t i a l  s t a r t  charac ter is t i cs  
of the Sea t t l e  LMAE Phase I1 t e s t s  compare wel l  w i t h  nominal engine 

6-1 7 
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8.3.1 V a l i d i t y  o f  Test Results (Continued) 

performance, except f o r  d ry  s t a r t  Pc i n i t i a l  r i s e .  However, the 
d ry  Pc r i s e  time exh ib i t s  the co r rec t  behavior, t h a t  i s ,  being slower 
than t h a t  o f  a wet s t a r t .  

Thus, the Seat t le  Phase I1 LMAE i n i t i a l  s t a r t s  appear consis tent  
w i t h  those o f  "nominal" engines. The Phase I i n i t i a l  s ta r t s ,  using 
non- f l i gh t  conf igurat ion prevalves, cannot be so compared wi th nominal 
f l i g h t  con f igura t ion  hardware resu l ts .  

B-19 
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APPENDIX C - DESCENT ENGINE TESTING AT SEATTLE 

c.0 GENERAL 

This appendix describes the Seat t le  t e s t  f a c i l i t y  and t e s t  a r t i c l e  
used i n  tes t i ng  the descent engine. The t e s t  ser ies and engine 
instrumentat ion are described, and an assessment i s  made o f  t e s t  
v a l i d i t y  f o r  descent engine res ta r t s .  Deta i led in format ion on 
the t e s t  f a c i l i t y ,  t e s t  a r t i c l e ,  instrumentat ion and t e s t  ser ies 
conduct i s  presented i n  References 3, 4, and 5 .  

c-1 
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c.1 TEST FACILITY AND TEST APPARATUS 

c.1.1 Test Faci 1 i t y  

The basic fac i l i ty  used for  the i-14 Ascent and Descent Engine Restart 
Capabi 1 i t ies  Test Program i s  descri bed in Appendix B . 1 .l . 
c.1.2 Test Article 

The mgine used in the Phase I por t ion  of the t e s t  p-ogram was 
S/N 1033 (P /N SK-403936-1). This engine had undergone extensive 
developmental testing in association with other programs both a t  
the TRW Capistrano Test Site (CTS) and a t  the White Sands Test 
Facility (WSTF) prior t o  being used in trie subject t e s t  program. 
Prior t o  being shipped t o  Bocing by TRd, several hardware and instru- 
mentation changes were made to the 1033 engine. These changes are 
detailed i n  Reference 13. 

The descent engine used in Phase I1 testing was the same as the unit 
tested during Phase I except tha+ the thrust chamber was replaced 
w i t h  one containing three quartz windows . These windows a1 1 owed 
photographic observation of ignition, combustion, shutdown, coast, 
and restar t  phenomena. The Phase I1 t e s t  a r t ic le  was designated 
"Part  Number SK403936-1-2, Seri a1 Number 1033" by the manufacturer, 
TRW, Inc. 

C.1.3 Descent Engine Instrumentation 

The instrumentation used for the LMDE tes ts  was the same as that used 
for the LPRE tes ts  (See Section 8.1.3) w i t h  the exceptions t h a t  t h e  
f l ight  instrumentation was different and boeing accelerometers were 
used on the LMDE along w i t h  the f l igh t  accelerometers. 
locations for Phase I and Phase I1 engine system measurements are 
shown in Figure C-1 and Tables C-1 and C-2 give the instrument 
characteristics perti nent t o  the LMDE tests . 

Instrument 

Photographic coverage of the Phase I and Phase I1 LMDE tes ts  was the 
same as t h a t  used for the LMAE t e s t s  (%e Sectim B.1.3) with the 
exception that the longer duration LYDE fii+i:-ip ( 2  t o  3.5 seconds) 
precluded high-speed coverage of cn ?n' t=i?:  s t a r t  plus two res tar ts .  
The Phase I I h i  gh-speed (1 000 f ps) ;--w ss-.tge v a s  therefore rest r i  cted 
t o  the two res tar t  firings for a l l  r?si.l=rt tes ts  except D-10. High 
speed coverage was provided d u r i n g  i ~ ,  Ohase !I checkout f i r ing,  D-0-11. 

c-2 
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c.2 TEST SERIES DESCRIPTION 

c.2.1 Phase I Descent Engine Tests 

Phase I of the LM Descent Restart Capabilities t e s t s  was in i t ia ted  
on October 19 ,  1968 i n  the Boetng -iula!ip Test S i t e ,  Area 34 High 
Altitude Facility and completed.ort October 24, 1968. A checkout 
f i r i n g  and four dual pulse firings were accomplished on the TRW Descent 
Engine, Sclrial Number 1033. ?he f i r ings  were in i t ia ted  a t  simulated 
al t i tudes above 200,000 f t .  and the LMDE exhaust nozzle remained 
choked throughout the f i r ings .  
d u r i n g  the f i r s t  program was 78,002 bt .  
ware temperatures were held constant a t  65 + 5°F. 
LMDE was s tar ted and r u n  i n  the 10% t h r o t t l e  position, since this  
is the normal s ta r t ing  mode, and also any higher t h r o t t l e  setting 
would exceed the pumping capabi l i t ies  o f  the steam e jec tor  system 
a t  the desired simulated a1 t i tudes.  Minor problems were encountered 
i n  the f a c i l i t y  operation, The i n i t i a l  system cleanliness verifica- 
tion procedure was prolonged by recirculating pump seal leakage 
problems. These pumps were replaced w i t h  units from the White Sands 
Test Facil i ty.  Aftet- several attempts, the system f ina l ly  riiet the 
TRW cleanliness stsndards. A sumnary of i n i t i a l  t e s t  conditions i s  
shown i n  fable 5-1 , Volume I ~ of th i s  report. 

Minimum tes t  cei 1 a1 t i  tlide experienced 
I n i t i a l  propellant and hard- 

In a l l  t e s t s  the 

Descent Checkout F i r i n g  - October 19, 1968 

The Descent engine checkout was sa t i s fac tor i ly  completed on October 19, 
1968. 

Test Series D-1 - October 21, 1968 

One r e s t a r t  was made following a 1819 second coast period. After 
the t e s t  ser ies ,  a crack i n  the exhaust duct was discovered. The 
crack, caused by l iquid n i  trager. impingement, was repair-welded and 
the LN2 overflow from the diffuser cooling coi ls  rerouted prior t o  
the next f i r ings.  The crack (see Lection C.3.3) d i d  n o t  compromise 
test results. 

Test Series 0-2 - October 22,  1968 

One res ta r t  was made following a 316 second coast period. This was the 
hardest DPS s t a r t  in Phase I t e s t s .  

Test Series D-S - October 23, 1968 

One restapt was made folloving a 120 second coast period. 
e 

Test Series D-4 - October 24, 1968 

One r e s t a r t  was made following a 43.5 second coast period. 

c-8 
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c.2.2 Phase 11 Descent Engine Tests 

The Descent Engine Phase I1 tes ts  were conducted between February 12, 
1969 and February 21, 9969 a t  simulated altitudes in i t ia l ly  above 
200,000 f t .  Following the checkout f i r i n g ,  each t e s t  included two 
restarts.  The i n d i v i d u a l  tes t  series conduct i s  discussed i n  the 
following paragraphs, and a sumnary of in i t ia l  conditions for  each 
t e s t  swies  is  shown i n  Tab's 5-1, Volume 

- Descent Engine Checkout FirCng - February 12 ,  1969 

of t h i s  report, 

?he descent engice checkout f i r ing  was completed on February 13, 1969. 
The f i r i n g  was satisfactory except that  the Miiliken camera on the 
engine vent lines hoke i t s  film. Mylar film had not been used i n  
loading the camera due tr, a separation or cracking o f  the film 
emulsim noted on previohs tests using this film. Cryopsnels were 
n o t  used on this t e s t ,  since there were no res tar ts ,  and the 
butterfly-valve was cycled t o  obtain optimum a1 titude recovery for  
the past-fi r i n g  coast. 

