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Design,  per fo rmance,  and t e c h n o l o g y  i s s u e s  a s s o c i a t e d  w i t h  reduced 
g r a v i t y  p r o p e l l a n t  management f o r  O r b i t a l  T r a n s f e r  V e h i c l e s  (OTV's )  have been 
rev iewed .  The i n s p a c e  c r y o g e n i c  management s t a t e - o f - t e c h n o l o g y  w i l l  
s i g n i f i c a n t l y  a f f e c t  t h e  o v e r a l l  c o n f i d e n c e  l e v e l  a s s o c i a t e d  w i t h  a r e s u p p l y  
m i s s i o n  and p r o p u l s i o n  per fo rmance.  Thus, a l t h o u g h  m i s s i o n  r e q u i r e m e n t s  a r e  
f r e q u e n t l y  used t o  d e t e r m i n e  t e c h n o l o g y  r e q u i r e m e n t s ,  i t  i s  a l s o  a p p a r e n t  t h a t  
t e c h n o l o g y  a v a i l a b i l i t y  d r i v e s  m i s s i o n  r e q u i r e m e n t s .  Cryogen r e s u p p l y  
sequences, t i m e l i n e s ,  c o n t r o l s ,  and a s s o c i a t e d  c rew i n v o l v e m e n t  a r e  a17 
a f f e c t e d  by  t h e  t e c h n o l o g y  s t a t e .  A d d i t i o n a l l y ,  OTV p r o p e l l a n t  t ankage  
c o n f i g u r a t i o n s ,  t ankage  thermodynamic c o n d i t i o n s ,  a c c e l e r a t i o n  env i ronmen t ,  
p r o p u l s i o n  i n t e r f a c e s ,  and i n s t r u m e n t a t i o n  a r e  s i g n i f i c a n t  f a c t o r s .  B a s i c  
p r o p e l l a n t  t r a n s f e r  phases examined t h a t  d r i v e  o r b i t a l  s e r v i c i n g  r e q u i r e m e n t s  
i n c l u d e :  ( 1 )  t ankage  p r e c o n d i t i o n i n g  ( p u r g i n g ,  v e n t i n g ,  e t c . ) ,  ( 2 )  tankage 
c h i l l d o w n ,  and ( 3 )  p r o p e l l a n t  f i l l .  P r o p e l l a n t  management s u p p o r t  o f  t h e  BTV 
p r o p u l s i o n  phases i n c l u d e s  eng ine  r e s t a r t  r e q u i r e m e n t s  ( p r e s s u r i z a t i o n ,  
c h i l l d o w n ,  b u r n  d u r a t i o n ,  e t c . )  and o r b i t a l  c o a s t  between eng ine  b u r n s .  
Techno logy  a c t i v i t i e s  i n  s u p p o r t  o f  i d e n t i f i e d  t e c h n o l o g y  i s s u e s  a r e  reviewed. 



SPACE-BASED orv  PROPELLANT REQUIREMENTS 
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Figure 1 

The a v e r a g e  p a y l o a d  w e i q h t  r e q u i r e d  t o  b e  t r a n s p o r t e d  f r o m  LEO t o  CEO 
w i l l  be i n  t h e  r a n g e  o f  5 , 0 0 0  t o  1 4 , 0 0 0  p o u n d s .  The  u p p e r  r a n q e  o f  p a y l o a d s  
is n o r m a l l y  a s s o c i a t e d  w i t h  manned GEO r o u n d t r i p  m i s s i o n s .  The  r e s u l t a n t  
p r o p e l l a n t  r e q u i r e m e n t s ,  b a s e d  o n  t h e s e  p a y l o a d  w e i q h t s ,  r a n g e d  f r o m  a p p r o x i -  
m a t e l y  2 4 , 0 0 0  t o  7 8 , 0 0 0  p o u n d s .  The  c h a r t  o n  t h e  o p p o s i t e  p a g e  g r a p h i c a l l y  
p o r t r a y s  t h e s e  r e q u i r e m e n t s .  



OTV CRYOGENIC HANAGEHENT CONSIDERATIONS 
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Figure 2 
1 l u l d  mariaqernent o f  a n  OTV w i l l  r e q u l r e  c o m p o n e n t ,  s u b s y s t e m ,  ant i  s j s  c n  

d r v e l o a ~ i i e n t  e n i p h a s l s .  ' r h e  c l l a r t  o n  t h e  o p p o s i t e  p a q e  p ~  c t o r l a l  l y  s h o w s  t i h i .  

ii1a)or a r e a s  t l i a t  m u s t  b e  a d d r e s s e d  I n  tile d e s l g n  o f  a  c r y o q e n l c  O I ' V .  Some, ol 
t h e  nick j o r  i s s u e s  l n v o l v e d  I n  t h e  d e s l q n  a r e  n o - l l q ~ l l d  v e n t l n q ,  s t r a t  I 1 l cd t  I oil, 
vaF1or c n t r a p m e n t  I n  t h e  s t a r t  b a s k e t ,  e n q i n e  f e e d  s y s t e m  r e q u i r e m e n t  s a1it1 
r e u s a h l l i t y .  S e v e r a l  l t e m s  w l l l  r e q u l r e  o r b l t a l  t c s t l n g  f o ~  v e r l f l c a t l o i i  o f  
t h e r r  p e r f o r m a n c e  ( e . g .  thermodynamic v e n t ,  f  l u l d  d y n a m i c s ,  s t a r t  ba s i . . e t ,  
f l u ~ d  t r a n s f e r ,  e t c . ) .  A l s o ,  l t  1s  i m p o r t a n t  t o  n o t e  t h a t  t h e  t h e r m o d y n a m i c ,  
f 1 u1c-l ~ r ~ t x c l ~ a n ~  c  a n d  h e a t  t r a n s f e r  interactions b e t w e e n  c o m p o n e n t s  a n d  subsyf , t ixrnr  
r i ~ u s t  t ~ c  a d t i r c s s e d / u n d e r s t o o d  t o  a s s u r e  p r o p e r  s y s t e m  r n t e q r a t l o n .  Tot  e x a m p i e ,  
tlie 7 e r o  (; v e n t  s y s t e m  des l c j r i  1s d r l v e n  b y  h e a t  l e a k  c o n t r o l / d l s t r l b u t ~ o r i .  
S l m i l l a r l y ,  t h e  s t a r t  l l a s k c t  l l q u l d  r e t e n t l o n  c a p a b l l l t y  1s d e q r a d e d  b y  
lnc re ; l s r>< ;  ~ n  f e e d  s y s t e m  h e a t  l c a k ,  p r e s s u r l z a t l o n  q a s  t e m p e r a t u r e ,  a r ~ t l  p ropr  1 - 
l a n t  t c r ~ ! r ? e r a t l ~ r e .  1:riqine s y s t e m  r e - s t a r t / r u n  r c q u l r e m e r l t s  or) p r ~ p e l l ~ ~ r ~ t  
c o n d ~ t  i o n s  s l q ~ ~ i f i c a n t l y  a f f e c t  thermodynamics w l t h l n  t h e  t a n k  a n d  st'rrt b i s k c t  
d e s i g n .  



