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CONCEPTUAL DESIGN AND ANALYSIS OF SHADOW 
SHIELD SYSTEMS FOR THERMAZ, PROTECTION 

OF CRYOGENIC PROPELLANTS 

F. Gabron and D. Nathanson 

ABSTRACT 

A s tudy  w a s  made t o  determine t h e  e f f e c t i v e n e s s  of shadow s h i e l d s  
f o r  t h e  long-term thermal p r o t e c t i o n  of  a spaceborne liquid-hydrogen 
s t o r a g e  vessel. 
a t e d  f o r  an upper-stage conf igu ra t ion  i n  which t h e  shadow s h i e l d s  were 
loca ted  between a sun-oriented,  10-foot-diameter payload and a nine- 
foot-diameter liquid-hydrogen tank. The designs w e r e  eva lua ted  on the  
b a s i s  of  t h e  system mass penal ty  ( t h e  mass of t h e  shadow s h i e l d s  and 
payload suppor t  s t r u c t u r e  p l u s  t h e  mass of l i q u i d  hydrogen vapor i za t ion  
f o r  a 10,000-hour mission)  and inhe ren t  r e l i a b i l i t y .  

A number of  shadow s h i e l d  conceptual  designs were evalu- 
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CONCEPTUAL DESIGN AND ANALYSIS O F  SHADOW 
SHIELD SYSTEMS FOR THERMAL PROTECTION 

OF CRYOGENIC PROPELLANTS 

F. Gabron and D. Nathanson 

Arthur D. L i t t l e ,  I nc .  

SUMMARY 

Conceptual des igns  f o r  s i x  shadow s h i e l d  systems used t o  reduce 
the  h e a t  flow (and r e s u l t a n t  p rope l l an t  vapor iza t ion)  between a sun- 
o r i e n t e d  s p a c e c r a f t  payload and a l i q u i d  hydrogen (LH2) tank  w e r e  es- 
t ab l i shed .  
an open-truss s t r u c t u r e  f o r  suppor t ing  t h e  payload from t h e  LH2 tank 
and low-emittance shadow s h i e l d s  spaced between the  payload and tank. 
An a d d i t i o n a l  i n s u l a t i o n  system w a s  s e l e c t e d  t o  provide thermal pro- 
t e c t i o n  f o r  t h e  LH2 tank dur ing  ground-hold, a scen t  h e a t i n g  and "near- 
planet"  (non-sun-oriented) phases of t h e  mission. 

The shadow s h i e l d  systems eva lua ted  i n  t h i s  s tudy  comprised 

The i n v e s t i g a t i o n  w a s  l i m i t e d  t o  t h e  a p p l i c a t i o n  of shadow s h i e l d  
concepts t o  a ten-foot-diameter payload and nine-foot-major-diameter 
o b l a t e  sphero id  LH2 tank wi th  a p rope l l an t  capac i ty  of 1160 lb,. 
i n t e r -p l ane ta ry  mission pe r iod  during which t h e  payload w a s  o r i e n t e d  
w a s  taken t o  be  10,000 hours.  

The 

The shadow s h i e l d  systems which were s t u d i e d  included: 

a) Fixed suppor t  s t r u c t u r e s  designed t o  wi ths tand  launch loads ;  

b) Space-erected s t r u c t u r e s  designed t o  wi ths tand  o r b i t a l  a t t i -  
tude-control  fo rces ;  and 

c) Space-erected shadow s h i e l d s  t o  provide a d d i t i o n a l  compensa- 
t i o n  f o r  so l a r -vec to r  misalignment. 

Following a pre l iminary  i n v e s t i g a t i o n  of  LH2 boi l -of f  rates (due 
t o  h e a t  f low via suppor t  conduction and thermal r a d i a t i o n  via t h e  shadow 
s h i e l d s )  and pre l iminary  s t r u c t u r a l  ana lyses ,  design layout  drawings of 
s i x  concepts were made. Optimization ana lyses  w e r e  made t o  select a 
conf igu ra t ion  f o r  each concept which would r e s u l t  i n  a minimum s t a g e  
mass pena l ty  - where t h e  mass penal ty  w a s  def ined  as t h e  mass of t h e  
LH boi l -of f  f o r  a 10,000-hour mission p l u s  the  m a s s  o f  t h e  shadow 2 

x i v  



s h i e l d s  and suppor t  s t r u c t u r e .  
cons ide ra t ions  of mass penal ty  and i n h e r e n t  r e l i a b i l i t y .  

The s i x  designs were eva lua ted  from . 

The r e s u l t s  of t h i s  s tudy  demonstrated t h a t  shadow s h i e l d  systems 
wi th  f i x e d  payload suppor t  s t r u c t u r e s  could be designed t o  have a small 
mass pena l ty  and a s m a l l  payload-to-tank spacing.  
mass f o r  compact, f i xed - s t ruc tu re  concepts can b e  made small by: 
using several low-emittance, low-conductance, c i r c u l a r  shadow s h i e l d s  
appropr i a t e ly  spaced between the  payload and LH2 tank t o  reduce t h e  
r a d i a n t  h e a t  f low t o  t h e  LH2 tank ,  and 2 )  p roper ly  s e l e c t i n g  t h e  con- 
f i g u r a t i o n ,  materials and thermal c o n t r o l  coa t ings  f o r  r a d i a t i v e l y  
cooled s t r u c t u r a l  suppor ts  t o  reduce t h e  conductive h e a t  flow t o  the  
LH2 tank  . 

The LH2 boi l -of f  
1) 

For the  LH2 tank and payload dimensions assumed f o r  t h e  s tudy ,  a 
shadow s h i e l d  system wi th  a f i x e d  payload suppor t  s t r u c t u r e  would have 
a so la r -vec to r  misalignment c a p a b i l i t y  of  approximately + 5 O ,  which 
is judged t o  be  compatible wi th  c u r r e n t  guidance and c o n t r o l  p r a c t i c e .  
Space-erected systems do not  o f f e r  any apprec iab le  reduct ion  i n  m a s s  
pena l ty ,  and t h e  added complexity and reduced r e l i a b i l i t y  in t roduced  
by deployment mechanisms makes such systems u n a t t r a c t i v e  f o r  t h i s  spec- 
i f i c  a p p l i c a t i o n .  

The r e s u l t s  a l s o  showed t h a t  t h e  LH2 boi l -of f  mass f o r  a sun- 
o r i e n t e d ,  10,000-hour mission w a s  s m a l l  by comparison t o  t h e  LH2 b o i l -  
o f f  dur ing  ascent  and non-oriented phases of t h e  mission.  



1.0  INTRODUCTION 

The long-term s t o r a g e  of  cryogens i n  space has  rece ived  a g r e a t  
d e a l  of a t t e n t i o n  dur ing  t h e  p a s t  decade, p a r t i c u l a r l y  wi th  t h e  advent 
of h igh  spec i f ic - impulse ,  hydrogen-fueled, space propuls ion  methods. 
I n  genera l ,  a l a r g e  e f f o r t  has  been devoted t o  t h e  development of h i g h l y  
e f f i c i e n t  m u l t i l a y e r  i n s u l a t i o n s  (MLI) as a means f o r  minimizing t h e  
h e a t  in leakage  and r e s u l t i n g  cryogenic  p r o p e l l a n t  bo i l -of f  i n  t h e  space 
environment. The use of MLI--applied d i r e c t l y  t o  t h e  o u t e r  s u r f a c e s  of 
t h e  cryogenic  tankage--will be  requi red  f o r  those  missions where the  
veh ic l e  i s  randomly o r i e n t e d ,  e s p e c i a l l y  i n  t h e  v i c i n i t y  of  p l a n e t s  
where the  h e a t  i n p u t s  from planet-emit ted r a d i a t i o n ,  a lbedo and d i r e c t  
s u n l i g h t  vary i n  t i m e  and d i r e c t i o n  over  an o r b i t .  
o n s t r a t e d  r e l i a b i l i t y  and c a p a b i l i t y  of a t t i t u d e  c o n t r o l  systems t o  
accu ra t e ly  o r i e n t  a s p a c e c r a f t  f o r  long per iods  i n  deep-space missions,  
(e .g . ,  Mariner I V  which w a s  sun-oriented,  and more f requent  use  of high- 
a l t i t u d e ,  sun-synchronous* e a r t h  o r b i t s )  have s t imu la t ed  i n t e r e s t  i n  
shadow s h i e l d i n g  techniques which r e l y  upon d i r e c t i o n a l  e f f e c t s  t o  
minimize the  h e a t  i n p u t s  from a payload o r  d i r e c t  s u n l i g h t .  

However, t h e  dem- 

The o b j e c t i v e s  of t h e  s u b j e c t  con t r ac t  are t o  eva lua te  s i x  shadow 
s h i e l d  systems and t o  d e l i v e r  t o  NASA LeRC two s e l e c t e d  systems toge the r  
w i th  a cold-sink ca lor imeter .  This  e f f o r t  c o s s i s t s  of two b a s i c  tasks :  

Conceptual Design and Analy t ica l  Evaluat ion of Shadow 
Sh ie ld  Systems 

T e s t  Apparatus Design and Fabr i ca t ion  of  Thermal S c a l e  
Models of  Two Se lec t ed  Systems 

This  I n t e r i m  Report summarizes t h e  work which has  been accomplished 
i n  t h e  conceptual  design and eva lua t ion  of s i x  concepts which u t i l i z e  
shadow s h i e l d i n g  techniques t o  reduce t h e  h e a t  flow t o  an LH2 tank com- 
p r i s i n g  p a r t  o f  a so la r -vec tor -or ien ted  spacec ra f t .  
based on t o t a l  system weight (def ined as the  weight of t he  shadow s h i e l d  
system p lus  t h e  weight of vaporized p r o p e l l a n t  due t o  h e a t  leaks f o r  
ope ra t iona l  per iods  up t o  10,000 hours) and the  inhe ren t  r e l i a b i l i t y  
based on mechanical and ope ra t iona l  complexity. 
i n  t h i s  s tudy  inc lude :  

The eva lua t ion  i s  

The concepts eva lua ted  

Space-Erectable Systems 

Ground-Erected (Fixed) Systems 

* Systems which Provide f o r  Solar-Vector Misalignment 

* 
Typica l ly ,  near-polar  earth o r b i t s  where t h e  pe r iod  o f  nodal  regres-  
s i o n  can  b e  made equal  t o  a y e a r  and t h e  o r b i t a l  p l ane  thereby f i x e d  
wi th  r e s p e c t  t o  t h e  sun. 
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The v e h i c l e  chosen as a r e p r e s e n t a t i v e  conf igu ra t ion  f o r  t h i s  
s tudy  i s  t e n  f e e t  i n  diameter  w i t h  a n  1160-pound capac i ty  LH2 tank sus- 
pended w i t h i n  the  v e h i c l e  s t r u c t u r e .  The tank is  a nine-foot-diameter 
o b l a t e  sphero id  and weighs 200 pounds. The v e h i c l e  s t r u c t u r e  (between 
t h e  LH2 tank  and payload) t r a n s m i t t i n g  t h e  t h r u s t  loads  of  lower s t a g e s  
and i n e r t i a  loads  o f  t he  LH2 tank  is an open-frame t r u s s ,  and t h e  shadow 
s h i e l d s  are p laced  between t h e  payload and LH2 tank.  

(288K) wi th  a mass o f  e i t h e r  1500, 2500 o r  4000 l b s .  
The payload w a s  assumed t o  be  a t  a cons tan t  temperature of  520R 

I n  a d d i t i o n  t o  t h e  eva lua t ion  of t h e  shadow s h i e l d  concepts ,  t h i s  
I n t e r i m  Report conta ins  a b r i e f  s tudy  and eva lua t ion  of i n s u l a t i o n  sys- 
tems t o  be app l i ed  t o  t h e  LH2 tank f o r  thermal p r o t e c t i o n  during ground- 
hold ,  a s c e n t ,  and phases of t h e  mission where t h e  s p a c e c r a f t  receives 
r a d i a t i o n  from p lane ta ry  sources .  

Following t h e  s e l e c t i o n  of two of t h e  concepts descr ibed  h e r e i n  
by NASA LeRC, t h e  design of t h e  two s e l e c t e d  systems w i l l  be  s c a l e d  
down, and t h e  thermal performance o f  each eva lua ted  under test condi- 
t i o n s .  
t o  NASA LeRC f o r  t e s t i n g .  

The Fwo systems w i l l  be  f a b r i c a t e d ,  instrumented and de l ive red  

2 0 BACKGROUND 

The b a s i c  concept of u t i l i z i n g  shadow s h i e l d s  t o  p r o t e c t  payloads 
o r  cryogenic  s t o r a g e  vessels has  been d iscussed  i n  t h e  l i t e r a t u r e  f o r  
a number of d i f f e r e n t  missions inc lud ing  s o l a r  probes,  l u n a r  and plane- 
t a r y  o r b i t e r s ,  etc. A cons iderable  po r t ion  of t h e  l i t e r a t u r e  on shadow 
s h i e l d  systems has  been devoted t o  shadow s h i e l d  systems which are used 
t o  i n t e r e e p t  s o l a r  energy - t he  main source f o r  extended du ra t ion  i n t e r -  
p l ane ta ry  missions by use  of space-erected (mechanical o r  i n f l a t a b l e )  
shadow s h i e l d s .  The shadow s h i e l d s  i n  such cases are l o c a t e d  i n  f r o n t  
of  t h e  o r i e n t e d  payload t o  be  p ro tec t ed  s o  as t o  i n t e r c e p t  t h e  c o l l i -  
mated s o l a r  energy and r e r a d i a t e  t h e  major f r a c t i o n  of t h e  i n t e r c e p t e d  
energy t o  o u t e r  space.  A space-erected s o l a r  s h i e l d  w a s  u t i l i z e d  on 
the  r e c e n t  Mariner Venus 67  s p a c e c r a f t  t o  minimize t h e  e f f e c t s  of t h e  
change i n  s o l a r  i n t e n s i t y  which occur  i n  t h e  Earth-Venus t r a j e c t o r y .  

The p resen t  s tudy  i s  d i r e c t e d  (by c o n t r a c t )  t o  shadow s h i e l d  sys- 
t e m s  f o r  reducing t h e  h e a t  flow between a payload, whose temperature  
i s  controlPed t o  a f i x e d  level,  and an LH2 s t o r a g e  tank. 
t i o n ,  t h e  s t a g e  i s  o r i e n t e d  s o  t h a t  t h e  payload f aces  t h e  sun and t h e  
shadow s h i e l d s  are in t e rposed  between t h e  payload and t h e  LH2 s t o r a g e  
vessel. The shadow s h i e l d s  are used t o  p r o t e c t  t h e  LH2 tank  from ther -  
m a l  r a d i a t i o n  emanating from t h e  payload and t h e  payload i n  e f f e c t  thus  
becomes t h e  shadow s h i e l d  which i n t e r c e p t s  t h e  i n c i d e n t  s o l a r  energy. 

I n  t h i s  s i t u a -  

The concept of shadow s h i e l d i n g  an LH2 tank  from payload r a d i a t i o n  
i n  t h e  manner descr ibed  above w a s  d i scussed  by Knoll  and Oglebay 
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* 
(1963). This  pre l iminary  a n a l y t i c a l  s tudy  showed t h a t  a few spaced 
shadow s h i e l d s  of low emi t tance  could be  used t o  e l imina te  any h e a t  
leakage by r a d i a t i o n  from a room-temperature payload t o  an LH2 tank. 
The advantages of  u s ing  shadow s h i e l d  systems as opposed t o  t h e  use  of 
m u l t i l a y e r  i n s u l a t i o n s  and the  problem and a p p l i c a t i o n  areas f o r  l i g h t -  
weight thermal p r o t e c t i o n  systems w e r e  discussed.  

A more r ecen t  p u b l i c a t i o n  by Knoll ,  e t  a1 (1966) p re sen t s  t h e  
r e s u l t s  of a combined a n a l y t i c a l  and experimental  s tudy  of t he  e f f ec -  
t i veness  o f  mul t ip l e ,  f l a t - p l a t e  shadow s h i e l d s .  
shadow s h i e l d  system us ing  a 12.75-inch-diameter LN2 tank as a calorim- 
eter and a h e a t e r  p l a t e  ( t o  s imula t e  a payload) whose temperature  could 
be  con t ro l l ed  up t o  approximately 800R.  
sonably w e l i  w i th  a n a l y t i c a l  p r e d i c t i o n s ,  and provided an i n d i c a t i o n  
of  t he  thermal i n t e r a c t i o n  between t h e  shadow s h i e l d s  and t h e i r  sup- 
p o r t i n g  s t r u c t u r e .  The r e s u l t s  of pre l iminary  design s t u d i e s  f o r  a 
shadow-shielded, 7000-lb., hydrogen-oxygen s t a g e  having a mission dura- 
t i o n  of 200 days w e r e  a l s o  presented.  I n  t h i s  s tudy  a sun-oriented 
payload w a s  maintained a t  5 3 0 R  and t h e r e  w a s  a 1-foot  spac ing  between 
t h e  payload and LH2 tank. 
t o  suppor t  conduction could b e  apprec i ab le  and i n d i c a t e d  the  need f o r  
a d d i t i o n a l  work t o  reduce t h a t  component of system m a s s  pena l ty .  It 
w a s  a l s o  concluded t h a t  shadow s h i e l d  systems of f e r  p o t e n t i a l  weight 
savings €or t h e  s t o r a g e  of cryogens during long-term missions,  i n  com- 
pa r i son  t o  systems where the  veh ic l e  is  o r i e n t e d  and m u l t i l a y e r  i n su la -  
t i o n  ("super in su la t ion" )  i s  used f o r  thermal p r o t e c t i o n .  

