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I. swmy 
Empirical data were obtained under circumstances simulating t h e  i n i t i a l  

LM RCS engine f i r i ngs  on the Apollo 5 mission. 
of nearly 5 cubic inches were expected to be trapped in  the propellant l ines  
adjacent to the  RCS engine valves pr ior  to i n i t i a l  engine operation. 
were conducted to determine the operational character is t ics  and t o  ascertain 
the s t ruc tu ra l  in tegr i ty  of' the engine when f i r e d  with such bubble volumes in  
the propellant l i nes .  Bubble expulsion from the propellant l ines  required up 
t o  0.170 seconds of steady s t a t e  operation and f i f t een ,  0.013 second pulses. 
Structural  in tegr i ty  was maintained under safe  operating conditions even when 
the engine ingested a bubble volume of greater than 5 cubic inches. 

On t h i s  mission bubble volumes 

Tests 

An analy t ica l  model was developed which can be used to accurately pre- 
d i c t  the steady s t a t e  run time or number of pulses required to expel a non- 
reactive gas bubble of any given volume from a propellant l i n e  of the speci- 
f ied geometry and any given dimensions. 
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11. INTRODUCTION 

Spacec ra f t  launch procedures  f o r  t h e  unmanned f i r s t  Lunar Module f l i g h t  
t o  be  flown as p a r t  o f  t h e  Apollo 5 miss ion  s p e c i f i e d  t h e  React ion Control  System 
(RCS) p r o p e l l a n t  l i n e s  be  f i l l e d  wi th  gaseous n i t r o g e n  a t  a p res su re  of one atmos- 
phere  dur ing  t h e  launch phase.  Subsequent t o  ob ta in ing  e a r t h  o r b i t ,  t h e  RCS pro- 
p e l l a n t  systems w e r e  t o  be primed w i t h  p r o p e l l a n t s  by opening t h e  main shu to f f  
valves. S ince  t h i s  procedure r e s u l t s  i n  n i t r o g e n  bubbles  trapped i n  t h e  propel-  
lant  l i n e s  a d j a c e n t  t o  t h e  RCS engine v a l v e s ,  t h e  Nat iona l  Aeronaut ics  and Space 
Adminis t ra t ion  (NASA) d i r e c t e d  The Marquardt Company (TMC) - -  " to  i n i t i a t e  e f f o r t  
t o  determine t h e  s i z e  and q u a n t i t y  o f  bubbles t h a t  t h e  Serv ice  Module (SM) - 
Lunar Module (LM) RCS engine can s u c c e s s f u l l y  i n g e s t  du r ing  s teady  s ta te  and 
p u l s i n g  o p e r a t i o n  and t h e  r e s u l t a n t  e f f e c t s  of t h i s  inges t ion" .  

Since bubble  e f f e c t s  are s t r o n g l y  dependent on bubble  volume engine  duty  
cyc le ,  and p r o p e l l a n t  f e e d l i n e  dynamics, t h e  p o s s i b l e  permutat ions of  t h e s e  
v a r i a b l e s  w e r e  l i m i t e d  by mutual agreement befxeen NASA and TEE t o  o b t a i n  e m p i r i -  
cal  d a t a  f o r  t h e  most severe  ci rcumstances expected du r ing  t h e  Apollo 5 f l i g h t .  
To determine bubble e f f e c t s  f o r  a l l  o t h e r  c i rcumstances,  a computer program was 
t o  be  devised which would p r e d i c t  both s t eady  s t a t e  and pu l se  mode bubble expul- 
s i o n  t i m e  and p r e s s u r e  v a r i a t i o n s  a t  t h e  engine i n l e t  du r ing  p u l s e  mode ope ra t ion .  

- 2- 
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System Quad Direction 

+z, +x 

-z, -x 

A I11 +Y, +x 
B . I1 -Y,. +x 
A IV +Y, -x 
B I -Y, -x 

A I 
B Iv 

A I1 
B I11 

I11 DISCUSS ION 

A. Determination of Bubble Volumes 

Figure 1 i l l u s t r a t e s  the LM RCS propellant feed l i n e  system where 
a t t i t ude  control redundancy is  achieved using two separate propellant systems 
each of which normally supplies two engines of each quad. Crossover valves in  
the system (not shown) allow a l l  four engines of each quad t o  be operated from 
one propellant system, if necessary. Spacecraft launch procedures f o r  the 
Apollo 5 mission specified tha t  the LYI RCS propellant l ines  be f i l l e d  with 
gaseous nitrogen a t  a pressure of one atmosphere during the launch phase. Con- 
sequently, when the l ines  a re  subsequently primed with propellants pressurized 
t o  181 psia ,  gas bubbles of various s izes  w i l l  he  formed adjacent t o  the engine 
valves. 

