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I .  PURPOSE .4rm SCOPE 

The purpose of t h i s  report i s  t o  present the re;ult:s of t h e  postflirjht 

analysis of the Ascent Propulsion System ( P X )  performncc durinCj the Apollo 

12  Mission. This report i s  a supplement t o  the Apo'llo 1 2  Mission Report .  

Determination o f  the APS steady-state pcrfoimnce under actual f l  ight 

environmental conai tions was the primary objmtive o f  the analysis.  
I 

This report includes sLich inforniation a s  i s  required t o  proviae a com- 

i prehensive description of APS performince during the Apollo 1 2  Mission. 

Major additions and changes t o  results as presented in the rrission 

report are 1 i sted bel ow: 

1 )  Calcuiated performance values for  the APS b u r n .  

2)  Discussion o f  analysis techniques, problems a n d  assuniptions. 

3)  Comparison of postfl iqht amlvsis  arid ?ref1 i q h t .  ; J r P d i c t i n n  

4 )  Rcaction Control  Systems (RCS)  d u t y  cyclt: jncluded in APS pcr- 
formsnce analysis. 

5)  Revised estimates o f  progellant consun?ticn. 

1 



2. SUMMARY 

The du ty  c y c l e  f o r  t h e  LM-6 APS c o n s i s t e d  o f  one f i r i n g ,  a manned l i f t -  

o f f  from t h e  l u n a r  su r face .  

and found t o  be s a t i s f a c t o r y .  

APS performance f o r  t h i s  f i r i n g  was eva lua ted  

Engine i g n i t i o n  f o r  t h e  APS bu rn  occu r red  a t  a ground e lapsed t i m e  

(GET) o f  142:03:47.8 (hours:minutes:seconds). T o t a l  bu rn  d u r a t i o n  was 424.7 c1 

seconds w i t h  t h e  engine be ing  commanded o f f  a t  142:10:52.5. 

was approx imate ly  9.8 seconds s h o r t e r  t han  was p r e d i c t e d  by t h e  Real Time 

Computing Complex (RTCC) due t o  h i g h e r  than expected engine performance, 

The bu rn  t i m e  
.I 

lower  s tage we igh t  and an e r r o r  i n  t h e  p r e d i c t e d  v e h i c l e  c e n t e r  o f  g r a v i t y  

l o c a t i o n .  

Average s teady -s ta te  engine performance parameters f o r  t h e  bu rn  a r e  as 

f o l l o w :  

T h r u s t  - 3497. l b f  

I s p  - 310.8 sec 

M i x t u r e  R a t i o  - 1.608 

A l l  performance parameters were w e l l  w i t h i n  t h e i r  r e s p e c t i v e  3-sigma l i m i t s .  

Ca lcu la ted  engine t h r o a t  e r o s i o n  a t  engine c u t o f f  f o r  LM-6 APS was approx i -  

ma te l y  3:L g r e a t e r  than p r e d i c t e d .  

2 



3 . I N T RO D U C T  1' 0 N 

a 

V 

The Apollo 12  Mission was the f i f t h  f l i g h t ,  a n d  fourth mlinned f!ight. 

o f  the L u n a r  Module ( L M ) .  The mission accomplsihcd the second lunar landing. 

Launch frolil Kennedy Space Center (KSC) occurred a t  1 1 : 2 2  a.m. Eastern 

S t a n d a r d  Tinie (EST)  on 14 Rovcmber 1955. Foilo:.,ing earth o r b i t  irisertion, 

the S-IVB stage vas restart2d a n d  pertormed the Trails1 briar Injection (T1.T)  

maneuver a t  approximatel3j 2-3/4 hours Ground Elapsed Tiwe ( G E T ) .  

docking occurred a t  apprcximately 3-1/2 G E T .  Scnsration o f  t h e  docked 

CSFI-ti4 

vehicles from the S - I V B  was accomplsihcd one hoar l a t e r .  One midcours~ 

correction burn was perforined by the S z r v i  ce Propulsion S y s  tei1.i ( S P S )  a u t -  i ng 

the translunar phase o f  the mission. Lunilr Orbit Inszrtion (1.91-1) and 

Lunar  Orbit Circularization (LOI-2)  inatieuvers were a1 so p e r f o m e d  !.isin? the 

SPS. T h z  LOI-1 b u r n  was cmducted aFpi'ox:rfiately C 3 - 1 / 2  hours  a i t e r  launch . .  

a n d  the L O I - 2  hurn occurr::d s l igh t iy  iii3re t h a n  4 tiour's idcer. l 11e  Oesc i~ l t  

Propulsion Syst.cili ( D P S )  dt;r;y cycle c\:n%,isted o f  tin f i r ings :  t h e  Descent 

Orbit Inscrtioti (D91) burn a n d  t h e  Po:.,;r~d Descent In i t ia t ion  (PC?) bbrii. 

Engine ignit ion tirile for t l ;c  DOi a n d  r3I ;;urns k!ere aporoximately 169-1!2 

z 

3 



After a separation narieuver u s i n g  the Sii ? C S ,  the 1.f4 w;):, t u ~ l ~ p ~ j ~ ’ [ - ! : ~ p d  

w i t h  i t s  RCS so a s  t o  iiiipact on tht! luriar surf2c.e. L u n a r  i!q)cict. occI.ri-t-ed 

a t  approximately 150 hours  GET, terminating APS telemetry d a t a .  

The Apollo 1 2  LM-6 APS was equippcd with F!ol-k.etdyne Ei-!ginc 5/?,! ODOlC. 