T e s t s  were made on a 

The test r e s u l t s  agreed rea- 

The r e s u l t s  showed t h a t  t h e  LH2 boi l -of f  due 

The work presented  h e r e i n  is an  ex tens ion  of t h e  work presented  
by Knoll ,  e t  a1 (1966). 
op t imiza t ion  s tudy  of f l i gh t - type  thermal p r o t e c t i o n  systems which 
included t h e  fol lowing important v a r i a b l e s :  

Considerable  e f f o r t  w a s  devoted t o  a d e t a i l e d  

0 Tank-to-Payload Spacing Dimensions 

Shadow Sh ie ld  System C h a r a c t e r i s t i c s  

Surface  Op t i ca l  P rope r t i e s  
Number of Shie lds  
Locat ion and Attachment 
Shape 

S t r u c t u r a l  Supports 

Materials 
Configurat ion 
Surface  Op t i ca l  P r o p e r t i e s  
Improved Cooling Methods 

* 
Ci ted  r e fe rences  are l i s t e d  i n  Sec t ion  13.1. 
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Space-Erected Systems t o  Provide S o l a r  Misalignment 
Capab i l i t y  and Minimum LH Boil-off 2 

* Ground-Hold and O r b i t a l  I n s u l a t i o n  

3.0 CONCEPTUAL DESIGN OF SHADOW SHIELD SYSTEMS 

3.1 In t roduc t ion  

An a n a l y s i s  of chemical upper s t a g e s  f o r  s c i e n t i f i c  missions 
w a s  p resented  by the  Advanced Development and Evaluat ion Div is ion  of  
NASA LeRC (1965). 
t h a t  could be  in t roduced  i n t o  the  p re sen t  family of NASA launch veh ic l e s  
( i . e . ,  Atlas-Centaur and Saturn IB-Centaur launch veh ic l e s )  t o  provide  
increased  capac i ty  and c a p a b i l i t y  f o r  advanced, high-energy NASA m i s -  
s i o n s  were s tudied .  The performance of small, high-energy kick-stage 
conf igura t ions  i s  c r i t i c a l l y  dependent on t h e  mass of i n s u l a t i o n  and 
boi l -of f  of t h e  LH2 f u e l  during the  mission. 
fur thermore,  r a t h e r  i d e a l l y  s u i t e d  t o  the  use of shadow s h i e l d  systems 
f o r  thermally p r o t e c t i n g  the  LH2 s t o r a g e  vesse l .  

A number of conf igura t ions  u t i l i z i n g  hydrogen f u e l  

These conf igura t ions  are,  

The genera l  arrangement of component systems f o r  an LH2 
fue led  upper s t a g e  i s  presented  i n  F igure  1. 
clude the  necessary thermal p r o t e c t i o n  system f o r  t h e  LH2 tank. The 
major components c o n s i s t  of t he  payload s t r u c t u r a l l y  connected t o  an  
LH2 p r o p e l l a n t  tank,  ox idant  tanks,  propuls ion components, etc.  With 
t h i s  genera l  arrangement of  t h e  payload and LH2 tank ,  t h e  shadow s h i e l d  
concept could be used t o  p r o t e c t  t h e  LH2 tank assuming t h a t  an a t t i t u d e  
c o n t r o l  system w a s  provided t o  cont inuously o r i e n t  t h e  payload t o  t h e  
sun. The shroud surrounding t h e  LH2 tank and payload would be  j e t t i s o n -  
ed dur ing  the  i n i t i a l  s t a g e  of t he  i n t e r p l a n e t a r y  t r a n s f e r  o r b i t .  With 
an  open-truss s t r u c t u r e  connecting t h e  LH2 tank t o  t h e  payload, mu l t ip l e  
shadow s h i e l d s  could b e  in te rposed  between t h e  payload and tankage t o  
minimize t h e  boi l -of f  of LH 

The drawing does n o t  i n -  

p rope l l an t .  2 

It is wi th in  t h i s  b a s i c  class of upper-stage conf igura t ions  
t h a t  t h e  s tudy  repor ted  h e r e i n  w a s  d i r ec t ed .  The system requirements 
included t h e  provis ions  of  a support  s t r u c t u r e  between t h e  payload and 
t h e  LH2 tank t o  wi ths tand  launch loads ,  a thermal p r o t e c t i o n  system f o r  
ground-hold and p l ane ta ry  opera t ions ,  and a system of  shadow s h i e l d s  
between t h e  payload and LH2 tank t o  minimize r a d i a t i v e  t r a n s f e r  dur ing  
a coas t  mission up t o  10,000 hours.  The s tudy w a s  l i m i t e d  by c o n t r a c t  
d e f i n i t i o n  t o  a payload having a cons tan t  temperature of 520'R. 
payload mass w a s  v a r i e d  pa rame t r i ca l ly  i n  t h e  s tudy  t o  inc lude  masses 
of  1500, 2500 and 4000 l b s .  
diameter  o b l a t e  sphero id  made of aluminum, weighing a maximum of 200 
l b s . ,  w i th  an  1160-lb. LH2 capac i ty .  

The 

The LH2 tank w a s  taken t o  be a 9-foot- 
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3.2 Program Plan  

The p l a n  of approach w a s  t o  f i r s t  complete conceptual  de- 
signs of  s i x  realist ic f l i gh t - type  shadow s h i e l d  systems. 
w a s  analyzed w i t h  r e spec t  t o  both thermal and s t r u c t u r a l  c h a r a c t e r i s t i c s  
by d i g i t a l  computer techniques,  and t h e  temperature d i s t r i b u t i o n s  i n  
s h i e l d s  and suppor t s  and t h e  LH2 boi l -of f  f o r  each of  t h e  s i x  concepts 
were predic ted .  F i n a l l y ,  a d e t a i l e d  eva lua t ion  of t h e  conceptual  de- 
signs w a s  made e s t a b l i s h i n g  the  merit of t h e  conceptual  designs by 
provid ing  a r a t i n g  of :  

Each system 

1) T o t a l  system mass--the mass of  t h e  shadow s h i e l d  system 
inc lud ing  suppor ts  between the  payload and the  LH2 
tank  p l u s  t h e  LH2 bo i l -o f f ,  due t o  h e a t  l e a k  through 
the  system f o r  t i m e s  up t o  10,000 hours .  

2) Mechanical and ope ra t ion  complexity ( inhe ren t  relia- 
b i l i t y ) .  

The d e t a i l s  of the  approach presented  i n  g raph ica l  form are 
shown i n  F igure  2. 

This  work w a s  made up of t h r e e  major phases as i n d i c a t e d  i n  
the  diagram. 
number o f  b a s i c  concepts which seemed s u i t a b l e  f o r  a p p l i c a t i o n  i n  shadow 
s h i e l d  systems. The s e l e c t i o n  included concepts f o r  f i x e d  launch sup- 
p o r t  s t r u c t u r e s ,  space-erected s t r u c t u r e s ,  var ious  shadow s h i e l d  geome- 
tries, space-erected s h i e l d s  and methods of coo l ing  t h e  s t r u c t u r e  t o  
reduce boi l -of f  l o s s e s  from conduction. Concepts were a l s o  considered 
and o u t l i n e d  f o r  suppor t ing  the  LH2 tank ,  d i s t r i b u t i n g  loads  uniformly 
about  t he  tank  s t r u c t u r e ,  and f o r  provid ing  a thermal p r o t e c t i o n  system 
f o r  ground-hold and p l ane ta ry  opera t ions .  

The f i r s t  phase involved a prel iminary s e l e c t i o n  of a 

The second phase involved paramet r ic  s t u d i e s  of shadow 
s h i e l d s  and payload suppor t  s t r u c t u r e s  assuming "no thermal i n t e r a c t i o n s "  
so  t h a t  t h e  s i g n i f i c a n t  design parameters of each could b e  cha rac t e r i zed  
independently.  The r e s u l t s  of  t h i s  s tudy  i n d i c a t e d  t h e  s h i e l d  configura-  
t i o n  a t  each L/D ( t h e  r a t i o  of payload-tank spac ing  t o  t h e  payload di-  
ameter) r e s u l t i n g  i n  t h e  minimum value  of  the  s h i e l d  m a s s  p lus  t h e  LH2 
boi l -of f  and, depending upon the  s t r u c t u r a l  material and whether t h e  
s t r u c t u r e  w a s  f i x e d  o r  space-erected,  t h e  optimum conf igu ra t ion  m d  
geometry of t h e  s t r u c t u r a l  suppor ts  as a func t ion  of  L/D. 

The t h i r d  and f i n a l  phase cons i s t ed  o f  combining LLIC EWO 
s e p a r a t e  ana lyses  t o  ob ta in  a measure of minimum t o t a l  mass ( s t r u c t u r e  
p l u s  boi l -of f )  as a func t ion  of L/D and t o  select and design shadow 
s h i e l d  systems f o r  f i n a l  eva lua t ion .  Each concept w a s  thermally ana- 
lyzed  i n  d e t a i l  cons ider ing  t h e  e f f e c t s  of  thermal i n t e r a c t i o n s ,  ground- 
ho ld  and o r b i t a l  thermal p r o t e c t i o n ,  etc.; t h e  o v e r a l l  masses of t h e  
systems were summarized; and systems eva lua t ions  w e r e  made on t h e  b a s i s  
of mass and inhe ren t  r e l i a b i l i t y .  
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S T R U C T U W  ANALY S I S PRELIMINARY ANALYSIS O F  

PHASE 1 

t t .. 
PRELIMINARY ANALYSIS 

O F  CONDUCTIVE HEAT FLOW PHASE 2 

I 

I MINIMUM WEIGHT OF SHIELDS 
AND RAD. BOIL-OFF VS . L/D I MINIMUM WEIGHT OF STRUCTURAL 

SUPPORTS- AND CONDUCTIVE 
BOIL-OFF VS. L/D 

CTION AND DESIGN O F  

I THERMAL, INTEUCTION 
ANALYSIS 

PHASE 3 

FIGURE 2 PROGRAM PLAN - CONCEPTUAL DESIGN AND 
EVALUATION OF SHADOW SHIELD SYSTEMS 

* 
L / D  i s  t h e  r a t i o  of t h e  spacing between t h e  LH2 tank  and payload 
d iv ided  by the  diameter.  
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3.3 Pre l iminary  Concepts 

The fol lowing d i scuss ion  b r i e f l y  o u t l i n e s  var ious  b a s i c  
concepts which w e r e  s u i t a b l e  f o r  shadow s h i e l d  systems inc lud ing  var- 
ious  concepts f o r  reducing h e a t  l e a k  due t o  conduction h e a t  t r a n s f e r  i n  
the  s t r u c t u r a l  suppor ts .  The system concepts f a l l  i n t o  two genera l  
ca t egor i e s  : 

1) Fixed launch support  s t r u c t u r e  wi th  f i x e d  s h i e l d s .  

2) Fixed launch support  s t r u c t u r e  wi th  space-erected 
s h i e l d s ,  and space-erected s t r u c t u r e s .  

3.3.1 Fixed S t r u c t u r e  and Fixed Sh ie lds  

A t y p i c a l  shadow s h i e l d  concept wi th  a f i x e d  launch 
support  s t r u c t u r e  is shown i n  Figure 3. The payload suppor t  s t r u c t u r e  
c o n s i s t s  of a s imple t r u s s  framework arranged symmetrically i n  cy l in-  
d r i c a l  fash ion  between t h e  payload and the  LH2 tank. The elements of 
t h e  t r u s s  are t u b u l a r  i n  geometry and of equal  length .  A tank support  
system provides  a t r a n s i t i o n  between t h e  payload support  s t r u c t u r e  and 
the  LH2 tank and serves t o  d i s t r i b u t e  t h e  loads  uniformly over  t h e  c i r -  
cumference of t h e  tank. The 9-foot-diameter o b l a t e  sphero id  tank  and 
t h e  tank suppor t  con ta in  an i n t e g r a t e d  i n s u l a t i o n  system t o  provide  f o r  
ground-hold and o r b i t a l  thermal p ro tec t ion .  The angle  8 def ines  t h e  
al lowable misalignment i n  po in t ing  ang le  f o r  t h e  f i x e d  s t r u c t u r e .  
angle  i s  only a func t ion  of t he  spac ing  r a t i o  f o r  t h e  fixed-diameter 
payload and tank considered i n  t h i s  s tudy .  

The 

The system mass of  a shadow-shielded design inc ludes  
t h e  fol lowing components: 

1) Mass o f  t h e  s h i e l d  system. 

2) Mass of t he  payload suppor t  s t r u c t u r e .  

3) 

4 )  

LH2 boil -off  mass due t o  r a d i a n t  t r a n s f e r .  

LH2 boi l -of f  mass due t o  conduction between the  
payload and LH2 tank. 

I n  des igning  a f ixed-s t ruc ture  system, i t  is d e s i r a b l e  t o  minimize t h e  
sum o f  t h e  above f o u r  components and, a t  t h e  s a m e  t i m e ,  maintain a 
payload-to-tank spac ing  which is as s h o r t  as p o s s i b l e  t o  reduce the 
l eng th  and m a s s  a s s o c i a t e d  wi th  the  shroud enc los ing  t h e  upper s t age .  

The mass of t h e  shadow s h i e l d  system is  r e l a t e d  t o  
t h e  number, shape and material used i n  f a b r i c a t i o n .  The mass of the 
s t r u c t u r e  is r e l a t e d  t o  t h e  t r u s s  arrangement, payload m a s s ,  tank-to- 
payload spac ing  and t h e  suppor t  material p r o p e r t i e s .  The mass of t h e  

8 



7 LH2 TANK INSULATED FOR GROUND-HOLD A N D  
ORBITAL THERMAL PROTECTION 

TANK SUPPORT SYSTEM-)/ 

FIGURE 3 - FIXED LAUNCH SUPPORT STRUCTURE 
CONCEPT 
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LH2 boi l -of f  due t o  r a d i a n t  t r a n s f e r  from t h e  payload i s  determined by: 

Overall spac ing  r a t i o  between t h e  
LH2 tank and payload 

0 Number of shadow s h i e l d s  

Shape of shadow s h i e l d s  

S p a t i a l  d i s t r i b u t i o n  of  t h e  s h i e l d s  
between t h e  tank and payload 

Emittance p r o p e r t i e s  

Reflectance c h a r a c t e r i s t i c s  

E f fec t iveness  of  t he  ground-hold 
and o r b i t a l  i n s u l a t i o n  

F i n a l l y ,  t h e  mass of LH2 boi l -of f  due t o  conduction via the  suppor t  s t r u c -  
t u r e  depends on the  s t r u c t u r a l  arrangement (number of  t r u s s  members, d i -  
ameter, w a l l  t h i ckness ,  e tc . ) ,  spacing r a t i o ,  thermal conduc t iv i ty ,  and 
the  s u r f a c e  the rma l /op t i ca l  p r o p e r t i e s .  

I n v e s t i g a t i o n s  of t h e  f ixed - s t ruc tu re  concept in-  
cluded t h e  use  of  d i f f e r e n t  s h i e l d  shapes and arrangements as shown i n  
Figure 4. 
pre l iminary  a n a l y s i s  t o  be  descr ibed i n  Sec t ion  4.2.2. 