Volume, :ne3 

25.2 

21.8 

29.8 

55.6 

Bubble volumes resul t ing from t h i s  priming were calculated assum- 
ing isothermal compression of the nitrogen by the incoming propellant. 
volumes from the propellant tank of system A t o  each of the engine quad assem- 
b l i e s  a re  shown i n  Figure 2. It was assumed tha t  the  nitrogen while being 
compressed was homogenous in  pressure. The mass of the nitrogen i n  each quad 
increases u n t i l  the quad feed l i n e  is closed off by the incoming l iquid.  The 
f i n a l  bubble volume i n  each quad can now be determined since the mass of the 
trapped gas and the f i n a l  pressure (181 p i a )  a re  known. The calculated bub- 
b l e  volumes a re  shown in  the following table:  

Line 

--- __^----I -__ -- --.-TI 

CHLGULHTBU J3uJsJsm v ULUI"U3 JJUPJ I U  r.Ku"lIlvcI 

Fuel Oxidizer 

2.0 

1.8 

2.4 

4.5 

2.2 

1.9 

2.6 

4.9 
I 

The la rges t  bubbles calculated f o r  both the A and B systems w i l l  
be expelled during a ?-second steady s t a t e  f i r i n g  in  the "-X" direction t o  
separate the LM from the SNB stage.  The la rges t  bubble l i k e l y  to be in- 
gested by an engine i n  the pulse mode is the 2.4 in.3 f u e l  bubble and the 
2.6 i n  .3 oxidizer bubble. 
5.0 in.3 and 2.5 in.3 were selected f o r  steady s t a t e  and pulse mode evalu- 
a t ion  tes t ing .  

Consequently, bubble volumes of approximately 
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B. Test Fac i l i t i e s  and Procedures 

The t e s t  was conducted in  Pad "G" of the Precision Rocket Laboratory 
(PRL) a t  TMC i n  Van Nuys, California, between 5 December and 15 December 1967. 
This test was conducted w i t h  t h e  engine mounted i n  the ve r t i ca l  down f i r i n g  
a t t i t ude  on a low a l t i t ude  (- ll5,OOO f t )  t e s t  stand. Propellant l i ne  dynamics 
are of most concern during pulsing operation, so the propellant system of the 
Pad "G" l o w  a l t i t ude  t e s t  stand was fabricated to simulate the propellant lirles 
to the  engine w i t h  the largest  bubble t o  be expelled during pulsing operation, 
%.e., System A, Quad I11 and System B, Quad 11. The propellant l ines  used in  
t h i s  test  a re  shown in  Figures 3 and 4. 
"G" l o w  a l t i t ude  t e s t  setup w i t h  engine P/N X228687-317, S/N 0034, instal led ?n 
the  down f i r i n g  a l t i tude  and connected to the propellant l ines  shown in  Figures 
3 and 4. 
t he  t e s t s  specified by Marquardt Test Plan (MTP) 0079 (Appendix A). The f i r b g  
matrix was designed to determine how many milliseconds ( in  the case of steady 
s t a t e  f i r i n g )  or how many pulses (in the case of pulsing operation) it takes 
t o  expel the sized gas bubbles from the propellant i n l e t s .  Two bubble s izes  
were evaluated - a bubble of approximately 2.3 in.3 and 5.0 in.3 - first  in  
one propellant l ine ,  then the other and then i n  both l ines .  

Figure 3 is a photograph of t h e  Rid 

The engine, a f t e r  ins ta l la t ion  in  the test stand, was subjected to 

In determining bubble expulsion times f o r  steady operation the 
engine was  f i r e d  f o r  one second o r  greater which was calculated t o  be more 

quired f o r  bubble expulsion was accomplished by f i r i n g  a pulse t r a i n  of a 
given number of pulses followed by a steady s t a t e  run. If the ignit ion delay 
on the steady s t a t e  run w a s  greater than the pulse width then the pulse t r a in  
was  rerun and the number of pulses was increased. This process was repeated 

. unt i l  engine ignit ion did occur on the steady s t a t e  run within the time span 
of the programmed pulse width. The steady s t a t e  run a t  the end of the pulse 
t r a i n  ensured tha t  the  propellant residue accumulated during bubble expulsion 
would be consumed pr ior  t o  the next engine f i r i ng .  A t  higher a l t i tudes  or 
i n  a space environment the residue would evaporate more rapidly. 

. _ 1  +. 9 .  - - 3  . 7 . 9 -  n-n. I ...~ -7- _ _ _  -n ----I - ̂ ^  _ _ _  
r----- - -  

. _  - . .  
Clllall C l l U U & A J  U-UIIL v u  I LU U l J L  L l l * b - u  0 . L  "I,- V u u u l r .  L-4- *--.Iuc-- ..& 

Four pulsing duty cycles were chosen t o  represent probable LM-1 
short  pulse operation. These duty cycles were: 

On Time 
(set ) 

0.013 

0. (220 

0.030 

0.050 

0.480 

0.172 

0.172 
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quad engine of p r o p e l l a n t  
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llyl 
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Valve 
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The bubble volumes tes ted  were generated i n  the propellant manifolds by closktg 
the shutoff valves (see Figures 3 and 4) on the oxidizer and/or fuel l ines ,  as 
required; purging the propellants from the l i nes  upstream of t h i s  valve (in- 
cluding the branch) w i t h  GN2 and f i l l i n g  the purged volume with GN2 a t  the 
pressure necessary t o  provide t h e  required volume a t  run pressures. 
of the oxidizer manifold between the shutoff valve and the engine valve (in- 
cluding the branch) was 5.86 in.?; t ha t  of the f u e l  manifold was 6.76 in.3. 
With these volumes and the required bubble s izes  the pressures a t  which the 
GN2 was to fill the manifolds was calculated using Charles Law and the t o t a l  
pressure a t  run conditions : 