Test Series D-5 - February 13, 1969 

Two restarts were made w i t h  a 120 second coast period, and a f i r ing  
time of 3.5 seconds. 
valve was cycled to  optimize a1 ti  tude recovery characteristics. 

The cryopanels were used, and the 48" butterfly 

Test Series D-6 - February 15, 1969 

Two restarts were made w i t h  a 90 second coast period. The 48" butter- 
f l y  valve was cycled, and cryopanels were used. The cryopanels d i d  
not function as expected, b u t  d i d  n o t  compromise t e s t  results (see 
Section C.3.3). Due t o  the problem, however, two modifications were 
incorporated i n  the cryopanels for D-6 and subsequent tes ts .  Firs t ,  
3/4" spacer blocks were installed a long  the longitudinal edges of 
the LN2 shroud, providing 20% more flow t o  the LH2 panels. Second, 
e lectr ic  shaker motors were attached t o  the panel support ir, an e f for t  
t o  shake any frozen gases entrapped on the LN panels off  onto the 
LH2 panels. 
added t o  further shield the cryopanels from direct impingement by 
exhaust gases. 

Following t e s t  D-6, f l a t  flow deflector extensions were 

Test Series C-7 - February 17, 1969 

Two restar ts  were made w i t h  a 50 second coast period. The butterfly 
valve and cryopanels were used. The in i t ia l  firing was "wet", the 
f i r s t  such i n i t i a l  s t a r t  in Phase I1 DPS tes ts .  The second res ta r t  
was made a t  an alt i tude of only 195,000 feet .  Following the t e s t ,  
a crack was found i n  the diffuser duct, explaining the alt i tude 
problem. The cause of the cracking was t h o u g h t  t o  be the LN2 cooling 
for the diffuser duct, and i t  was decided t o  use no more LN2 diffuser 
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c.2.2 Phase I1 Descent Engine Tests (Continued) 

duct cooling. This would lead t o  a zero sh i f t  in the heat sensitive 
Datametri c pressure transdacers in %he a1 t i  tude chamber foll  owing 
the second restar t ,  b u t  this problem was n o t  considered serious. 
The alt i tude problem did no t  affect t e s t  results (see Section C.3.3). 

Test Series D-8 - February 18, 1969 

Two restarts were inzde w i t h  a 15 second coast periad. 
time was changed by GAC t o  3.0 seconds. Cryopanels were used, 
b u t  LN2 diffuser duct cooling was not .  The butterfly valve was 
cycled as be:^we, b u t  apparently di6 n o t  open for the second restar t  
due t o  a broken pilot  opening l ine on the butterfly valve actuator. 
This failure resulted i n  a post-firing maximum alt i tude chamber 
pressure of 42 mHg for  the second restar t .  
affect t e s t  results (see Section C.3 .3 ) .  

The firing 

T h i s  problem did n o t  

Test Series D-9 - February 19, 1969 

Two res tar ts  were made with a coast period of 5 seconds. 
were used and the butterfly valve cycled as before. Due t o  lack of 
commun;cation between Test Conductors, the LNz cooling was again 
used Bcr the diffuser duct, which cracked aga in .  Poor alt i tude 
recovery times resulted. The LN cooling was n o t  t o  be used again.  
I t  was also discovered that the fuel was depressurized by accident 
t o  about  10 psi for about 1 t o  2 minutes, jus t  prior t o  the t e s t .  
T h u s ,  there was probably n o t  100% helium saturation for the t e s t .  
However, (see Section C.3.3) t e s t  results were n o t  compromised. 

Cryopanels 

Test Series 0-10 - February 19, 1969 

Two restar ts  were made w i t h  a coast period of 2 seconds. 
were used, and the butterfly valve was closed a t  T + 15. 

Cryopanels 

_I_ Test Series D-11 - February 20, 1969 

Two restar ts  were made w i t h  a coast rleriod of 375 secunds. The firing 
times were changed by GAC t o  3.0 seconds for the in i t ia l  s t a r t  an4 
2.0 seconds for the restar ts .  Cryopanels were not used, and the 
two stage steam ejector was used t o  pump the 10,000 f t 3  chamber while 
the butterfly valve was closed d u r i n g  coast. An engine l o w  voltage 
condition existed d u r i n g  the second restar t ,  with low voltages noted 
t o  the propellant valves and f l igh t  accelerometers. 
meters acted very erratically.  A reduction in mass flow and peak 
chamber pressure for the third fir ing indicated t h a t  perhaps the 
propellant valves d i d  not  open fully. 

The accelero- 
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c.2.2 Phase I1 Descent Engine Tests (Continued) 

Test Series D-12 - February 21, 1969 

Two restarts were made with a coast period of 170 seconds. 
were not  used, and the two stage steam ejector was used as in Test 
D-11 . The t e s t  was t o  have been conducted on February 20, 1969, b u t  
an unknown faci l i ty  problem prevented the attainment of sufficient 
alt i tude t o  r u n  the tes t .  No reasons for  the problem could be found 
following faci l i ty  shu tdown .  With the dawn of February 21, 1969 
another attempt t o  reach a1 t i  tude was made successfully, with no 
reoccurrence o f  the  previous night's problems. 
Descent Engine testing. 

Cryopanels 

This test completed 
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c. 3 TEST RESULTS 

C.3.1 Validity o f  Test Results 

Review of the Phase I and Phase I 1  descent t e s t  d a t a  indicates 
t h a t  a l l  of the descent tes t  results are valid for res tar t  investi- 
gations. 

Test Validity and Limitations 

The v a l i d i t y  of the Seattle LMDE t es t s ,  and the limitations on a p p l i -  
cability of the tes t  da ta  are dependent on: compliance w i t h  test 
requirements; accurate setting o f  i n i t i a l  conditions such as propellant 
and hardware temperatures; he1 i u m  saturation; a1 t i  tude chamber 
pressure as i t  affects manifold venting characteristics. The fo l lowing  
paragraphs discuss these c r i te r ia  w i t h  respect t o  Seattle Phase 1 
and Phase I 1  LMDE tests.  

The t e s t  requirements for Phase I and Phase I 1  testing as outlined 
i n  Section 5.1.2were met i n  a l l  t es t s ,  w i t h  the following exceptions: 

1. 

2. 

3. 

4. 

Photo ra hic Covera e - Photographic coverage was n o t  
d n d w i n g  tes ts  due t o  equipment malfunction 
or f i  lm breakage: 

P ho tosoni cs Milliken I Milliken I 1  

DO- I I 

Facility Requirements - The minimum Phase I in i t ia l  altitude 
requirement of 200,000 feet  was not  met i n  LMDE t e s t  D-1. 
The m i n i m u m  Phase I 1  i n i t i a l  al t i tude requirement of  250,000 
feet was n o t  met i n  tes ts  DO-11, D-6, D-7, D-10, D - 7 1 ,  and 
D-12. 
and signed of f  by a GAC representative. The required a l t i -  
tude for restar t  of 200,000 feet  was n o t  met i n  tes ts  D-16, 
D-7C,  D-8C,  D-gb, c, and D-lob, c because :if the time required 
for faci 1 i ty a1 t i  tude recovery, and because the cryopanels 
d i d  not work  as expected. 

In  each case the lesser alt i tude attained was accepted 

Electrical Requirements - The voltage supplied t o  the LMDE 
valves was below limits d u r i n g  the t h i r d  f i r ing of t e s t  
series D-11 due t o  a GSE power supply malfunction. 

Propel l a n t  He1 i u m  S a t u r a t i o n  - The fuel was depressurized 
t o  10 psi for 1 t o  2 minutes dur ing  t e s t  series D-9, result- 
i n g  in less t h a n  100% heiium saturation. 