APS engine performance characterization equations Esed -in pri81 1 i g l i t  p,-e- 

d ic t ion  and as a basis for the posif l ight  analysis a re  fs111id in  Ref’ci-ctlce 

2. E n g i n e  acceptance t e s t  data used i r ,  the dF:trmiinatic;n o f  I)i!rfot’i;;SilLt7 

0 

a r e  from Refirence 3. Physical c!iaracteristics of the eryit!c a t id  -Fca:3cl 5 1 s -  Y 

t ev  a re  presented in  T a b l e  2 .  

There were no Apollo 1 2  Mission detai led t e s t  objectives Lpccifically 

re la ted t o  the APS. 



4. STEADY-STATE PERFORMANCE ANALYSIS 

Analysis Technique 

Determination of steady-state performance d u r i n g  the manned lunar l i f t -  

o f f  burn was the primary objective of LM-6 APS p o s t f l i g h t  analysis. 

burn duration was 424.7 seconds, engine on t o  engine off comand. 

The 

The lunar 

l i f t o f f  burn was the only f i r ing  of the APS d u r i n g  the Apollo 1 2  Mission. 

The APS postfl ight analysis was conducted using the Apollo Propuls ion 

PAP u t i l i ze s  a 

a 

* Analysis Program ( P A P )  as the primary computational tool.  

m i n i m u m  variance technique t o  establish the best correlation between an  

engine characterization model, derived from ground t e s t  d a t a ,  and selected 

f l i g h t  measurements. The program embodies error models for  the various 

f l i g h t  and ground t e s t  d a t a  t h a t  are used as program inputs and combines 

these with the empirically derived engine characterization equations. 

Successive i terat ions th rough  the program resul t  in estimations o f  system 

performance history a n d  weights which l lbes t" ,  I n  a minimum variance sense, 

reconcile the available d a t a .  

0 

A n  i n i t i a l  estimate of the ascent  s tage  damp weight a t  lunar  l i f t o f f  of 

10,750 lbni was o b t a i n e d  from Reference 4 .  This value was reduced t o  account  

for an  additional 1 5  lbrn of R C S  propellant consunled during a n  R C S  s t a t i c  f i r -  

ing on the l u n a r  surface and further reduced by 21 lbm t o  account  for a com- 

ponen t  w e i g h t  change t h a t  was discovered a f te r  the issuance of Reference 4 .  

Ascent Stage damp weight ( total  spacecraft weight less  APS propellants) was 

4 

I considered t o  be constant t h r o u g h o u t  the run, except for a .03 lbm/sec over- 

board flowrate t o  account for ablative material eroding from the nozzle. 

'As furnished by Grumman Aerospace Corporation 
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0 RCS propellant usage and thrust histories were obtained from an  analysis 

All RCS consumption d u r i n g  the ascent b u r n  of the RCS bi-level measurements. 

was from the APS tanks .  

including RCS consumption, from the APS t a n k s  during the ascent b u r n .  

pellant densities used in the program were based on equations from Reference 

5, adjusted by measured density d a t a  for the LM-6 f l i gh t  given in the Space- 

c ra f t  Operational Data  Book ( S O D B ) ,  Reference 6 .  Oxidizer and fuel tempera- 

Table 3 presents a summary of propellant usage, 

Pro- 

c 

tures were taken from measurement d a t a  and  were 67.9OF and 68.3'F, respec- 
J 

t ively,  

segment of burn analyzed. 

in the analysis of the LM-6 APS burn: 

face pressures, vehicle thrust  acceleration, propellant t a n k  bulk temperatures, 

helium regulator ou t le t  pressures, engine on-off commands, and RCS thruster 

solenoid bi-level measurements. Measurement numbers and other d a t a  pertinent 

t o  the above measurements, with the exception of RCS bi-levels,  are given 

in Table 4 .  

These temperatures were considered t o  be constant throughout the 

The following f l i gh t  measurement d a t a  were used 

engine chamber pressure, engine inter-  

0 
Plots of measurement d a t a  versus time are presented in the Appen- 

d i x  t o  t h i s  repor t .  

Flight Data Analysis and Results 

A 330-second segment of the APS b u r n  was selected t o  be analyzed for 

APS ignition the purpose o f  determining steady-state engine performance. 

occurred a t  a G E T  of 142:03:47.8 and engine cutoff was commanded a t  

142:10:52.5 G E T .  

GET, 19 .2  seconds a f te r  ignit ion,  and  ends a t  142:09:37.0 G E T ,  75.5 seconds 

prior t o  cutoff. An unexplained s h i f t  in measured acceleration d a t a  a t  350 

seconds a f t e r  ignition required t h a t  steady-state analysis be terminated a t  

t h a t  point. 

in interface pressures or other system parameters so t h a t  satisfactory simu- 

The segment of the burn analyzed begins a t  142:04:07.0 

The acceleration d a t a  s h i f t  d i d  n o t  appear t o  re f lec t  changes 

6 
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l a t i o n  o f  t h e  change was n o t  p o s s i b l e .  S teady -s ta te  a n a l y s i s  o f  t h e  APS bu rn  

r e v e a l e d  no anomal ies.  APS eng ine  p r o p e l l a n t  consumption d u r i n g  t h e  bu rn  i s  

p resen ted  i n  Tab le  3. 

s t a r t  o f  t h e  s t e a d y - s t a t e  a n a l y s i s  segment and f rom t h e  end o f  t h e  s t e a d y - s t a t e  

a n a l y s i s  t o  t h e  beg inn ing  o f  chamber p ressure  decay was e x t r a p o l a t e d  f rom 

s t e a d y - s t a t e  a n a l y s i s  r e s u l t s .  

made d u r i n g  t h e  LM-6 p o s t f l i g h t  a n a l y s i s  a r e  as f o l l o w .  

a r e  ove r  t h e  330-second p e r i o d  o f  s teady -s ta te  a n a l y s i s .  