The volume 

Approximate Oxidizer Pressure Fuel Ressure Bubble Size 

2.5 i n .  3 77 psis 67 psia 

5.0 in.3 154 psia  134 psia 

and 5.5 in.3 
made fo r  the 
run pressure 
II i nn-c;n 

r e su l t s  a re ,  
1 - 7  -.I- .,- 

Actual bubble s izes  tes ted f o r  the oxidizer system were 2.75 in.3 
because a t  the  time the t e s t s  were conducted no allowances were 
p a r t i a l  pressure of t h e  oxidizer which contributes to the t o t a l  
(for NpOh, the p a r t i a l  pressure is approximately 15 psia;  f o r  

therefore,  f o r  a bubble volume even la rger  than can be expected 
t h e  n n r + i a l  py9pciA-e i p  ~ ~ d ~ g ~ d ~ ?  cxc$-c.er c v a + a m  t p c t  - .J - - =-- "--_ 

on the Apollo program. 
than would be used i n  actual  operating conditions, adding s t i l l  more confi- 
dence t h a t  engine operation i n  the ac tua l  mission w i l l  be safe.  

Testing was conducted a t  lower engine temperatures 

It had been thought t h a t  the bubble expulsion time o r  number of 
pulses required to expel the bubble would be within TMC'S experience, and tha t  
from these data,  s a fe  engine operation w i t h  bubbles i n  the l i n e  could be 
postulated. The r e su l t s  of the i n i t i a l  t e s t  phase did not allow such a con- 
clusion t o  be drawn since overal l  propellant mismatch time was greater than 
TMC's previously documented tes t  experience, and a second phase of tes t ing  
was directed by NASA as documented i n  Deviation No. 11 to K?P 0079. For t h i s  
phase the  engine was ins ta l led  i n  the high a l t i t ude  (" 250,000 f t )  t e s t  c e l l  
i n  the horizontal  a t t i t ude  to best  simulate zero-g conditions. $10 e f fo r t  was 
made to generate a bubble i n  the propellant l i nes ,  instead the bubble was  simu- 
l a t e d  by opening only one valve during a number of pulses,and subsequently 
opening both valves simultaneously. 
flow" of the propellant simulated the "no bubble" condition; the valve re-  
maining closed simulated the condition where only gas would flow through the 
valve during bubble expulsion. The number of "cold flow" pulses required to 
simulate t h e  bubble was determined from the i n i t i a l  ''Low a l t i tude"  tests. 

The valve tha t  was opened to allow "cold 

C. Discussion of Test Results 

Table I summarizes the runs conducted during the low a l t i t ude  
t e s t s ,  the r e su l t s  of which a re  presented i n  Figures 6 and 7. These figures 

-10- 



LOW ALTITUDE TEST RESULTS 

0 . 160 

0.120 

0.080 

0.040 

0.160 

0.120 

0.080 

0.040 

0 000 

3 5 7 9 1.1 13 15 
NUMBER OF PULSES PRECEDING STEADY STATE RUN 

-11- FIGURE 6 



LOW ALTITUDE TEST RESULTS 

0.160 

0.120 

0.080 

0 .Oh0 

0.000 

0.160 

0.120 

0.080 

0.040 

0 .ooo 

I 1 ' \  I 1 \ I  1 1 1 q 

0' 1 3 5 7 9 11 

NUMBER OF PULSES PRECEDING STEADY STATE RUN 
FIGURE 7 

-12- 



show t h e  dec rease  i n  i g n i t i o n  de lay  on t h e  s t eady  s ta te  r u n  as t h e  number o f  
p u l s e s  conducted p r i o r  t o  t h e  s t eady  s ta te  r u n  i s  increased .  The i n t e r s e c t i o n  
of t h e  mean l i n e  drawn through t h e  d a t a  and t h e  X-axis i n d i c a t e s  t h e  number of 
p u l s e s  r equ i r ed  t o  expel  a bubble of t h a t  p a r t i c u l a r  s i z e  and duty  cycle from 
t h e  p r o p e l l a n t  l i n e s  and engine.  
t e s t e d  w i t h  each p r o p e l l a n t  are shown i n  F igu re  8. The family of  curves  shown 
i n  F i g u r e  8 f o r  t h e  f u e l  s i d e  bubbles  appear w e l l  behaved and t h e  number of  
p u l s e s  needed t o  expel  a gas  bubble from o t h e r  p u l s e  wid ths  and bubble volumes 
can  b e  ex t r apo la t ed  us ing  t h i s  d a t a .  The o x i d i z e r  s i d e  d a t a  i s  not  so w e l l  
behaved. The obvious d i s p a r i t y  i s  t h a t  a fewer number of 20 ms pu l ses  than  30 
m s  pu l se s  evacuates  a 2.75 in3  bubble from t h e  l ines ,  

The i n t e r c e p t  p o i n t s  f o r  t h e  four  duty  c y c l e s  

An i n v e s t i g a t i o n  of t h i s  phenomenon showed t h e  l i n e  dynamics are 
such t h a t  t h e  osc i l l a t i ' ng  manifold p re s su re  a t  t h e  s ta r t  of succeeding 20 ms 
p u l s e s  i s  g r e a t e r  t han  on  t h e  succeeding 30 m s  pu l se s  and consequently,  expels  
t h e  bubble more r a p i d l y .  
( longer  "off" times), t h i s  d i s p a r i t y  i n  t h e  d a t a  would not  have been ev ident .  