OTV CRYOGENIC HANAGEHENT CONS IDERAT IONS 
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Figure 3 

F l u i d  m a n a q e m e n t  o f  a n  OTV w i l l  r e q u i r e  c o m p o r l c n t ,  s u b s y s t e m ,  a n d  s y s t e m  
d e v e l o r ~ ~ ~ l e r ~ t  e m p h a s i s .  'I'he c h a r t  o n  t i l e  o p p o s i t e  pacle p i c t o r i a l l y  s h o w s  t h e  
n i a j o r  a r e a s  t h a t  m u s t  b e  a d d r e s s e d  i n  t h e  d e s i g n  o f  a c r y o g e n i c  O T V .  Some o f  
t h e  m a j o r  i s s u e s  i n v o l v e d  i n  t h e  d e s i g n  a r e  n o - l i q u i d  v e n t i r l q ,  s t r a t i f i c a t i o n ,  
v a i ' o r  e n t r a p m e n t  i n  t h e  s t a r t  b a s k e t ,  e n g i n e  f e e d  s y s t e r n  r e q u i r e m e n t s  a11d 
r c ~ u s ~ l l ~ i l i t y .  S e v e r a l  items w i l l  r e q u i r e  o r b i t a l  t e s t i n g  f o r  v e r i f i c a t i o n  o f  
t h e i r  p e r f o r r r l a n c e  ( e . 9 .  t h e r m o d y n a m i c  v e n t ,  f l u i d  d y n a m i c s ,  s t a r t  b a s k e t ,  
f l u i d  t r a n s f e r ,  e t c . ) .  A l s o ,  i t  i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  t h e r m o d y n a m i c ,  
f l u i c l  m e c l r a n i c  a n d  h e a t  t r a n s f e r  i n t e r a c t i o n s  b e t w e e n  c o m p o n e n t s  a n d  s u b s y s t  erns 
iiii~slr l)c a d t i r e s s e d / u n d e r s t o o d  to  a s s u r e  p r o p e r  s y s t e m  i n t e g r a t i o n .  F o r  e x a m p l e ,  
t l ~ e  z e r o  (: v e n t  s y s t e m  d e s i g n  i s d r i v e n  b y  h e a t  l e a k  c o n t r o l / d i s t r i b u t i o n .  
S i m ~ l i a r l y ,  t h e  s t a r t  b a s k e t  l i q u i d  r e t e n t i o n  c a p a b i l i t y  i s  d e q r a d e d  b y  
i r l c r c a s c ? ~  i n  f e e d  s y s t e m  h e a t  l e a k ,  p r e s s u r i z a t i o n  q a s  t e ~ r l p e r a t u r e ,  ant1 p r o p c l -  
l , i i i t  t c n i l ~ e r a t u r e .  E n g i n e  s y s t e r n  r e - s t a r t l r u n  r e q u i r e m e n t s  o n  p r o p e l l a n t  
c o i i d i t i o n s  s i g n i f i c a n t l y  a f f e c t  t h e r m o d y n a m i c s  w i t h i n  t h e  t a n k  a n d  s t a r t  b a s k e t  
c i e s  i q n .  



ORBIlAL CRYOGEN TRANSFER CONSlDERATlONS --- 
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F i g u r e  4 
One of t h e  p r i m a r y  f l u i d  mapaqenrent r e q u i r e m e n t s  w i l l .  b e  t i l e  t rc lns f th r  

of b o t h  LOX and  L,H i n  a  z e r o - q  e n v i r o n m e n t .  Both  f i l l i n g  o f  t h e  O'I'V t a r i k s  
and d e l i v e r y  o f  t h &  p r o p e l . l a n t  t o  t h e  e r ~ q i n e  m u s t  b e  c o n s i d e r e d .  The c h a r t  
on  t h e  o p p o s i t e  p a q e  d e s c r i b e s  t h e  m a j o r  a r e a s  t h a t  m u s t  b e  i n v e s t i q a t e d ,  
The s u p p l y  t a n k  c o u l d  b e  a n  o r b i t a l  s t o r a g e  f a c i l i t y  l o c a t e d  a t  t h e  S p a c e  
S t a t i o n .  The r e c e i v e r  t a n k  would b e  t h e  O'rV LOX and  LF12 t a n k .  P r i m a r y  
i s s u e s  t o  b e  a d d r e s s e d  on t h e  OTV a r e  t a n k  p r e c h i l l ,  v e n t  v s .  n o - v e n t  f i l . 1 ,  
s t a r t  b a s k e t  r e f i l l  a n d  mass g a u g i n q .  O t h e r  a r e a s  r e q u i r i n g  s t u d y  a r e  
t r a n s f e r  l i n e  p r e s s u r e  and  t e m p e r a t u r e  t r a n s i e n t s  a n d  pump v e r s u s  p r e s s u r e  
f e d  f l u i d  t r a n s f e r .  



