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Passive storage o f  cryogens i n  space has been used f o r  sometime i n  

s c i e n t i f i c  instruments. This paper w i l l  descr ibe some recent  advances i n  

storage technology and how passive techniques could be app l ied  t o  the  storage 

o f  p rope l l an ts  a t  t he  Space Sta t ion .  The devices considered here are  passive 

o r b i t a l  disconnect s t r u t s ,  cooled s h i e l d  op t im iza t ion ,  l i f t w e i g h t  sh ie lds  and 

c a t a l y t i c  conver ters.  

Cool ed Sh ie lds  

Cooled sh ie lds  can g r e a t l y  reduce the  tank heat  l oad  i n  cryogen storage 

systems. Th is  i s  t he  case f o r  bo th  passive and r e f r i g e r a t e d  systems. I n  

pass ive  systems, the enthalpy o f  the  e f f l u e n t  gas i s  used t o  cool sh ie lds  

embedded i n  t h e  i n s u l a t i o n  and thus  i n t e r c e p t  t he  heat  before i t  gets t o  the  

tank. I n  r e f r i g e r a t e d  systems, t he  sh ie lds  and tank are  cooled by an ex terna l  

re ' f r igera tor .  The use o f  cooled s h i e l d s  can reduce t h e  o v e r a l l  r e f r i g e r a t i o n  

power. 

The ana lys i s  presented i n  t h i s  sec t i on  are  given i n  a  parametr ic  form. 

This  has the  advantage of be ing  i n s e n s i t i v e  t o  t h e  exac t  model used f o r  t h e  

thermal c o n d u c t i v i t y  o f  t he  i n s u l a t i o n .  The ana lys i s  a1 so app l i es  t o  
i n s u l a t i o n s  t h a t  are penetrated b y  s t r u t s ,  p l  umbing, and wires. A l l  of these 

pene t ra t i ng  devices a re  assumed t o  be at tached t o  the  cooled sh ie lds  and the  

thermal c o n d u c t i v i t y  f u n c t i o n  ad jus ted  accordingly .  We have a1 so assumed t h a t  

the  i n s u l a t i o n  i s  mu1 t i 1  ayered i n s u l a t i o n  (such as double a1 m i n i  zed My1 a r  

w i t h  s i l k  n e t  spacers). The ana lys i s  uses a  tank temperature o f  20 K and an 

o u t e r  s h e l l  temperature o f  256 K (460°R). It should be noted t h a t  t he  heat  

loads  are  extremely s e n s i t i v e  t o  t h e  ou te r  s h e l l  temperature. 
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The use of cooled shiel d s  has the further advantage of a l l  owing thicker 
insulation. Practical 1 imitations 1 imit MLI to  blankets of 5 cm (2  inches) 

thick. Thus, an unshielded system can only have 5 cm of insulation. In a 
s h i  el ded system, each shi el d can support a bl an ket a1 lowing more i nsul ation. 

The optimization analyses presented here are not the only ones tha t  can be 
done, and they may not be the appropriate ones i n  a l l  cases. In doing the 

optimization, I  have not considered the mass or volume constraints on the 
system. 

PASSIVE ORBITAL DISCONNECT STRUTS (PODS- I11  1 

0 VARIABLE CONDUCTANCE-VARIABLE STRENGTH TANK SUPPORTS 

0 HIGH STRENGTH DURING LAUNCH 
0 LOW CONDUCTANCE ON ORBIT 

LAUNCH AND ORBITAL CHARACTERISTICS INDEPENDENTLY SPECIF IED 

0 EXAMPLE 

0 FOR LAUNCH RESONANCE FREQUENCY 3 5  Hz 
0 FOR ORBITAL RESONANCE FREQUENCY 20 Hz 

0 RESULTS I N  x i 0  LOWER ORBITAL HEAT LEAK 

0 WOULD IMPROVE I F  ORBITAL REQUIREMENT WERE LOWER 

O STATUS 

0 A SYSTEM OF 6 STRUTS TO SUPPORT A q 3 0  KG TANK I S  BEING LAB TESTED 
0 THESE STRUTS ARE L I M I T E D  BY A MINIMUM GAUGE REQUIREMENT 
3 STRUTS FOR A BIGGER SYSTEM W I L L  PERFORM BETTER 

