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SERVXCE M O D W  ENTRY 

STATEMENT OF PROBUM 

The se rv ice  module j e t t i son ing  sequence was such t h a t  t h e  se rv ice  
,module, upon being j e t t i soned  on a lunar re tu rn  f l i g h t ,  should have en- 
t e r e d  t h e  ea r th  's. atmosphere, then  skipped out i n t o  a highly e l l i p t i c a l  
earth o r b i t .  Thus, t h e  r i s k  of recontact with t h e  command module during 
en t ry  would h8ve been eliminated. However, on Apollo 8, 10 and 11, t h e  
s e rv i ce  module did not sk ip  out as expected. 

Tracking da ta  obtained by C-band radar  on Apollo 7 and Apollo 10 , 

ind ica ted  t h a t  t h e  separat ion veloci ty was much l e s s  than expected. Dur- . 
ing  Apollo 11, t h e  service  module w p  seen by t h e  crew about 5 minutes 
after it had been j e t t i soned ,  and t h i s  could not have occurred i f  t h e  
se rv ice  module had followed i t s  expected t r a j ec to ry .   h he crew noted at 
. tha t  time t h a t  t h e  react ion contro l  t h ru s t e r s  were s t i l l  f i r i n g . )  Photo- 
graphs obtained by s i r c r a f t  showed t h e  service  module en te r ing  t h e  e a r t h ' s  
atmosphere and d i s in tegra t ing  i n  t h e  v i c i n i t y  of t h e  command module en t ly  
corr idor .  

  he service  module j e t t i s o n  con t ro l l e r  i n  t h i s  case w a s  configured 
s o  that t h e  four  -X t r ane l a t i on  react ion  contro l  system engines commenced 
t h r u s t i n g  at separat ion and continued t o  propel lant  depletion. Beginning 
at 2 seconds after separa t ion ,  four  reac t ion  control  system r o l l  engines 
f i red  f o r  5 1/2 seconds t o  s p i n  s t a b i l i z e  t h e  service  module about its 
X-axis . A minimum separat ion veloci ty  of  about 345 ft /s ec should have 
been obtained f o r  a stable se rv ice  module,,more than s u f f i c i e n t  f o r  t h e  
se rv ice  module t o  sk ip  out.  The separat ion veloci ty  f o r  Apollo 10 was 
about 60 f t / s e c  (30 f't/sec l e s s  than t h e  vklocity required f o r  sk ip  out . )  
Table 'I compares derived separa t ion  ~ 6 l o c % t i e s  with those t h a t  were ex- 
pected f o r  Apollo 7 through Apollo .ll. 

1. 

! . Conditions which might r e s u l t  i n  t h e  unexpected t r a j e c t o r y  of t h e  
, i s e r r i c e  module a f t e r  j e t t i son  are (1) large i n i t i a l  separat ion moments, 

L :' 
(21) f a i l u r e  of t h e  react ion control  system hardware, o r  (3)  t h e  dynamics 

! 
r t- 

of t h e  propel lants  i n  t h e  se rv ice  module tanks during t h e  t h ru s t i ng  per- 
iod. The moments r e su l t i ng  from pllme impingement, unse t t l ed  p rope l l an t s ,  

I .  
\ of f se t  center  of g rav i ty ,  end asynchronous tension t i e  r e l ea se  a r e ,  by 
1 .  themselves , considered insuf f i c ien t  t o  c a w  e i n s t a b i l i t y  . Hardware fail- 

ure r e su l t i ng  i n  one react ion contro l  system engine f a i l u r e  o r  e a r l y  t e r -  
mination of t h r u s t i n g  is highly unl ike ly  because of t h e  redundancy i n  t h e  

I 



control  c i r c u i t s  ma %he consistancy of t h e  occurrance i n  successive m i s -  
s ions ,  Analysis of propellent  sloahing shows, however, t h a t  t h e  vehicle . 
can become unstable with a resu l t ing  low n e t  separat ion veloci ty .  A pic- 
t o r i a l  representat ion of t h e  s losh  i s  shown i n  f igure  :L, 