OTV TANK INSULATION EFFECTS ON VEHICLE PERFORMANCE 
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F i g u r e  5 

The design of the insulation systern for both the hyclrogen and oxygen 
tanks on a space based OTV will be optimized to provide rllaxirnuln payload 
delivery capability to GEO. A tradeoff between insulation weiqht and pro- 
pellant boiloff provides a characteristic curve such as shown on the 
opposite page. The design optimization is dependent on how much time after 
propellant loading will be required at LEO, durirlg transfer from LEO to GEO 
and at GEO. Since the environment at LEO is generally wanner than at GEO 
and assuminq equal stay times at both LEO and GEO, the LEO environment would 
dictate the insulation desiqn. Based on the assumptions specified, a total 
insulation weiqht of 180 lb would be optimum. 



OTV TANK lNSULATlON REQUIREMENTS 
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Figure 6 

Rased o n  t h e  a s s u m p t i o n s  m a d e  o n  t h e  p r e v i o u s  p a q e ,  t h e  i n s u l a t i o n  
r e q u i r e m e n t s  f o r  b o t h  t h e  h y d r o g e n  a n d  o x y g e n  t a n k  a r e  s h o w n  i n  t h e  g r a p h  
o n  t h e  f a c i n g  p a g e .  As i n d i c a t e d ,  b a s e d  o n  a n  o p t i m u m  t o t a l  i n s u l a t i o n  
w e i g h t  o f  1 8 0  l b ,  t h e  r e s u l t a n t  i n s u l a t i o n  t h i c k n e s s e s  f o r  t h e  h y d r o g e n  
a n d  o x y g e n  t a n k  a r e  a p p r o x i m a t e l y  0 . 7  a n d  0 . 1  i n c h e s ,  r e s p e c t i v e l y .  T h e  
i n s u l a t i o ~ ~  t h i c k n e s s e s  o n  e a c h  t a n k  a r e  t a i l . o r e d  t o  m a i n t a i n  t h e  p r o p e r  
p r o p e l l a n t  m i x t u r e  r a t i o .  



OTV kH2 BANK PRESSURES DURING ORBITAL C O A S T  
STWATIF!CATION/MBXONG EFFECTS 

Figure 7 
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i ' r o p e l l a n t  c o n d i t i o n s  d u r i n g  o r b i t a l  c o a s t  p e r i o d s  between e n g i n e  b u r n s  a r e  i n i p o r t a n t  
f ro i l l  s e v e r a l  s t a r l d p o i n t s .  F o r  example, tankage  h e a t  l e a k  and i t s  d i s t r i b u t i o n  w i t h i n  t h e  
p r o p e ' l l a n t  d e t e r r ~ l i n e s  t h e  u l l a g e  p r e s s u r e  r i s e  r a t e s  and r e s u l t a n t  v e n t  r a t e s l c y c l i n g .  
To mir i i rn ize p r e s s u r e  r i s e  r a t e  and t r a n s i e n t  thernwdynamic u n c e r t a i n t i e s ,  t h e  g e n e r a l  approach  
i s  t o  assure  t h a t  tankage  s i d e w a l l  and p e n e t r a t i o n  h e a t  l e a k  i s  u n i f o r m l y  d i s t r i b u t e d  w i t h i n  
t h e  b u l k  l i q u i d ,  and t h a t  good h e a t  exchange between t h e  u l l a g e  and l i q u i d  e x i s t s .  To rerrlove 
wncer1:al'nties a s s o c i a t e d  w i t h  p a s s i v e  m i x i n g / d e s t r a t i f i c a t i o n  i n  reduced  g r a v i t y ,  a c t i v e  
m i x i n g  t e c h n i q u e s  a r e  g e n e r a l l y  employed i n  OTV c o n c e p t  des igns .  

NOTES: 

03726) KG (8200 LBS) 

@HEAT LEAK = 47W (160 BTU/HR ) 
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1 1 ! I 
90 20 30 40 50 

A d d i t i o n a l l y ,  t h e  e n e r g y  d i s t r i b u t i o n  w i t h i n  t h e  t a n k  can  s i g n i f i c a n t l y  a f f e c t  o t h e r  
sLibsy~,tern f u n c t i o n s .  I f  a  c a p i l l a r y  s t a r t  b a s k e t  i s  u t i l i z e d ,  l o c a l i z e d  s t r a t i f i c a t i o n  w i t h i n  
aiid n e a r  t h e  b a s k e t  s h o u l d  be p r e v e n t e d ,  i .e., l o c a l i z e d  s u p e r t i e a t i n g / b o i  1 i n g  car! occur .  A ?  so, 
pl.oper f e e d  system thermodynamic c o n d i t i o n s  must  be e s t a b l i s h e d  f o r  each  e n g i n e  burn .  

ULLAGE VOLUME (%) 



OTV LO2 TORUS TANKS 
PROPELLANT MANAGEMENT TECHNOLOGY ! S U E S  

@ NO IN-FLIGHT EXPERIENCE WITH REDUCED GRAVITY FLUIDIMEAT TRANSFER 
BEHAVIOR IN  TORUS TANKS. 