F i g u r e  1 

COOLED SHIELDS 

0 THE USE OF COOLED SHIELDS CAN GREATLY REDUCE THE TANK HEAT LOAD 

0 SHIELDS ARE USEFUL I N  BOTH PASSIVE AND REFRIGERATED SYSTEMS 
0 ANALYSIS APPLIES TO COOLED STRUTS. PLUMBING, WIRES. ETC., ALSO 

0 THE PERFORMANCE OF BOTH SYSTEMS I S  SENSIT IVE  TO THE OUTER SHELL 
TEMPERATURE 

Figure 2 



The analysis of the passive system i s  based on the method of miala'num mass 
5 flow* This type of analysis i s  appropriate For storage systems where there 

i s  no internally generated (from a sc ien t i f ic  instrument, for exampl e )  heat  

load, The heat load on the tank i s  converted t o  a  mass flow which ?:hen G O O I S  

the shields. The mass flow i s  minimized w i t h  respect t o  position and 

temperature of the shields within the constraints of thermodynamics. Th" scan 
be reduced to a  system of 2N+1 simultaneous equations, where N i s  t h e  number 

of shields.  These equations can be easi ly  solved by an i t e ra t ive  procedure, 

This gives the optimum locations,  temperatures, and heat loads of t h e  s h i e l d s .  

These are given in the attached Table. The shield locations have bebell: 

nomalized by dividing by the total  insulation thickness (not  incl u d i n q  t h e  

shield thicknesses). The temperatures are given its Kelvin .. The resul t f n g  

heat loads have been nomalized b y  dividing by the heat load of an ~ lnsh- ie lded  

tank with 2 inches ( 5  cm) of insulation, t h i s  being "ie thickest b l a n k e t  t h a t ,  

can be easi ly  manufactured. There are two columns of hea t loads  shown, "he 

f i r s t i s  for a  t o t a l  insulation thickness of 2 inches. The second co3 urn9 

assumes that  the thickest insulation blanket ( the  outernost one) i s  2 inches 

a n d  the others are increased proportional l  y. 

An intel-esting r e su l t  of th i s  analysis i s  that  the shields are riot evenly 
spaced in position o r  temperature, Rather, they are closer t o  the  ::anlie 'nis 

i s  a resu l t  of the thermal conductivity decreasing with temperature, One c a n  

a l so  see that the heat load decreases as the number of shields i s  irccreassd- 

The f i r s t  shield resu l t s  i n  a  large reduction. There i s  s t i l l  a  si$yn%"ffca?e 

gain by using 2 shields ,  b u t  not for  more than 2 shields.  The re1at:ive h e a t  

l o a d  For the case of an in f in f t e  number of cooled shields i s  given f o r  

reference. 

She analysis for refrigerated systems uses the same assumptions as cbove 

but takes a  different  approach. I t  uses the method o f  minimum entropy 
production. This method i s  appropriate for  active refrigerated sys'tems a n d  

for passive systems with suf f ic ien t  internal heat generation. The a n a l y s i  s 

presented here i s  for the l a t e r  case where the efficiency of the rei'rigeratiaar 

can be ignored (Carnot efficiency i s  assmed).  For an active refrigeraied 

system the entropy produced by the refr igerator  inefficiency would  have .$a be 

included. The entropy produced a t  the shields and a t  the tank i s  S.; = Oi/Ti 

where Qi i s  the heat flux absorbed a t  the i t h  shield ( o r  a t  the t a n i ( )  a n d  Ti 