Had t h e  test  been conducted z t  a d i f f e r e n t  duty cyc le  

The second phase of t h e  test  program summarized i n  Table  I1 cons is ted  
of 3 1  runs ,  24 of  which s imulated engine o p e r a t i o n  wi th  bubble volumes of approxi- 

Only t h e  f u e l  v a l v e  was pulsed f o r  a number o f  pu l se s  t o  s imula t e  
engine o p e r a t i o n  wi th  a bubble i n  t h e  o x i d i z e r  valve, o r  vice v e r s a ,  followed by 
several pu l ses  where both valves were opera ted  t o  s imula t e  i g n i t i o n  fol lowing 
DuDDle expulsi nn, 'l'ne niinher of p?i lses nf s i p g u l a r  ~,721\7e zper - t l z r :  tc c<zx lc , tz  
h b b l e  expuls ion  w a s  determined from t h e  d a t a  used t o  p l o t  F igures  6 and 7 f o r  
t h e  p a r t i c u l a r  bubble  volume, bubble l o c a t i o n  and d u t y  cyc le  be ing  s imulated.  
Emphasis w a s  placed upon eva lua t ing  s a f e  i g n i t i o n  w i t h  t h e  smaller (2.5 in3) 
bubbles  since t h i s  i s  t h e  l a r g e s t  volume l i k e l y  t o  be  contained i n  t h e  Apollo 5 
LM RCS manifolds  p r i o r  t o  pu l s ing  engine ope ra t ion .  The l a r g e r  bubbles  were 
s imula ted  i n  test  t o  exp lo re  t h e  margin of  s a f e  ope ra t ion .  Previous test exper i -  
ence a t  o f f -des ign  cond i t ions  has  shown t h a t  engine o p e r a t i o n  i s  more severe 
a t  s h o r t e r  p u l s e  wid ths ,  t h e r e f o r e ,  t h e  tests shown i n  Table  I1 concen t r a t e  on 
e v a l u a t i n g  t h e  s h o r t  p u l s e  width du ty  cyc le s .  

mately 2.5 i n  3 . 

3 3 

gas bubbles  r e s u l t e d  i n  any engine anomalies o r  damage. 
ments i nd ica t ed  t h a t  none of t h e  i g n i t i o n s  r e s u l t e d  i n  s i g n i f i c a n t  i g n i t i o n  over- 
p re s su res .  From t h e s e  r e s u l t s  it can  be concluded t h a t  t h e  Apollo LM RCS engine 
w i l l  o p e r a t e  s a f e l y  a t  t h e  pu l s ing  cond i t ions  expected dur ing  t h e  Apollo 5 mission 
s i n c e  s a f e  i g n i t i o n  w a s  demonstrated w i t h  s imulated bubbles  equal  t o  and g r e a t e r  
t han  those  expected. 

None o f  t h e  tests conducted which s imulated e i t h e r  2.5 i n  o r  5.0  i n  
Chamber p re s su re  measure- 
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NUMBER OF PULSES REQUIRED TO EXPEL A BUBBLE 

10.0 

7.5 

5.0 

2.5 

n 
" 0  4 8 1 2  1 6  20 2 4  28 32 

PULSES PRECEDING I G N I T I O N  - FUEL 

L U I W  * 

7.5 

5.0 

2.5 

0 
0 4 8 1 2  1 6  20 24 28 32 

PULSES PRECEDING I G N I T I O N  - OXIDIZER 

LEGEND : 
8 0 . 0 1 3  Seconds ON, 1.987 Seconds OFF 

0,020 Seconds ON; 0,480 Seconds O F F  
0.030-Seconds ON, 0,172 Seconds OFF 
0,050 Seconds ON, 0,172 Seconds OFF A 
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D. Comparison of  Empir ica l  Resu l t s  wi th  Ana ly t i ca l  P r e d i c t i o n  

A computer program w a s  developed t o  p r e d i c t  t h e  p r o p e l l a n t  l i n e  pres-  
s u r e  dynamics and t h e  s t eady  s ta te  r u n  t i m e  o r  number o f  pu l se s  r equ i r ed  t o  ex- 
p e l  a bubble o f  g iven  s i z e .  This  program i s  presented  i n  Appendix B. Liquid 
c o m p r e s s i b i l i t y  was ignored i n  t h i s  program. An ea r l i e r  i t e r a t i o n  i n  t h e  develop- 
ment of t h e  program considered compress ib i l i t y ,  b u t  t h e  computer d i d  n o t  have 
s u f f i c i e n t  c o r e  space t o  handle  a l l  t h e  s t o r a g e  r equ i r ed .  
incompressible  l i q u i d  becomes incompatible  w i t h  t es t  r e s u l t s  on ly  when t h e  bubble 
volume becomes small; t h i s  comparison i s  presented  i n  F igu re  9 f o r  one duty  cyc le  
and bubble  volume i n  t h e  f u e l  l i n e .  This program w a s  a l s o  used t o  p r e d i c t  t h e  
s t eady  s t a t e  bubble  expuls ion  t i m e ;  t h i s  p r e d i c t i o n  i s  compared w i t h  test  r e s u l t s  
i n  F igure  10. It i s  seen t h a t  t h e  test r e s u l t s  ag ree  q u i t e  w e l l  w i th  t h e  pre- 
d i c t e d  va lues .  Th i s  program i s  completely genera l  except  t h a t  t h e  va lve  response 
t i m e  f o r  t h e  Apollo valves i s  a n  i n t e g r a l  s ta tement  of t h e  program. This  state- 
ment i s  c l e a r l y  marked i n  Appendix B. 