Ini t i  a1 Test Conditions 

The i n i t i a l  propellant and hardware temperature requirements specified 
i n  the Phase I and Phase I 1  t e s t  matrices were met in a l l  LMDE tes ts .  
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C.3.1 Validity of Test Results (Continued) 

A1 t i  tude Chamber Pressure Effects 

As explained in Section 8 . 3 . 3 ,  the alt i tude chamber pressure will 
have no effect on res tar t  events so long as the  engine nozzle i s  
choked. 
remained choked for the dura t ion  of the coast, except i n  tes ts  
DO-11, D-5b, D-7b, c, D-8b, c ,  D-gc, and 0-lOc. 
tes ts ,  manifold pressure d a t a  indicate t h a t  there was sufficient 
delta pressure across the  injector t o  reasonably isolate the 
manifolds from the chamber. 
follow the same pattern as Phase 11. 

Referring t o  Table C-3, i t  can be seen t h a t  the nozzle 

However, in these 

Again,  Phase I data are sketchy, b u t  

In i  t i  a1 S t a r t  Repeatabi 1 i t y  

The repeatability o f  s ta r t s  for tes ts  h a v i n g  similar in i t ia l  
conditions is applicable only for in i t ia l  s t a r t s  i n  the Seattle 
descent tes ts .  
o r  twice a t  similar coast times, and i f  repeated at. the same coast 
time were run a t  different temperatures and degrees of helium 
saturation. 

This i s  because restarts were performed only once 

The in i t ia l  s t a r t s  for Phase I1 can be compared t o  a nominal engine 
on the basis of time t o  ignition or f i r s t  Pc r ise only, sirrce that 
i s  the only parameter l isted i n  the SODB, Volume 11, Part  I (Reference 
12). T h a t  document indicates t h a t  the time t o  first Pc r ise can vary 
from 0.375 t o  3.0 seconds for a "nominal" engine. I n  Phase I i  t es t s ,  
the i n i t i a l  s t a r t  time t o  f i r s t  Pc rise varied from 1.3 t o  1.6 seconds, 
well w i t h i n  the "nominal" limits. 
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APPENDIX D - SPS ENGINE TESTING AT AtDC 

D.0 GENERAL 

This appendix describes the AEDC t e s t  f a c i l i t i e s  and t e s t  a r t i c l e s  
used during the  SPS engine r e s t a r t  t e s t s  and the SPS i n j e c t o r  cold  
f low t e s t s .  The t e s t  ser ies  and engine instrumentat ion a r e  described, 
and an assessment i s  made o f  t e s t  v a l i d i t y  for the  SPS engine r e s t a r t s .  

D- 1 
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D. 1 TEST FACILITY AND TEST APPARATUS (ENGINE RESTART) 

D . l . l  

The SPS engine r e s t a r t  t e s t s  were conducted a t  the Rocket Test F a c i l i t y ,  
Arnold Engineering Development Center, A i r  Force Systems Cornnand 
Arnold A i r  Force S ta t i on ,  Tennessee. This  t e s t i n g  was conducted a t  z 
simulated pressure a l t i t u d e  i n  t e s t  c e l l  J-2A. 

4EDC Test  Faci 1 i ty  

Test Ce l l  

The J-2A Propuls ion Engine Test C e l l  i s  a r o c k e t  engine t e s t  chamber 
capeble o f  a s imulated pressure a l t i t u d e  i n  excess of 350,000 f e e t .  The 
t e s t  chamber cons is t s  o f  an 18-1/3 f o o t  diameter by 30 f e e t  long, 
c r y o g e n i c a l l y  cooled l i n e r  w i t h i n  a 20 f b o t  diameter bas i c  t e s t  chamber. 
The i n t e r i o r  o f  t he  1 i . m  and a l l  major t e s t  chamber components a re  
pa in ted  b lack  t o  increase t h e  a b s o r p t i v i t y  f o r  thermal r a d i a t i o n .  

Hardware Temperature Condi t ion ing 

The e x t e r i o r s  o f  t h e  t e s t  hardware were maintained a t  des i red  tempera- 
tures.  w h i l e  r a d i a t i n g  t o  the t e s t  chamber w a l l s ,  by 12  rows o f  i n f r a r e d  
lamps equa l l y  spaced around the t e s t  chamber l i n e r .  

Exhaust Canis ter  

An exhaust c a n i s t e r  was a t t x h e d  t o  the  t e s t  engine a t  the nozz le 
exten3ion mounting f l a n g e  and extended t o  the 1.5 area r a t i o  s t a t i o n  
i n  t h e  nozzle.  The c a n l i s t e r  cons is ted o f  t h ree  pneumat ica l ly  operated 
doors which i s o l a t e d  the  t e s t  engine from the 80,000 f e e t  pressure 
a l t i t u d e  o f  the exhaust duc t  and maintained i t  i n  excess o f  200,000 
f e e t  pressure a1 ti tude du r ing  i g n i t i o n ,  shutdown t r a n s i e n t s  , and coast  
per iods . 
- Exhaust Gas D i f f u s e r  Sys tern 

The exhaust c a n i s t e r  i s  connected t o  the  J-2A t e s t  c e l l  d i f f J s e r  i n l e t  
bulkhead. The d i f f u s e r  s e c t i o n  cons is t s  o f  a 90-in.-diam, LN2.-coo1ed 
sec t i on  20.5 f t  long; a 72-in.-diam, water-cooled s e c t i o n  18 F t  lonq; 
a h y d r a u l i c a l l y  operated, 72-in.-diam, mu1 t i p l e  f r a n g i b l e  d i s c  changer; 
and a h y d r a u l i c a l l y  actuated mechanism con ta in ing  up t o  26 f rang 'b le  
d i s c s  20 m i l s  t h i c k .  These d i s c s  are used t o  i s o l a t e  the  t e s t  chamber, 
which can be pumped down t o  a pressure a l t i t u d e  irl excess o f  300,000 f t  
by t h e  c e l l  pumping system, from t he  Rocket Test k a c i l i t y  (RTF) exhauster 
system. The exhauster d u c t i n g  system i s  maintained a t  a pressure a1 t i t u d e  
o f  80,000 f t  by t he  RTF p l a n t .  The d i s c  i s  p y r o t e c h n i c a l l y  rup tu red  on a 
s igna l  from the  engine as the combustion chamber pressure increases t o  a 
predetermined l e v e l  d u r i n g  the i g n i t i o n  t r a n s i e n t .  A f t e r  the f i r i n q ,  the 
exhaust door o f  the c a n i s t e r  i s  again closed, i s o l a t i n g  the  engine from 
the  p l a n t  exhaust system. 
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D . l . l  AEDC Test Faci 1 i ty  (Continued) 

Propel 1 an t  Sys ten1 

The p r o p e l l a n t  system ( F i g :  D-1) consis ted o f  a gaseous-nitrogen (GN2) 
p ressu r i z ing  system, 1003-gal supply tanks, 40-p f i l t e r  systems, 
temperature cond j t i on ing  a:id r x i r c u l a t i o n  c i r c u i t s ,  bel lows-type 
accumulators and &ccum!ilator charg ing system, and associated valves,  
pumps, sild p ip ing .  

The p rope l l an ts  were condi t ioned b j  c i r c y l a t i n g  through heat exchangers, 
TWG r e c i r c u l a t i o n  c i r c u i t s  were used i n  each p r o p e l l a n t  system. The 
pr imary c i r c u i t  a l lowed prc7el  l a n t  r e c i r c u l a t i o n  f rom the slrpply tanks 
t o  near the engine Thrust  Chamber Valve ( I C V ) .  The secondary c i r c u i t s  
al lowed r e c i r c u l a t i o n  from the supply tanks t o  near the v g p e l l a n t  
prevalve5. 
accomplished us ing heater  tape and r a d i a t i o n  lamps. 