The relative e f f e c t i v e n e s s  of such shapes w a s  eva lua ted  i n  a 

I n  a fixed-support  s t r u c t u r e ,  t he  LH2 boi l -of f  due 
t o  conduction along t h e  suppor ts  can be  cons iderable ,  because of the  re- 
qu i r ed  w a l l  th ickness  t o  wi ths tand  t h e  launch loads .  Severa l  methods of 
cool ing  t h e  s t r u c t u r e  temperatures and reducing t h e  conduction boi l -of f  
mass are i l l u s t r a t e d  i n  F igure  5. Concept (a) i l l u s t r a t e s  a t y p i c a l  
p a t t e r n  of  thermal-control coa t ings  which provides  r a d i a t i o n  cool ing.  
The s u r f a c e  n e a r  t h e  per iphery  of t h e  shadow s h i e l d  ( f ac ing  space)  has  
a high-emittance coa t ing  t o  a l low the  support  t o  r a d i a t i v e l y  d i s s i p a t e  
h e a t ,  whi le  t he  p o r t i o n  f ac ing  the  i n t e r i o r  of  t h e  shadow s h i e l d  system 
has  a low-absorptance coa t ing  t o  minimize r a d i a t i v e  i n t e r a c t i o n s  wi th  
t h e  shadow s h i e l d s  and t h e  payload. 

The suppor t  f o r  Concept ( b ) ,  i n  a d d i t i o n  t o  similar 
thermal-control  p a t t e r n ,  has  a pant- leg r a d i a t o r  h e a t  s t a t i o n e d  t o  t h e  
suppor t  at some l o c a t i o n ,  x, and extends over  t h e  remaining p o r t i o n  of 
t h e  support .  
enc loses  have low-emittance su r faces  t o  minimize r a d i a t i v e  h e a t  exchange 
between the  r a d i a t o r  and t h e  coo le r  p o r t i o n  of t h e  suppor t .  
thermal  conductance r a d i a t o r  o r  f i n  coo l s  t h e  suppor t  by d i s s i p a t i n g  
heat t o  space from a high-emittance s u r f a c e ,  and can reduce t h e  tempera- 
t u r e  g r a d i e n t  a t  t h e  base  of t h e  suppor t  (near  t h e  LH tank) .  The 

The i n n e r  s u r f a c e  of t h e  r a d i a t o r  and t h e  support  area it 

The h igh  

2 
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e f f e c t i v e n e s s  of  t h i s  concept i n  reducing the  LH2 boi l -of f  from con- 
duc t ion  depends upon l o c a t i o n  of t he  r a d i a t o r ,  t h e  r a t i o  of  diameters  
D2/D1, and t h e  thermal-control  p a t t e r n  on t h e  suppor t  and r a d i a t o r .  

Concept (c) shows a s t r u c t u r a l  suppor t  cooled us ing  
t h e  s e n s i b l e  en tha lpy  of t h e  LH2 boi l -of f  which results from t h e  radia-  
t i o n  and conduction h e a t  flow t o  t h e  LH2 tank. A vapor-coolant l i n e  is 
bonded t o  the  suppor t  a t  a number of l o c a t i o n s  s o  t h a t  t h e  vent ing  gas- 
eous hydrogen w i l l  coo l  t he  suppor t  s t r u c t u r e  and thereby reduce t h e  
conduct ive heat flow a t  t h e  tank end. 

A number of t he  important  v a r i a b l e s  and design op- 
t i o n s  a v a i l a b l e  t o  minimize the  h e a t  l e a k  and system mass have been 
discussed.  From t h e s e  cons ide ra t ions ,  i t  can thus  be  seen  t h a t  t h e  
number of  v a r i a b l e s  i s  l a r g e  and t h a t  a t r u l y  optimum design of minimum 
system mass would be  e s s e n t i a l l y  impossible  t o  d e f i n e  i f  t h e  interac- 
t i o n s  of a l l  v a r i a b l e s  were t o  be  considered s imultaneously.  This  i s  
t h e  reason why a number of t he  important  v a r i a b l e s  were screened and 
optimized independent ly  t o  arrive a t  near-optimum conf igu ra t ions .  

It w i l l  be  demonstrated by the  r e s u l t s  of ana lyses  
descr ibed  i n  fol lowing s e c t i o n s  t h a t  i t  i s  no t  d i f f i c u l t  t o  design a 
system wi th  e s s e n t i a l l y  no LH2 boi l -of f  due t o  r a d i a t i o n  and t h a t  t h e  
s h i e l d  mass w i l l  b e  small. Furthermore, i t  w i l l  be  shown t h a t  t he  mass 
of t h e  ground-hold and o r b i t a l  i n s u l a t i o n  and t h e  LH2 boi l -of f  dur ing  
a scen t  and o r b i t a l  ope ra t ion  p lay  an important  r o l e  i n  determining the  
o v e r a l l  system mass. 

It should b e  noted t h a t  a c y l i n d r i c a l  tank suppor t  
w a s  designed t o  d i s t r i b u t e  the  loads from the  open-truss s t r u c t u r e  
around t h e  per iphery  of t h e  LH2 tank. 
b e  i n s u l a t e d  f o r  minimizing t h e  ground-hold h e a t  l eak .  This  cy l ind r i -  
cal tank suppor t  i s  common t o  a l l  of t h e  concepts t o  be  discussed.  

This  s t r u c t u r e  w a s  designed t o  

3.3.2 Space-Erected Concepts 

Figure 6 i l l u s t r a t e s  a shadow s h i e l d  concept wi th  
a fixed-payload suppor t  s t r u c t u r e  and p a r t  o f  t h e  shadow s h i e l d  system 
space  e rec t ed .  I n  t h i s  case, two f l a t ,  c i r c u l a r  s h i e l d s  are used wi th  
mul t ip l e  annular  s h i e l d s  which are deployed i n  space  t o  compensate f o r  
v e h i c l e  misalignment wi th  the  s o l a r  vec tor .  The forward s u r f a c e  o f  t h e  
space-erected s h i e l d  on the payload has  a coa t ing  wi th  a low s o l a r  
absorptance-to-emittance r a t i o  t o  minimize s o l a r  h e a t  i n p u t  t o  the sys- 
tem.  
on t h e  s h i e l d  diameters  as deployed. During launch,  t h e  s h i e l d s  are 
fo lded  w i t h i n  t h e  shroud and r e s t r a i n e d .  
a pyro technic  o r  o t h e r  s u i t a b l e  device i s  used t o  deploy t h e  annu la r  
deployable  s h i e l d s .  

The degree t o  which s o l a r  misalignment can be  accommodated depends 

Af t e r  t he  shroud i s  j e t t i s o n e d ,  
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The thermal cons ide ra t ions  i n  t h i s  case are similar 
t o  those  prev ious ly  descr ibed  f o r  a f i x e d  s t r u c t u r e .  

A s t r u c t u r e  which i s  deployed i n  space has t h e  ad- 
vantage of n o t  having t o  wi ths tand  t h e  launch loads  and would i n s t e a d  
be s u b j e c t  t o  t h e  cons iderably  lower maneuvering loads  during t h e  c o a s t  
mission. 
low thermal conductance members which can reduce t h e  mass of t h e  s t r u c -  
t u r e  and t h e  conduction h e a t  flow. 
a f f e c t  t h e  l eng th  of t h e  shroud, a l a r g e  payload-tank spac ing  can be 
u t i l i z e d  t o  minimize r a d i a n t  h e a t  t r a n s f e r  wi th  a small number of l i g h t -  
weight ,  space-erected shadow s h i e l d s .  The sav ings  i n  s t r u c t u r e  and 
s h i e l d  masses, however, must be traded-off aga ins t  t h e  m a s s  and opera- 
t i o n a l  complexity of t h e  a c t u a t i o n  systems requi red  f o r  deployment. 

As a resul- t ,  t h e  s t r u c t u r e  can be composed of l i gh twe igh t ,  

Since t h e  deployed l eng th  does no t  

One concept f o r  an  erectile s t r u c t u r e  inc ludes  
h inging  l i gh twe igh t  t u b u l a r  "A" frames from the  payload and LH2 tank, 
as shown i n  Figure 7. 
a h inge  so t h a t  they can be swung outward and even tua l ly  back a g a i n s t  
t h e  circumference of t h e  LH2 tank dur ing  r e t r a c t i o n .  When deployed, 
t h i s  s t r u c t u r e  c o n s i s t s  of a series of "X" members spaced around t h e  
circumference of t h e  shadow s h i e l d s .  
concept i n  t h e  deployed and stowed conf igu ra t ion .  The a c t u a t i o n  system 
f o r  t h i s  s t r u c t u r e  has  been omit ted f o r  c l a r i t y  bu t  would c o n s i s t  of a 
powered winch which would s imultaneously wind and unwind a c t u a t i o n  
cab le s  a t t ached  t o  t h e  apexes of a l l  t h e  "A" frames which have hinged 
connect ions a t  the  payload and tank suppor t  system. 

has  s u f f i c i e n t  r i g i d i t y  s o  t h a t  the  a t t i t u d e  c o n t r o l  system could be 
ac tua ted  dur ing  s t r u c t u r e  deployment, i f  necessary.  

These frames would be j o i n e d  a t  t h e i r  apexes by 

Figure 7 shows t h e  "A" frame 

I n  t h i s  manner a l l  
frames move s imultaneously t o  prevent  cockiag, and t h e  system always 11 I 1  A 

An ex tend ib le  s t r u c t u r e  made by us ing  many "STEM" 
elements i n  p a r a l l e l ,  spaced around t h e  s p a c e c r a f t  circumference is  
shown schemat ica l ly  i n  F igure  8. A "STEM" i s  a s t o r a b l e ,  t u b u l a r ,  ex- 
t e n d i b l e  member made up of a preformed t h i n  m e t a l  t ape  which i s  wound 
on a drum dur ing  s t o r a g e .  When t h e  t ape  i s  unwound from t h e  drum, i t  
assumes thin-wal l  t u b u l a r  shape. This  system would be  a c t u a t e d  by a 
c e n t r a l  power source  which would be  connected t o  a l l  t h e  "STEM" winding 
drums. I n  t h i s  way, a l l  "STEM" elements ,  l i k e  t h e  "A"-frame elements ,  
would deploy and retract s imultaneously t o  prevent  cocking. 

A t h i r d  concept f o r  a space-erected s t r u c t u r e  is  
presented  i n  F igure  9. 
th in-wal l  tubes which nest i n s i d e  one another  when t h e  s t r u c t u r e  i s  re- 
t r a c t e d .  The a c t u a t i o n  system would c o n s i s t  of a central-powered winch 
which would s imultaneously wind and unwind cab le s  which would extend o r  
retract a l l  tubes.  

The elements are composed of stepped-diameter, 

A d e t a i l e d  a n d y s i s  of t h e  s t r u c t u r a l  c h a r a c t e r i s -  
tics and t h e  mass of t h e  s t r u c t u r e  f o r  t hese  t h r e e  pre l iminary  concepts  
w i l l  be  p re sen ted  i n  Sec t ion  5.3. 
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4.0 RADIANT HEAT TRANSFER I N  SHADOW SHIELD SYSTEMS 

4 .1  In t roduc t ion  

The fol lowing d i scuss ion  desc r ibes  t h e  thermal a n a l y s i s  of  
a thermal p r o t e c t i o n  system composed of shadow sh ie lds - - s i tua t ed  between 
a sun-oriented payload and a shadowed LH2 tank--to i n t e r c e p t ,  r e f l e c t  
and reject t h e  r a d i a n t  h e a t  f l u x  emanating from t h e  payload. 
l y s i s  cons i s t ed  of  two phases:  l) a pre l iminary  a n a l y t i c a l  a n a l y s i s ,  
and 2) a d e t a i l e d  paramet r ic  s tudy  us ing  d i g i t a l  computer techniques.  

This ana- 

I n  t h e  pre l iminary  a n a l y s i s ,  s i m p l i f i e d  mathematical  models 

The r e s u l t s  
were used t o  i n v e s t i g a t e  t h e  e f f e c t s  of s h i e l d  shape and s p a c i a l  d i s -  
t r i b u t i o n  of s h i e l d s  between t h e  payload and t h e  LH2 tank. 
of  t h i s  a n a l y s i s ,  p resented  i n  Sec t ion  4.2, se rved  as a pre l iminary  
guide f o r  t h e  i n i t i a l  design o f  shadow s h i e l d  systems and a ided  i n  de- 
f i n i n g  t h e  requirements of a r a d i a n t  h e a t  t r a n s f e r  computer program, 
which w a s  developed as a p a r t  of t h i s  work. 
i s  a l s o  made t o  s t u d i e s  performed a t  NASA L e w i s  Research Center  inves- 
t i g a t i n g  t h e  e f f e c t s  of s h i e l d  spacing.  

I n  Sec t ion  4.2 re ference  

The use  of a computer program developed f o r  eva lua t ing  t h e  
r a d i a n t  t r a n s f e r  i n  shadow s h i e l d  systems as a func t ion  of L/D, number 
of i n t e rmed ia t e  shadow s h i e l d s  between t h e  payload and LH2 t ank ,  s h i e l d  
material and s u r f a c e  o p t i c a l  c h a r a c t e r i s t i c s  ( specu la r  o r  d i f f u s e  re- 
f l e c t i o n s )  is  d iscussed  i n  Sec t ion  4.3. The computed d a t a  are presented  
i n  a genera l  format s o  t h e i r  use is  no t  l i m i t e d  t o  a p a r t i c u l a r  payload 
diameter  o r  mission t i m e .  Deta i led  d a t a  obta ined  from computer ana lyses  
which were u t i l i z e d  t o  determine near-optimum arrangements of shadow 
s h i e l d s  f o r  a 10-foot-diameter payload and a 10,000-hour coas t  mission 
are presented  i n  Sec t ion  7.2.1. The shadow s h i e l d  opt imiza t ion  w a s  
based on the  m a s s  of t h e  s h i e l d s  inc lud ing  suppor ts  and at tachments ,  
and t h e  LH2 boi l -of f  due t o  r ad ia t ion .  

4.2 S impl i f i ed  Analysis  

A number of  s t u d i e s  have been r epor t ed  which relate t h e  per- 
formance of shadow s h i e l d  systems t o  t h e  emi t tance ,  t h e  number of  equal ly  
spaced s h i e l d s  and t h e  spac ing  between a high-temperature source  and a 
low-temperature s ink .  
c i r c u l a r  source  and s i n k  of some diameter ,  and in t e rmed ia t e  s h i e l d s  of 
t h e  same diameter  w i t h  a uniform temperature d i s t r i b u t i o n ,  a uniform 
r a d i o s i t y  d i s t r i b u t i o n  and s u r f a c e s  w i t h  a d i f f u s e  emi t tance  and r e f l e c -  
tance.  The d a t a  r e s u l t i n g  from these  s t u d i e s  i n d i c a t e d  t h a t  t h e  h e a t  
f l u x  absorbed by t h e  low-temperature s i n k  w a s  a s t r o n g  func t ion  of t h e  
number of  equa l ly  spaced s h i e l d s ,  t h e  temperature of  the source ,  t he  
o v e r a l l  spac ing  between t h e  source and s i n k ,  and t h e  s u r f a c e  emi t tance  
of t h e  s h i e l d s .  

I n  many cases, t h e  p h y s i c a l  model cons i s t ed  of  a 
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a Complex mathematical  models and computer programs are re- 
qu i r ed  f o r  a d e t a i l e d  s tudy  t o  p r e d i c t  t he  performance of  p r a c t i c a l  
shadow s h i e l d  systems, i .e.,  systems wi th  l i gh twe igh t ,  low-emittance 
s h i e l d s  of f i n i t e  thermal conductance, where the  e f f e c t s  of non-uniform 
d i s t r i b u t i o n s  of r a d i o s i t y ,  t he  o p t i c a l  c h a r a c t e r i s t i c s  ( d i f f u s e  o r  
specu la r )  and thermal i n t e r a c t i o n s  between s h i e l d s  and suppor ts  are im- 
po r t an t .  

P r i o r  t o  t h e  development of t h e  computer programs used i n  
t h e  d e t a i l e d  a n a l y s i s  of  t he  shadow s h i e l d  systems, a s i m p l i f i e d  analy- 
sis w a s  i n i t i a t e d  t o  examine t h e  in f luence  of t h e  s p a c i a l  d i s t r i b u t i o n  
of  shadow s h i e l d s  and s h i e l d  shape, and t o  guide the  pre l iminary  selec- 
t i o n  of  conceptual  designs.  This  s i m p l i f i e d  a n a l y s i s  w a s  based on a 
system comprising a high-temperature source  a t  a temperature of 5 2 0 R  
( t h e  payload) and a low-temperature s i n k  a t  O'R ( s imula t ing  t h e  LH2 
tank) .  For these  s i m p l i f i e d  ana lyses ,  t h e  c i r c u l a r  s u r f a c e s  of  t h e  
payload, t h e  LH2 tank and t h e  in t e rmed ia t e  shadow s h i e l d s  were taken 
t o  be  i so thermal  d i s c s  wi th  a uniform d i s t r i b u t i o n  of r a d i o s i t y .  