@ ACQUISITION DEVICE R&D REQUIRED 

@ PROPELLANT SETTLING 

@ THERMAL ISOLATION 

@ RESIDUALS 

@ ORBITAL PERFORMANCE VERIFICATION 

O PRESSURiZATlON/VENTDNG 

@ MULTIPLE ENGINE RESTARTS/PRESSURIZATION EFFICIENCY 

@ ZERO G VENTING 

@ STRATlFICATIONIDESTRATI FlCATlON 

@ ACOUlSlTlON SYSTEM INTERFACES 

@ SLOSH 

@ PROPELLANT C. G./VEHICLE CONTROL 

@ BAFFLES 

@ INSULATION 

@ UNIQUE TANK SHAPE EFFECTS ON PERFORMANCE 

O PURGE 

F i g u r e  8 

The s ta te-o f - techno logy suppo r t i ng  LO f l u i d  management i n  t o r u s  tanks  i s  weak. Due 
t o  i t s  unique geometry, t he  t o r u s  shape inProduces a  wide range o f  i ssues t h a t  have inot been 
addressed i n  pas t  technology e f f o r t s .  P r o p e l l a n t  a c q u i s i t i o n ,  p r e s s u r i z a t i o n ,  vent ing ,  
s t r a t i f i c a t i o n / d e s t r a t i f i c a t i o n ,  s l osh ing ,  i n s u l a t i o n ,  and hea t  l e a k  d i s t r i b u t i o n s  a re  a l l  
areas r e q u i r i n g  R&D e f f o r t s  s p e c i f i c a l l y  a p p l i c a b l e  t o  t o r u s  tanks. 



TANK PRE-CHILL PREPARATIONS SUMMARY 

8 DILUTBBM OF HELIUM RESIDUALS PRIOR TO REFUELING REQUDWED TO PREVENT: 

i@ EXCESIVE PRESBBRES AT END OF F ILL  

rB INACCURATE KNOWLEDGE OF PROPELLANT B I m R  PWESUWES 

1, START B S K E T  HELIUM ENTRAPMENT 

co INACCURATE THERMODYNAMIC M B  GAUGING 

9 APPROXIMATE DILUTION LEVELS REQUIRED 

(B LHz < .&KG (1 LmB FURTHER DOLUTIW REQUIRED I F  
THERMODVNMSC M A S  GAUGING 

10 LO2 < .W KG (.2 L S )  UTILIZED 

@ PPRBXEDURALhECHNOLNY CONCERNS 

DURATION OF VENTIHOLD CYCLES 

F i g u r e  9 

Tlre i n i t i a l  phase of o rb i ta l  t rans fe r  i s  "prechi l l  preparations." I f  no heliurn 
pre!,surant qases have been used i n  the tankage to be f i l l e d ,  the prechi l l  preparations 
w o i ~ l d  be rili~irrial. Ilowever, i f  heliurir i s  present then the tankage must be purged and 
vented unti I the  tieliun i s  reduced t o  an acceptable l eve l .  The "acceptable level"  i s  
det~ni i ined based on end-of-f i l l  pressures/achievernent of n~axinlurii f i l l  coritrol , c a p 1  1 lary 
screeri acquisitiori system pressure, and therniodynarrlic mass gaging ( i  f  used). The LU 
system s e ~ i s i t i v i t y  to Ileliuni i s  s ign i f ican t ly  g rea te r  than with LH2. Lack of o r b i t a ?  
experier~ce and in-orbi t measurerrent of residual he1 ium magnitudes a r e  the primary concerns 
i n  developing a  su i tab le  purge approach. 



TANK PRE-CHILL PREPARATIONS SUMMARY 

d) DILUTION 86: HELIUM RESIDUALS PRIOR TO REFUELING REQUIRED TO PREVENT: 

@ EXCESSIVE PRESSURES AT END OF FILL 

@ INACCURATE KNOWLEDGE OF PROPELLANT VAPOR PRESSURES 

@ START BASKET HELIUM ENTRAPMENT 

@ INACCURATE THERMODYNAMIC MASS GAUGING 

(b @PROXIMATE DILUTION LE VELS REQUIRED 

@ LWZ < .&KG (1 ern)  FURTHER DlLUTlOBU REQUIRED IF  
TNERMODYNMIC MASS GAUGING 

e ~0~ -G .w KG (.2 e s )  UTILIZED 

O PROGEDURALRECHNOLW CONCERNS 

868 KNBWLENE OF HELIUM RESIDUAL MAGNITUDE 

Figure 10 

The i n i t i a l  phase o f  o r b i t a l  t r a n s f e r  i s  " p r e c h i l l  p repara t ions . "  If no he l i um 
pressurant  gases have been used i n  t he  tankage t o  be f i l l e d ,  t he  p r e c h i l l  p repa ra t i ons  
would be minimal.  However, i f  he l ium i s  p resent  then t h e  tankage must be purged and 
vented u n t i l  t he  h e l i w n  i s  reduced t o  an acceptab le  l e v e l .  The "acceptab le  l e v e l "  i s  
determined based on e n d - o f - f i l l  pressures/achievement o f  rnaximum f i l l  c o n t r o l ,  cap i  1 l a r y  
screen a c q u i s i t i o n  system pressure,  and thermodynamic mass gaging ( i f  used). The LO;, 
system s e n s i t i v i t y  t o  he l i um i s  s i g n i f i c a n t l y  g r e a t e r  than w i t h  LHz. Lack o f  o r b i t a  I 
exper ience and i n - o r b i t  measurement o f  r e s i d u a l  he l i um magnitudes a r e  the  p r imary  concerns 
i n  deve lop ing a s u i t a b l e  purge approach. 