Temperature cond i t i on ing  of t he  p r o p e l l a n t  .!?ne; was 

The o x i d i z e r  and f u ~ 1  supply systems were designed t o  produce aynamic 
e f f e c t s  s i m i l a r  t o  those expected i n  the Apol lo  system. 

A small  p a r a l l e l  p r o p e l l a n t  systen: was used t o  i r , t roduce p r o p e l l a n t s  
downstream o f  t he  TCV du r ing  the  inb leed p o r t i o n  o f  the t e s t  program as 
shown i n  F igure D-1 . 
D.1.2 Test A r t i c l e  

The t e s t  a r t i c l e  was a f u l l - s c a l e ,  f ? i y h t  type Apol lo  SPS Block I engine 
(AJ10-137) w i t h o u t  a nozzle extension. The engine Nas mounted h o r i z o n t a l l y  
i n  the t e s t  chamber and was attached t o  a t h r u s t  abutmen; a t  t he  engine 
gimbal moupts. The gimbal l inkages were replaced w i t h  r i g i d  counterpar ts .  
The engine was at tached t o  and exhausted i n t o  t ire c a n i s t e r  systen used t o  
o b t a i n  the  requ i red  a l t i t u d e  cond i t i ons .  The SPS enqine, suppl ied by 
NASA-MSC, was mod i f i ed  t o  o b t a i n  o p t i c a l  coverage of  the i n j e c t o r  and t o  
pe rm i t  bo th  h igh  response pressure and temperature probe i n s t a l l a t i o n s .  

- Engins 

T?: A p i l o  SPS engine i s  a pressure-fed, l i q u i d - p r o p e l l a n t  rcjcket engine 
cot:,; ! j n ~  o f  a b i p r o p e l l a n t  t h r u s t  chamber va l ve  assembly, an i n j e c t o r ,  
a C K . ~ I :  , t i o n  char ber,  a nozzle extension, and a gimbal a c t u a t o r - r i n g  mount 
assepbly. (The r m z l e  extension and gfmbal ac tua to rs  were n o t  used du r ing  
t h i s  t e s t  program). 

The des ign vacuum performance o f  the engine i s  21,500 l b  o f  t h r u s t  a t  a 
p r o p e l l a n t  m i x t u r e  r a t i o  u f  O/F = 2.0 and a comb! ' ion c6amber pressure 
o f  100 ps ia .  The engine i s  designed t o  be capa! '5 c . f  50 r e s t a r t s  over the  
design cpe rd t i ng  l i f e  of 750 secs. us ing hypergo,.  , s t c j r a t i e  p r o p e l l a n t s .  
N i t rogen  t e t r o x i d e  (N 0 ) i s  t he  o x i d i z e r ;  AZ-50,  a 50-50 weight blend o f  
hydrazine (N2H4) and &~$yrnmetrica! d imethyl  hydrazine (Ct13)2N2H2), i s  the 
f u e l .  
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G.1.2 Test Article (Continued)  

A l i s t  of a l l  components used during this test program i s  presented i n  
Table 2-1. 

Thrust Chamber Valve 

The thrust chamber valve (TCV) consists of a pneumatics; ly operated 
systetn of eight b a l l  valves: two i n  each of  two parallel fuel passages 
and two i n  each of the two parallel oxidizer passass .  One fuel passage 
and onesoxidizer passage constitute an independent */alve bank; thus , the 
TCV has two valve banks, designated valve Banks A and 6. Two independent 
pressure sources operate a p a i r  of actuators i n  each bank ,  therefore, the 
engine can be f i r e d  using either Bank A ,  Bank B ,  or bo th .  
d u r i n g  this t e s t  program were conducted using valve Banks A and B together. 

All f ir ings 

Injector 

The injector (Block I )  used for this t e s t  program was a double t  or i f ice  
configuration arranged i n  a concentric ring pattern and was baffled ( F i g .  
D-2) for improved ccmbustion s tabi l i ty .  The injector baffles were re- 
generatively cooled w i t h  fuel ,  which routed through the baffles and back 
t o  the injection ring passages. A small portion of the fuel was dis- 
charged from each baffle extremity. F i l m  cooling of the cornbustion chamber 
was provided by fuel flow from oriffces f n  the extrene outer r i n g  o f  the 
injector, adjacent t o  the injector mounting flange. Approximately 5 per- 
cent of the engine fuel flow was injected for film cooling. The injector 
was vodified i n  order t o  Drovide instrumentation taps for h i g h  response 
pressure measurements i n  the manifold and temperature measurements it1 the 
manifold and on the injector face. 

Combu s t i on Chamber 

The combustion chailiber was constructed w i t h  an ab la t ive  l iner ,  an asbestos 
insulating l iner ,  and an external wrap. The ablative l iner  consists of a 
s i l i ca  glass fabric tape impregnated w i t h  a phenolic resin compound. The 
chanber was constructed so t h a t  the maximum ablative thickness was obtained 
a t  the throat section. Several layers o f  resin-impregnated f iber  glass 
wrap (glass fabric and glass filament) were bonded over the asbestos 
insulation. The .mounting flanges for the injector and nozzle extension 
were attached t o  the chamber by bonding the flange l ips  t o  the ablative 
material and overwrapping w i t h  fiber glass. 

The chamber was modified a t  the RTF t o  provide rution-picture coverage of 
the interior of the chamber d u r i n g  engine operaxion. This coverage was 
obtained t h r o u g h  t w o  special ports i n  the chamber wall f i t t ed  w i t h  quar tz  
windows. The ports were contoured -:n a manner t o  minimize any local flow 
variations w i t h i n  the cmbustion chamber zone. Otis p o r t  was used t o  allow 
chamber in t e r io r  l i g h t i n g  (1000 waits) by a q i a r t z  iodide l i g h t ,  and the 
other port was used f o r  mounting a f iber optics. The quartz windows were 
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TABLE 3-1 
TEST ARTICLE COMPONENTS 

Component 

Engine Assembly 
Combus t i  on Chamber 
I n j e c t o r  
Propel 1 ant Val ve 

Seri  a1 Number 

0000030 
0000259 
00001 11 
0000113 (AA through AE) 
0000115 (AG only) 
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0.1.2 Test A r t i c l e  (Continued) 

replaced wi th  stainless steel plates f o r  the l a s t  t e s t  ser ies.  
mentation ports were d r i l l e d  to  measure temperature and pressure a t  
d i f f e r e n t  ax ia l  stations i n  the chamber. 

Instru-  
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0.1.3 Instrumentation 

Instrumentation systems bere provided t o  obtain measurements of pressures 
temperatures, inbleed flow rates ,  and accelerations o f  the Apollo SPS 
engine (F ig .  0-3) and i t s  propellant system ( F i g .  D-l)s as well as 
temperatures and pressures of i t s  environment. The outputs of a l l  of the 
sensing devices were recorded either on magnetic tape (using the 
commutating d i g i t a l  or the analog-to-frequency conversion system) 1 i g h t  
beam oscillograph recorders, or null-balance potentiometers ( s t r ip  charts). 
T h e  means o f  data acquisition are shown i n  Table 0-2 for  the various 
parameters. Visual coverage was also provided by motion picture and 
television cameras. 