4.2.1 Sh ie ld  Shape 

It i s  of i n t e r e s t  t o  determine whether o r  no t  s h i e l d  
shape may be  an important  f a c t o r  i n  reducing t h e  h e a t  f l u x  absorbed by 
t h e  co ld  s ink .  Shaped shadow s h i e l d s  which are space-erected i n  f r o n t  
of  a space  v e h i c l e  t o  s h i e l d  t h e  v e h i c l e  from s u n l i g h t  have been s t u d i e d ,  
and t h e  r e s u l t s  have been presented  i n  t h e  l i t e r a t u r e .  I n  t h e  s u b j e c t  
s tudy ,  however, t h e  shadow s h i e l d s  must be  p laced  between the  payload 
and LH2 tank;  any a d d i t i o n a l  spac ing  requi red  t o  provide c learance  f o r  
s p h e r i c a l ,  con ica l  o r  o t h e r  shapes of shadow s h i e l d s  can r e s u l t  i n  a 
l a r g e  mass penal ty  because of t h e  a d d i t i o n a l  mass of t he  s t r u c t u r e  de- 
s igned  t o  suppor t  t he  payload and the  a d d i t i o n a l  mass of t h e  i n t e r s t a g e  
s t r u c t u r e .  

The thermal performance f o r  a double c o n i c a l  shadow 
s h i e l d  c e n t r a l l y  l o c a t e d  between a 520R source  and a O'R co ld  s i n k  wi th  
an  L/D of  un i ty  is  compared t o  t h e  thermal  performance f o r  a c i r c u l a r  
s h i e l d  i n  F igure  10. It is  assumed t h a t  a l l  su r faces  are d i f f u s e ,  have 
an emi t tance  of 0.03, and t h a t  t h e  double con ica l  s h i e l d  i s  formed from 
two r a d i a t i v e l y  coupled s h i e l d s  wi th  uniform r a d i o s i t y  and i n f i n i t e  
r a d i a l  conductance ( i .e. ,  t he  s h i e l d s  are i so thermal ) .  A t  8 = 180' the  
two s h i e l d s  become f l a t ,  c i r c u l a r  d i s c s  c e n t r a l l y  loca t ed  between t h e  
source  and s i n k ;  a t  0 = 90" t h e  double cone j u s t  touches t h e  source  and 
s ink .  
cal s h i e l d s  normalized t o  the  h e a t  f l o w  f o r  two c i r c u l a r  s h i e l d s  is 
p l o t t e d  versus  t h e  c o n i c a l  apex angle .  
h e a t  f l u x  occurs  a t  8 = 90". 
t he  c o n i c a l  s h i e l d s  compared t o  f l a t ,  c i r c u l a r ,  c l o s e l y  spaced s h i e l d s  
is less than  20%. 
s h i e l d  are f u r t h e r  reduced. 

I n  F igure  10 t h e  h e a t  flow p e r  u n i t  area t o  the  OOR s i n k  f o r  coni- 

Figure 10 shows t h a t  t h e  minimum 
The percentage reduct ion  i n  h e a t  f l u x  f o r  

A t  smaller L/D r a t i o s  t h e  advantages of a c o n i c a l  
(It can b e  noted t h a t  i f  t h e  h e a t  f law p e r  
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u n i t  area f o r  t h e  two con ica l  s h i e l d s  w a s  normalized t o  the  h e a t  flow 
f o r  a s i n g l e  c i r c u l a r  s h i e l d ,  c e n t r a l l y  loca t ed  between t h e  sou rce  and 
sink, t h e  normalized h e a t  flow would vary between 0.51 a t  0 = 180' t o  
0.42 a t  9 = go'.) 

A similar c a l c u l a t i o n  w a s  performed f o r  a s i n g l e  
s l a n t e d  s h i e l d  c e n t r a l l y  loca t ed  between t h e  source  and s i n k  wi th  an 
L/D of  un i ty .  
emi t tance  of 0.03. The r a t i o  of t h e  h e a t  f l u x  t o  t h e  O'R s i n k  f o r  a 
s l a n t e d  s h i e l d  t o  t h e  h e a t  f l u x  f o r  a c i r c u l a r  s h i e l d  is  p l o t t e d  aga ins t  
t h e  s l a n t  angle ,  $, i n  Figure 11, f o r  a s h i e l d  w i t h  uniform r a d i o s i t y  
and i n f i n i t e  conductance. The s l a n t  angle  i s  measured from a p lane  
p a r a l l e l  t o  t h e  source  and s i n k ;  thus  a t  f3 = 0 degrees ,  t he  s h i e l d  is  
c i r c u l a r  and p a r a l l e l  t o  t h e  source and s ink .  The r e s u l t s  ob ta ined  
wi th  t h i s  s imple model show t h a t  the  h e a t  f l u x  a c t u a l l y  inc reases  
s l i g h t l y  as the  s h i e l d  is  s l a n t e d .  

The su r faces  are a l l  assumed t o  be  d i f f u s e  and have an 

For t h e  p re sen t  a p p l i c a t i o n  we  d i d  no t  b e l i e v e  t h a t  
a r e f ined ,  d e t a i l e d  a n a l y s i s  (accounting f o r  non-uniform r a d i o s i t y  d i s -  
t r i b u t i o n s ,  f i n i t e  thermal conductance, specu la r - r e f l ec t ance  charac- 
teristics, etc.) was requi red  t o  e l imina te  t h e  cons idera t ion  of  shaped 
shadow s h i e l d s .  Although a d e t a i l e d  a n a l y s i s  of specu la r ly  r e f l e c t i n g  
shaped s h i e l d s  might show t h a t  t h e  h e a t  f l u x  computed us ing  t h e  d i f f u s e  
assumption i s  conserva t ive ,  ( i .e . ,  h ighe r  than t h a t  computed f o r  specu- 
l a r  s u r f a c e s ) ,  t h e  use of con ica l  o r  s l a n t e d  s h i e l d s  w i l l  i n c r e a s e  t h e  
payload-to-tank spac ing  required.  The increased  spac ing  w i l l  r e s u l t  i n  
a h ighe r  s t r u c t u r a l  mass requi red  t o  support  t he  LH2 tank dur ing  launch 
and a h ighe r  mass as soc ia t ed  wi th  the  longer  i n t e r s t a g e  shroud used t o  
p r o t e c t  t h e  system dur ing  launch. F l a t  shadow s h i e l d s  o f f e r  t h e  ad- 
vantages t h a t  they  are l igh twe igh t ,  s imple t o  suppor t ,  and can be  po- 
s i t i o n e d  between a c lose ly  spaced payload and LH2 tank. 
s i g n  concepts t o  be descr ibed  w i l l  i l l u s t r a t e  t h a t  t h e  use of a few f l a t ,  
p a r a l l e l ,  low-emittance s h i e l d s  w i l l  e f f e c t i v e l y  reduce t h e  r a d i a t i v e  
component of  h e a t  t r a n s f e r  t o  a n e g l i g i b l e  va lue  ( f o r  a 10,000-hour 
mission) wi th  an extremely s m a l l  s h i e l d  weight pena l ty .  

The f i n a l  de- 

A c o n i c a l  s h i e l d  shape would be  f e a s i b l e  i n  concepts 
wi th  space-erected s t r u c t u r e s  where t h e  spac ing  r a t i o  i n  a deployed con- 
f i g u r a t i o n  is l a r g e  and t h e  s t r u c t u r e  i s  l igh twe igh t ,  s i n c e  i t  does n o t  
wi ths tand  launch loads .  However, our  pre l iminary  c a l c u l a t i o n s  i n d i c a t e d  
t h a t ,  a t  l a r g e  spac ing  r a t i o s ,  t he  LH2 boi l -of f  ( f o r  a 10,000-hour m i s -  
s i on )  could b e  made n e g l i g i b l e  wi th  a s i n g l e ,  f l a t ,  low-emittance s h i e l d .  

4.2.2 Sh ie ld  Location and Number of Sh ie lds  

The s i m p l i f i e d  mathematical models (uniform radios-  
i t y ,  i so thermal  s h i e l d s  wi th  d i f f u s e  emit tance and r e f l e c t a n c e )  were 
a l s o  used t o  examine t h e  in f luence  of s h i e l d  l o c a t i o n  i n  a system wi th  
one o r  more s h i e l d s .  Resu l t s  of  prel iminary s t u d i e s  made at NASA L e w i s  
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Research Center  f o r  more r e f i n e d  models w i l l  a l s o  be presented  i n  the  
d iscuss ion .  

I n  conceptual ly  designing n e a r  optimum shadow s h i e l d  
systems from an  o v e r a l l  mass s t andpo in t ,  one of t h e  important  geometr ical  
v a r i a b l e s  i s  t h e  spac ing  between t h e  payload and t h e  LH2 tank. 
ample, i n  des igning  f i x e d  s t r u c t u r e s  t h e  mass of t h e  s t r u c t u r e  and the  
LH2 boi l -of f  from conduction are dependent upon l eng th  ( a s  w e l l  as mate- 
r i a l ,  conf igu ra t ion ,  e tc . ) .  Likewise, t h e  payload-tank spac ing  p lays  
an important r o l e  i n  eva lua t ing  t h e  t rade-of fs  between the  number of  
s h i e l d s ,  s h i e l d  mass and the  LH2 boi l -of f  due t o  r a d i a n t  h e a t  t r a n s f e r .  
I n  add i t ion ,  t h e  s p a c i a l  d i s t r i b u t i o n  of t h e  s h i e l d s  between t h e  payload 
and tank can b e  important .  The e f f e c t  of s p a c i a l  d i s t r i b u t i o n  i s  r a t h e r  
complex s i n c e  t h e  optimum spac ing  (spacing f o r  minimum h e a t  t r a n s f e r ) ,  
l i k e  t h e  o v e r a l l  m a s s  of shadow s h i e l d s ,  depends upon t h e  payload-tank 
spacing,  s h i e l d  emi t tance  and number of s h i e l d s .  

For ex- 

The r e s u l t s  of var ious  c a l c u l a t i o n s  of t he  e f f e c t s  
of  s h i e l d  spac ing  are presented  below. It w a s  no t  poss ib l e  t o  genera- 
l i z e  o r  determine an optimum arrangement f o r  a l l  va lues  of L/D,  emit- 
tance  and number of  s h i e l d s .  However, many of t h e  r e s u l t s  i n d i c a t e d  
t h a t  systems wi th  evenly spaced s h i e l d s  were optimum from t h e  s t andpo in t  
of  minimizing r a d i a n t  h e a t  l e a k  o r  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  
from t h e  optimum arrangement. I n  t h e  d e t a i l e d  computer s t u d i e s  (Sec t ion  
4 . 3 )  where t h e  L/D, t h e  number of s h i e l d s  and the  emit tance w e r e  para- 
m e t r i c a l l y  v a r i e d  f o r  s h i e l d s  wi th  specu la r  and d i f f u s e  r e f l e c t a n c e s ,  
t h e  s h i e l d s  were taken as equal ly  spaced. 

The f i r s t  r e s u l t s  presented  are those obta ined  f o r  
a s i m p l i f i e d  model (uniform r a d i o s i t y ,  i n f i n i t e  conductance s h i e l d s ) .  
Figure 1 2  p re sen t s  t he  r e l a t i o n s h i p  between the  h e a t  f l u x  absorbed by 
t h e  0"R s i n k  and s h i e l d  l o c a t i o n  f o r  a system wi th  one in t e rmed ia t e  
s h i e l d  and a spac ing  r a t i o ,  L/D, of 1.0. 
sorbed a t  t h e  0-degree s i n k  is q/A,  t h e  temperature of  t h e  source  i s  
To, and t h e  emit tance of  t h e  s u r f a c e s  of  t he  source ,  s h i e l d  and s i n k  is  

The h e a t  f l u x  i s  minimized when t h e  s h i e l d  i s  c e n t r a l l y  loca t ed  
between t h e  payload and s i n k  (X/L = 0.5) when t h e  s u r f a c e s  are b lack  
(cs = 1) and a l s o  when the  emit tances  of  t he  s u r f a c e s  are 0.05. 
i n  both cases t h e  absorbed h e a t  f l u x  i s  symmetrical  about t h e  c e n t r a l  
pos i t i on .  
(nea r  t h e  source  o r  t h e  s ink )  and the  b e s t  l o c a t i o n  ( c e n t r a l  p o s i t i o n )  
i s  approximately 18% f o r  b lack  s u r f a c e s ,  whi le  t h e r e  i s  an  o r d e r  of 
magnitude v a r i a t i o n  when is  0.05. 

The normalized h e a t  f l u x  ab- 

Also,  

The maximum v a r i a t i o n  i n  h e a t  f l u x  between t h e  wors t  l o c a t i o n  

For systems wi th  more than  one in t e rmed ia t e  s h i e l d ,  
t h e  r e l a t i o n s h i p  between s h i e l d  l o c a t i o n  and h e a t  f l u x  has  been shown 
t o  depend on t h e  r a d i a l  thermal 'conductance,  t h e  emi t tances  of t he  
source ,  s i n k  and s h i e l d ,  t h e  assumptions r e l a t i n g  t o  t h e  d i s t r i b u t i o n  
of  r a d i o s i t y ,  and t h e  spac ing  between t h e  source  and s ink .  
of  s h i e l d  l o c a t i o n  on t h e  h e a t  f l u x  f o r  a two-shield system is  shown 
i n  F igure  13 f o r  L/D r a t i o s  of 0 .1  and 0.5. The phys ica l  model he re  

The e f f e c t  

24 



€3 =/. Q 

t \ J 

I 
I 

I 
1 

1 
I 

I 
I 

I - 
i 
i 

\ '. 

/ 
1 

/ 
/ 

/ 
/ 

/ 

0 
0 

0 
/ 

& - -  - - 'L- 

4 
2% IO I I I I 

0 0.25 0. SO 0.7 5 (e0 
SHIELD LOCATION ' / L  

FIGURE 12- EFFECT OF SHIELD LOCATION ON 
HEAT FLUX FOR ONE SHIELD 

25 



3 %  Id' 

lo-' 

tG3 

7% \iY 

'\ 

L/D 
0. I 

/ 0.1 0 1 
e- 

/ 

/- = O s o S  

0 

/ 
/ 

/ 

f 
/ 

1 
i 

~ 

FIGURE 13-THE EFFECT OF SPACING ON ' 
HEAT FLUX FOR A T W O  SHIELD SYSTEM 
ARRANGED SYMblETRICALLY ABOUT 
THE CENTER 

26 artbur Za.Xittkc,llnc. 



c o n s i s t s  of  two in t e rmed ia t e  s h i e l d s  wi th  uniform r a d i o s i t y  and i n f i n -  
i t e  r a d i a l  conductance, symmetrically pos i t i oned  about a p lane  c e n t r a l l y  
loca t ed  between t h e  source  and s i n k ;  E~ i s  t h e  emi t tance  of t h e  su r faces  
of t h e  source ,  i n t e rmed ia t e  s h i e l d s  and s ink .  The non-dimensional h e a t  
f l u x  i s  shown as a func t ion  of C/L, t he  r a t i o  of t h e  d i s t a n c e  of each 
s h i e l d  from t h e  c e n t r a l  p o s i t i o n  t o  t h e  t o t a l  spacing.  

Spacing for Minimum 
Equal Spacing Heat Flux (qlA)equal 

9IA WLa,(**) q/A min. 
wLH2 (**I 

d A  

(Btu/hr-ft 2 ) (lb,) (Btu/hr-ftZ) (lb,) 

LID = 0.1,* E = 0.05 

le2 2 intermediate shields 0.125 504.7 0.106 428.0 

3 intermediate shields 0.0783 316.2 0.0426 172.0 1.8 

* 
LID = 0.5, E = 0.05 

For b l ack  su r faces  t h e  minimum h e a t  f l u x  occurs  when 
C/L is  n e a r  0.5, where one s h i e l d  i s  adjacent  t o  t h e  source  and one 
s h i e l d  is  adjacent  t o  t h e  s ink .  However, t h e  magnitude of t h e  h e a t  f l u x  
i s  r e l a t i v e l y  i n s e n s i t i v e  t o  the  in t e rmed ia t e  spac ing  between t h e  two 
s h i e l d s .  The v a r i a t i o n  between the  minimum h e a t  f l u x  and t h e  h e a t  f l u x  
when t h e  s h i e l d s  are equa l ly  spaced (C/L = 0.167) is  approximately 5% 
when L/D is 0.1 and 8% when L/D = 0.5. 

I 

For low-emittance s h i e l d s  (E = 0 .05> ,  t he  h e a t  f l u x  
is  n e a r  minimumwhen t h e  s h i e l d s  are equal ly  spaced. 
from Figure 1 3  t h a t  t h e  h e a t  f l u x  s u b s t a n t i a l l y  inc reases  when t h e  in-  
te rmedia te  spac ing  between t h e  two s h i e l d s  i s  decreased o r  increased .  