P r o p e l l a n t  consumption f rom eng ine  on command t o  t h e  

The pr imary  eng ine  per formance d e t e r m i n a t i o n s  

A l l  average va lues  

1 )  

2)  
3 )  Average APS t h r u s t  was 3493. l b f .  

4)  

Average APS s p e c i f i c  impu lse  was 310.9 seconds. 

Average APS m i x t u r e  r a t i o  was determined t o  be 1.608. 

Engine t h r o a t  e r o s i o n  was 2% h ighe r  than  p r e d i c t e d  a t  350 seconds 

f rom i g n i t i o n  ( F i g u r e  1 ) .  

An e x t r a p o l a t i o n  of t h e  APS s teady -s ta te  a n a l y s i s  t o  i n c l u d e  t h e  e n t i r e  

burn ,  w i t h  t h e  except  on of i g n i t i o n  and shutdown t r a n s i e n t s ,  r e s u l t e d  i n  

an average s p e c i f i c  ir,,pulse, t h r u s t  and m i x t u r e  r a t i o  o f  310.8 seconds, 

3497. l b f  and 1.608 u n i t s ,  r e s p e c t i v e l y .  

t h a n  p r e d i c t e d  w i t h  average eng ine  s p e c i f i c  impulse exceeding t h e  p r e d i c t e d  

i n t e g r a t e d  average v a l u e  by 1.3 seconds. 

The genera l  s o l u t i o n  approach used i n  t h e  LM-6 f l i g h t  e v a l u a t i o n  was 

LM-6 APS performance was g r e a t e r  

t o  c a l c u l a t e  a v e h i c l e  we igh t  ( i n c l u d i n g  p r o p e l l a n t  l o a d s )  f o r  t h e  beg inn ing  

of t h e  segment o f  bu rn  used t o  analyze s t e a d y - s t a t e  performance and then 

a l l o w  t h e  A p o l l o  P r o p u l s i o n  A n a l y s i s  Program t o  v a r y  t h i s  we igh t  and o t h e r  

s e l e c t e d  performance parameters ( s t a t e  v a r i a b l e s )  i n  o r d e r  t o  ach ieve  an 

a c c e p t a b l e  d a t a  match, 

d i scussed  APS engine c h a r a c t e r i z a t i o n  model d r i v e n  by engine i n t e r f a c e  

p ressu res .  Raw f l i g h t  i n t e r f a c e  pressure measurement da ta  were f i r s t  f i l -  

t e r e d  w i t h  a s l i d i n g  a rc  f i l t e r  and then, because o f  excess ive  d i s t o r t i o n ,  

The PAP s i m u l a t i o n s  were made us ing  t h e  p r e v i o u s l y  
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these d a t a  were further smoothed using a f i f t h  degree curye f i t .  The i n i t i a l  

estimates o f  the interface pressure biases used as input t o  the program were 

based on ground t e s t  d a t a  and were -1.7 psi and - . 9  psi for  oxidizer and  

fue l ,  respectively. Program resul ts  determined the biases to be -.9 psi f o r  

oxidizer interface pressure and  - .8  psi for the fuel interface pressure. 

1 

Simulation of R C S  ac t iv i ty  was accomplished by calculating individual 

thruster "on" time from the R C S  accumulated "on"  time d a t a  a n d  using th i s  

t o  determine an impulse imparted t o  the vehicle in the direction of the APS 

engine thrust  vector. This impulse was then converted t o  an  effective thrust  

over a discrete time interval (10 seconds). R C S  propellant flowrates for  the 

same intervals were calculated as a percentage of a nominal consumption of 

.36 lbm/sec. The percentage of nominal consumption i s  equivalent t o  the value 

o f  the effective thrust  as a percentage of a 100 lbni nominal thrust .  R C S  

propellant consumption was verified by comparing the integrated value ob- 

tained from the method described above with the total  consumption determined 

by multiplying total  system "on" time by the nominal .36 lbm/sec flowrate. 

A small adjustment was made t o  propellant mass overboard t o  account for  con- 

sumption of RCS engines in a plane perpendicular t o  the thrust  vector o f  

the APS engine. The resulting thrust  a n d  flowrate d a t a  were characterized 

with 5 t h  degree curve f i t s ,  as functions o f  time, a n d  input t o  PAP.  I t  i s  

apparent t h a t  these characterizations do not  in general give the calculated 

instantaneous thrust  a n d  flowrates f o r  the R C S  thrusters due t o  the method of 

calculation and variations i n  thrust  levels f o r  varying engine pulse durations, 

b u t  over the t o t a l  time period evaluated they will sa t i s fac tor i ly  approximate 

the total  impulse and mass change. 

residuals (curve f i t  minus calculated d a t a )  were excessive, minor adjustments 

A t  d iscrete  time points when the R C S  

'As a convention in th i s  report ,  a negative bias indicates t h a t  measured d a t a  0 
was reading less t h a n  i t s  true value. 
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were made t o  the RCS thrust and flowrates t o  reduce the residuals. a In i t i a l  PAP simulation resul ts  based on the i n p u t  d a t a  outlined above 

were not acceptable in t h a t  the residuals (differences between the f i l t e red  

f l i gh t  d a t a  and the program calculated values) indicated time correlated 

errors .  The acceleration residuals had a positive slope indicating t h a t  an 

increase in calculated acceleration with f l i gh t  time was required t o  minimize 

the residual error .  This effect  may be gained by increasing engine flowrates 

and/or  increasing engine thrust on a time basis. The chamber pressure resi -  

duals indicated t h a t  the measured chamber pressure was biased by -1 .  t o  -2 .  

ps i .  

slope which i n  combinat ion w i t h  the need for an increase i n  calculated accelera- 

I n  a d d i t i o n  t o  the bias, the chamber pressure residuals had a negative 

t i o n  indicated t h a t  a greaterthan predicted t h r o a t  erosion ra te  was necessary. 