OTV kH2 TANK THERMODYNAMICS DURING CHILLDOWN 

TANK PRESSURES 

0 
T I M E  

6044 

TANK WALL TEMPERATURES 
EXAMPLE CASE: 

@74  FA^ ( 2 6 W  ~ 8 ~ )  T A N K  

@APPROXIMATE L H 2  

CHARGE PER CYCLE 

13 KG (28  LB) ---- 
20 K G  (43 LBI---- 

I 8 

I oc I-------------- I - 
bdJ - 

0 T I M E  B 
15-30 M I N U T E S  

F i g u r e  11 

Chlilldown i s  accomplished by introducing propellant in to  a tank in such a manner that  good 
heal: exciiar~ge between the high te~r~perature walls and chilldown l iquid i s  assured. Ttiern~odynamic 
c a l c a l a t i o n s  indicate tha t  the amount of propeilant required t o  c h i l l  a tank should be r e l a t i v ~ l y  
snia' I ,  1;: i s  therefore doubtful tha t  chilldown procedure se lec t ion  wil l  be driven by n~ini~riization 
o f  chS1ldown l iquid.  However, the coinplicated thermodynamic, boi l ing heat t r a n s f e r ,  and f l u i d  
dynaii!ic piieno~iieria involved cannot be ana ly t ica l ly  modeled with confidence. Hence, issues invoi ving 
def in i t ion  of i n l e t  flow d is t r ibu t ion /ve loc i ty ,  charge/hold duration and n~axirnum pressure,  vent 
dur; i t lon,  and instrunlentation t o  monitor chi 11 down progress remain. 



lNlT IAL  WALL- TEMPERATlJRE EFFECTS ON O T V  
TANK PRESSURES A F T E R  F I L L  

50 

40 

NOTES: 

6997% r l N A L  F ILL  
CONDITION ASSUMED 

- 30 @ 74 PA3 12600 F T ~ L  LM2 TANK 
9 

69 ze ~3 ( I ~ I P O  FT:? LO* TANK xl 

20 

10 

F i g u r e  1 2  

Receiver tank c h i l l d o w n  must be conducted whenever thermal energy s t o r e d  i n  t he  tank. w a l l s  
i s  s u f f i c i e t i t  t o  prec lude a nonvented f i l l  opera t ion .  For exaiuple, w i t h  i n i t i a l  w a l l  teniperat i i res 
o f  450°R, the  LH2 and LO2 tanks f i n a l  pressures would be 48 p s i a  and 18 ps ia ,  r e s p e c t i v e l y ;  hence, 
Ltl2 ch i l l down  would be requ i red ,  whereas LO2 c h i l l d o w n  would be o p t i o n a l .  A Ltf2 tank  w a l l  temper- 
a t u r e  o f  l e s s  than 2 5 0 ' ~  probab ly  w i l l  be requ i red.  



TRANSFER LBNEJTANK CHILLDOWN SUMMARY 

REOUIREMENT:  REDUCE TRANSFER L INEDANK WALL TEMPERATURES SUFFICIENTLY 
TO PREVENT EXCESIVE LINE PWESUREIFLOW SURGES A N D  TO 
ENABLE A NON-VENTED TANK FlLL 

8 PROCIEDURALWECHNOLOGY CONCERNS: 

@ SEMI-EMP8W~CAk MODELING LACKS EXPERIMENTAL D A T A  

e LACK OF HARDWARE EXPERIENCE 

WALL CHILLDOWN CRITERION: CURRENT RANGE - S Q K  TO 
(17WR TO R )  

t# L A C K  OF TRANSFER LINE CWlkLMBrdN EXPERIENCE - PREVENTION OF EXCESIVE 
SURGES AND LINE LOADS 

F i g u r e  1 3  

Based on t h e  p r e c e d i n g  d i s c u s s i o n s  o f  c h i  11  down i s s u e s ,  o p t i l n u n ~  o p e r a t i o n a l  e f f i c i e n c y  
ancl i r i i n i i i i i ~~n  c o r n p l e x ~ t y l c r e w  titnc a r e  a p p a r e n t l y  t h e  p r i m a r y  q o a l s  ( a s  ap[tosed t o  m i n i m i z i n g  
pj-vl)el l a r i t s  usrd for. c l i i  1 idown).  t l o w c ~ v ~ r ,  d e f i n i  t i o t r  o f  c h a r g e / t ~ o l d / v e r ~ t  c y c l e s  t h a t  w i  1 1  
a l l o w  ach ieverwr i t  o f  t l rese g o a l s  c a n n o t  o c c u r  u n t i l / u n I e s s  o r b i t a l  e x p e r i e n c e  arid d a t a  a r e  
acciui red.  



T V  LH2 TANK PRESSURES DURING ORBITAL FILL 

POOR CIRCULATION (SIGNIFICANT ULLAGE HEATING) 

A \ \ \ 'RANGE OF POSSIBILITIES \ \ \ \ \ \ 

NEAR EQUILIBRIUM 
( 0 0 0 0  MIXING)  

CONSIDERATIONS: 

TANK WALL RESIDUAL HEAT ,BBSB)RPBlQFB 

.ULLAGE COMPRESSION . ULLAGE/LIOUID HEAT EXCHANGE 

~NON-CONDENSIBLE GAS 

.ZERO G CIUANTITY GAGING 

10 I 
FILL LEVEL 

F i g u r e  1 4  

Assuming t h a t  t h e  p resc r i bed  tank c h i l l d o w n  temperatures have beer1 achieved, then the  
nonverlted f i l l  procedure can be i n i t i a t e d .  However, care  must be taken t o  assure t h a t  vent i r ig  
i s  n o t  necess i t a ted  by excess ive  pressure  d u r i n g  f i l l .  Good m i x i n g  must occur  th roughout  the  
f i l l  process t o  prevent  excess ive  heat t r a n s f e r  t o  t h e  u l l a g e  and cor respond ing pressure  
increases. A d d i t i o n a l l y ,  tank  w a l l  r e s i d u a l  heat  absorption/distribution, u l l a q e  cornpsession, 
noncondensible gases, and t h e  measurement o f  t r a n s f e r r e d  mass a re  tssues t h a t  must be addressed. 