Pressure 

Pressure measurements were obtained from the t e s t  engine and associated 
systems w i t h  both strain-gage and piezoelectric transducers. The strain- 
gage-type transducers were used t o  measure low response and quasi -steady- 
s ta te  pressure. The transducers, mounted on brackets were connected t o  
the pressure ports w i t h  standard 0.25-in. A/N t u b i n g .  A close-coupled 
combustion chamber pressure measurements through the ab1 ative wall was 
made dur ing  the AG t e s t  series. The ablative chamber was modified for 
obtaining pressure measurements a t  both the injector baffle and throat 
locations. All strain-gage-type transducers were 1 aboratory calf brated 
before and af ter  the completion of testing, and the calibrations were 
traceable t o  the National Bureau o f  Standards (NBS). The piezoelectric 
transducers were used to  measure h i g h  response phenomena. The injector 
and ablative chamber wall were modified such that the transducers were 
flush mounted to reduce the response time i n  the measurement. These 
transducers and recording devices, i n  addition to  electrical  step 
calibrations, were calibrated i n  the t e s t  cell using a transient step 
function pressure source w i t h  a:precision transducer traceable t o  NBS. 

Test chamber pressures were measured w i t h  capaci tance-type and ioni tat1 on- 
type vacuum gages. ‘I hese transducers and gages were laboratory cal i brated 
w i t h  traceability t o  NBS. 

Temperature 

Temperatures were measured using both  Chrome1 -A1 umel (CA)  thermcoupl es 
and resistance temperature transducers (RTT). The RTT’s were used t o  
measure propellant and injector manifold tmperatures add the CA thermo- 
couples were used t o  measure the surface temperatures. Special mountings 
of thermocouples were made i n  the injector, on the baffle wal lss  and on 
the chamber interior surface t o  provide h i g h  response temperature d a t a  
dur ing  engine operation. 
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D.1.3 

F l o w  

The f 

- 
Instrumentation (Conti nired) 

ow ra tes  o f  the propellants inbled n t o  the injector  were measured 
w i t h  one flowmeter i n  each inbleed l ine.  The f lometers  were r o t a t i n g ,  
permanent magnet, *urbine-type, axial flow, volumetric flow sensors w i t h  
induction coi l  signal generators. The flowmeters were laboratory 
calibrated i n  water w i t h  t raceabi l i ty  t o  NBS. 

Ac ce 1 era t i  on 

Engine acceleration data were provided using several piezoolectric-type 
accelerometers i n  three or thogonal  planes. The accelerometers were m w n t e d  
on the injector w i t h  insulated studs inserted i n t o  aluminurn blocks thst had 
been welded t o  the injector flange. 

Visual 

Three motion picture cameras and two closed-circui t television cameraa were 
used t o  provide visua' coverage of  the t e s t  program ( t e s t  sories A6 used 
only two motion picture cameras). Two o f  the motion picture cameras and  
the two television cameras were used t o  provide exterior co\ 'erage o f  tne 
t e s t  hardware. The t h i r d  motion picture camera was used i n  conjunction 
w i t h  a f iber  optics sJistem t o  o b t a i n  visual coverage o f  the inter ior  of the 
chamber d u r i n g  engine operation. 

D-14 
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D. 2 TEST SERIES DESCRIPTION (ENGINE RESTART) 

D.2.1 Genera I 

The SPS engine r e s t a r t  t e s t s  were conducted over seven " a i r  per iods"  
which inc luded t e s t  ser ies  AA through AG. These t e s t s  were conducted 
between May and September 1Q68. A l l  f i r i n g s  were made i n  the  dual 
(AB) bore va lve  mode. The t e s t  ser ies  a?e brosdly  categor ized i n  
Table D-3. 

Series AA - t h i s  t e s t  ser ies  :jas f x i l i t y  ana test. specimen checkout. 
During tbest: t e s t s  p r o p e l l a n t  feed l i n e  pressure drops weice 
unacceptable. This  ser ies  was terminated due t o  a malfunc- 
t i o n  o f  the c a n i s t e r  ven t  doors. Test dq ta  were n o t  
analyzed. 

Ser ies AB - t h i s  t e s t  s e r i r s  was f a c i l i t y  and t e s t  specimen checkou. 
and consisted o f  th ree  f i r i n g s .  Accumulators were i n s t o ,  d 
i r i  the  p r o p e l l a n t  feed lires t o  e l i m i n a t e  the h igh  l i n e  
uressure drops. Test da ta  were no t  anal jzed. 

Ser ies A C  - t h i s  t e s t  ser ies  consis ted o f  f i v e  h o t  f i r i n g s  t o  evaluate 
engine r e s t a r t s .  Test d u r a t i o n  kras 0.37 seconds, and t e s t  
hardware and 7 r o p e l l a n t  were temperature condi t ioned a t  35 
and 55OF respec t ive ly .  Coast per iods betv:.w engine s t a r t s  
was approximately 22 minutes- Test f i l m  :;nowed i c e  v i s i b l e  
on the combustion chamber and i n j e c t o r  ?ace dur ing  s t a r t  
and shutdovq. Test ing was terminated when the  c a r i s t e r  dosrs 
mal f u n c t i  oped . 

Series AD - t h i s  s e r i e s  consisted of f i v e  h o t  f i r i n g s  t o  evaluate engine 
r e s t a r t s .  During the  second f i r i n 9  the c a n i s t e r  doors m a l -  
funct ioned, and i t  was decided t o  cont i i lue the " a i r  per fod"  
by conducting three o x i d i z e r  i cb leed t e s t s .  Volumes of N,Oq 
equ iva len t  t o  25, 50, and 100 percent o f  the o x i d i z e r  many- 
f o l d  volume were i n b l e d  i n t o  the i n j e c t o r  a t  a r a t e  t o  promote 
p r o p e l l a n t  f reez ing .  Test dura t ions  were 0.37 qeconds and 
t e s t  hardware and propel 1 a n t  were temperature cond ti oned t o  
35 and 35 - 42OF respec t ive?y .  Codst p e r i d - ,  were 158 - 1242 
m i  nuhes. 

Ser ies AE - t h i s  t e s t  ser ies  consisted o f  seventeen h o t  f i r i n g s  t o  evaluate 
engine r e s t a r t s .  One s t a r t  waz conducted a t  a low (80,000 f t . )  
pressure a1 ti tude. Test dl-- , 3s 0.37 seconds and t e s t  
hardware and propel  l a n t  WL . % r e  condi t ioned a t  35 
+l5OF,  Coast per iods between e; ... r t a r t s  were 20 seconds 
f o  462 mlnutes. Durlng t h i s  t 9 s t  s a  . e s  the quar tz  wlndow 
i n  the combustion chamber i n  whll  the  f i b e r  c.j.:ics was loca ted  
was completely b'lawn out ,  and the window i n  which the camera 
l i g h t  was located was cracked. No o t h e r  hardware damage was 
found. 
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Series A t  - this tes t  series was terminated when the SPS engine b i -  
proDeilent b a l l  v a l v e  failed t o  function. Data do n o t  
e x i s i  for this series. 

Series AG - t h i s  tes t  ser,tes consists . thirty-six h o t  t ir ings t o  
evaluate engine restarts.  Three tests were fue’l i n b l e e d  
tests and t:.n s ta r t s  !irere conducted a t  l o w  (80,000 f t .  
pressure aititx!es. Test durations were 0.37 - 0.52 
seconds aiid test hardware and pro?ell a n t  were temgerature 
condi ti oned a t  35-40 and 3565°F respectively . Coast 
?eriods bet:deen q i n e  s ta r t s  varied from 7 second: t o  
412 minutes. 
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TABLE 0-3 

TEST SERIES 

RA 

AB 

AC 

AD 

BE 

AF 

AG 

AEDC TEST SIJMMAW 
SPS RESTART 

TYPE GF TEST 

Faci  1 i ty Checkout 

Faci 1 i t y  Checkout 

Restart 

Oxi  d i  zer I ab 1 eed 

Restart 

Malfunct ion - No Data 

Restart 

Fuel I n b l e d  

2 

5 

5 

17 

--- 
33 

3 

TOTAL 68 
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D.3 TEST 2ESULTS ( E N G I N E  RESTART) 

Review of the t e s t  da ta  showed h a t  ai l  of the t e s t  data  are valid Cor 
res ta r t  investigations within the limitations of data acquisition 
durino specific t e s t  sequences. 