It can be  seen 

2 intermediate shields 8.77 x 3.5 8.77 3.5 

3 intermediate shields 1.41 x 0.6 1.41 0.6 
I 

The fol lowing d iscuss ion  relates t o  t h e  e f f e c t  of 
varying t h e  s p a c i a l  d i s t r i b u t i o n  of s h i e l d s  f o r  a phys ica l  model where 
t h e  r a d i o s i t y  i s  non-uniform and t h e  s h i e l d s  are assumed t o  have a zero 
thermal conductance. The low-emittance (E = 0.05) s h i e l d s  are d i f f u s e l y  
r e f l e c t i n g  and are pos i t i oned  symmetrically about a p l ane  c e n t r a l l y  lo-  
ca ted  between t h e  source  and s ink .  Data f o r  t h e  h e a t  f l u x  t o  a 0"R 
s i n k  and t h e  equ iva len t  bo i l -of f  of LH2 (10-foot-diameter LH2 tank f o r  
10,000 hours) f o r  shadow s h i e l d  systems comprising two and t h r e e  i n t e r -  
mediate shadow s h i e l d s  are presented  i n  the  fol lowing t a b l e .  * 

1.0 

1.0 

* 
The c a l c u l a t i o n s  are taken from prel iminary work a t  NASA L e w i s  Research 
Center  by Robert J. Boyle and Richard H. Knoll  (Personal  communication, 
16  May 1968). 



For two in t e rmed ia t e  s h i e l d s  a t  an L/D of  0.1, t h e  
minimum boi l -of f  occurs  w i t h  one s h i e l d  ad jacen t  t o  t h e  payload (source)  
and one s h i e l d  n e a r  t h e  LH2 tank ( s ink ) .  
rangement is approximately 16% lower than  t h e  boi l -of f  w i th  equa l ly  
spaced s h i e l d s .  For t h r e e  s h i e l d s  a t  an L/D of 0.1, t h e  minimum b o i l -  
o f f  occurs  wi th  one s h i e l d  c e n t r a l l y  loca t ed ,  one s h i e l d  ad jacen t  t o  
the  payload and one s h i e l d  ad jacen t  t o  t h e  LH2 tank. 
t h i s  arrangement is approximately 45% lower  than the  boi l -of f  w i th  
equa l ly  spaced s h i e l d s .  
t e m s  w i th  s m a l l  L/D would n o t  be  p r a c t i c a l  because of t h e  r e l a t i v e l y  
h igh  boi l -of  f rate. 

The boi l -of f  w i t h  t h i s  ar- 

The bo i l -o f f  wi th  

It may be  noted t h a t  i n  both cases t h e s e  sys- 

A t  L/D r a t i o s  of 0.5, i t  can be seen from t h e  prev- 
ious  t a b l e  t h a t  t h e  minimum boi l -of f  occurs  wi th  t h e  s h i e l d s  equa l ly  
spaced f o r  e i t h e r  two o r  t h r e e  s h i e l d s .  Because of t h e  inc reased  spac- 
i n g  r a t i o ,  t he  boi l -of f  f o r  e i t h e r  two o r  t h ree  s h i e l d s  i s  considerably 
lower than f o r  an L/D of 0.1.  It i s  a l s o  i n t e r e s t i n g  t o  no te  t h a t  a t  
L/D r a t i o s  of 0.5, t he  e f f e c t  of s h i e l d  spac ing  i s  more impor tan t ,  on 
a r e l a t i v e  b a s i s ,  than  a t  L/D r a t i o s  of 0.1.  This  e f f e c t  i s  i l l u s t r a t e d  
i n  t h e  fol lowing t a b u l a t i o n  which shows t h e  r e l a t i o n s h i p  between the  
h ighes t  and lowest  h e a t  f l u x ,  when t h e  s h i e l d  spac ing  i s  v a r i e d  main- 
t a i n i n g  symmetry about t h e  c e n t r a l  plane.  

L/D = 0.1 E = 0.05 

2 i n t e rmed ia t e  s h i e l d s  1 . 4  
3 i n t e rmed ia t e  s h i e l d s  2 .7  

L/D = 0.5 E = 0.05 

2 i n t e rmed ia t e  s h i e l d s  20 
3 i n t e rmed ia t e  s h i e l d s  23  

I n  conclusion,  f o r  several low-emittance, d i f f u s e  s h i e l d s  a t  s m a l l  over- 
a l l  spac ing  r a t i o s  (L/D = 0.1) , t h e  e f f e c t  o f  s h i e l d  l o c a t i o n  may be 
important  from t h e  s t andpo in t  of  t h e  abso lu te  va lue  of t h e  boi l -of f  
rate, s i n c e  the  boi l -of f  rate i s  l a r g e .  The minimum bo i l -o f f  occurs  a t  
non-equal spac ings ,  b u t  t h e  relative v a r i a t i o n s  i n  boi l -of f  rate r e s u l t -  
i n g  from v a r i a t i o n s  i n  t h e  s h i e l d  l o c a t i o n s  are n o t  l a r g e  ( t h e  r a t i o  of  
maximum t o  minimum bo i l -o f f  rate i s  less than a f a c t o r  of 3 ) .  A t  l a r g e r  
o v e r a l l  spac ing  r a t i o s  (L/D = 0.5) , t he  boi l -off  rate i s  considerably 
reduced, t h e  e f f e c t  o f  s h i e l d  spac ing  is important  on a relative b a s i s  
( t h e  r a t i o  of maximum t o  minimum boi l -of f  rate i s  approximately 20), and 
equa l ly  spaced s h i e l d s  r e s u l t  i n  n e a r  minimum boi l -of f  rates. It should 
be  noted  t h a t  t h e  above conclusions apply t o  d i f f u s e  s h i e l d s  pos i t i oned  
symmetrically about a p l ane  c e n t r a l l y  loca t ed  between t h e  source  and 
s ink .  Addi t iona l  work would be  requi red  t o  i n v e s t i g a t e  o t h e r  non- 
symmetrical  s h i e l d  arrangements. 



There are a number o f ' o t h e r  f a c t o r s  which may in-  
f luence  t h e  op t imiza t ion  of s h i e l d  l o c a t i o n .  They include:  

1) Non-diffuse p r o p e r t i e s  of s h i e l d  coa t ings  wi th  
low emit tance.  

2) Temperature dependence of  emit tance.  

3) Geometry of  t h e  source  and s ink .  

However, i n  t h e  f i n a l  s e l e c t i o n  of a near-optimum concept f o r  a shadow 
s h i e l d  system one must cons ider  t h e  op t imiza t ion  of t h e  system m a s s  
which would inc lude  t h e  m a s s  of LH2 boi l -of f  due t o  both r a d i a t i v e  
t r a n s p o r t  and conduction via the  suppor t  s t r u c t u r e ,  t h e  m a s s  o f  t h e  
s h i e l d s  and t h e  mass of  t h e  suppor t  s t r u c t u r e .  
t imiz ing  t h e  l o c a t i o n  of t h e  s h i e l d s  w i l l  depend on whether o r  n o t  t h e  
bo i l -o f f  component due t o  r a d i a t i o n  s i g n i f i c a n t l y  in f luences  t h e  over- 
a l l  system mass pena l ty .  

The n e c e s s i t y  f o r  op- 

4.2.3 Sh ie ld  Emittance 

A s i m p l i f i e d  a n a l y s i s  may a l s o  be u t i l i z e d  t o  i l l u s -  
trate t h e  e f f e c t  of us ing  low-emittance s h i e l d  s u r f a c e s  on the  magnitude 
of t h e  h e a t  f l u x  absorbed by t h e  LH2 tank. 

Consider,  f o r  example, a s i n g l e  shadow s h i e l d  having 
an emit tance on both s i d e s ,  c e n t r a l l y  loca t ed  between the  payload and 
LH2 tank. The s u r f a c e s  of t h e  payload and LH2 tank f ac ing  t h e  c e n t r a l  
shadow s h i e l d  a l s o  have an emi t tance  and are maintained a t  tempera- 
t u r e s  of  520R and 37R, r e spec t ive ly .  By making t h e  assumption t h a t  t h e  
d i s t r i b u t i o n  of r a d i o s i t y  is uniform over  a l l  su r faces  and t h a t  t h e  
s u r f a c e s  e m i t  and r e f l e c t  d i f f u s e l y ,  t h e  hea t  f l u x  absorbed by t h e  LH2 
tank may be  obta ined  by a d i r e c t  s o l u t i o n  of t h e  heat-balance equat ions  
f o r  each su r face .  

The r e s u l t s  of a hand c a l c u l a t i o n  of t h e  absorbed 
h e a t  f l u x  f o r  t h i s  s imple model are presented  i n  t h e  fol lowing tabula-  
t i o n  f o r  s u r f a c e  emit tances  of 1.0 and 0.03 and several spac ing  r a t i o s .  
(The choice  of an  emit tance of 0.03 i s  based on a t y p i c a l  va lue  f o r  
vacuum-deposited m e t a l  coa t ings .  Typical  room-temperature emi t tance  
va lues  f o r  coa t ings  depos i ted  on p o l y e s t e r  f i lms  range from 0.015 f o r  
s i l i c o n  monoxide-protected s i l ve r  f i lms  t o  0.025 f o r  aluminum f i lms .  
Data on such materials w i l l  b e  presented  i n  Sec t ion  4.3.5 of t h i s  re- 
po r t . )  
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Radiant Heat Flux Absorbed by a 37R Sink 

w i t h  One Cen t ra l  Shadow Shield-Source Temperature 520R 

Btu 

h r  f t  
2 Absorbed Heat Flux 

E = 1.0 E = 0.03 
S S L/D 

0 62.6 9.6 x lo-' 
- 

0.25 40.0 5.7 

0.50 23.3 1.4 

1.0 9 . 1  2.4 

2.0 1.8 nega t ive  

These r e s u l t s  i l l u s t r a t e  t h e  reduct ion  i n  h e a t  f l u x  
which can be obta ined  by use  of low-emittance s u r f a c e s  which are spaced 
apa r t .  Reducing t h e  emi t tance  from 1.0 t o  0.03 reduces the  h e a t  f l u x  
by about f o u r  o rde r s  of magnitude f o r  spac ing  r a t i o s  (L/D) of 0.25 o r  
g r e a t e r .  

This  s i m p l i f i e d  example w a s  chosen t o  merely ind i -  
cate t h e  p o t e n t i a l  of us ing  spaced,  low-emittance s h i e l d  systems f o r  
h e a t  f l u x  reduct ion;  and f u r t h e r  d i scuss ion  of t h e  h e a t  f l u x e s  calcu- 
l a t e d  f o r  "real" systems where s impl i fy ing  assumptions are d e l e t e d  w i l l  
fol low i n  Sec t ion  4.3.  

4.2.4 Prel iminary E s t i m a t e  of Radiant Heat Trans fe r  i n  a 
Shadow Sh ie ld  System 

Because of  t he  importance of t h e  r e l a t i v e  m a g n i -  
tudes  of s t r u c t u r a l  m a s s ,  s h i e l d  mass and t h e  LH2 boi l -of f  i n  a t y p i c a l  
system, i t  is  important  t o  g ive  t h e  reader  a pre l iminary  i n d i c a t i o n  of 
t he  magnitude of t h e  LH2 boi l -of f  r e s u l t i n g  from t h e  r a d i a n t  t r a n s f e r .  
The t a b l e  below i l l u s t r a t e s  t h e  magnitude of t h e  LH2 boi l -of f  r e s u l t i n g  
from r a d i a n t  t r a n s f e r  between a 520R source and t h e  1160-pound-capacity 
LH2 tank f o r  a mission pe r iod  of 10,000 hours.  
c u l a t i o n s  are based on a model which assumes a l l  s u r f a c e s  t o  be  d i f f u s e  
wi th  a t o t a l  hemispher ica l  emit tance of  0.03 and t h e  r a d i o s i t y  t o  be  
r a d i a l l y  uniform. Two in te rmedia te  shadow s h i e l d s  are assumed t o  be  
equa l ly  spaced between t h e  LH2 tank and payload. 

These approximate cal- 

LH2 Boil-of f i n  
- L/D 10,000 Hours 

m 0.15 20.7 l b  

0.25 1 .7  

0.50 -0.1 
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It can be seen  t h a t  t he  magnitude of  t he  p r o p e l l a n t  
loss is  extremely s m a l l  even f o r  a spac ing  r a t i o  of 0.15. For a 10-foot 
payload the d i s t a n c e  between the tank and payload would be  18 inches.  
A t  L/D r a t i o s  approaching 0.5, t h e  h e a t  f l u x  i s  nega t ive  i n d i c a t i n g  t h a t  
t h e  temperature of t h e  s h i e l d  c l o s e s t  t o  t h e  LH2 tank is  depressed f a r  
enough s o  t h a t  t h e  n e t  h e a t  flow i s  from the  LH2 tank t o  o u t e r  space.  

These estimates are, of  course ,  crude because of  
t h e  n a t u r e  of t h e  approximations i n  t h e  mathematical  model. Nonethe- 
less, they i n d i c a t e  t h a t  t h e  component of  LH2 bo i l -o f f  due t o  r a d i a n t  
t r a n s f e r  can b e  made extremely s m a l l  even f o r  small spac ing  r a t i o s  wi th  
only  a few low-emittance s h i e l d s .  

4.2.5 Conclusions 

A s  a r e s u l t  of t hese  pre l iminary  s t u d i e s ,  i t  is 
concluded t h a t :  

1) 

3 )  

4) 

F l a t ,  p a r a l l e l ,  c i r c u l a r  shadow s h i e l d s  of  low 
emi t tance  w i l l  provide t h e  necessary reduct ion  
i n  r a d i a n t  h e a t  f l u x .  

Large spac ing  r a t i o s  L/D > .25 and l a r g e  numbers 
of low-emittance s h i e l d s  n > 3 w i l l  n o t  be  ne- 
cessary  t o  reduce t h e  LH2 boi l -of f  due t o  rad ia-  
t i o n  t o  less than  l% p e r  year .  
considered as a very low l o s s  i n  c u r r e n t  cryo- 
gen ic  technology.) 

(This may be  

Optimizing the  s h i e l d  shape i s  no t  p a r t i c u l a r l y  
a t t ract ive i n  view of conclusion 1) and t h e  
f a b r i c a t i o n  and support  mass cons idera t ions  as- 
s o c i a t e d  wi th  complex s h i e l d  shapes. 

When d i f f u s e  shadow s h i e l d s  are pos i t i oned  sym- 
m e t r i c a l l y  about t h e  c e n t r a l  p o s i t i o n  between 
t h e  payload and LH2 tank,  t he  e f f e c t  o f  s h i e l d  
l o c a t i o n  is important i n  determining r a d i a n t  
h e a t  f l u x .  

a) For several low-emittance s h i e l d s  ( E  < 0.05) 
a t  small o v e r a l l  spac ing  r a t i o s  (L/D = O.l), 
t h e  e f f e c t  o f  s h i e l d  l o c a t i o n  may be  impor- 
t a n t  from t h e  s tandpoin t  of  t h e  abso lu te  
va lue  of t h e  boi l -of f  rate, s i n c e  t h e  bo i l -  
o f f  rate is l a rge .  The minimum boi l -of f  
occurs  a t  non-equal spac ings ,  b u t  t h e  rela- 
t ive v a r i a t i o n s  i n  bo i l -o f f  r e s u l t i n g  from 
v a r i a t i o n s  i n  s h i e l d  l o c a t i o n  are no t  l a rge .  
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b)  For s e v e r a l  low-emittance s h i e l d s  and l a r g e  
o v e r a l l  spac ings  (L/D = 0.5), t he  h e a t  f l u x  
can  be  made s m a l l ,  near-minimum boi l -of f  
rates r e s u l t  when t h e  s h i e l d s  are equa l ly  
spaced,  and t h e  e f f e c t  of s h i e l d  l o c a t i o n  
i s  important  on a relative b a s i s .  

Addi t iona l  work would b e  r equ i r ed  t o  i n v e s t i -  
g a t e  t h e  e f f e c t s  of non-symmetrical s h i e l d  ar- 
rangements and non-diffuse p r o p e r t i e s  o f  "real" 
materials. Thus, i t  is  d i f f i c u l t  t o  conclude 
what t h e  optimum arrangement of  real s h i e l d s  
might be.  For the  purpose of  t h i s  work, equal  
spacings are used al though i t  i s  r e a l i z e d  t h a t  
t he  l o c a t i o n  of t he  s h i e l d s  may have a s i g n i f i -  
c a n t  e f f e c t  on r a d i a n t  h e a t  t r a n s f e r  rates ( a  
c o n t r i b u t i n g  f a c t o r  t o  t h e  o v e r a l l  m a s s  pena l ty)  
f o r  some shadow s h i e l d  conf igu ra t ions .  