The assumption o f  an  

-15- 



COMPARISON OF ANALYTICAL AND EMPIRICAL 

DATA FOR PULSING OPERATION 

at Engine \250 
Fuel Inlet 

0.2 0.4 0.6 0.8 1.0 1.2 
TIME . SECONDS 

3 T n i  t.ia1 Riihhl P V n l i i m p  = 5-0 Tn- 

Pulsing D u t y  C y c l e :  30 m s  O N / l 7 2  m s  OFF 

F I G U R E  9 

COMPARISON OF ANALYTICAL AND EMPIRICAL 

DATA FOR STEADY STATE OPERATION 

Figure 10 



N. CONCLUSIONS AND RECOMMENDATIONS 

1. Bubble volumes as large as 5.0 in.3 can safely be ingested by the 
SM-LM RCS system i n  the steady s t a t e  mode of operation, and as large as 2.5 in.3 
i n  the  pulsing mode. 
only establ ish tha t  expected bubble volumes can be safely ingested. 
pulse mode engine operation was demonstrated f o r  a limited number of t e s t s ,  
with simulated bubble volumes of approximately 5.0 cubic inches. 

These volumes are  not safety l imitations,  as such, but 
Safe 

' 2. A n  analyt ical  model has been developed. which can be used t o  
accurately predict  the steady state run time or  number of pulses required t o  
expel a nonreactive gas bubble of  any given volume from a propellant l i n e  of 
t h e  specified geometry (see Appendix B )  and any given dimensions. 

-17- 
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O g e r a t i ~  of the Ap~3J.o I24 Z S  engine will  be evalwxbed by engine firing 
tests w i t h  i n  the propellane supply lines. The bubble 
volmes tested xiu ei 
priming of the ne&, Slnce the #I %inea.sse pressur- 
ized with @%3e 

GE2 bubbles, Two btrbble volmee will be evaluated. The largest 

cted bubble vol.mea formed by i&Ught 

~'~rirsinsr the test wlll be dona ~ 9 t h  

3 one, 5.0 i n  approsr ,s leed bubble that can be forked dus- 
- the first ine acljatcent to h i s  bubble will - 

&ate. The tees the rmxfnnrm bubble 
e formd dw adqjacent Lo etn engine where a e  first  

The effects on stmdy state and pulsing pesformrtnce while firing 
large bubbles ad3acent t o  the valves will be determined, The pu 
cycles tested w i l l  correspond to  the I24 #I miseim OM and OFF t h e e .  

Buwn firing tes ta  i n  Pad 0 w i l l  explore firing delay (time frm electrical 
OR t o  ignition) Getused by the bubbles where both steady state arid pulse 

, The propellant feed system will approx 
LemA tanks t o  the Quad P I  up firing engine. The 

. .  
A- 2 
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Standard Specification .for &agent Water 

= 7005. 
Tgp 7012 

rn 70x3 

A p l l o  X S  Hardware Hanttling;, General Regqirmente 

General Operation and Phintenance Procedures for  
Controlled Area No. 2, BuXkIing No. 32 

General Operation an4 Main-tenance Procedures fo r  
Controlled Area No. lI Building No. 32 

5.0 

5.1 , 

4.1.1 

5.102 

6 2110 Cleanliness Requirements fo r  Fkaction‘Control System 

----w 
w i n e s  

-.---. -----.-.-.--... ...“‘.A ,-.- c_ L... __- 
s 607 Handling am3 S t o w e  Pro-Le &ion Control, 

Ee pert5 d m ~ g  B-P7s2t Q--+.l-a c-- - -- --w 

E Qualification Bng2rie Test 8% 
edure 

1 .  I I ,  

, 4  & 1162 . 

tn>p ‘n63 SMRCE Qualflfcaticm I ne  Test Skazd Teard 

TDP n10 
Procedure . 
Big Bubble Test  - Perf 

Corrective action fo r  %e& discrepncies skU be implemented according t o  
the proc 6.2, 
General 
c1mness  
All test hardware aptd f ac i l i t y  connections shall. be carefuUy handled per 
the Cleanliness requtrements of the applicable TilP t o  prevent the introduc- 
t ion of cantaminantso The cleanliness of e 

tine Levels specified fn MPS 210. 
Test  I)esignation 
Tae Severe O f f  Limits Test  Program engines shall 

A-4 

ccxnponents shall ccmp&:; 

be released t o  the %st 
E,O, ~hazb aesignate the 



. .  
I ' I  

. 
. .. 
. .  .. . .. . . . .  

, _  . -  . 
. I .  .. . 

. .  

. .  

always be operated through an electrical . ' 

pulse generator referenced in  TDP m~ unless otherwise specified. 
Lves s~ELXI. be operated with zero electrical delay and 

. 