A revised t h r o a t  erosion curve was calculated using the p a r t i a l  derivatives 

of t h r o a t  area w i t h  respect t o  acceleration a t  ten second intervals t h r o u g h -  

o u t  the run. 

i n i t i a l  value t o  16.48 i n 2 ,  a b o u t  .7% larger t h a n  the preflight value. 

inclusion of t h i s  calculated t h r o a t  area curve i n  the analysis program re- 

sul ted in an excel lent  acceleration match w i t h  a near zero mean and no 

. The revision of the throat area curve included raising the 

The 

s ignif icant  slope. The derived throat erosion curve was 2% greater t h a n  

predicted a t  approximately 350 seconds a f te r  i g n i t i o n .  Figure 1 shows 

the calculated throat area curve i n  comparison w i t h  the predicted curve for 
b 

LM-6. 

The chamber pressure match resulting from the inclusion of the calculated 

t h r o a t  area curve was n o t  as good as m i g h t  have been expected. 

Figure 3 ,  i t  can be seen t h a t  the chamber pressure residual curve slopes 

Referring t o  

upward f o r  approximately 180 seconds from the s t a r t  of the steady-state 

analysis segment and then levels o f f  for the  remaining 150 seconds. I t  was a 
9 



n o t  p o s s i b l e  f rom t h e  

shape; however, i t  i s  0 
f l i g h t  d a t a  t o  de te rm ine  t h e  reason  f o r  t h i s  r e s i d u a l  

hypo thes i zed  t h a t  a t i m e  v a r y i n g  b i a s  m i g h t  be a f f e c -  

t i n g  t h e  chamber p ressu re  measurement. Chamber p ressu re  r e s i d u a l  da ta  f rom 

p a s t  f l i g h t s  have e x h i b i t e d  much t h e  same genera l  shape as LM-6 da ta ;  however, 

t h e  upward s l o p i n g  s e c t i o n  o f  t h e  cu rve  was ove r  a much s h o r t e r  t i m e  pe r iod ,  

on  t h e  o r d e r  o f  40 t o  60 seconds, and was a t t r i b u t e d  t o  a m ino r  d i sc repancy  i n  

t h e  engine c h a r a c t e r i z a t i o n .  

measurement b i a s  f rom PAP g i v e n  a r e s i d u a l  shape e r r o r  o f  t h e  t y p e  seen i n  

t h e  LM-6 d a t a  s i n c e  t h e  program a t tempts  t o  m i n i m i z e  t h e  r e s i d u a l s ,  t h u s  

d i s t r i b u t i n g  them about  a zero  mean. 

b i a s  f o r  LM-6 c o u l d  n o t  be more a c c u r a t e l y  determined t h a n  t h e  -1. t o  -2.  

p s i  range p r e v i o u s l y  quoted. 

I t  i s  ex t reme ly  d i f f i c u l t  t o  de te rm ine  an e x a c t  

w 

For  t h i s  reason t h e  chamber p ressu re  

Ground t e s t  d a t a  i n d i c a t e d  a chamber p ressu re  

~ 

measurement b ias  o f  - . 7  p s i .  I t  shou ld  be no ted  f rom F i g u r e  3 t h a t  t h e  

0 chamber pressure r e s i d u a l s  a r e  w i t h i n  a t l  p s i  band. Res idua ls  a r e  c a l c u l a t e d  

by s u b t r a c t i n g  b iased  program c a l c u l a t e d  d a t a  f rom f l i g h t  measured da ta .  

C a l c u l a t e d  chamber p ressu re  f o r  t h e  LM-6 f l i g h t  r e c o n s t r u c t i o n  was a d j u s t e d  

by -1.35 p s i  p r i o r  t o  c a l c u l a t i o n  o f  t h e  p r e v i o u s l y  d i scussed  r e s i d u a l s .  

The p r i n c i p a l  i n d i c a t o r  o f  t h e  accuracy of  t h e  p o s t f l i g h t  r e c o n s t r u c t i o n  

i s  t h e  match ing o f  c a l c u l a t e d  and measured a c c e l e r a t i o n  da ta .  

t h e  q u a l i t y  o f  t h e  match i s  g i v e n  by t h e  r e s i d u a l  s l o p e  and i n t e r c e p t  d a t a  

as shown i n  F igu re  2. 

and s l o p e  o f  a l i n e a r  f i t  t o  t h e  r e s i d u a l  d a t a .  The c l o s e r  b o t h  these  numbers 

a r e  t o  ze ro ,  the  more a c c u r a t e  i s  t h e  match. The a c c e l e r a t i o n  match achieved 

w i t h  t h e  LM-6 p o s t f l i g h t  r e c o n s t r u c t i o n  i s  ve ry  good. A match o f  measured 

and c a l c u l a t e d  engine chamber p ressu re  i s  g i v e n  i n  F i g u r e  3. 

A measure of 

These da ta  r e p r e s e n t  t h e  i n t e r c e p t ,  on t h e  o r d i n a t e ,  

The LM-6 f l i g h t  

r e c o n s t r u c t i o n  was by a l l  i n d i c a t i o n s  an a c c u r a t e  s i m u l a t i o n  o f  a c t u a l  f l i g h t  

performance. 0 Residuals  between c a l c u l a t e d  and measured parameters were a l l  
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w i t h i n  measurement accurac ies .  