4 .3  Computer Analysis  of Radiant Heat Trans fe r  

4 .3 .1  Computer Program 

F in i t e -d i f f e rence  techniques were used t o  formulate  
and analyze thermal models f o r  shadow s h i e l d  systems wi th  r a d i a l  d i s -  
t r i b u t i o n s  of r a d i o s i t y  and temperature and w i t h  s u r f a c e s  t h a t  w e r e  
assumed t o  have e i t h e r  d i f f u s e  o r  specu la r  r e f l e c t a n c e  c h a r a c t e r i s t i c s .  
Considerable  l a b o r  i s  r equ i r ed  i n  formulat ing models (computing i n t e r -  
change f a c t o r s ,  s e t t i n g  up heat-balance equat ions ,  etc.) s o  t h a t  t h e  
temperature  d i s t r i b u t i o n s  can be  so lved  numerical ly  on a computer. 
For  i n s t a n c e ,  a p r a c t i c a l  shadow s h i e l d  system might be composed 05  
l i gh twe igh t ,  low thermal-conductance, shadow s h i e l d s .  I n  t h i s  case, 
t h e  d i s t r i b u t i o n  of r a d i o s i t y  determines the  temperature d i s t r i b u t i o n s  ; 
and t h e r e  may be l a r g e  r a d i a l  temperature g rad ien t s .  Therefore ,  t h e  
thermal model r equ i r e s  a l a r g e  number of geometric subd iv i s ions  (annu- 
l a r  s e c t i o n s )  on t h e  s h i e l d s  t o  accu ra t e ly  desc r ibe  t h e i r  temperature  
d i s t r i b u t i o n s .  To set up a s i n g l e  problem, each shadow s h i e l d  must b e  
geometr ica l ly  subdivided;  t h e  r a d i a t i o n  in te rchange  f a c t o r s  ( inc lud ing  
r e f l e c t i o n s )  must be  computed; and the  heat-balance equat ions  f o r  each 
node must be w r i t t e n  as input  d a t a  t o  a computer program which so lves  
f o r  t h e  temperature d i s t r i b u t i o n s  by numerical  techniques.  The rate 
of  h e a t  t r a n s f e r  t o  t h e  LH2 tank is  computed from t h e  r e s u l t a n t  s h i e l d  
temperature d i s t r i b u t i o n s  and the  r a d i a t i o n  in te rchange  f a c t o r s .  It i s  
evident  from these  cons ide ra t ions  t h a t  cons iderable  l a b o r  is  r equ i r ed  
t o  execute  a d e t a i l e d  s tudy ,  involv ing  many paramet r ic  s t u d i e s ,  t o  
c l a s s i f y  the  thermal performance and o b t a i n  near-optimum configurat '  ,oris 

f o r  p r a c t i c a l  shadow s h i e l d  systems. 

A computer program w a s  developed t o  automate t h e  
thermal a n a l y s i s  c a l c u l a t i o n s  and al low t h e  l a r g e  number of requi red  
s tudy  cases t o  b e  analyzed e f f i c i e n t l y .  
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The gene ra l  thermal  model of  t he  shadow s h i e l d  sys- 
t e m  f o r  t h e  paramet r ic  computer s t u d i e s  i s  shown schemat ica l ly  i n  Figure 
1 4  wi th  a d e s c r i p t i o n  of  t he  terms which make up t h e  i n p u t  da t a .  A 
c i r c u l a r  d i s c  a t  5 2 0 R  i s  used t o  s imula t e  the  payload, a d i s c  a t  37R 
t o  s imula t e  t h e  LH2 tank; and t h e r e  is an a r b i t r a r y  number of inter- 
mediate shadow s h i e l d s  s i t u a t e d  between the  payload and LH2 tank.  
mathematical  model is conserva t ive  i n  t h a t  i t  assumes t h a t  t h e  last  
s h i e l d  is  a t  LH2 temperature  and t h a t  t h e  h e a t  absorbed by t h e  37R 
s h i e l d  i s  t r a n s f e r r e d  t o  t h e  LH2. Actua l ly ,  i n  t h e  f i n a l  a n a l y s i s  of 
p r a c t i c a l  systems , t h e r e  w i l l  b e  i n s u l a t i o n  f o r  ground-hold and o r b i t a l  
thermal p r o t e c t i o n  between t h i s  last  s h i e l d  and t h e  LH2 tank. When the  
shadow s h i e l d  systems f o r  f i n a l  eva lua t ion  were designed on t h e  b a s i s  
of several paramet r ic  s t u d i e s  of s h i e l d s  and s t r u c t u r e  conf igu ra t ions ,  
and t h e  ground-hold and o r b i t a l  i n s u l a t i o n  systems were def ined  from 
o t h e r  cons ide ra t ions  , t h e  temperature d i s t r i b u t i o n s  i n  a l l  t h e  s h i e l d s  
( inc lud ing  t h e  l a s t  s h i e l d )  and t h e  r a d i a n t  h e a t  leak t o  the  LH2 tank 
were computed account ing f o r  t h e  e f f e c t s  of t he  i n s u l a t i o n  system and 
thermal i n t e r a c t i o n s  wi th  t h e  support  s t r u c t u r e .  

This  

A s i m p l i f i e d  flow c h a r t ,  shown i n  Figure 15 ,  l i s t s  
i n  sequence t h e  b a s i c  ope ra t ion  of t h e  computer program. The inpu t  
d a t a  c o n s i s t s  of t h e  fol lowing:  

A t i t l e  ca rd  ( f o r  r e fe rence ) .  

A d a t a  ca rd  i n d i c a t i n g  the  number of spac ings  
and the  number of r a d i a l  subd iv i s ions  on each 
s h i e l d .  

A card wi th  t h e  emi t tance ,  which is assumed t o  
be i d e n t i c a l  f o r  a l l  s u r f a c e s .  

A ca rd  l i s t i n g  consecut ively t h e  spac ings  be- 
tween s h i e l d s  (beginning wi th  t h e  s h i e l d  nea r  
t he  s imula ted  payload and ending wi th  t h e  
spac ing  between t h e  l as t  in t e rmed ia t e  s h i e l d  
and t h e  s imula ted  hydrogen tank) .  

A ca rd  l i s t i n g  the  o u t e r  r a d i i  of t h e  annular  
subd iv i s ions  (beginning wi th  t h e  outermost and 
ending wi th  t h e  innermost) . 
A c o n t r o l  ca rd  wi th  coded i n s t r u c t i o n s  f o r  t h e  
subrout ine  which numerical ly  so lves  t h e  heat-  
ba lance  equat ions .  

Given t h e  above i n p u t  da t a ,  t h e  computer: 

1) Subdivides t h e  s h i e l d s  and numerical ly  codes 
t h e  subd iv i s ions  consecut ively , beginning wi th  
t h e  outermost subd iv i s ion  on t h e  payload and 
ending wi th  t h e  innermost subd iv i s ion  on the  
s h i e l d  on the  p r o p e l l a n t  tank. 



f-- 
PAY LOAD 
520 R 

A- 

J = NO.OF SPACINGS( E Q U A L S  n+ l ,  WHERE n=NO. 
OF INTERMEDIATE St-iADDW SHIELDS) 

K = NO.OFANhlULAR SUBDIVISIONS OF EACH SHIELD 

E = EMITTANCE (DIFFUSE) 
l'jj = OUTERMOST RADIUS OF Kth ANNULAR SUBDlVlSlOhl 

SAME FOR A L L  3 5 U R FAC ES (SPECULAR OR DIFFUSE) 
REFLECTANCE P =  

FIGURE 14- MATHEMATICAL MODEL OF SHADOW 
SHIELDS FOR COMPUTER ANALYSIS 
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INPUT DATA 

( G e o m e t r y  and O p t i c a l  P rope r t i e s )  

SUBDIVISION AND NUMERICAL 
CODING OF ALL SHIELDS 

COMPUTATION O F  RADIATION 
INTERCHANGE FACTORS 

SETUP OF HEAT-BALANCE 

COMPUTATION OF SHIELD TEMPERATURE 
DISTRIBUTIONS AND HEAT ABSORBED 

L I S T I N G  OF INPUT DATA, OUTPUT DATA, 
COMPUTER-FORMULATED 

HEAT-BALANCE EQUATIONS 

FIGURE 15 SIMPLIFIED FLOW CHART O F  RADIANT 
HEAT TRANSFER COMPUTER PROGRAM 
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2) Computes t h e  r a d i a t i o n  in te rchange  f a c t o r s  f o r  
a system of  s u r f a c e s  wi th  a d i f f u s e  emi t tance  
and e i t h e r  a d i f f u s e  o r  specu la r  r e f l e c t a n c e  
( f o r  t h e  s p e c u l a r l y  r e f l e c t i n g  s u r f a c e ,  i t  w a s  
assumed t h a t  t h e  r e f l e c t a n c e  w a s  independent 
of  angle) .  

3) S e t s  up t h e  heat-balance equat ions  i n  a d a t a  
format compatible wi th  a subrout ine  which nu- 
mer i ca l ly  so lves  f o r  t h e  temperature d i s r r ibu -  
t ions .  

4 )  Computes t h e  temperature  d i s t r i b u t i o n  , r a d i a n t  
h e a t  absorbed by t h e  p r o p e l l a n t  tank,  and t h e  
p r o p e l l a n t  bo i l -o f f  due t o  r a d i a t i o n  dur ing  a 
10  , 000-hour miss ion.  

5)  L i s t s  t h e  inpu t  da t a ,  t h e  temperature d i s t r i b u -  
t i o n s  i n  a l l  s h i e l d s ,  computed h e a t  f low and 
b o i l - o f f ,  and t h e  heat-balance equat ions .  

A number of op t ions  are provided i n  t h e  computer 
program t o  provide f l e x i b i l i t y  i n  c a l c u l a t i n g  t h e  thermal  performance 
of shadow s h i e l d  conf igu ra t ions .  For example, t h e r e  is  t h e  op t ion  of 
u t i l i z i n g  a d a t a  i n s e r t i o n  and c o r r e c t i o n  r o u t i n e  which au tomat ica l ly  
i n s e r t s  d a t a  i n t o  t h e  computer-formulated, heat-balance equat ions  be fo re  
the  temperature  d i s t r i b u t i o n s  are computed. This  op t ion  i s  u s e f u l  f o r  
s tudying  t h e  e f f e c t  of s h i e l d  conductance, i n t e r a c t i o n s  between sup- 
p o r t  s t r u c t u r e  and s h i e l d s  , h e a t  l eaks  wi th  ground-hold and o r b i t a l  
i n s u l a t i o n  on t h e  LH2 t ank ,  e t c .  I n  account ing f o r  s h i e l d  conductance 
e f f e c t s ,  i n p u t  d a t a  desc r ib ing  the  conductance coupl ings between annu- 
l a r  zones ( t y p i c a l l y  t h r e e  d a t a  cards  f o r  each zone) are combined wi th  
the  b a s i c  inpu t  d a t a  descr ibed  above. A f t e r  t h e  heat-balance equat ions  
are formulated by the  computer f o r  non-conducting s h i e l d s ,  t he  new ca rd  
images desc r ib ing  the  conductance coupl ings are automat ica l ly  i n s e r t e d  
i n  the  appropr i a t e  l o c a t i o n s  t o  modify t h e  heat-balance equat ions  and 
the  s h i e l d  temperature  d i s t r i b u t i o n s  and h e a t  f l u x  t o  t h e  LH2 tank are 
computed. 

A t y p i c a l  computer ou tput  d a t a  s h e e t  i n  shown i n  
Table I. For each problem, t h e  inpu t  d a t a ,  computed temperatures ,  and 
r e s u l t a n t  h e a t  l e a k s  are l i s t e d ,  i nc lud ing  t h e  t o t a l  number of  r a d i a l  
subdiv is ions  on each d i s c  (K) and t h e  o u t e r  r ad ius  of each subd iv i s ion  
(measured i n  f e e t ) .  The computed temperatures are l i s t e d  f o r  t he  K 
subdiv is ions  of t h e  520R d i s c  (TI through TK, i n c l u s i v e ) ,  t h e  i n t e r -  
mediate s h i e l d  (TK + 

T3K). 
subd iv i s ion  and TILK t h e  innermost.  

through T2K) and the  37R d i s c  (TZK + chrough 
For t h e  in t e rmed ia t e  s h i e l d s ,  TK + i s  t h e  outermost r a d i a l  

The f i r s t  two rows of da t a  under t h e  heading "tem- 
pera tures"  are a s s o c i a t e d  wi th  t h e  computer program and do no t  relate 
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t o  ou tput  da ta .  For a gene ra l  problem, t h e  heat-balance equat ions  a lone  
2 would r e q u i r e  t h e  p repa ra t ion  of 4nK i n p u t  d a t a  ca rds  (n = number of 

s h i e l d s ,  K = number of r a d i a l  subd iv i s ions )  i f  t h e  problem w a s  formu- 
l a t e d  by hand--instead of about  s i x  when t h e  heat-balance equat ions  are 
prepared by computer. Thus, f o r  t h e  problem shown i n  Table  I ,  wi th  a 
s i n g l e  in t e rmed ia t e  s h i e l d ,  t h e  computer set up t h e  equ iva len t  of 900 
d a t a  ca rds  be fo re  t h e  numerical  s o l u t i o n  of t h e  s h i e l d  temperatures .  
This problem requ i r ed  approximately 60 seconds of computer t i m e  (CDC 
6 4 0 0 )  t o  read  i n  t h e  da t a ,  s o l v e  f o r  t h e  in te rchange  f a c t o r s  and set 
up t h e  heat-balance equa t ions ;  about 1 . 3  seconds w a s  r equ i r ed  t o  s o l v e  
t h e  heat-balance equat ions .  This computer t i m e  i n c r e a s e s  i f  t h e  number 
of s h i e l d s  o r  t h e  number of r a d i a l  subd iv i s ions  i n c r e a s e s ,  o r  i f  t h e  
s h i e l d s  have a f i n i t e  conductance. 

I n  summary, t h e  computer program developed f o r  the  
shadow s h i e l d  a n a l y s i s  has t h e  c a p a b i l i t y  of s tudy ing  a wide range of 
cases e f f i c i e n t l y  and minimizes time-consuming manual ope ra t ions  asso- 
c i a t e d  wi th  s e t t i n g  up t h e  heat-balance equat ions .  

4 . 3 . 2  D i s t r i b u t i o n  of  Radios i ty  

The a n a l y t i c a l  techniques descr ibed  previous ly  i n  
Sec t ion  4 . 2  w e r e  used t o  e v a l u a t e  t h e  r a d i a n t  h e a t  t r a n s f e r  t o  co ld  
s i n k  f o r  a thermal model c o n s i s t i n g  of d i f f u s e l y  e m i t t i n g  and r e f l e c t -  
i n g  s h i e l d s  wi th  a uniform d i s t r i b u t i o n  of r a d i o s i t y  and wi th  a uniform 
temperature  d i s t r i b u t i o n  ( inf in i te -conductance) .  This s i m p l i f i e d  model 
(used t o  o b t a i n  t h e  d a t a  i n  Figures  10 t o  13) i s  convenient f o r  pre- 
l iminary  s t u d i e s  because s o l u t i o n s  can be obta ined  by hand c a l c u l a t i o n s .  

General ly ,  the  d i s t r i b u t i o n  of  r a d i o s i t y  along t h e  
r ad ius  of a shadow s h i e l d  w i l l  be  non-uniform, even when an i n f i n i t e  
thermal  conductance is  assumed. Moreover, t h e  conductance of a s h i e l d  
material w i l l  a c t u a l l y  be f i n i t e  and poss ib ly  q u i t e  s m a l l .  Therefore ,  
a more real is t ic  thermal  model i s  r equ i r ed .  