COOLED SI-IIELDS 
PASSIVE SYSTEMS 

0 BASED ON METHOD OF MINIMUM BOIL-OFF 

0 OPT IMIZED LOCATION AND TEMPERATURE OF SHIELDS 

0 ASSIJMPTIONS: TANK AT 2 0  K. OUTER SHELL AT 2 5 6  K 
DOUBLE ALUMIN IZED M Y L A R I S I L K  NET INSULAT ION 

NUMBER NORMALIZED' SHIELD RELATIVE H E A T  LOAD 
OF SHIELDS LOCATION TEMP. .  K 2" TOTAL '  2' T H I C K E S T ~  

1) TANK - 0, OUTER SHELL - 1. THICKNESS OF SHIELDS NOT INCLUDED 
2) TOTAL THICKNESS OF INSULAT ION (NOT COUNTING SHIELD THICKNESS) I S  

TWO INCHES 
3 )  THICKEST INSULAT ION BLANKET I S  TWO INCHES TH ICK  

Figure 3 

i s  t h e  respective temperature. The total  entropy produced i s  S = - QO/To f 

Oi/Ti where To i s  the outer shell temperature a n d  Q0 i s  the sum of the Q i t s .  

The n~os"chermodynamical ly  e f f i c i en t  system occurs when S i s mi nimi zed with 

respect  "c the location and temperature of the shields.  (This will give the 

system tha t  requires the l e a s t  refr igerat ion.)  This method involves a simple 

i t e ra t ive  process similar t o  the one used in the passive case. 

"i'e pa~ametric resu l t s  are shown in the attached Table. The values in the 

l a s t  columns refer t o  the heat load refrigeration required on the tank due to  

the insulation. The heat t ha t  must be removed from each of the shields i s  

a1 so simple t o  calculate b u t  has been l e f t  off the chart  for  c l a r i ty .  More 
h e a t  must be extracted a t  the shields than in the storage case. In a passive 

system th i s  additional cooling must be suppl ied by an increased mass f l  ux 
caused by the instrument dissipation. The principal r e su l t  of t h i s  analysis 

i s  t h a t  the op t imum location of the shields i s  s l ight ly  far ther  o u t  in the 

i n s u l a t i o n  and the i r  o p t i m u m  temperatures are s l ight ly  colder. 



COOLED SHIELDS 
PASSIVE INSTRUMENT OR REFRIGERATED SYSTEMS 

0 BASED ON METHOD OF HINIMUM ENTROPY PRODUCTION 

0 OPT IMIZED LOCATION AND TEMPERATURE OF SHIELDS 

0 ASSWPTIONS:  TANK AT 2 0  K. OUTER SHELL AT 2 5 6  K 
DOUBLE ALUMINIZED MYLARIS ILK  NET INSULAT ION 

NUMBER NORHALIZED' SHIELD RELATIVE HEAT LOAD 

O F  SHIELDS LOCATION TEMP.. K 2"  TOTAL^ 2" T H I C C E S T ~  

0  1.0 1.0 
1 . 4 2  9 5  - 1 9  .11 
2 " 2 6 .  .59 60 ,  I'll . l i  .o'lq 

3 .19 ,  .41 ,  . 6 8  46, 95, 1 6 8  . 0 8 2  - 0 2 6  

1) TANK = 0, OUTER SHELL = 1. THICKNESS OF SHIELDS NOT INCLUDED 
2 )  TOTAL THICKNESS OF INSULAT ION (NOT COUNTING SHIELD THICKNESS) 

I S  2 INCHES 
3) THICKEST INSULAT ION BLANKET I S  2 INCHES TH ICK  

Figure 4 

B o t h  the passive and the refrigerated systems require good heat 

exchangers. These are par t icular ly d i f f i c u l t  t o  model in the passive case 

because the eff luent  gas passes through several flow regimes. I t s s t a r t s  a s  
laminar flow a t  the tank and ends as sonic flow a t  the exhaust nozzSe. T h e  

flow a1 so spans a  large "cmperature range with t h e  concomitant v a r i a t i o o  i n  

the properties of the gas. Fortunately, there are models available t o  h a n d l e  

t h i s  problem. 8 

If shields are t o  be used, i t  i s  important that  t he i r  mass be kept small 

t o  keep the system mass down. However, the shields must be s t i f f  enough to 

meet the resonance requirements. A possible choice i s  to  use thin a l  umiwum 

sheet bonded t o  aluminum honeycomb.' We have done an analysis for  a 
3 3 2 rn (70 f t  ) instrument system, This analysis showed that  a  0.93 m (0m0@5" ' 1  

A1 sheet bonded t o  0.64 cm (0,25'7 thick Al honeycomb (1.3 cell  s/c:m 06 0,033 

m gauge) shoul d have suf f ic ien t  thermal conductivity and strength , The 
2 density of such a  s t ructure i s  0.57 Kg/m . 