. 

oils, except as s cified in the appendices. 
e for the Jnjector 'va 

sequences by using a resistance simu2ati.w the engine valve. 

shall be 24 
b for %he en 

Tkre 
specified voltage a h a l l  be set &urPng pericds of v&lve act~t3.On with 
masmmmts taken a t  the valve. 

The opmtion&l tation of the valves when subjected to  gas flow 
,.e*, .. .C 

. .  r (GN2 OF me) shall be the 88me as those for the condition of zero 
. .  

l i p a d  f l ~ e  The ts for gas flaw are as follass: . .  
I .  . . 5.2.4,4,1. me continuous or p d e e  mde ration of the aut 

minutes at 15 .I 4. 1 vdc, 3.5 minutes I n  
t i c  co i l  shall 

. .  



, .  .. 

. .  
. .  

.: , 4 ., 
c . -  . ." 

. .  
. .  .. . :  . .  . .  

The con%inuaus ope 

wlth direct coils e 

vldtal direct eoi l ,  

nute perlad, The 
tho direct coil shall not exceed 45 minutes ' . , 

. .. 
voltage sball be 32 voXts doc. '. . 

. .  
series, or 16 voZts doco on the indim . . 

conditions of gas flaw ( 
mcltacted on any valve sf the engine, 

. .  

A wWh gas bubbles in the ppopeXl.ant 
lines are not conai4eked @s flaw cyclee. 

. ..; 
. .. . .. _ .  .. ( .  

. .  , I  I 

i .  . 

ction will d . n e  the test setup prior to 
each Lest. 

a p p m l  Cap Test Operatims Irrrapection, This requirement shall 

:it 18 dcemen-bed and these repbcewnt b s t  

@s are t o  be stslde w2khout prior docunrenk-klm and 

s are certifid and 

list specified i n  the applicable DP. . 

5 

. *  

. .  
503.1.1 General. - The engines shall be in6talled and instrumented & r ~  speciffed 

* In CBB 7'I lO. Inst ntation requirements are listed in Wble I. In- 
e.f;lslJ.atim and in&xumeht$on schematics for each t y p  of testixg are 

I .  

System Lnterconnectims - A l l  propUmt 

i4ube or other approved lubrlcantB, 
of the Vlnanffo3.d l ine  filter ahall, be 

. '  

. .  
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. .  

_ . .  

,. . , 

5.3 1.5 6 3 

Electrical Hookup - A w - l r i  

presented fn Figure 2, Extreme care should be taken t o  insure that 
the vulves are cogvaect 

P r m n g  Procedure (for engine firing i n  the cel l )  - The engine pro- 

t i c  of the  tu0 coils for each. 
ty, lead color code, and pin c m e c t i m  is 

exactw as detailed, 

ge t o  the secliment strainers resat  
tian. 
.Purge Procedure (for  engine f i r ing  in the ce l l )  
Post Test Propellant 
the engine shall be purged as sp&cffied i n  TDg '7l.2.0. 

Water Flueh - After the above M e  purge, the engine shSU be removed 
from %he altitude e er and purgedl witlei dis=k;illed tmter, using the . 

of three minutes at a 
The vt&ve of the section being purged, fuel. or oxidizer, shall be 
cycled closed and open a t  the rate of ON f o r  5 secmds, OFT for 1 
second, for a mln3m.m of 20 act~ations, during the flushing period, 

FollowJing the water purge, each section, fuel then oxidizer, shal l  
be purged with dry nitrogen per 
at an i a e t  pressure e 100 psia (+ 20). 

e Purge - Prior t o  removal dee r  a test firing, 

'....L--BS- -...*.I - - a ~ ¶ -  _. -+vA..--- -n - /  - - - . I J  - - f - - . .  - %  - - -  
----I_--- -e-- ..-..*- - .---" "- cs" * V I V U  U.Y. \ ' .CY, -A/# & . V I  SL tJ"'&bU 

nifold pmssuse of 60 psig, plus or minus 5 pi, 

-P-2740D, f o r  a period. of 5 &nutee 
- 

5.3.1.5.3.1 The engine assembly shall be men dr&ed within 22 hours after any 

fac i l i t y  if such wen dmng has not been accomplished since the 
last water fluoh' of the engine. 

. ,  . Tae bagine ~ h a b l  no6 be installed i n  ihe bum test 
' 

I .  

n-b passage6 shall be dried by heatkg fo r  B 

one-wf hour8 a% a temperature of 150'~ plus 
, and pmeeure of 0.3 ps i s  or le680 

. .  

A- 7 



. .  
I .  

.. . . .  
. .  

. .  
. .  , .  

. .  
wed in the B i g  &ble Test P r @ m  shall be 

. nitrogen te%roxide ~ ~ * O ~ )  and slrall confo 
MSC~pPD-2dh, dated 1 Jutle ~ $ 6 0  

erozine-50, . 

U n t  samples shall be taken at a minimum 

determine coanp 

I .  

.e 

. 5.5 Other !Peat Flu3.ds 

5.5.1': 331 addition to the progseUants described in 5.4, only the fluids described . 

e b 1 X  be used i n  processing the engine. AU. engine ivtfluents must ' 

a filter before entering the engine. 
. Helium, i n  accordance with MIL-P-2'1407 

Nitrogen, in  accordance bntth MIL-P-2740313. 
. . .  . .  

ter, in acco ce with ASW-D-Ug3-56, ' .  
8 W a r d  specification far reagent wa+r 

Commercial &em !E? 

anhytirous Psogropyl alcohol 

. .  
. .  

e. 