0 The t o t a l  p r o p e l l a n t  r e s i d u a l s  a t  eng ine  c u t o f f  s i g n a l  f rom t h e  r e s u l t s  

o f  t h e  above d a t a  a n a l y s i s  were 215 lbm o x i d i z e r  and 148 lbm f u e l .  

on these r e s i d u a l  p r o p e l l a n t s ,  t h e  remain ing bu rn  t i m e  c a p a b i l i t y  o f  t h e  

Based 

ascen t  s tage a t  APS engine cu to f f  was approx ima te l y  30 seconds, w i t h  t h e  

eng ine  shutdown then  r e s u l t i n g  f rom o x i d i z e r  d e p l e t i o n .  

d e s c r i b e d  would have r e s u l t e d  i n  15 lbm o f  f u e l  remain ing  on board.  

A shutdown as 

A v e h i c l e  damp we igh t  r e d u c t i o n  o f  15 lbni was determined f rom t h e  PAP 

The b e s t  e s t i m a t e  o f  t o t a l  ascent  s tage  w e i g h t  a t  l i f t o f f  r e c o n s t r u c t i o n .  

i s  10,699 lbm. 

F i g u r e s  2 th rough  9 show t h e  p r i n c i p a l  performance parameters assoc ia ted  

w i t h  t h e  LM-6 p o s t f l i g h t  a n a l y s i s .  

t i m e  v a r y i n g  i n p u t  t o  t h e  P r o p u l s i o n  A n a l y s i s  Program. 

Four f l i g h t  measurements were used as 

Two o f  these nieasure- 

ments, f u e l  and o x i d i z e r  i n t e r f a c e  pressure,  were used as program d r i v e r s .  

The o t h e r  two, a c c e l e r a t i o n  and chamber p ressure ,  were compared t o  c a l c u l a t e d  
0 

va lues  by t h e  program's  minimum va r iance  techn ique.  The a c c e l e r a t i o n  and 

chamber p ressure  measurements a long w i t h  t h e i r  r e s i d u a l s  a r e  p resented  i n  

F i g u r e s  2 and 3, r e s p e c t i v e l y .  F igures  4 and 5 c o n t a i n  o x i d i z e r  and f u e l  

c 

i n t e r f a c e  p ressu re  measurement da ta  as they  appeared a f t e r  smoothing o f  t h e  

raw da ta ,  t h e  cu rve  f i t s  o f  these data t h a t  were u l t i m a t e l y  i n p u t  t o  t h e  

Apol l o  P r o p u l s i o n  A n a l y s i s  Program, and t h e  r e s i d u a l s  between t h e  two da ta  

s e t s .  C a l c u l a t e d  s t e a d y - s t a t e  va lues f o r  t h e  f o l l o w i n g  parameters a re  shown 

i n  F i g u r e s  6-9: 

Coii iparison w i t h  P r e f l i g h t  Performance P r e d i c t i o n  

P r e d i c t e d  performance o f  t h e  LM-6 APS i s  p resented  i n  References 8 arid 

t h r u s t ,  s p e c i f i c  impulse, o x i d i z e r  f l o w r a t e  and f u e l  f l o w r a t e .  

9. 

APS performance under f l i g h t  env i ronmenta l  c o n d i t i o n s  f o r  t h e  M i s s i o n  H1 

The i n t e n t i o n  o f  t h e  p r e f l i g h t  performance p r e d i c t i o n  was t o  s i m u l a t e  

a 
11 



duty cycle. 

RCS operation. 

No attempt was made in the pref l igh t  prediction to  simulate 

Table 5 presents a summary of actual and predicted APS performance 

during the ascent burn .  

reconstructed parameters. 

f l i g h t  reconstruction i s  somewhat greaterthan had been predicted b u t  i s  

s t i l l  well w i t h i n  the 3 sigma l imits  of ? 3 .5  seconds presented i n  Reference 

9 .  Coniparisons of predicted and  reconstructed values for  specif ic  impulse, 

t h rus t ,  and  mixture r a t io  are  presented i n  Figure 10  a l o n g  w i t h  related 

three sigma dispersions. The variations i n  f l i gh t  specif ic  impulse, thrust 

and  mixture r a t io  were w i t h i n  the i r  respective three sigma dispersions. 

Engine Performance a t  S t a n d a r d  Interface Conditions 

Expected APS engine f l i g h t  performance was based on a n  engine character- 

Measurement data compare qui te  closely w i t h  the 

Engine specif ic  impulse determined by the post-  

L 

.I 

0 ization which ut i l ized data obtained d u r i n g  engine a n d  injector  acceptance 

t e s t s .  In order to  allow a c t u a l  engine performance variations to  be sep- 

arated from variations induced by feed system, pressurization system, and 

propellant teniperaturc var ia t ions,  the acceptance t e s t  d a t a  i s  adjusted t o  

a s e t  of standard interface conditions, thereby providing a common basis for  

comparison. Standard interface conditions a r e  as follows: 

Oxidizer interface pressure, psia 170.  

Fuel interface pressure, psia 170. 

Oxidizer interface temperature, O F  70.  

Fuel interface temperature , O F  70. 

90.21 Oxidizer density,  l b m / f t  
3 

Fuel density, 1 bm/ft’ 

Thrust acceleration, 1 b f / l  bm 

Throat area, in 2 

56.39 

1 .  