COOLED SHIELDS 

0 HEAT EXCHANGERS FOR PASSIVE SYSTEMS 

0 DIFF ICULT TO MODEL 

0 LARGE TEMPERATURE DEPENDENCE OF GAS PARAMETERS 
0 SPANS DIFFERENT FLOW REGIMES - SONIC AT E X I T  

0 MASS OF SHIELDS ARE IMPORTANT I N  EITHER PASSIVE OR ACTIVE SYSTEMS 

0 USE LIGHTWEIGHT CONSTRUCTION 

0 THIN AL SHEET BONDED TO AL HONEYCOMB 
0 -0.6 K G I M ~  POSSIBLE 

Figure 5 

Para-Ortho Conversion 

The heat load in passive hydrogen systems can be reduced by using a 

c a t a l y s t  on the shields.' The converter speeds up  the  conversion of para- 

hydrogen to ortho-hydrogen. The equi 7 i br i  um mixture of para (anti-para1 1 e l  

p r o t o n  spins)  and ortho (para l  1 el proton spins)  i s  temperature dependent, A t  

20 K i t  i s  >99% para and a t  300 K i t  i s  25% para. The para-ortho conversion 

i s  an endlothermic reaction t ha t  i s  usually too slow to  be of use. However, i t  

can be speeded u p  by using appropr ia te  c a t a ly s t s .  The heat of conversion has 

a maximum of 400 J /g  a t  100 K.  T h i s  compares with the enthalpy of the  gas of 

900 319 for  a change i n  temperature from 20 K t o  100 K. Thus, the react ion 

can be used to supply addit ional  r e f r ige ra t ion  to the sh ie lds .  Conversion 

e f f i c i enc i e s  of ~ 1 0 0 %  are  possible w i t h  conmercially avail  able c a t a ly s t s .  For 

example, the use of APACHI-1 would require about 100 g of c a t a l y s t  f o r  each 

gfs o f  hydrogen flow. 

One way of using a c a t a l y s t  would be t o  increase the performance of a 

p a s s i v e  system. This i s  most e f f ec t i ve  i f  the c a t a l y s t  can be at tached t o  a 

sh ie ld  running near the 100 K peak i n  the heat of conversion. From the 
previous 'Tables i t  i s  seen t h a t  the 1 sh ie ld  and 3 sh ie ld  cases a re  ideal f o r  

t h i s ,  An analys is  of the one shie ld  case i s  given in the attached Table. A 

95% reduc4Lion i n  heat  load can be achieved, 



PARA-ORTHO CONVERSION 

0 TWO FORMS OF H2 

0 P A R A - A N T I - P A R A L L E L  PROTON S P I N S  
0 ORTHO-PARALLEL PROTON S P I N S  
0 A T  3 0 0  K - 2 5 %  PARA 
0 A T  2 0  K - > 9 9 %  PARA 
O PARA T O  ORTHO CONVERSION I S  ENDOTHERMIC 
0 PEAK HEAT OF CONVERSION 4 0 0  JIG,  X a 1 O O  K 

(ENTHALPY 2 0  K - 1 0 0  K a 9 0 0  J I G )  
0 CONVERSION REQUIRES CATALYST 

0 100% CONVERSION P O S S I B L E  
o -100  G C A T I G H ~ S - ~  FOR APACHI-1 

0 IMPROVED P A S S I V E  SYSTEM 

RELATIVE E1EAT L O A D  

SHIELDS LOCATION TEHPERATURE 2" T O T A L  2" T H I C K E S T  
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