TANK FILL SUMMARY 

@ REd3UBREMENT: L H p  & LO2 TANK FILL WITHOUT VENTING 

@ PRBCEDURAL/TECHNOLCoG&r CONGE WNS: 

O ASUWANGE OF ADEQUATE ClRCUkATlON TO MAINTAIN NEAR-THERMAL 
EOUlkBBRBUBul, i.e., LOW P W E S U R E S  

GOOD MIX!NG/MEAB EXCHANGE BEWEEN ULLAGE/LIQUID REQUOWED 

@ EXiSTlNG SEMI-EMPIRICAL MODELS LACK EXPERIMENTAL DATA 

e LACK OF IN-FLIGHT HARDWARE EXPERIENCE 

@ MECHANICAL MlXER PROBABLY REQUIRED 

@ LACK OF ZERO-6 M A S  GAUGING DEVICE 

@ SPECIAL FILL PROVISIONS FOR START B M K E T  

@BLEED LINE FOR DIRECT FILL OF W K E T  

e ACTIVE CIRCULATION TO A S U R E  ENTRAWED VAmR G O L U B E  

SUPPLY TANK VAPOR BRESURE < 2.2 ~ N / M Z  (15 B Q A ) ,  
NO HELIUM P W A G E  ALLOWABLE 

4) PREVENTION OF EXCESIVE TRMSFER LINE LOADS 

Figure  1 5  

Scnli -ernpi  r i c a l  ~ r l o d e l i r i y  of t h e  f i l l  p r o c e s s  i s  r e q u i r e d  t.o d c f  i n e  t h e  
; : 1 l c r 3 c t i n q  i 1 u i . d  a n d  t h e r r r i a l  p t l e n o n ~ e n a ;  h o w e v e r ,  e x i s t i r i g  m n d e l s  l a c k  e x p e r i -  
iucXrit ~l v c r i  f i c ; r t  i o n .  A c t i v e  m i x i n q  p r o h i l b l y  w i  1 l be r e q u i r c d  t r )  i l s s u r e  n e a r  

: , r l l i i  1 i k ~ r i u r n  t I i ~ ~ r n i o d y n ; l ~ r z i c  r c ? n i l  i t i o n s .  ' I ' i ~ e  I <ac'k of a  z e r o  (; cju'111 t i t y (JLILJ'J" i S 

C? s l o n i f i c n n t  h a n d i c a p  i n  a c t ~ i e v i n q  a 9 7 %  f i l l  c o n d i t i o n .  S p e c i a l  c o n s l d c r a -  
t i o r u s  a r e  i n v o l v e d  i n  i n t e r t a c i n q  w i t h  c a p i l l a r y  s t a r t  b a s k e t s  t o  a s s u r e  t l i c 2 t  

v . ? l )o r  c ~ i t r a p i n e n t  d o e s  n o t  o c c u r  d u r i n q  t a n k  f i l l .  A l s o ,  s u r ~ p l y  v e s s e l  e o n i l i -  
t ior>s iiirlsL be c o n t r o l l e d  t o  p r e v e n t  c x c c s s i v e  v a p o r  p r e s s u r e s  a n d  t h e  t r , i r i s f c r  
r - i i  lic'il ilri: i n t o  t h e  O'rV. 



OTV PROPELLANT TRANSFER TIMELINE 

EVENT 

@ LH2 TRANSFER 

1) INITIAL LH2 TANK VENT 

INJECT LH2 AND HOLD 

e VENT TANK 

INJECT LH2 AND HOLD 
2) PRECHILL 

@ VENT TANK 

e INJECT LH2 AND HOLD 

e VENT TANK 

3) F lLL  0 LH2 TRANSFER 

@ TOPPING FLOW RATE 

LO2 TRANSFER 

1) INITIAL LO2 TANK VENT" 

e LO2 TRANSFER 
2) F l L L  

0 TOPPING FLOW RATE 

CUMULATIVE TIME (HRS) 

1 2 

NOTE : 

0 TWO OR MORE ADDITIONAL VENT CYCLES REQUIRED IF  HELIUM PRESENT 

F i g u r e  1 6  

D e f i n i t i o n  o f  the  t r a n s f e r  tisrl i n e  cannot be accomplished w i t h  conf idence u n t i  I 
o r b i t a l  exper ience and data  become ava i l ab le .  However, t he  sequence o f  events can be 
es tab l i shed  w i t h  reasonable conf idence. Based on c u r r e n t  models, t h e  t o t a l  t r a n s f e r  
t ime  i s  expected t o  r e q u i r e  on the  o r d e r  o f  3 hours. 



MSFG 
CRYOGENIC MANAGEMENT BREADBOARD 

b- 

oss 

@REUSABLE ALUMINIZED MLl LJASEMBkY OF TEST ARTICLE ladT eTHERMODYNAMBG WENTIMIXER BY- 
@Bl"dlWIIZES BOlLOFF LOSSES; HEAT LAMP'STRUCTURAQ SL!PPoR ENABLES VERlTlNO INDEPENDENT OF 