16.47 

1 2  



A n a l y s i s  r e s u l t s  ( a t  13 seconds f rom i g n i t i o n )  f o r  t h e  ascen t  b u r n  c o r r e c t e d  

t o  s tandard  i n t e r f a c e  c o n d i t i o n s  and compared t o  acceptance t e s t  va lues  

a r e  shown below: 

Acceptance Tes t  F l i g h t  A n a l y s i s  % 
Data R e s u l t s  D i f f e r e n c e  

Th rus t ,  l b f  3492. 3503 . 3  

311 .O .4 S p e c i f i c  Impulse,  .- 1 b f - s e c  

P r o p e l l a n t  M i x t u r e  R a t i o  1.601 1 A 0 1  .o  

309.6 

Reduct ion o f  eng ine  performance t o  s tandard  1 n t e r t a c e  c o n d i t i o n s  and comparison 

w i t h  acceptance t e s t  va lues  shows good agreement w i t h  t h e  l a r g e s t  d i f f e r e n c e  

be ing  i n  t h e  eng ine  s p e c i f i c  impulse. 

s tandard  d e v i a t i o n s  of acceptance t e s t  va lues .  

A l l  d i f f e r e n c e s  a r e  w i t h i n  two 

Th is  i n d i c a t e s  t h a t  b a s i c  

p r e f l  i g h t  p r e d i c t i o n  techn iques  a re  adequate, however, s i n c e  g r e a t e r  than 

p r e d i c t e d  performance has been noted i n  t h e  LM-3, LM-4, LM-5 and LM-6 

f l i g h t  performance r e s u l t s ,  t h e  present  p r e d i c t i o n  techn iques  may be some- 

what conserva t i ve .  
0 

It shou ld  be no ted  t h a t  due t o  t h e  l i m i t e d  number o f  f l i g h t  measurements 

a v a i l a b l e  f o r  use i n  de te rm in ing  APS p r o p u l s i o n  system performance, i t  i s  

n o t  p o s s i b l e  t o  independent ly  determine engine and/or  f eed  system r e s i s t a n c e  

v a r i a t i o n s .  As an example, g i v e n  a system m i x t u r e  r a t i o  s h i f t ,  i t  would 

n o t  be p o s s i b l e  t o  de termine i f  the  s h i f t  were a t t r i b u t a b l e  t o  t h e  engine 

o r  f eed  system a lone  o r  was a r e s u l t  o f  t h e  i n t e r a c t i o n  o f  t h e  two. 

apparent ,  t h e r e f o r e ,  t h a t  t h e  adjustment  o f  feed system data  t o  s tandard  

eng ine  i n l e t  c o n d i t i o n s  cou ld  conce ivab ly  mask a c t u a l  engine p e r t u r b a t i o n s .  

v 

It i s  
c 
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5. PRESSURIZATION SYSTEM 

Helium Utilization 

The helium storage tanks were loaded t o  a nominal 13.2 lbm. There 

was no indication of helium leakage during the mission and calculated 

usage agrees well with analytical predictions. 

Ullage Pressure Decay Durinq Coast 

Decay o f  the propellant t a n k  ullage pressures i s  observed indirectly 

t h r o u g h  the fuel and  oxidizer interface pressures which a t  launch were 

151 and 127  psia, respectively. 

sures h a d ,  as expected, decayed to  141 and 105 psia, respectively. This 

A t  approximately 90 hours GET these pres- 

pressure drop i s  attributed t o  absorption of helium into the propellants. 

Pre-ignition pressurization of the propellant t a n k  ullages was evidenced 

by the increase in b o t h  interface pressures t o  a value of approximately 185 

psia a t  141:44 hours GET. 
0 

Ullage Pressure Following the APS Burn  

During the lunar orb i t  following APS cutoff ,  b o t h  interface pressures 

quickly increased from their  respective f low pressures t o  lock-up pressures 

of approximately 181 psi a n d  then c o n t i n u e d  t o  increase by a t o t a l  of a b o u t  

13  psi on the oxidizer side a n d  a b o u t  6 . 5  psi on  the fuel side. Approximately 

twenty minutes a f te r  shutdown with the interface pressures a t  194 psi for oxi- 

dizer and  187 .5  psi for fue l ,  loss of signal occurred as the vehicle went 

behind the moon. A t  re-acquisition of the telemetry signal some 50 minutes 

l a t e r ,  the oxidizer interface pressure had dropped t o  a level of 188 psia 

a n d  the fuel interface pressure had risen t o  a level of 189.5 psia. Regu- 

1 

w. 
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l a t o r  o u t l e t  p ressu re  d u r i n g  t h i s  p e r i o d  was e s s e n t i a l l y  cons tan t ,  so t h e r e  

was no i n d i c a t i o n  of leakage.  

t h e  LM-5 f l i g h t ,  however, d u r i n g  t h a t  f l i g h t  b o t h  p ressures  showed a de- 

crease.  

ance o r  crew s a f e t y .  

e A s i m i l a r  p ressu re  drop  was observed d u r i n q  

T h i s  phenomenon, w h i l e  n o t  exp la ined ,  had no e f f e c t  on APS per fo rm-  

I He1 i um Regu la to r  Performance 

O s c i l l a t i o n s  were no ted  i n  t h e  da ta  f rom b o t h  h e l i u m  r e g u l a t o r  o u t l e t  

p ressure  measurements. The o s c i l l a t i o n s  were approx ima te l y  6 p s i ,  peak 

t o  peak, and 19 p s i ,  peak t o  peak, i n  measurements GP0025P and GP0018P, 

r e s p e c t i v e l y .  A d e t a i l e d  s tudy  o f  t h e  o s c i l l a t i o n s  appear ing i n  t h e  LM-6 

d a t a  was conducted by Grumman Aerospace Corpo ra t i on  (GAC) (Reference 10) .  