5.5.2 

5.5.3 
Helium s k l l  be used &B .P;he ~ZX%~S~XITUI~ gas during al& firing testa. 
Nitrogen s b l l  be us& SOP 

A-8 



I , I  

I 79 

506 ' 
5.6,~ 

4.6,2 

5&3 

. .  
.. 

5.604 
. .  

* a  

frastmenwti on 

system) sb3Ub be w ~ t ~ ~  6- =+ 2 of the specified s t e w  state value of the 
masurement. 

e accuracy of the ins t  n a t i o n  (entire data acquisition . 

8 far each t e s t  are 

t lon equipment shall be calibrated and 

and Mfxhtemnce of Test 
InstmentatLon and Tes% Equi 

Analysis Gr~upe 
t es t i ng  of each AppendrX, 

set of electrical 

~ m r  Wlib 

by the agPMcable alp, 

umler. test shaU receive 
586;ir and 5.6,5. Other be calibrated as a t e s t  
convenience, or as specJfied by the Deve 

8 - E3ectficdl. "R" values shall be taken as directed 

ters - Only those eters required by the Appendix 
atoqy calibrations, as specified i n  



5.7.3 
. I .  , .  

. .  
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>6.3 
The detailed requ3lramttJ for each Lest are defined in Append 

sslficatAon . 
. .  6.2.1.1 

6.2.1.2 
, .  . .  . . : 

. .  
. .  

B ion - A procedum1 deviation is defined as.any . . 

Change to the test 
tation w h i c h  affect 

test procedure, tes t  setup, or insfxumen- 
%ne operatLon or data reduction. 

6.2.2.1 

continue a6 planned. 
: . 

ssifAcwtion incluaes ebU. changes or deviations to 
or test procedure which are not defined 112 Paragnqhs 

6.2.1.1, 6,2.1.2, 6.2.14 or 6,2,1,4. Included in this cassification 
would be tmgnqhl,m.l or obvious errors which occurred d u r a  %he 
p l%~I ’a t~Oa  Of test g l a O C e d u r e S  /or teet  gl~m. t 

6.2.2 cy Enrlustion 

6.2.2*2 

In the event that m y  problem o c c u ~ s  dur- testing, the Deve 

ll destroy evidence. . 

. . *  
. .  , . 

A-11 
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6e2.3.3 S f  %he problem i BB a failure under the terms of 
6.2.1.4) the fa w%U. be thoroughly docwnented 

Ynspection Reje k e d  by lCnspection t o  a fdl,ed 
engbe. Engine e at aff-design conditions will constitute an 

Thia type of engbe damage, 

when it occwe, my be repaired by rework to E neerhg Order and. 

(incluaing phot iRed hardm.re if applicable), An 

. .  
et&'' OF '*prQb&bXd' test resut. 

the tests CCEM~IUCXP 8 s  P W d e  
6A3.4  Xf analys%s by the Dezpe ineer indica.t;es a performance 

pz imeetigation w i l l  be conducted 
t o  determine the I. operat5on. Xf they are found t o  
faU dithin ~ t ,  of the c ~ a s i ~ i ~ t ~ ~ ~  described in 
6.2.1.3, 6.%l.4, or 6.2eX.5, they will.  be % r a t e d  8s prescribed themin,  

A l l  other ep31uu~es wiU BP 

egfW to %he engine, 
Jection Repox% being 

* .  
I 

be mde at the time the 
. Dgxhtlon aheet is haU be dislr-lbuted as 

* foUwst  
, . (a) Dsysl Test Eogbook . .  

. .  . .  
. (b) Test Operations 

' (c) Engine xio&ook 



. .. * .  

.. . . 
, _  

. 3 .  . '  . . 
I .  . .  

~ ~ ~ * 4 * 3  : I *  '. bY 
' 

. .  
6.3 Additirsml Yest 

or rerum must be authofized and approved by the . .  
ProJect Ehgineer ancl documented w i t h  a Deviation Sheet (Eygure 3). 

. b:.b * '  

6.4 ~ ,*Domentat ion 
6.4,l 9kC Test Operrctions Enspectian 

A Te& Operations Xnspctm sbU witness the setup andetesting 
ung &cis and verify that the required 

test cmditiom were met during these periods. During the periods 

when the Test Operations m p e c t o r  is, not witnessfng,the tests,  

%he Test Operations Engbeer shall be responsible for notifieation 

fac i l i ty  changes requir%ng inspeckia  approv&l per paragraph 5.2.$,2. 

.=la EGG ~ e s i  ~ p e a h i r r a s  3nspeci;or wikiii <ne rrssisiwce' on' <ne Teeb 

'- 
. .  

of the Pnt3pecP;o.a: of %.est or  faci3Jtty discrepancy or of any . #.*/ . . 
* 

i A i 0 Z  . .  
. 'Operations Ergbeer 

* up log book by the &peckor t o  fom a complete engine history, The 

ntain a daily.log of testing on each ; I '. 
b e  assembly. These records shall be incorporated into the build- 

' , 

informrsdt;ions i n  the "Daily Record of Test Activity'' SW gnclude, but ' 

' 8  notbe linchted to, the f o 1 W n g  information: 
Part and Serial  Numbers of the engine asset~b3y, 
h c i l i t y  identifieation 
B t e  and tam 
Cumulative propellant esrposure' time and number of ELCtW*iCmS 

of-each indector valve (dry and wet cycles) 
Cumulstiw record of firing t h e  on engine assembly 
Copni&nt Developnent Engineer and Zlest Operations Engiheer 

A record of the Tea t  Depastment Procedures, or portiona thereof, 
cangleted on each shif t  

%st rimer and run kmbers. 
A record exid c w  of arry other pertinent 
deviation sheeke, e ineeriry?; oders, etco ' e .  