D.3.1 Test Validicy and Limitat'cns 

The validity of the  AEDC SPS engine tes t s ,  and  the limitations on the 
appiicab'lity of the tes t  d a t a  are based on compliance with tes t  reaujre- 
ments, use of Block I hardware, and use o f  GN2 as the propellant 
pressurant. 

A7thol;gh the tes t  d a t a  i s  valjd for englne restar t  investigations there 
i s  an zpparc-nt lack of da ta  acquir-ed dwing specific tes ts .  i t  vias not 
possib e t o  establish an oxidizer leadflag relationship, based on injector 
nianifo r f  priming times, during any "air  period'' because ei ther  the  oxidizer 
or fue icjector manifold Fressure transducers did n o t  function properly. 
Steady s ta te  chamber pressure v!as nc% available until the A5 t e s t  seriss 
when c low response strain gage (l'aber) transducer was installed.  

Al'hough the absolute d a t a  appears t o  be smewhat random f o r  a l l  tests 
there i s  a definit? corretatim o f  t r e d s  for tes ts  hav'z!!: similar ini t ia i  
conditions. 
t o  compare these res ta r t  tests t o  ather SPS engine 3 t a  o? t o  a nominai 
engine. 
for tests havin9  similar ini t ia l  ?onditions, since res%arts were pet-fcjixej 
only once o r  twice a t  iden,;ica; coast tin?:. 

Because of the fir ing duration (0.37 seconds), i t  i s  d i f f icu l t  

The da ta  base i s  a l so  1jqited when trying to evaluate repeatability 

The tes t  requireimr.: as outlined i n  Section 6 .1 .2  were met i n  a17 tes ts ,  
with the following exceptions: 

1 .  Facility kquirements 

T h e  minimtiin presswe a7 t! tude  of 180,000 .;.;et was n o t  met !n 
tes ts  ,,C-03, AD-02, P.3-03, AD-04, AD-05, AE-06C,  a i d  AG-16. 
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D. 4 TEST FACILITY mi) TEST APPARATUS (COLD FLOU) 

D. 4.1 AEDC Test  Faci 1 i ty  

The SPS injector cold flow tests  conducted a t  the Aerospace Environmnt 
Faci i i ty , Arno'id Engi ceeri ng Development Center, A i  r Force Systems 
Cmand,  Arcold Air Force S t a t i o n ,  Tennessee. T h i s  testjng was conducted 
a t  a simulated pressure alt i tude in Aerospace Research Chamberc ARC 
(8V) and AiIC (7Vj .  

The b a s i c  wquirernent c f  this t e s t  program, rapid evacuatior, o f  the 
SPS injector, was acccnplished by installing the injector in a relatively 
small antechamber (A/[) and 8ttaching it by mans cf 8 large d u c t  and 
val Ye t o  either of several 1 a-rge-vo? m e  c?yocjenfc pump! ng chambers 
available i n  the Aerospace Environment Facility. 
D-4, the injector was mounted inside the A / C  adjacent t o  the pumping or 
t e s t  suppert chamber. 
connected the A/C t o  the pumping chamber. 

ARC (8V) 

The AEC (8V) is a stainless steel \? cum chamber 10 feet  in diameter arid 

cryo-surface and 120 ft2 of gaseous-he1 ium (GHe)-cooIed ci-yoarpay. This 
chaniber i s  capable of  holditig a vacsum o f  76-2 torr t h r o u g h  the t e s t .  

As shown in Figure 

A 10 inch d u c t  w i t h  an s i r  operated 10 inch va lve  

20 feet  i n  length coataining 620 f t  4 of liquid-nitrogen ( l~2)-cooled 

This chamber provided vacuum pumping through the 10 inch diameter 
connecting valve. 
tank was confined within the tes t  suppGrt chamber t o  provide maximum 

area. The complete test support system 

During the oxidizer tes t s ,  the liquid c x i d i z e r  supply 

safety conditions i n  the tes 
i s  diagramed i n  Figure D-4.  

A toxic vent system was prov 
cycles so t h a t  the vapors of 
chamber laboratory building. 

Ced for use during chamber repressur'; zation 
Pi204 cwld be safely exhausted outside the 

Phases I; and 111 of the Apollo SPS injector cold Plow t e s t ,  using 
Aerozine-50 (in Phase 11) , and Aerozine-50 plus Freoq NF, a "simulated" 
oxidi;ier ( i n  Phase 1111, were cmducted i a i  the AerC.;pace Research Chamber 

The ARC (7V) i s  a 
12 feet  i n  length 
served as the LN2 
chamber 1 iner  was 
Freon lvrF i E  addlt 

stainless steel vacu m chamber 7 f e e t  i n  diameter and 

cryosystem b u t  later, i n  Phase 111, the 480 f t 2  L.N2 
requlred t o  carry tha addltjortal load imposed by the 
un t o  t he  Aerozina-50. 

I n  Phase 113 64 f t  8 of the t ube - in -shee t  paneling 
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0.4.2 Test kr t i  cl e 

General Description 

lhe rest a r t ic le  used for these tests was a modified full-scale B l o c k  
1 SPS injector, 
graphic coverage d u r i n g  the t s s t s  . 
This a lumi t ium a l loy  injector was designed and b u i l t  by the Aerojet- 
General Corporati on. The injector recei v ~ s  propel 1 ant; through 
ind iv idua l  manifolds to separate orifice arrays. After passing 
t h r o u g h  these orifice arrays, the propellants are mixed producing 
hypergolic i g n i t i o n .  In these tests.  the injector was oriented w i t h  
the orifice arrays p o i n t i n g  up .  

The modifications were for instrumentaticn and photo- 

Modi f i  cati ons 

Modifications for temperature and pressure measurement devices and 
for view ports and l i g h t  ports consisted o f  a l u m i n u m  extensicns and 
attachment flanges welded t o  the injector and penetrations cut t o  
provide access t o  the insids of the injector. 

0.4.3 Instrumentation 

Instrumentation systems were provided t o  obta in  pressure, temperatures, 
and change i n  ,jector weight. The o u t p u t s  of a l l  of the sensing devices 
were recorded d n  magnetic tape. The mearts of data acquisition, ranges, 
and channel numbers are shown i n  Table D-4. Visual coverage was provided 
by hig5-and-low-speed motion qicture canmas. 
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maition 
Temperature Mearurzmmtr Number- 
h e c t o r  Skin 

Fuel Duct i . a . 3  
Fuel C w r r  4,s. 6.7 
Oxidizer Manifold (lubo8rd) 8.9.10.1I 
Oriditcr Manifold (Cvtboard) ' 12,13.14. IS 
Oxldizer Duct 17.18.10 
Flange Edge 16 

Liquid Tempmature Probe 
Fucl Duct ao 
Fucl Manifold a i  
Oxidizer Duct aa 
Oxidizer Manifold as 

Hole) a4 

Front Side of Injectat 
Injector Fact  (Center Fuel 

llyector Facc (Center Oxidizer Hale) 
Injector Facc (Center Baffle Edge) 
In~cctor Face (Radial Wfle Sidr) 
Fuel Bdne (Feod iuto Truuducrr  

Fitting) a8 
Fuel ChaMd (hfost InbOad ao 

Fuel Channel (hloat Outbaard) sa 

95 
18 
11 

Fuel Chuuul SO 
Fuel Channel 31 

Oxidizer Channel (Inboard) 33 
Osidrter Channel (Outhard) 34 
Axtecliunbcr. Inside Skin 35 
Antechambar. Inride Skin 36 
Antechamber. Inride Skin 37 
Antcchamber. h i d e  Skin 38 
Antcchunber. Inrtde 01. SO 
Antechamber. b r i d e  C U  40 