I t  was concluded f rom t h a t  s tudy ,  and a v a i l a b l e  f l i g h t  da ta ,  t h a t  LM-6 

APS performance was n o t  degraded due t o  t h e  o s c i l l a t i o n s .  

cause o f  t h e  o s c i l l a t i o n s  has n o t  been determined,  however, i n t e r a c t i o n  

between the  check va l ves  and the  r e g u l a t o r  i s  d iscussed i n  Reference 10 

as a p o s s i b i l i t y .  

t h e  o s c i l l a t i o n s  b u t  t o  v a r y i n g  degrees due t o  d i f f e r e n c e s  i n  t h e  tap 

l i n e  geometr ies.  

f l i g h t  a n a l y s i s  (Reference 11) w i t h  no degrada t ion  i n  APS performance. 

The e x a c t  a 

GAC has a l s o  hypothes ized t h a t  t h e  t ransducers  a m p l i f y  

S i m i l a r  o s c i l l a t i o n s  were no ted  i n  t h e  LM-4 APS p o s t -  

1 5  



6. PROPELLANT LOADING AND USAGE 

APS propellant loads for the iM-6 Mission were 3223.7 lbm o f  oxidizer 

and 2012.1 lbm of fuel. Of these amounts 34.2 lbm of oxidizer and 14.7 lbm 

o f  fuel are considered to be unusable or consumed during transient engine 

operation. The amounts of nominally deliverable propellants are, therefore, 

3189.5 lbm and 1997.4 lbm for oxidizer and fuel, respectively. Propellant 

density samples taken at the time of loading showed an oxidizer density o f  

1.424 gm/cc at 4OC and 14.7 psia and a fuel density of 0.8994 gm/cc at 25OC 

and 14.7 psia. 

Since all RCS propellant usage was from the RCS tanks prior to lunar 

liftoff, the APS propellant loads at APS ignition were 3223.7 lbm o f  oxi- 

dizer and 2012.1 lbm of fuel. All RCS consumption during the ascent burn 

was through the APS/RCS interconnect, Total propellant usage from the APS 

tanks is presented in Table 3. 

burn was 2944 lbm, oxidizer and 1832 lbrn, fuel. Total RCS consumption during 

the APS burn was 97.1 lbm. A total o f  215 lbm of oxidizer and 148 lbm of 

fuel remained onboard at APS cutoff. 

The APS consumption during the lunar liftoff 

16 
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7. MISCELLANEOUS 

APS Overburn 

An overburn  o f  app rox ima te l y  30 f t / s e c  was no ted  a t  t h e  end o f  t h e  l u n a r  

l i f t o f f  bu rn  (References 12 and 13) .  The LM Guidance Computer (LGC) com- 

manded eng ine  c u t o f f  a t  t h e  proper  t ime b u t ,  because o f  t h e  f a i l u r e  o f  t h e  

LM commander t o  p u t  t h e  engine arm s w i t c h  i n  t h e  " O f f "  p o s i t i o n  p r i o r  t o  

t h e  LGC command, a c t u a l  engine c u t o f f  occu r red  about  1 ,7  seconds l a t e .  

u r e d  a c c e l e r a t i o n  j u s t  p r i o r  t o  c u t o f f  was 19.3 f t / s e c  . Reference 13 

c 

Meas- 

2 

d iscusses  t h e  p o s s i b i l i t y  t h a t  p a r t  o f  t h e  overburn  m i g h t  be a t t r i b u t e d  t n  

a g r e a t e r  t han  p r e d i c t e d  APS t a i l o f f  A V ,  however, a d e t a i l e d  examinat ion  

o f  a v a i l a b l e  APS f l i g h t  d a t a  i n d i c a t e s  t h a t  t h e  shutdown impulse was near 

nominal .  The overburn  was e a s i l y  n u l l e d  by an RCS maneuver. 

Burn Time 

APS bu rn  t i m e  f o r  t h e  LM-6 m iss ion  was p r e d i c t e d  t o  be 7 minu tes  IO 

seconds and t h e  bu rn  t i m e  es t ima te  by t h e  RTCC j u s t  p r i o r  t o  l i f t o f f  was 
0 

7 minu tes  12 seconds, The LGC computed burn  t i m e  was 7 minutes 3 sec; 

n i n e  seconds l e s s  than t h e  bu rn  t i m e  computed by t h e  RTCC. It s h o u l d  be 

n o t e d  t h a t  t he  a c t u a l  bu rn  t i m e  was 7 minutes 4.7 seconds or 1.7 seconds 

l o n g e r  than t h e  LGC t ime due t o  t h e  p r e v i o u s l y  d iscussed overburn.  

9-second d e v i a t i o n  i s  w e l l  w i t h i n  the 3 siqma d i s p e r s i o n  b u t  i t  rep resen ts  

The 
L 

- a c o n f i r m a t i c n  t h a t  t h e  t h r u s t - t o - w e i g h t  r a t i o  was h i g h e r  than expected.  

LM-6 we igh t ,  as determined from t h e  PAP p o s t f l i g h t  a n a l y s i s ,  was 91 pounds 

l e s s  than t h e  r e a l  t ime e s t i m a t e  o f  10,790 lbm. Averaqe APS t h r u s t  f o r  t h e  

l u n a r  l i f t o f f  burn  was 27 l b f  g r e a t e r  than t h e  p r e d i c t e d  averaqe va lue .  