For i l l u s t r a t i o n ,  t h e  hea t  f l u x e s  computed us ing  
uniform r a d i o s i t y ,  i n f i n i t e  conductance and non-uniform r a d i o s i t y ,  
zero conductance thermal  models are presented  i n  Table I1 f o r  a t y p i c a l  
example. From t h e  comparison, i t  i s  obvious t h a t  t h e  s i m p l i f i e d  model 
cannot be used f o r  accu ra t e  p r e d i c t i o n s  of h e a t  f l u x  f o r  non-conducting 
d i f f u s e l y  r e f l e c t i n g  s h i e l d s  and t h a t  i n  t h e  a n a l y s i s  of practical  
shadow s h i e l d  systems ( l i gh twe igh t ,  l o w  r a d i a l  conductance s h i e l d s ) ,  
any d e t a i l e d  a n a l y s i s  should al low f o r  non-uniform r a d i o s i t y  d i s t r i -  
bu t ions  where t h e  L/D i s  s m a l l ,  b u t  f i n i t e .  A t  l a r g e  spac ing  r a t i o s ,  
t h e  r a d i o s i t y  becomes uniform r a d i a l l y  and t h e  conductance of t h e  
s h i e l d  does n o t  a f f e c t  t h e  accuracy of t h e  h e a t  flow c a l c u l a t i o n .  
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TABLE I1 

UNIFORM RADIOSITY NON-UNIFORM RADIOSITY 
L / D  INFINITE CONDUCTANCE ZERO CONDUCTANCE 

0.10 5 . 1  2.6 x 

0.25 4.2 1.4 

0.50 -2.0 3.0 

1.00 -9.0 -9.0 

COMPARISON OF THERMAL MODELS OF RADIANT 

HEAT TRANSFER I N  SHADOW SHIELD SYSTEMS 

% DIFFERENCE 

+409 

+221 

+250 

0 

HEAT FLUX ABSORBED BY 37R SINK 
FROM A 520R PAYLOAD 

(BTU/HR FT*) 

Two equa l ly  spaced s h i e l d s .  
E = 0.03 f o r  a l l  s u r f a c e s  inc lud ing  LH2 tank  and payload. 
Di f fuse  r e f l e c t i o n  c h a r a c t e r i s t i c s .  
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4.3.3 Shie ld  Thermal Conductance 

The thermal conductance of a s h i e l d  is  dependent 
upon i ts  material ( thermal  conduct iv i ty)  and i t s  th ickness .  For l i g h t -  
weight,  low thermal conductance shadow s h i e l d s ,  t he  d i s t r i b u t i o n  of 
r a d i o s i t y  is t h e  p r j n c i p a l  d r i v i n g  f o r c e  f o r  determining t h e  tempera- 
t u r e  d i s t r i b u t i o n  i n  the  s h i e l d s .  
g rad ien t s  ac ross  t h e  s h i e l d  because t h e  a n n u l i  l o c a t e d  nea r  t h e  c e n t e r  
of  t h e  s h i e l d  are more s t r o n g l y  coupled t o  t h e  neighboring shie2.k than  
t h e  a n n u l i  a t  t h e  e x t r e m i t i e s  of  t he  s h i e l d .  For given s u r f a c e  proper- 
t ies,  t h e  temperature  g r a d i e n t s  are a func t ion  of t h e  payload-tank 
spac ing  and t h e  number of s h i e l d s .  Since the  r a d i o s i t y  d i s t r i b u t i o n  
becomes smoothed on t h e  lower-temperature s h i e l d s  n e a r  t h e  LH2 tank ,  
t h e  temperature  g rad ien t s  are l a r g e s t  f o r  t h e  s h i e l d  n e a r  t h e  w a r m  pay- 
load  and are smallest on t h e  s h i e l d  n e a r  t h e  LH2 tank. 
t i v e  s h i e l d s  can f u r t h e r  smooth r a d i a l  temperature  g rad ien t s  , reduce 
the  i n c i d e n t  r a d i o s i t y  on t h e  LH2 tank and, consequent ly ,  reduce the  
p rope l l an t  bo i l -o f f .  On t h e  o t h e r  hand, t o  be  of b e n e f i t ,  t h e  reduc- 
t i o n  i n  h e a t  flow must exceed t h e  m a s s  pena l ty  a s soc ia t ed  wi th  the  
high-conductance s h i e l d  material , e s p e c i a l l y  i n  a mul t i - sh ie ld  sys  t e m .  

There can be l a r g e  r a d i a l  temperature  

Highly conduc- 

A comparison of t he  performance of a t y p i c a l  shadow 
s h i e l d  conf igu ra t ion  wi th  a low-conductance, l igh tweight  s h i e l d  material 
and a higher-conductance, higher-weight material is presented  i n  Table 
111. The system c o n s i s t s  of two equal ly  spaced s h i e l d s  wi th  a d i f f u s e  
emit tance of 0.03 and a d i f f u s e  r e f l e c t a n c e  of 0.97. The L/D w a s  taken 
t o  be 0.25. 

The aluminized, p o l y e s t e r  s h i e l d s  c o n s i s t  of a nylon 
f a b r i c  reinforcement laminated between two l a y e r s  of 1/2-mil p o l y e s t e r  
f i lm.  The outermost s u r f a c e s  of t he  f i l m  are coated wi th  vacuum-deposited 
aluminum ( o r  gold) t o  have an emit tance of  0.03 at room temperature.  

The comparison r evea l s  t he  fol lowing r e s u l t s  : 

1) The d i f f e r e n c e  i n  h e a t  l e a k  obta ined  consider-  
i n g  non-conducting s h i e l d s  and s h i e l d s  composed 
of aluminized p o l y e s t e r  f i l m  wi th  a nylon f a b r i c  
reinforcement i s  q u i t e  small. 
wi th  non-conducting s h i e l d s  i s  about 2% h ighe r . )  

(The h e a t  flow 

2) The use  of high-conductance s h i e l d s ,  compared 
t o  t h e  p o l y e s t e r  s h i e l d s ,  in t roduces  a mass 
pena l ty  s i g n i f i c a n t l y  l a r g e r  than  t h e  reduct ion  
i n  LH2 bo i l -o f f .  I n  f a c t ,  t h e  mass of t h e  
s h i e l d  material, a lone ,  exceeds the  combined 
m a s s  of t h e  boi l -of f  and s h i e l d  material f o r  
t h e  low-conductance system. 
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3) Sh ie ld  materials wi th  in t e rmed ia t e  masses and 
conductances do n o t  appear  promising, because 
i n  a system wi th  low h e a t  l eak ,  even a material 
w i t h  a h igh  conductance reduces the  long-term 
boi l -of f  by less than two pounds. 

Since s t u d i e s  made by use  of t h e  computer a n a l y s i s  
demonstrated t h a t  t h e  LH2 boi l -of f  r a d i a n t  h e a t  l e a k s  i n  t y p i c a l  s h i e l d  
conf igura t ions  (low L/D,  s m a l l  number of s h i e l d s )  w i th  low-conductance 
s h i e l d s  can be made a r e l a t i v e l y  s m a l l  f r a c t i o n  of  t h e  t o t a l  system 
mass, t h e  non-conducting s h i e l d s '  assumption w a s  used i n  pre l iminary  
trade-off s t u d i e s .  

It  w i l l  a l s o  be  shown i n  a fol lowing s e c t i o n  t h a t  
t he  temperature  d i s t r i b u t i o n s  i n  s h i e l d s  wi th  specu la r ly  r e f l e c t i n g  
su r faces  are more uniform than when t h e  s u r f a c e s  are considered t o  re- 
f l e c t  d i f f u s e l y .  .Therefore ,  conductance e f f e c t s  are less s i g n i f i c a n t  
when t h e  s h i e l d s  are assumed t o  have a specu la r  r e f l e c t a n c e  charac te r -  
i s t i c .  

4.3.4 Number of Radial  Subdivis ions Required 

The accuracy of f i n i t e - d i f f e r e n c e  techniques i n  
thermal problems involv ing  r a d i a t i o n  t r a n s f e r  i s  r e l a t e d  t o  the  s i z e  
of t h e  geometr ical  subdiv is ions  of t h e  o b j e c t  be ing  analyzed.  
cedure f o r  i n s u r i n g  t h a t  t he  number of subdiv is ions  i s  s u f f i c i e n t l y  
l a r g e  t o  accu ra t e ly  p r e d i c t  temperature  d i s t r i b u t i o n s  i s  t o  success ive ly  
inc rease  t h e  number of subdiv is ions  u n t i l  a f u r t h e r  i n c r e a s e  does no t  
a f f e c t  t h e  temperature  p r e d i c t i o n s  w i t h i n  engineer ing  accuracy. Deta i led  
s t u d i e s  of t h e  r a d i a l  temperature d i s t r i b u t i o n s  i n  shadow s h i e l d s  show- 
ed t h a t  t h e  temperature g rad ien t s  are l a r g e s t  a t  t h e  o u t e r  rad ius .  

A pro- 

I n  analyzing the  r a d i a n t  t r a n s f e r  i n  shadow s h i e l d s  , 
t h e  c i r c u l a r  s h i e l d s  were subdivided i n t o  annular  zones of equa l  area. 
Since the  l i n e a r  dimension ac ross  each zone decreased as a func t ion  of 
d i s t a n c e  from t h e  c e n t e r ,  t h e  smallest zones w e r e  l oca t ed  i n  t h e  reg ion  
of t h e  l a r g e s t  temperature g rad ien t s  , thereby improving t h e  accuracy 
of t h e  c a l c u l a t i o n .  

A number of computer runs w e r e  made dur ing  t h e  pre- 
l iminary  a n a l y s i s  t o  determine the  number of subdiv is ions  requi red  t o  
accu ra t e ly  desc r ibe  t h e  temperature  d i s t r i b u t i o n s  and ob ta in  a c c u r a t e  
p r e d i c t i o n s  of r a d i a n t  h e a t  l e a k  and LH2 bo i l -o f f .  Some of t h e  r e s u l t s  
are i l l u s t r a t e d  i n  Figure 16 ,  which shows t h e  computed r a d i a n t  h e a t  
t r a n s f e r  t o  t h e  LH2 tank  p l o t t e d  as a func t ion  of  t h e  r e c i p r x a l  of t h e  
number of  subdiv is ions .  It w a s  d e s i r e d  t o  determine t h e  number of sub- 
d i v i s i o n s  which would al low accura t e  thermal p r e d i c t i o n s  and, a t  t h e  
same t i m e ,  n o t  be  so  l a r g e  as t o  exceed computer-storage capac i ty  o r  
r e q u i r e  l a r g e  amounts of  computer t i m e  t o  s e t  up and s o l v e  t h e  heat-  
ba lance  equat ions.  These s t u d i e s  showed t h a t  f o r  spac ing  r a t i o s  as low 
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as 0.25 and as many as 3 equa l ly  spaced,  d i f f u s e l y  r e f l e c t i n g  s h i e l d s ,  
15 r a d i a l  subd iv i s ions  were s u f f i c i e n t  t o  compute h e a t  f l uxes  w i t h i n  
engineer ing  accuracy. When t h e  s h i e l d  s u r f a c e s  were assumed t o  have 
specu la r  r e f l e c t a n c e s ,  t h e  computed h e a t  l e a k  w a s  n o t  s e n s i t i v e  t o  t h e  
number of subd iv i s ions .  Therefore ,  s h i e l d s  w e r e  subdivided i n t o  9 
equal  areas f o r  c a l c u l a t i o n s  i n  which t h e  s u r f a c e s  were assumed t o  re- 
f l e c t  specu la r ly .  

4.3.5 Ref lec t ion  C h a r a c t e r i s t i c s  , Number of  S h i e l d s  , 
and Spacing Rat io  

The r a d i a n t  h e a t  t r a n s f e r  computer program w a s  s e t  
up t o  ana lyze  shadow s h i e l d s  t h a t  e m i t  d i f f u s e l y  and r e f l e c t  d i f f u s e l y  
o r  specu la r ly .  A s u r f a c e  t h a t  r e f l e c t s  d i f f u s e l y  i s  cha rac t e r i zed  by 
having t h e  i n t e n s i t y  of r e f l e c t e d  r a d i a t i o n  from an i n c i d e n t  ray uni- 
formly d i s t r i b u t e d  i n  a l l  d i r e c t i o n s .  With a s u r f a c e  having i s o t r o p i c ,  
s p e c u l a r - r e f l e c t i o n  c h a r a c t e r i s t i c s ,  t h e  r e f l e c t e d  ray leaves the  sur -  
f ace  i n  t h e  same plane  as t h e  i n c i d e n t  ray a t  an  ang le  equa l  t o  t h e  
angle  of inc idence .  The f u r t h e r  assumption w a s  made t h a t  t h e  r e f l e c -  
tance  w a s  independent of angle  of  inc idence .  * 

Figure  1 7  i l l u s t r a t e s  t h e  e f f e c t s  of t h e  r e f l e c t i o n  
c h a r a c t e r i s t i c s  on t h e  r a d i a l  temperature d i s t r i b u t i o n  i n  a s i n g l e  , 
non-conducting s h i e l d  c e n t r a l l y  loca t ed  between t h e  payload and t h e  LH2 
tank. 
of 0.03. For the  spac ing  r a t i o s  considered,  t h e  fo l lowing  observa t ions  
can be  made: 

A l l  s u r f a c e s  were assumed t o  have a t o t a l  hemispher ica l  emit tance 

1) The temperature  d i s t r i b u t i o n  is  more uniform i n  
s h i e l d s  having a specu la r  r e f l e c t a n c e ;  d i f f u s e l y  
r e f l e c t i n g  s h i e l d s  have l a r g e r  temperature  
g rad ien t s  a t  t h e  edges.  

2) For L/D < 0.25, t h e  mean temperature  of  t h e  
d i f  fusel?  r e f l e c t i n g  s h i e l d  exceeds t h a t  of t h e  
specu la r  s h i e l d .  The oppos i t e  is  t r u e  a t  
L/D = 0.5. 

* 
An ADL company-funded e f f o r t  i s  c u r r e n t l y  be ing  undertaken t o  s e t  up 
a computer program t o  account f o r  t h e  v a r i a t i o n  of  r e f l e c t a n c e  w i t h  
angle .  This  work w a s  no t  completed i n  t i m e  f o r  i nc lud ing  t h e  r e s u l t s  
i n  t h i s  In t e r im  Report .  This  program uses  t h e  Monte Carlo technique 
f o r  computing r a d i a n t  in te rchange  f a c t o r s  w i th  s u r f a c e s  having a rb i -  
trary r e f l e c t i o n  c h a r a c t e r i s t i c s .  
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Figure  18 shows gene ra l i zed  p l o t s  of  t h e  h e a t  f l u x  
absorbed by t h e  LH2 tank as a func t ion  of spac ing  r a t i o ,  t h e  r e f l e c t i o n  
c h a r a c t e r i s t i c s  and number of equa l ly  spaced in t e rmed ia t e  s h i e l d s  f o r  
a 520R payload temperature  and a 37R LH2 tank temperature.  The t o t a l  
hemispher ica l  emi t tance  i s  0.03 f o r  a l l  s u r f a c e s  inc luding  t h e  tank and 
payload. The s h i e l d s  are taken t o  be  non-conducting. 

With regard t o  t h e  r e f l e c t i o n  c h a r a c t e r i s t i c s ,  t h e  
r e s u l t s  show t h a t  f o r  "closed" systems (spacings between s h i e l d s  less 
than 0 .1  o r  0.2 diameters)  t h e  assumption of a d i f f u s e  r e f l e c t a n c e  is 
conserva t ive  ( i .e. ,  a h ighe r  h e a t  f l u x  is p r e d i c t e d  than f o r  s p e c u l a r  
r e f l e c t a n c e  c h a r a c t e r i s t i c s ) .  The oppos i t e  i s  t r u e  f o r  open systems, 
when t h e  spac ing  between s h i e l d s  i s  g r e a t e r  than  0.2 diameters .  When 
the  spac ing  between s h i e l d s  i s  approximately 0.15 diameters ,  t h e  assump- 
t i o n  of s p e c u l a r  o r  d i f f u s e - r e f l e c t i o n  c h a r a c t e r i s t i c s  does n o t  i n f l u -  
ence t h e  absorbed h e a t  f l u x  c a l c u l a t i o n .  

A similar e f f e c t  w a s  noted by Viskanta e t  a1 (1967) 
i n  a s tudy  of r a d i a n t  h e a t  exchange between two p a r a l l e l  r ec t angu la r  
su r faces .  I n  t h i s  work, t h e  r a d i a n t  in te rchange  f a c t o r s  between two 
s u r f a c e s  of equal  emi t tance  w e r e  c a l c u l a t e d  by Monte Carlo techniques 
f o r  a number of mathematical  models r e l a t i n g  t o  the  s u r f a c e  r e f l e c t a n c e  
c h a r a c t e r i s t i c s .  The r e f l e c t a n c e  models which w e r e  s tud ied  inc lude  di-  
r e c t i o n a l l y  independent r e f l e c t a n c e  p r o p e r t i e s  and d i r e c t i o n a l l y  depen- 
dent  p r o p e r t i e s .  The r e s u l t s  show t h a t  f o r  low-emittance s u r f a c e s  wi th  
spac ing  r a t i o s  comparable t o  those  used i n  t h i s  work t h e  assumption of 
e i t h e r  d i r e c t i o n a l l y  independent d i f f u s e  o r  s p e c u l a r - r e f l e c t i o n  charac- 
t e r i s t i c s  provides  an upper bound on t h e  r a d i a n t  t r a n s f e r  between a 
source  and s i n k  when the  r a d i o s i t y  d i s t r i b u t i o n  i s  non-uniform. I n  ou r  
computer c a l c u l a t i o n s  , t h e  h e a t  l eak  w a s  c a l c u l a t e d  f o r  both d i r e c t i o n a l -  
l y  independent specu la r  and d i f fuse - r e f l ec t ance  c h a r a c t e r i s t i c s ;  and t h e  
mass estimates of LY2 boi l -of f  were made on t h e  b a s i s  of t he  h i g h e s t  
c a l c u l a t e d  value.  