PRrpQ 

CATC 

CATC 

12.43.14.123 
13 ,44 ,75 .128  

1S.46.77.130 
i c 4 ~ . 7 ~ , 1 a 7  

UDS $6 
31 
60 
6 1  

CATC Ceruno R o b  6s 
CATC 6s 

100 
101 
102 
loa 
104 

UDS IO1 
UDS 107 
UDS 110 
M-3 
111 

M - a / u r a  10s 

_I_ 

P o r ! t l a r  Typrl Prei iuro 
Pressure Afeesurement~ Number Senior Range. prie Readout Cham01 Numbrrr 
Rrcl Injector Cavity 
- 

Fuel Inlet (High Prarrurd 4 1  st.thrm 1s plla 0-10 Oacillograph - 1 
Fuel hfanniZold (High Preiruro) 4a 0-10 Olcfflogrvph - SlUDs Z.SS.64,lAb 
Fuel Idet (Low Reisurc 43 CEC 1 pIia 0 4 . 5  UDS 4,35 ,68 ,111  
Fuel Manifold (Low P r e o m )  44 0-0.5 urn 5 . ~ 6 . 6 7 ,  iao 

Oxidizer Met Oigh Prenrurd 4s T a w 5 0  pi. 0-30 Oscillograph - 9 
Oxidizer MPnifold (High Prerllure) 46 0-90 ~ B c l ~ o g r a p h  - 7lUDS 3,34,I3~,116 
Owidizer inlet (Low Preriurr)  47 CEC 1 pi. 0-0. s UDS B , J T , ~ O ,  iai  
Oxidizer Manifold (Low Frcirurej 48 0-0.5 UDS 7 .40 .71 ,  i n  
Antechunber, Top n u q e  49 Tabrr 100 pair 0-30 
Antcchunbrr, Top Duct 50 CEC 1 plia 0-0, s UDS i 0 . 4 i . 7 a . i a s  
Antechunkr. Side 51 CEC 1 prl. 0 - 0 . 5  Olcillograph - 0 
Antechunbcr, Top Cuct sa c.sc 0.5 pia 0 - 0 , l  UDS 11 

Ondizer Xnjedor Cavity 

OlcUIogralh - l l / U D S  11,42,73,1)4 

Porltion Tyypr 
.. - Force Me~ruremrntr  Numbrr Sonror Rangr Rsdour Channel Numborr 

b j tc tor  Weight 5s BLH/l& c d l  0-70 lb UDS 16 
100 lb 

NOTES. %hromel*/Alumd Thonnocatplr 

*Universd Data Syrtern Readout Numb: 

%atbum R*rLt.nco Tl~naaruta? prob. 

hlultipoint Readout Number (Hedunaant hodout  in Chunbor Control Ar.3 

TABLE D-4 
APOLLO SPS INJECTOR COLD FLrlW INSTRUMENTATION SUMMARY 
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D *  5 TEST SERIES DESCRIPTION [COLD FLOW) 

D.5.1 General 

The SPS injector cold flow tests were conducted in three phases; 
phase I - oxidizer, phase I1 - fuel, and phase I11 - fuel and simu- 
lated oxidizer. These tes ts  were conduc', . from December 15,  1967 
t o  February 2 ,  1968. The AEDC cold flow iests arc broadly categorized 
as follows: 

FLUID - N O .  OF TESTS I N I TI  AL PROPELLANT 
TEMPERATURE 

N2°4 11 15-65°F 

A- 50 10 34-79°F 

A-50 
and 
Freon WF 

6 
40-85°F Fuel 

23-80°F Freon MF 

Phase I Tests - this phase consisted of eleven oxidizer injector cold 
flow tests using N2O4. A data recording malfunction 
voided the data for the f i r s t  t es t .  
tes ts  were conducted with in i t i a l  propellant tempera- 
tures of 16 t o  65°F. 

The remaining 

Phase I1 Tests - this phase consisted of ten fuel injector cold flow 
tests us ing  A-50. A data recording valfunction voided 
two, three, and four. The remaining tes ts  were con- 
ducted with in i t ia l  propellant temperatures o f  35 t o  
80°F. 

Phase I11 Tests - this phase consisted of six injector cold flow tests  
using A-50 and Freon MF as an oxidizer simulant. 
tes ts  were conducted with in i t ia l  propel 1 a r . t  tempera- 
tures of 35 t o  80°F for  the Freon MF and 3E-85°F for 
the A-50. 

These 
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D.6 TEST RESULTS (COLD FLOW) 

Review of the t e s t  data showed tha t  the cold flow tes t  data were valid 
for  determining propellant phenomena i n  the injector and i n l e t  ducts 
when exposed t o  a vacuum. . 
The t e s t  requirements as outlined i n  Section 6.3.2 were met i n  a l l  t e s t s .  
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APPENDIX E RESTART COLD-FLOW RECOMMENDATION: 

E.0 GENERAL 

This appendix provides a recommended approach f o r  future cold-flow test 
programs which may be conducted to suppor t  r e s t a r t  h o t - f i y i n g  t es t s .  
The recommendations i n  th i s  Appendix are based on an evaluation of cold- 
flow and h o t - f i r i n g  t e s t  programs conducted t o  define the r e s t a r t  
characterist ics 0 .  :he Apollo SPS, APS, and DPS enqines. Cold-f:uw tes t  
programs were cmLicted a t  AEDC on t h e  SPS injector and a t  ARC on the 
APS and DPS injectors.  
SPS engine and at: 3oeing/Seaitle on the APS and DPS engines. 
the recommendations are based on an evaluation o f  t e s t s  which used N204/ 
A-50 propellants, the basic t e s t  philosophy can be applied t o  other 
propellant combinations. 

Hot-firing t e s t s  were conducted a t  AEDC on the 
A l t h o u g h  

The overall engine r e s t a r t  prob;em can be separated i n t o  three phases, 
the eng;ne shutdown phase, the coast phase, and the r e s t a r t  phase. The 
shutdown phase begins when the engine propellant valves begin t o  close,  
and ends when combustion ceases. 
injector mani fo ld  pressures decay t o  the fuel and oxidizer "apor pres- 
sures,  and ends when the n 2 x t  engine s t a r t  signal i s  g i v e n .  The r e s t a r t  
phase begins when the engine s t a r t  signal i s  given, and ends when steady- 
s t a t e  engine operation h a y  been -cached. The boundary between the shut- 
down and coast phases i s  not precise, because combustion may continue 
a f te r  One, o r  b o t h ,  of the propellants reach their  respective vapor- 
pressures. However, these definit ions are conceptual l y  straight-forward 
since the snutdown phase emphdites combustion ta i lof f  , which the cold 
floc t e s t s  cannot accu-ately simu?ate, while the coast phase emphasizes 
nonreactive propel lant behavior, w5ich the cold flow t e s t s  can simulate. 

The coast phase begins when the 

The table below defines the major propellant phenqmena occurring d u r i n g  
the engit;e shutdown, coast dnd r e s t w t  phases. 