Based on s e n s i t i v i t y  c o e f f i c i e n t s  from Reference 14, these v a r i a t i o n s  

wou ld  r e s u l t  i n  b u r n  t i m e  b e i n g  reduced by approx ima te l y  7.2 seconds. I n  

17  



0 
addition, Reference 1 5  de ta i l s  a suspected deviation in the Z axis component 

of the vehicle center of gravity ( Z C G )  of approximately-.5 inches, which, again 

based on sensi t ivi ty  coefficients from Reference 14 ,  would further reduce 

b u r n  time by some 3 seconds. The shorter t h a n  predicted b u r n  time i s ,  there- 

cted weight, thrust  and ZCE location. fo re ,  explained by dev ations from pred 



8. CONCLUSIONS 

. 

APS f l i g h t  performance r e c o n s t r u c t i o n s  f o r  LM-3 ,  LM-4 ,  LM-5  and L M - 6  

i n d i c a t e  t h a t  engine performance p r e d i c t i o n  techniques may be somewhat 

c o n s e r v a t i v e .  

s t r u c t e d  performance va lues has n o t  been determined b u t  w i l l  be t h e  s u b j e c t  

o f  f u r t h e r  i n v e s t i g a t i o n .  

The cause o f  t he  d i f f e r e n c e  between p r e d i c t e d  and recon- 
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TABLE 2 

LM-6 APS ENGINE AND FEED SYSTEM PHYSICAL CHARACTERISTICS 

Engine No. Rocketdyne S I N  O O O l C  

I n j e c t o r  No. Rocketdyne SIN 4097716 

I n i t i a l  Chamber Throa t  Area ( i n .  ) 

Nozzle  E x i t  Area ( i n .  ) 

16.358 ( 4 )  2 

748.959 2 

I n i t i a l  Expansion R a t i o  45.785 

I n j e c t o r  R e s i s t a n c e  ( l b  - s e c  / l b m - f t  ) @  2 5 
f 

t i m e  zero and 70°F 

Ox i d  i z e r  12832. 

F u e l  20646. 

Feed Sys tem 

T o t a l  Volume ( p r e s s u r i z e d ,  check v a l v e s  
3 (2)  t o  e n g i n e  i n t e r f a c e )  ( f t  ) 

Ox i d  i z e r  

F u e l  

36.94 

37.02 

R e s i s t a n c e ,  Tank Bottom t o  Engine I n t e r f a c e  
( l b f - s e c  2 / l b m - f t  5 ) a t  70°F ( 3 )  

O x i d i z e r  239 6. 

Fue l  4008. 

(1) Rocketdyne Log Book, "Acceptance Test Data Package f o r  Rocket Engine 
Assembly - Ascent L?Z - P a r t  No. RS000580-001-00, S e r i a l  No. O O O l " ,  
30 August 1968.  

( 2 )  Per Telecon P .  E .  Co ta ,  MSC P r o p u l s i o n ,  1 August 1969. 

( 3 )  Per t e l e c o n  L .  Rothenberg,  GAEC P r o p u l s i o n ,  24 J u l y  1969. 

( 4 )  The i n i t i a l  t h r o a t  a r e a  determined from p o s t f l i g h t  r e c o n s t r u c t i o n  was 
16 .48  in2 .  
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TABLE 4 

FLIGHT DATA USED I N  STEADY-STATE ANALYSIS 

Sample Rate 
Sample l sec  

Measurement 
Number Range 

0-150 p s i a  

D e s c r i p t i o n  

200. GP2010P P r e s s u r e ,  T h r u s t  Chamber 

GP1503P P r e s s u r e ,  Engine  O x i d i z e r  
I n t e r f a c e  0-250 p s i a  1 

GP1501P P r e s s u r e ,  Engine F u e l  
I n t e r f a c e  0-250 p s i a  1 

GP0025P P r e s s u r e ,  R e g u l a t o r  O u t l e t  
Manif o l d  0-300 p s i a  1 

GP0018P P r e s s u r e ,  R e g u l a t o r  O u t l e t  
Manif o l d  0-300 p s i a  1 

GP1218T Tempera ture ,  O x i d i z e r  Tank 
Bulk 20- 130 O F 1 

GP 07 1 8 T  Tempera ture ,  F u e l  Tank 
Bulk 20- 130" F 

Off -On 

D i g i t a l  Code 

1 

50 

50  

GH1260X 

CG0001X* 

Ascent  Engine On/Off 

PGNS Downlink Data 

* A c c e l e r a t i o n  de te rmined  from PIPA d a t a  
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APPENDIX 

FLIGHT DATA 

F i g u r e  

A- 1 

A- 2 

A-3 

A- 4 

A- 5 

A - 6  

A -7  

A - a  

A-9 

A - 1  0 

A-1 1 

APS T h r u s t  Chamber Pressure (GP201 OP-PCM) 

APS O x i d i z e r  I s o l a t i o n  Valve I n l e t  Pressure (GP1503P-PCM) 

APS Fuel  I s o l a t i o n  Valve I n l e t  Pressure (GP1501P-PCM) 

APS Fuel  Tank Bu lk  Terriperature (GP0718T-PCM) 

APS O x i d i z e r  Tank Bu lk  Temperature (GP1218T-PCM) 

APS Hel ium Supply Tank No. 2 Temperature (GP0202T-PCM) 

APS Hel ium Supply Tank No. 1 Temperature (GP0201T-PCM) 

APS Hel ium Supply Tank No, 2 Pressure (GP0002P-PCM) 

APS Hel ium Supply Tank No. 1 Pressure (GP0001P-PCM) 

APS Regu la to r  Out M a n i f o l d  Pressure (GP0025P-PCM) 

APS Regu la to r  Out M a n i f o l d  Pressure (GP0018P-PCM) 
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