The propellants  are forced awq from t h e  spin  vector  (3) which, be- 
cause of t ip-off  moments at j e t t i son ,  is  not coincident v i t h  t h e  service  
module X-axis. If t h e  sp in  vector  and X-axis are misaligned by some angle 
( o ) ,  t h e  propellant  i n  one tank w i l l  move toward an equilibrium posi t ion 
at one end of t h a t  tank,  and t h e  propellant  i n  t he  other  tank w i 3 1  move . 
t o  t h e  opposite end of t h a t  tank (as i l l u s t r a t e d  by t h e  danr areas of 
f igure 1). Misalignment of the  s p i n  vector  and t h e  X-axis resul ts ,  i n  
precession of t h e  spin  vector  with a period of about 10 seconds. Thus , 
af te r  5 seconds, t h e  sp in  vector w i l l  be on t h e  opposite s ide  of  t he  

,X-axis, reversing t h e  equilibrium posi t ions of  t h e  propellents  (ss i l l u s -  
t r a t e d  by t h e  cross-hatched areas of f i g .  1). The precession of t h e  ser-  
v ice  module thus exci tes  1ogitudina.l sloe h e  The sloshing then d i ss ipa tes  
ro t a t i ona l  k i n e t i c  energy and s h i f t s  t h e  sp in  vector  away from the  service  
module X-ax& s . 

I 

I A six-degree-of-freedom model was developed t o  analyze the motions 
I r e su l t i ng  from propellant  s losh using res idual  .propellant quan t i t i es  and 

1 ' separat ion 'moments as i n i t i d .  conditions. Figures 2 ,  3, and 4 show t h e  

I service  module o r ien ta t ion  (cosine 8 ) and t h e  propellant  s losh displace- 
ments as functions of time. %The angle 6 i s  measured from t h e  di rect ion : 

1 of the sp in  a x i s  ( the  service module X-axis at separat ion) t o  the direc- , 
I 
I t i o n  of t h e  X-axis a t  subsequent times. Thus, the  i n i t i a l  value of 

I I cosine 8 is  1.0, and, i f  it remains near 1.0,  t h e  service module i s  
; 
A s t ab l e  and i t s  -X t r ans l a t i on  th rus t e r s  continue t o  f i r e  i n  t h e  proper 

! direct ion.  Negative values of cosine 8 ind ica te  t h a t  the  service  mod- 
u l e  i s  ro t a t ed  more than 90' from t h e  or ig ina l  a t t i t u d e ,  s o  t h a t  t h e  -X 
t r ans l a t i on  th rus te r s  are decreasing t h e  separat ion veloci ty.  

1 

- P  Figure 2 shows the  e f fec t  of a l i g h t  s losh  m a s s  of 1100 pounds on 
service  module or ienta t ion.  Cosine 8 has begun t o  diverge from 1.0 at i 

t I .  

I about 40 seconds. A t  about 60 seconds, t h e  vehicle has changed about 50' - 
I from its i n i t i a l  a t t i t ude  and t h e  s losh amplitude is  increasing. 
I .  

i Figure 3 shows t h e  e f f ec t  of a s losh mass of 3300 pounds. A t  about 
+ -  1 35 seconds, t h e  propellant s losh has changed t h e  a t t i t ude  of t h e  vehicle % 

i J  
I .  go0. Again, when cosine 0 goes negative, t h e  -X t r ans l a t i on  th lms te rs  

I . ;  : 
' . . . are decreasing t h e  separat ion veloci ty.  Toward t h e  end of t h e  simulstion 

represented by f lgure  3 ,  t h e  f u e l  and oxidizer masses have s t a b i l i z e d  i n  I 4 b t h e  upper ends of t h e  tanks ,  and cosine 8 is o s c i l l a t i n g  near  zero. 
This indicates  t h a t  t h e  service  module is  i n  a s t a b l e  spin about an axis 1 r 