AEBUkCEB MORE EPlPIENSIVE SHROUD PROPELLANT POSITION IN ZERO O R W W  
DOkDlZED MLU 

~ L ~ Q ~ . D U ~ D -  WO0iFTa / pm m 
*fiUbalMm I W3lU 1 LAYER L l l A N K n  

PRESSURIZASIOPI 

FLOW METER 
GUARD MEAT 
EXCWAMQER 

TEST ARTICLE SCHEMATIC 

6CAPBLDARI WEIEMTBOH TACIPB SUFFICBLB~T 
sFIBER4JkAS PVROE BAQ ENCLOSURE PROPELLANT FOR EWOPNE START-UP iH 

ZERO ORAMITY 
*PROVIDES PROTECTIVE ENVIRONMENT FOR MLl 

DURBNO SHVTPLE PRE-LAUNCH. LAUNCH, AND RE-ENmY 

Figure 1 7  

Var ious  deqrees o f  tech i io logy  developinent a r e  a s s o c i a t e d  w i t h  t h e  t y p e s  o f  suhsy%trn is  
t h a t  w i  11 he r e q u i r e d  i n  an OTV cryogen managenent Yysteln, i .e., t h e  tec t i i to logy  backgroui ids 
range froin subst.ant ia1 t o  w a g e r .  However, these subsystems have n e v e r  been i r i t e g r a t e d  i n t o  
a  t o t a l  OTV-type systern and r e q u i r e d  t o  p e r f o r m  s i m u l t a n e o u s i y .  T h e r e f o r e ,  a m a j o r  o b j e c t i v e  
o f  t h e  c ryoger i i c  mavagenient b readboard  prograni  i s  t o  i n t e g r a t e  advariced teclrriolocjy i ter i is  i i i t o  
a  sys tmr  l e v e l  Lllp t e s t  a r t i c l e ,  t h e r e b y  e n a b l i n g  e v a l u a t i o n  o f  t h ~ r n ~ o d y i i a n i i c ,  heat  t r a r ~ s i e r ,  
arid f l u i d  mechariic i n t e r a c t i o r ~ s / c o n t r o l s / i r i s t r u n t e i i t a t i o ~ i  w i t h i n  t h e  iirliit; o f  nor i i la l  q r a v i t y  
t e s t i r i q .  Tt i r  breadboard da ta  w i l l  bc e v a l u a t e d  t o  deterr i i i r te rrorrr~al g r a v i t y  perforciiarice and t o  
more s p e c i f  i u d l  l y  i d e n t i f y  techno loqy  qaps/concerns t h a t  ntust u l  t i n l a t e 1  y Lje assessed w i  e l i  o:,iii t a l  
e x l ~ e r i m e n t a t i o r i ,  i.e., b readboard  t e s t i n g  o f  t h i s  type  i s  a  p r e r e c l u i r i t e  t o  t h e  e v e r i t u a l  ex jcer i -  
t n e ~ i t a l  v e r i f i c a t i o n  o f  OTV-type systems i n  o r b i t .  A d d i t i o n a l l y ,  the  s y i t p t n  l e v e l  exper ie r ice  w i l l  
m i i i i tn ize  t i le  developinent r i s k  o f  o r b i t a l  c r y o q e n i c  nlanage~nent e x p e r i ~ r ~ e r i t s / f l i q h ?  systeil is i n  g e n e r a l ,  

The t e s t  a r t i c l e  tank  i s  an 8 8 - i n c h  d i a n l c t e r  o b l a t e  s p h e r o i d  w i t h  a  1 7 5  f t 3  vo lune.  [ h e  t e s t  
a r , : i c le  cor i ta ins  a l l  t h e  b a s i c  e l e n e n t s  o f  ari ear th -based OTV i l l 2  systcnl ,  i .e. ,  a  r e i ~ s a t ~ l e  m u l t i -  
1a:ier i n s u l a t i o n / j ~ u r g e  bag system, z e r o  g r a v i t y  thermodynarciic v e c i t l ~ ~ i i x e r ,  GtIe/GII2 p r e s s u r i z a t i o n ,  
s a l ~ i l l a r y  s t a r t  basket ,  and a pun ip / feed l ine  system. The i i l u l t i l a y e r  i n s u l a t i o n ,  o r y a r i i c a l l y  c o a t e d  
a l i i r i i i n ized  Kapton, was deve loped t o  r e p l a c e  t h e  # l u r e  exper is ive  r e u s a b l e  g o l d i z e d  Kdpton i c i s u l a t i o n s .  
i h i s  breadboard i n s t a l l a t i o n  r e p r e s e n t s  t he  f i r s t  system l e v e l  d e c ~ i o n s t r a t i o t i  o f  t l i e  a l u n ~ i n i z e d  
i n ~ ; i i l a t i o r i  f o r  c r y o g e n i c  a p p l i c a t i o n s .  

F i n a l  p i -e j ia ra t ions  a r e  i n  p r o g r e s s  a t  MSFI: For t t i e  b readboard  t e s t i n g .  11ii t i a l  ill2 l o d d i n g  
i s  schedu led  f o r  t h e  f i r s t  week o f  A p r i l  1984. Var ious  t e s t  p i ~ a i e s  w i l l  be c o n d ~ ~ r : t e d  i n t e n r i i  t t c n t l y  
t h r o u g h  O c t o l ~ e r  1984. 



MISSION 1 

.28 SCALE 
(48 IN. DIAMETER) 

CRYOGENIC FLUID MANAGEMENT FACILITY 
OTV TECHNOLOGY 
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e SCALABLE TANK 
CHILLDOWN DATA 

P U R G E D  M L I  (30 LAYER) 