* .  
. .  

for each shift 

' A-14 
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w 5 U  be the Urger of the number of 30 ms pubes 
Sequence U or 12. 

ucted in Sequence 
ed by one (1) $OOO 11%8 pulse. 

pulses by one (1) for each succeeding 
th in  the first 17 lfl~ of %he. 5 second pulse, 

8. ' . The number of s w i n  be the Urger of the nwDber of 13 m8 pulses . 
sm6ueted on st run of ei.tber Sequence 17 or 18. 

. . .  . . _  .. t 
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Plotter Subroutine 

T a b  NO. 

B- I Data Input Par 

B-8  

PAGE 

B- 2 
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The Banalytical e l  for which t h i s  programme prepared is s h m  i n  
the attached figure. The program is de- 
rived solely by applying t h e  perfect gas law t o  the bubble and requiring con- 
tinuity throughout the system; the liquid is assumed t o  be incompressible and 
the expulsion of the bubble is assmed t o  be isothermal. 
pressure i n  the  bubble is assumed equal, a t  a l l  points. 

(Veloeities as shown are positive.) 

A t  any instant the 

After grolaiding F W D  ma FOItMAT statements for the data cards and 
WRITE and FORMAT statements for the caluclated results the program calculates 
constants t o  be used i n  t h e  main loop and the location of the liquid/bubble 
interface. The main loop begins by establishing i f  the valve is open or 
closed and proceeds t o  c lculate the gas pressure a t  t ine intervals, H (see 
Table B-1 fo r  8 list of data input parameters). 
0122 establish the relationships between gas velocities (V),  the  branch 

fo r  branches X, Y, a ~ d  2. 
pressures a t  the junction 'iptzuing'g gas into branch Y and Z (VGYZ). 
relationships are  established the associated pressure ratio (PR) is calcu- 
lated (statement line Ol32); Et is the  ra t io  of the rate of change of gas 
pressure t o  the  gas pressme, $/Po 
location, and pressure of interface and the gas volme i n  each branch 
(0140 through 0146). %le 

iterated w i t h  the calcu3,a.t 
(see Table B-I). 
t o  1. 

Statement lines OQ62 through 

volumes (vo), the gas Vb s (VG), and the volume fraction of gas f l o w  (G), 
As the program proceeds VY 5 0 w i l l  result in lower 

When these 

Mew values 8re calculated for the velocity, 

gram is %hen incremented by the integration 

lues as determined by the  value of IPRINT 
The plotter subroutine is called only if I B O T  is set  equal 

The complete pro l is t ing is shown i n  the following pages. 
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ANALYTICAL MODEL 

Dead End 

Branch 2; 

- 
Engine Branch Y Branch X 

BubbLe/Liquid Interface 

to tank 

FIGURE B-1 

B-2 



YAM UWS. CAllPORMlA Report A-lo81 

I_ 

:ard 
No. 

1 
- 

2 

3 

4 

Parmeter Defir , i t  ion 

Integration Time Interval 
Frict ion Loss Coefficient 

I n i t i a l  Bubble Yalume 
Index: If N = 0, t h e  remaining 

parameters are the same as the 
previous ease. 

If N = 1, read new input 
data 

If N =; 2, read new TON 
and, TOFF only 

If IPLOT = 0, No plots Index: 
If IPLOT f 1, mots 

bubble pressure and valve actu- 
a t ions versus time (see Figure 
10 of text )  

~ y i i ~ ~  x rmzz = o ~r z, pr?t_n_+~ 
each point calculated (at inter- 
vals determined by H) 

If IPRDJT = n(>l),  prints 
output at evemy nth integration 
time interval 

Diameter of branch X 

Diameter of branch Y 

Diameter of branch Z 

Length of branch X 

Volume of branch Y 

Volume of branch Z 

I n i t i a l  Volume of the  bubble i n  
branch 7, 

I n i t i a l  bubble pressure 
In i t ia l  Pas Temperature 

Valve Flow Area 

seconds 
-- 

3 i n  . 
-- 

-- 

a_ 

inches 
inches 

inches 

inches 
i n  .3 
1n.3 
in.3 

ps ia 
"F 
2 in. 

12.6 
12.6 
12.6 
12 

12 

I2 

12.6 
12.6 
12.6 

12.6 
12.6 
12.6 
12.6 

12.6 
12.6 

12.6 

Units Format 

B- 3 



r 1 I 
Card I No. I f Defln i t ion 

Liquid Viscosity 

Liquid Density 
Molecular Weight of Gas 
Gas Specific Heat Estio 

Length of time the valve is 
open diuring a pulse 

Time between pulses 

Units 

-- 
-- 

seconds 

seconds 

12.6 I 
12.6 
12.6 
12.6 

12.6 

12.6 
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