TEST PHASE 
S tiUTDOki'1 CCAST RESTART 

Phenomena Effervescence of Propel 1ar.t I n j ec tor man i f ol d 
dissolved gases bili i i n g  pr iming 

Propel 1 a n t  
drainage 

Beginning u f  
propel 1 a n t  
boil i rg 

Th. definitions assume that  t h  

Propel l a n t  
freezing 

Propel 1 a n t  
sub1 imat ion 

duration o f  the f i r s t  enqin f i r i n g  i s  
a r t  enough to n!inim-ize erlg.ine heat effects .  r)ur.ing est ine f i r i n g s ,  

the thrust ckiaiber :nd injectoi- are heated by the combustion process. 
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E,O GENERAL (Continued) 

Heat transfer from the thrust  chamber and injector can affect  the amount 
of propellant residuals present as a function of time. 
engines experience peak heat soak back effects approximately 1 / 2  t o  1 
hour a f t e r  a l o n g  duration (mission duty  cycle) enqine f i r i n g .  By th i s  
time, the residual N 0 /A-50 propellants would be largely depleted even 
i f  there were no heag !!oak back. Hence, the definit ion of a "short 
d u r a t i o n "  engine f i r ing  is  n o t  precise, and must be determined from 
temperature histories obtained for  varying engine f i r ing  durations. The 
Apollo engine r e s t a r t  t es t s  were conducted w i t h  f i r ing d u r a t i o n s  of .37 
to  3.5 seconds. These f i r ing durations were "short" because no s ign i f i -  
cant engine heating effects  were observed. example, frozen oxidizer 
was observed on the DPS thrust  chamber wall w i t h i n  a few seccnds a f t e r  
3.5 second t e s t  f'irings. 

Current Apollo 

E. 1 REQUIRED COLD FLOW TEST RESULTS 

A cold flow t e s t  program can provide basic engineering d a t a  so that  the 
effect  of operational variables, such as propellant gas content, propel- 
l an t  temperatures, time interval between f i r i n g ,  e t c .  on engine s t a r t  
characterist ics can be predicted. Cold flow tescs arp also much less 
expensive than h o t  f i r i n g  t e s t s ,  and therefore can be used t o  explore a 
wide range o f  t e s t  variables i n  the search for potenti31 engine operating 
problems. Fuel and oxidizer side characterist ics can be evaluated 
separately, and the resul ts  can be cornbined to  predict and correlate 
engine b o t  f i r ing resul ts .  A limited number o f  h 3 t  f i r ing  t e s t s  can then 
be conducted a t  carefully selected t e s t  conditions t o  confirm the 
presence o r  absence of undesirable engine operating characterist ics.  

A s w c i f i c  set o f  desired t e s t ' r e s u l t s  i s  provided i n  the table-E-1 
Current Apollo engines (APS, DPS, SPS) use the N 0 / A 4 0  propellant 
combination. 
oxidizer lead or a long fuel lead. Nearly simultaneous injection of 
propellants usually resu l t s  i n  large pressure spikes a t  i g n i t i m .  
fore ,  the desired rzsu l t s  emphasize the determination of  the fuel and 
oxidizer lead/lag relationshfp.  Other f a c t w s ,  such as propellant 
temperature and propel 1 ant  gas content , are a1 so included because they 
can affect  ignition character is t ics .  I f  the cold c:ow t e s t s  are 
Conducted w i t h  a new injector or engine design, or a different  propcl- 

analyzed. 

Smooth ignition of  this  cornbinatioa ?ypically requires a n  

There- 

mt combination, t he  required t c s t  resul ts  can b s  established only  
I'ter the injector and/or propellant i g t i i t i o n  characterist ics have been 

E. 2 EVALUATION OF APS, DPS, AND SPS COLD FLOW TEST PROGRAMS 

The APS, DPS, and SPS cold flow programs were evalL .,2d t o  determine how 
we1 1 they predicted operational problems, or provided additional d a t a  t o  
explain the problem cbserved during subsequent h o t  f i r ing  t e s t s .  
advantages and disadvantages of the cold f low t e s t s ,  w i t h  respect t o  the 

The 

E-2 
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E.2 EVALUATION OF APS, DPS, AND SPS COLD FLOV TEST PROGRAMS 
(Continued) 

ho t  f i r i n g  tests ,  were determined and the r e s u l t s  used t o  prepare a 
recomnended t e s t  program which w i l l  r e t a i n  the advantages and e l  imlnate 
the disadvantages o f  the previous co ld  f l o w  programs. Table E-2 suma- 
r i z e s  the s ign i f i can t  advantages and disadvantages of the co ld f l ow  t e s t  
programs. This sumnary i s  based on the evaluat ion of the! ARC co ld f low 

Section 7 (Vol utne I ) .  
t e s t  program i v  Appendix A, and on the evaluat ion of hot ,  4 i r i n g  tes ts  i n  

A t  the t i m e  the Apollo co ld  f low tes ts  were conducted, the basic r e s t a r t  
phenomena were no t  completely understood, and could not be analyzed. As 
a r e s u f t ,  the co ld flow tes ts  should have been braad enough i n  scope and 
provided a r e a l i s t i c  enough simulat ion t o  i s o l a t e  po ten t i a l  problen areas. 
It i s  apparent f r o m  the sumnary i n  Table E-2 and from the evaluat ion i n  
Appendix A, t h a t  these co ld  f l ow  tes ts  emphasized the coast per iod betreen 
enqine s ta r t s .  The co ld f low tes ts  were genera l ly  adequate t o  character- 
i z e  the coast period, bu t  were n o t  adequate t o  define the effect of coast 
phase phenomena on the  engine r e s t a r t  charac ter is t i cs .  
case o f  the LM ascent engine, the co ld  f l ow  tes ts  were no t  adequate t o  
p red ic t  the ox id izer  s ide problems experienced dur ing the subsequent ho t  
f i r i n g  tests .  I n  addi t ion,  no data on the shutdown phase was ava i lab le  
from any o f  the t e s t  programs. 
f l ow  shutdown charac ter is t i cs  on the coast phase phenome'na cannot be 
established. 

I n  the spe,ific 

The r e s u l t  i s  t h a t  the e f fec t  of the co ld 

Cold f low tes ts  can provide a good s imulat ion o f  the coast phase fo l l ow-  
ing shor t  dura t ion  engine f i r i n g s .  
pressure ef fects  on bo i l i ng ,  f reez ing  and subl imat ion are neg l i g ib le .  
Short dura t ion  f i r i n g s  r e s u l t  i n  minimum heat soakback w i th  the r e s u l t  
t h a t  the coast phase phenomena are no t  s i g n i f i c a n t l y  affected by the heat 
soakback. Simulation o f  the shutdown and r e s t a r t  phases i s  not  as 
accurate because the combustion chamber pressure h i s to ry  cannot be 
simulated. During the shutdown phase o f  an engine ho t  f i r ing ,  chamber 
pressure delays the onset o f  bo i l i ng ,  and tends t o  reduce the r a t e  o f  
bo i l i ng .  During the r e s t a r t  phase o f  an engine ho t  f i r i n g  tes t ,  the 
increase i n  chamber pressure fo l lowing i g n i t i o n  r e s u l t s  i n  s i g n i f i c a n t  
changes i n  p rope l lan t  flow rates and pressures i n  the i n j e c t o r .  
l vpo r tan t  engineering data on the shutdown and r e s t a r t  phases can be 
obtained even though tf;, cold flow simulat ion w i l l  no t  be exact. 
co ld  f l ow  data can be used t o  determine the r e l a t i v e  importance of the 
phenomena even though the magnitude of the effects may no t  be correct .  

During the coast phase, chamber 

The 

E.3 RECOMMEND TEST PROGRAM 

Data from a co ld  f l o w  t e s t  program, when combined w i t h  basic data on 
engine operat ion and propel lant  i g n i t i o n  charac ter is t i cs  ( i  .e. the 
e f f e c t  o f  propel lant  temperature, ox id izer  lead/ lag,  e tc . )  should 
provide the basis f o r  a ho t  f i r i n g  v e r i f i c a t i o n  t e s t  program. This can 

E-4 
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E.3 RECOMMENDED TEST PROGRAM (Continued) 

be accomplished if the test  ar:;icle, t e s t  f a c i l i t y ,  instrumentation, and 
t e s t  matrix are designed and selected to provide the rEqbired data. The 
following i s  a presentation of  the essential requirements for a r e s t a r t  
cold flow t e s t  program. 
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