I perpendicular t o  t h e  X-axis . 
1 - '  7 
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Figure 4 shows t h e  effect; of a s losh m a s s  of $600 pouna , w2,ich i s  
equivalent t o  t h e  propellant niass f o r  Apo12o 8, Effects s imilar  *to those 
r e s U t i n g  from t h e  3300-powd propellant  luasa are present;, 

A possible method considered fox correcting the  problem was Lo employ 
very high sp in  ra tes  t o  achieve addit lohal  gyroscopic s t a b i l i t y  of the 
e .rvi ce module. However, t h e  higher ra tes  associated with t h e  s t r u c t u r a l  
l i m i t  of t h e  service module (150 deg/sec ) did not noticeably improve i t s  
' s t ab i l i t y .  The observation %hat large spin  accelerations a re  required t o  
overcome the  effect  of acceleration due .to -X t rans la t ion  i n  order t o  $ 

force f lu ids  t o  t h e  outer.wal.1~ of the  tanks suggested t h a t  a pass ible  I 

merthod of  averting propellant slosh and improving service module s t a b i l i t y  
was t o  reduce t h e  service module spirl r a t e  and sp in  accelerations. The . 
simplest poss ib i l i t y  was t o  eli'minate t h e  r o l l  th rus te r  f i r ings  e n t i r e l y ,  
but i n  simulating t h i s  procedure, t h e  service module tumbled i n  &out 
'10 seconds because of t h e  torque produced by a misalignment of the  th rus t  
vector with t h e  vehicle center of mass. F'urther sirnulations showed t h a t  
t h e  optimum sp in  r a t e  correspondea t o  a r o l l  th rus te r  "on" time of 2.0 
seconds, and'that t he  service module remained s tab le  i n  t h i s  case f o r  
about 25 se'conds. 

h 

I A parametric study of t h i s  sequence w a s  made t o  determine the  response 
I 

1 

of t h e  service  module f o r  various propellant  loadings from empty t o  com- @ 

p le t e ly  f u l l .  Figure 5 shms t h e  hi'story of t he  service module a t t i t ude  
Tor t h r e e  d i f fe ren t  sump tank loadings. For t h e  l i g h t e r  two loadings, . 

I 

t h e  se rv ice  module remains s t a b l e ,  and f o r  t h e  h e a d e r  one, it diverges ' 

t o  go0 i n  about 35 seconds. . These data shaw t h a t  l imi t ing X-axis thrus t -  
ing t o  the  period before the  cosine 8 becomes negative w i l l  give a max- 

I 

i m u m  n e t  velocity change.. Figures 6 and 7 show t h e  r e l a t ive  posi t ion and I , 
r e l a t i ve  veloci ty  of t h e  service module a t  t h r u s t  termination, 25 seconds 
a f t e r  se rv ice  module j e t t i son ,  p lo t t ed  as functions of t h e  t o t a l  service  

I 
1 

module prope1,lant loading at Je t t i son .  The service module is  s t ab l e  dur- 
ing t h e  t h r u s t  period f o r  all cases. The var ia t ion i n  r e l a t ive  posi t ion t 
and veloci ty  i s  due primarily t o  t he  reduced acceleration associated with 
heavier service  module loadings. For t he  heaviest, propellant loading, % , 

I corresponding t o  a Ful l  service module, t h e  t o t a l  separation velocity i s  
* reduced t o  6.0 f t / sec .  This separation velocity w i l l  noteprevent service 
, * module en t ry  but should prevent service module recontact with t h e  command 

/ ,* 
module . 
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Note: Based on 2-second 
roll thrust and 
25-second -X 
axis thrust 



Note: Based on 2-second 
roll thrust and 
25-second -X 
axis thrust 
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