MISSION 2 MISSION 3 -- 
.18 SCALE .18 S C A L E  
(31 IN.  DIAMETER) (31 IN. DllAMETEWl 

START 
BASKET 

DELTA GOALS -- DELTA GOALS 

@ N O  VENT F ILL  @START BASKET 

e He PRESSURIZATION 

@ ON--WALL TVS 

@ STRATI FlCATlON 

I N T E G R A T I O N  & 
PER FOFIMANGE 

@ T V S  M I X E R  

@ FOAM/i?JIC E 
COMBllkgA r l O N  

Figure 18  

The Cryogenic F l u i d  Management F a c i l i t y  (CFMF) i s  expected t o  p rov ide  s i g n i f i c a n t  techfioEogy 
i n p u t s  t o  OTV development. The i n i t i a l  m iss ion  w i l l  u t i l i z e  a .28 sca le  OTV LH2 r e c e i v e r  dessel ,  
Although the CFMF supply tank  can f i l l  t h e  r e c e i v e r  t o  o n l y  about t he  30% l e v e l ,  the p r l  i i a ry  qadi 
o f  o b t a i n i n g  ch i l l dowr i  data can be achieved. An OTV rep resen ta t l v r?  purged n l u l t i l a y e r  r r ~ s u l a t ~ o n  
(MLI)  w i l l  be i n s t a l l e d  on the  rece i ve r .  The second m iss ion  w i l l  u t i l i z e  a .18 sca le  vessel  t i i a t  
can accor~rnodate a complete f i l l  procedure. A d d i t i o n a l  da ta  i n c l u d e  LH2 s e t t l  i n g / o u t f l o w ,  l ie1 r urn 
p r e s s u r i z a t i o n ,  and performarice o f  a thennodynamic vent system (TVS) :! i th a w a l l  mounted heat  
exchanger. The t h i r d  m iss ion  w i l l  a l s o  u t i l i z e  a .18 sca le  vessel .  Chi1 ldown / f i l l  data  W I  11 
aga in  be acqu i red t o  assess r e p e a t a b i l i t y  o f  t h e  m iss ion  2 r e s u l t s .  An OTV type s t a r t  b a s k e t  wlll 
be u t i l i z e d  t o  assess thennodynamic and f l u i d  niechanic i n t e r f a c e  e f f e c t s  on s t a r t  basket  per- 
fonnance, i.e., feed systeni heat  leak,  TVS ope ra t i on ,  and tank pressurization. The T V S  niay ~ n c l u d ~  
an a c t i v e  m i x i n g  system. The tank i n s u l a t i o n  w i l l  c o n s i s t  o f  a foani/MLI cor i~b inat ion .  



EXAMPLE CFMF DATA FOR 8 7 V  
hH2 TANK CHlLkDOMIN DURING TRANSFER 

NOTES 

@CHILLDOWN STRONG FUNCTION OF SIZE 

.TANK V O L t M A ~ ~  RATIO IMPORTANT 

eTRANSIEMTS MORE RAPID I N  
SMALLER TANKS 

@CFMF INVESTIGATES SIZE EFFECTS 

I 150 1 
8 0 ~  

I 

0 20 40 60 80 100 120 

TIME (MINUTES) 

F i g u r e  19 

The re la t ive  chilldown responses of the CFMF .18, .28, and f u l l  scale  OTV receivers  
can be i l l u s t r a t e d  using current ly avai lable  analyt ical  1nodc.1 inq. The snial l e r  a  vessel ,  
the  more responsive i t  i s  to  heat leak and the nonequil i t ~ r i u ~ n  therrnodyr~dnlics. Thiq i s  
basical ly  because the tank volunle r e l a t i v e  to energy s tored in the walls and s t r u c t u r e  
becomes l e s s  with decreasing tank s ize.  Therefore, there e x i s t s  the concern t h a t  the 
rapid response of small vessel thermodynamicslfluid dynan~ics wil l  d i f f e r  s iqr i i f icant ly 
from the actual t rans ien ts  in  prototype vessels.  I-lowever, the CFMF design has 
incorporated the la rges t  scale  OTV vessel achievable ( .28 s c a l e )  within the cons t ra in t s  
of schedule and cost.  Additionally, LH t r ans fe r  behavior in the .28 and .18 sca le  
vessels can be co~npared, thereby provid?ng valuable scal ing e f f e c t s  data. 



SPACE STATION TECHNOLOGY REQUIREMENTS 
(SSTSC FLUID MANAGEMENT WORKING GROUP) 

@CRYOGENIC FLU ID  RESUPPLY* 

@NON-CRYOGENIC FLUID RESUPPLY* 

@ZERO-LEAKAGE FLUID COUPLINGS 

@FLUID  LEAK DETECTION INSTRUMENTATION 

@REUSABLE EARTH TO ORBIT CRYOGEN TRANSPORT 

@FLUID QUANTITY GAUGING INSTRUMENTATION 

L O N G  TERM ORBITAL CRYOGEN STORAGE* 

@CONTROL, INSTRUMENTATION & DIAGNOSTICS 

@OPERATIONS (MANNED VS. AUTONOMOUS) 

@FLUID  SYSTEM STUDY 

'MANDATORY FLIGHT TESTS 
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The Space Station Technology Steering Committee met ~n Wlllian\sburg, 
Virginia in March, 1983, to discuss technology requirements and priorlkles. 
The Fluid Management Working Group recommended that technology be pursued 
in ten areas. The chart on the facing paqe lists these recommendations ~n 
order of their priority for Space Station application. Out of the ten 
areas, three were considered to require mandatory fliqht tests. These 
three items were considered to be enablir~q tect~noloqies. 



SPACE STATION ADVANCED DEVELOPMENT 

eAD'VARIGED DEVELOPMENT TEST BED 

-- COMPONENT DEVELOPMENT TESTING 
-- LOXlLW2 SYSTEM LEVE h TESTING 

-- FLUID LEAK PREVENTIONIDEVECTIOM 

ePRC1POSED SHUTTLE FLIGHT EXPERIMENTS 

-- LONG TERM CRYOGENIC STORAGE FAC0LITV 

-- REFWBGERATIONIRELIQCBEFACTPON 
-- REMOTE CONTROLLED OR AUTOMATED PROPELLANT SERVlClNG 

@PROPOSED SPACE STATION TECHNOLOGY DEMONSTRATION IVllSSlON (VDIM) 

- PROPELLANT TRANSFER, STOWAGE & WELIQUEFACTION 
-- LONG TERM SYSTEM PERFORMANCE DEGRADATION 
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Dasec! on the anticipated need for a cryoqenic OTV at the Space Station, 
several proposals have been made to define the advanced development work that 
will. be required to support such a goal. A combination of ground testing, 
irhuttle flight testing and Space Station technology demonstration missions 
( ' l ' I ) F l k s )  are evolving as the primary activity for achieving this goal. The 
opposite page provides a brief summary of the major proposed advanced devel- 
oprnc,nt activity in the fluid management area. 