The r e s u l t s  of Viskanta ' s  c a l c u l a t i o n s  f o r  t h e  rad i -  
a n t  in te rchange  between two p a r a l l e l  s u r f a c e s  having a length-to-width 
r a t i o  (L/N) = 0.5,  t o t a l  hemispher ica l  emit tances  of 0.1, and var ious  
spac ing  r a t i o s  (H/W), where H i s  t h e  d i s t a n c e  between t h e  sou rce  and 
s i n k  a t  temperatures  TI and T2, w i l l  s e r v e  t o  i l l u s t r a t e  t h e  e f f e c t s  of  
var ious  r e f l e c t a n c e  models. A t a b l e  g iv ing  t h e  o v e r a l l  absorp t ion  fac- 
t o r s  ( s c r i p t  F12) which are p ropor t iona l  t o  t h e  h e a t  f l u x  absorbed by 
the  s i n k  i s  presented  below f o r  f i v e  d i f f e r e n t  models. The models are: 

* 
D CP - Diffuse ,  cons tan t  ( d i r e c t i o n a l l y  independent) 

p r o p e r t i e s ,  uniform r a d i o s i t y .  

DCP - Diffuse ,  cons tan t  p r o p e r t i e s ,  non-uniform 
r a d i o s i t y .  

SCP - Diffuse  emission , cons tan t  proper ty  specu la r  
r e f l e c t i o n  non-uniform r a d i o s i t y .  
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SDP - D i r e c t i o n a l  emission,  s p e c u l a r  r e f l e c t i o n  
wi th  d i r e c t i o n a l  p r o p e r t i e s  given by 
F r e s n e l ' s  equat ions .  

BP - D i r e c t i o n a l  emission and b i d i r e c t i o n a l  
r e f l e c t i o n .  

Overall Absorption Fac tors  ( S c r i p t  F ) f o r  

Heat Flow t o  a Sink a t  T from a Source a t  T 

(E = 0.1,  L/W = 0.5) 

12- a 

1 2 

Spacing Rat io  * 
D CP 

0.5 0.031 

0.25 0.064 

0.05 0.220 

0.025 0.310 

Ref lec tance  Model 

BP - - S DP - DCP s CP - 
0.031 0.037 (rnax.) 0.024 0.021 

0.075 (max.) 0.056 0.046 0.069 

0.238 0.206 0.174 0.258 (rnax.) 

0.363 (max.) 0.326 0.300 0.264 

From t h i s  t abu la t ion  i t  can be seen  t h a t  e i t h e r  t he  
d i f f u s e  o r  specu la r  cons tan t  proper ty  models - such as used i n  t h e  com- 
p u t e r  program descr ibed  i n  t h i s  r e p o r t  - give  t h e  maximum h e a t  f l u x  t o  
t h e  h e a t  s ink .  A t  s m a l l  spac ing  r a t i o s ,  t he  d i f f u s e  model i s  conserva- 
t i v e ;  and a t  l a r g e  spac ing  r a t i o s ,  t h e  specu la r  model is conserva t ive .  
This  observa t ion  is  i n  agreement wi th  t h e  d a t a  presented  i n  F igure  18 
f o r  t h e  specu la r  and d i f f u s e  cons tan t  proper ty  models o f  equal-diameter 
c i r c u l a r  su r f aces .  

It is s i g n i f i c a n t  t o  no te  t h a t  Viskanta 's  r e s u l t s  
i n d i c a t e  t h a t  t he  cons t an t  proper ty  ( d i r e c t i o n a l l y  independent) models 
are not conserva t ive  when t h e  s u r f a c e  emit tances  are above 0.50. 
pract ical  shadow s h i e l d  systems, i t  is a n t i c i p a t e d  t h a t  s u r f a c e  e m i t -  
t ances  w i l l  always be  an o r d e r  of magnitude less than 0.5. Therefore ,  
w e  conclude t h a t  t he  computer model used i n  t h i s  s tudy  w i l l  g ive  con- 
servative estimates of  t he  h e a t  f l u x  t o  t h e  LH2 tank. Furthermore, t h e  
u n c e r t a i n t i e s  i n  t h e  s h i e l d  emi t tance  w i l l  p rovide  u n c e r t a i n t i e s  i n  t h e  
c a l c u l a t e d  h e a t  f l uxes  l a r g e r  than those  a s s o c i a t e d  wi th  t h e  d e t a i l e d  
c h a r a c t e r i s t i c s  of t h e  s u r f a c e  r e f l e c t a n c e  p r o p e r t i e s .  

I n  

The computed r e s u l t s  presented  i n  Figure 18 a l s o  
show t h a t  t h e  r a d i a n t  h e a t  leak t o  t h e  LH2 tank w i t h  a low-emittance 
s h i e l d  system i s  s t r o n g l y  dependent upon the  number of shadow s h i e l d s  
and t h e  payload-tank spacing.  For one s h i e l d ,  changing t h e  spac ing  
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r a t i o  from 0.25 t o  0.50 reduces the  h e a t  l e a k  by a f a c t o r  of  5. For a 
s y s t e m w i t h  a spac ing  r a t i o  of 0.25 and one in t e rmed ia t e  s h i e l d ,  each 
a d d i t i o n a l  shadow s h i e l d  reduces the  h e a t  l e a k  by a n  o r d e r  of  magnitude. 

Although t h i s  pre l iminary  a n a l y s i s  is somewhat con- 
servative because i t  assumes an un insu la t ed  LH2 tank i s  exposed t o  t h e  
shadow s h i e l d  system, i t  is  i n t e r e s t i n g  t o  no te  t h a t  t h e  fo l lowing  
shadow s h i e l d  conf igu ra t ions  would l i m i t  t h e  LH2 bo i l -o f f  due t o  rad ia-  
t i o n  from t h e  ayload t o  10 l b s .  (an equ iva len t  h e a t  f l u x  of 2.5 x 

Btu/HR FT s ) dur ing  a coas t  mission of  10,000 hours:  

Number of Non-Conducting 
Spacing Rat io  Shadow Sh ie lds  

L /D (E = 0.03) 

0.15 

0.20 

0.50 

The information contained i n  F igure  18 c h a r a c t e r i z e s  
shadow s h i e l d  systems f o r  a wide range of cond i t ions  t h a t  could e x i s t  
i n  shadow s h i e l d  systems wi th  f i x e d  o r  space-erected s t r u c t u r e s .  
l a te r  s e c t i o n  of t h i s  r e p o r t ,  t h e s e  c h a r a c t e r i s t i c s  w i l l  b e  used t o  op- 
t imize  t h e  s h i e l d  systems from a minimum-mass s t andpo in t  cons ider ing  
t h e  t rade-of fs  between s h i e l d  m a s s  and LH bo i l -o f f .  

I n  a 

2 

4.3.6 Surface  Emittance 

The r e s u l t s  of a s i m p l i f i e d  a n a l y s i s  have shown 
t h a t  t h e  t o t a l  hemispher ica l  emi t tance  of  t he  shadow s h i e l d s  w i l l  be  an 
important  v a r i a b l e  i n  minimizing the  hea t  f l u x  t o  t h e  LH2 tank.  
s i d e r a b l e  work has  been done i n  minimizing t h e  emi t tance  of  t h i n  (1/4- 
mil)  p o l y e s t e r  f i lms  me ta l l i zed  by vacuum-deposition techniques.  To 
achieve low-emittance s u r f a c e s ,  i t  is necessary  t o  vacuum depos i t  h igh ly  
conduct ive metals of  h igh  p u r i t y ,  at low p r e s s u r e s ,  w i th  f a s t  depos i t i on  
rates, on a c l ean  f i lm.  Impor tan t ly ,  t h e  metal coa t ing  must be  s u f f i -  
c i e n t l y  t h i c k  t o  provide  a low emit tance.  

Con- 

Ruccia, et a1 (1966) presented  r e s u l t s  of  measure- 
ments of  t h e  t o t a l  hemispher ica l  emi t tance  of  va r ious  aluminum, gold,  
s i lver  and copper coa t ings  on 1/4-mil p o l y e s t e r  f i lm.  The e f f e c t s  of  
environmental  condi t ions  (relative humidity,  sa l t  a i r  and C02) on t h e  
emit tance w e r e  a l s o  s tud ied .  The r e s u l t s  of t h i s  work showed t h a t  
aluminized p o l y e s t e r  f i lms  wi th  emit tances  of  0.022 and gold films wi th  
emit tances  of 0.017 are a v a i l a b l e  commercially. Such su r faces ,  par- 
t i c u l a r l y  gold coa t ings ,  do n o t  appear t o  be  degraded apprec iab ly  by 
exposure t o  humidity,  sa l t  a i r  and C 0 2  environments. I n  t h e  p re sen t  
a p p l i c a t i o n ,  i t  is  expected t h a t  any shadow s h i e l d  system a s s o c i a t e d  
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wi th  a s c i e n t i f i c  payload and LH2 tank  enclosed i n  an  i n t e r s t a g e  shroud 
w i l l  n o t  b e  sub jec t ed  t o  environments as damaging as t h e  environments 
descr ibed  p rev ious ly  . 

However, i n  o r d e r  t o  a l low f o r  degrada t ion  of  t h e  
s u r f a c e  emi t tance ,  a l l  of  t h e  c a l c u l a t i o n s  of r a d i a n t  h e a t  t r a n s f e r  have 
been based on a minimum value  of  t h e  emit tance of 0.03 which would pro- 
v i d e  f o r  approximately a 50% increase i n  emit tance.  

F igure  19 i l l u s t r a t e s  t h e  e f f e c t  of s h i e l d  emit tance 
on r a d i a n t  h e a t  f l u x  t o  an  LH2 tank  f o r  a s h i e l d  system comprising two 
non-conducting, equa l ly  spaced shadow s h i e l d s .  A s h i e l d  a t  520R loca ted  
a t  t h e  payload and a s h i e l d  a t  37R a t  t h e  LH2 w e r e  a l s o  assumed t o  have 
t h e  same emit tance as t h e  two c e n t r a l  s h i e l d s .  

From Figure 19  i t  may be seen  t h a t  t h e  h e a t  f l u x  
is a s t r o n g  func t ion  of t h e  assumed va lue  of t h e  emit tance.  
r ada t ion  ( inc rease )  i n  emittance w i l l  i n c r e a s e  t h e  h e a t  f l u x  t o  t h e  
LH2 tank by a f a c t o r  of about  4 f o r  low-emittance su r faces .  

A 50% deg- 

I n  these  c a l c u l a t i o n s  i t  w a s  assumed t h a t  t h e  emit- 
t ance  w a s  independent of temperature ,  and t h e  ana lyses  w e r e  based on 
emi t tances '  va lues  g r e a t e r  than 0.03 which would apply t o  room-tempera- 
t u r e  measurements of degraded coated f i lms .  The s h i e l d s '  temperatures  
i n  shadow s h i e l d  systems f a l l  w e l l  below room temperature.  Both theo- 
re t ical  cons ide ra t ions  and measurements i n d i c a t e  t h a t  a decrease i n  
temperature  reduces t h e  emit tance.  Therefore ,  c a l c u l a t i o n s  made wi th  
t h e  emi t tance  independent of temperature  and equal  t o  room-temperature 
va lues  w i l l  be  conserva t ive  wi th  r e spec t  t o  the  boi l -of f  of LH2. 

5.0 STRUCTURAL ANALYSIS 

5 .1  General 

There were two s e p a r a t e  analyses  made f o r  f i x e d  and space- 
e r e c t e d  s t r u c t u r e s  s i n c e  t h e  former must t r ansmi t  t h e  t h r u s t  loads  of 
t h e  lower s t a g e s  and t h e  i n e r t i a  loads  of t h e  LH2 tank t o  t h e  payload, 
whi le  t h e  la t ter  i s  sub jec t ed  t o  maneuvering loads  i n  space when t h e  
s t r u c t u r e  i s  deployed. The s t r u c t u r a l  ana lyses  were based upon t h e  
fol lowing launch l o a d  information as def ined  by con t r ac t :  

1) Launch loads  

(a) Longi tudinal :  + 5.7g maximum 

(b)  Lateral: 0.3g maximum occurs  when long i tud i -  

(c) Vib r a t i n n  : 6 g  v ib ra to ry  l o n g i t u d i n a l  l oad  

n a l  a c c e l e r a t i o n  i s  2.5g 

between 20 and 150 cps. 
occur  when l o n g i t u d i n a l  l oad  i s  
2.5g o r  less. 

This  can 
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-3 2) Loads dur ing  space maneuvering ( l a t e r a l ) :  10 g. 

5.2 Design o f  Fixed S t r u c t u r e s  

Following a pre l iminary  s tudy  , t h e  conf igu ra t ion  chosen f o r  
t h e  f i x e d  s t r u c t u r a l  system c o n s i s t e d  of a s imple Warren-truss frame- 
work arranged i n  a c y l i n d r i c a l  fash ion  t o  forward and a f t - r i n g  g i r d e r s .  
This  open conf igu ra t ion  al lows t h e  shadow s h i e l d s  t o  r a d i a s  e f f e c t i v e l y  
from t h e  thermal s t andpo in t ,  wh i l e  provid ing  a n  e f f i c i e n t  s t r u c t u r e ,  
and i t  has  t h e  a d d i t i o n a l  f e a t u r e  t h a t  a l l  of t h e  connect ing t r u s s  mem- 
b e r s  are of equal  length .  This  c h a r a c t e r i s t i c  i s  important  because no 
d i f f e r e n t i a l  thermal s t r a i n s  w i l l  be  in t roduced  a t  t h e  t r u s s  j o i n t s  as 
t h e  e n t i r e  s t r u c t u r a l  system i s  cooled t o  t h e  space  thermal environment. 

With t h e  major loadings  on t h e  t r u s s  be ing  compressive, 
buckl ing  cr i ter ia  are of  p a r t i c u l a r  importance i n  t h e  design. Conse- 
quent ly ,  a t u b u l a r  c ros s  s e c t i o n  w a s  chosen f o r  t h e  s t r u t  members t o  
maximize t h e  s t i f fness- to-mass r a t i o .  

With t h e  gene ra l  conf igu ra t ion  and c ross - sec t iona l  geometry 
chosen, t h e  remaining design parameters i nc lude  t h e  suppor t  material, 
payload m a s s ,  number and l eng th  of t he  suppor t s ,  and t h e  tube  w a l l  
th ickness .  The o v e r a l l  diameter  of  t h e  t r u s s  w a s  taken equal  t o  t h e  
maximum allowed va lue  of 120 inches  as l i m i t e d  by the  shroud s t r u c t u r e .  

I n  t h e  fo l lowing  s e c t i o n s ,  t h e  p e r t i n e n t  design equat ions  
are d iscussed;  and t h e  manner i n  which t h e  opt imiza t ion  of t h e  design 
w a s  programmed is  descr ibed.  

5.2.1 Z t r u c t u r a l  Load Cri ter ia  

A s  a r e s u l t  of communications between t h e  con t r ac to r  
and t e c h n i c a l  personnel  of  NASA-Lewis Research Center  ( c . f .  Shaker 
(1967)) ,  t h e  fol lowing ground r u l e s  w e r e  e s t a b l i s h e d  t o  d e f i n e  t h e  de- 
s i g n  loads  f o r  f i x e d  s t r u c t u r e s .  

1) The i n p u t  launch loadings  s p e c i f i e d  i n  t h e  
Scope of Work, Exh ib i t  A, of t h e  s u b j e c t  con- 
t ract  were n o t  t o  be  app l i ed  t o  the  kick-stage 
s t r u c t u r e  as i n p u t  loadings  , b u t  r a t h e r  w e r e  
t h e  loads  on t h e  var ious  components r e s u l t i n g  
from t h e  launch. 
t h e r e f o r e ,  would be  u t i l i z e d  as i n p u t s  i n  t h e  
design of smaller components incorpora ted  o r  
a t t ached  t o  t h e  p r i n c i p a l  massive elements.  
E l e c t r o n i c  packages o r  c o n t r o l  assemblies  at- 
tached t o  t h e  payload, f o r  example, would be  
designed on t h e  b a s i s  of  t h e  s p e c i f i e d  loads.  

These s p e c i f i e d  loadings ,  
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The s t r u c t u r a l  loads  f o r  t h e  design of  t h e  
kick-stage s t r u c t u r e  are based on t h e  ana lyses  
presented  by S t a l e y  and Leondis (1967). This 
r e p o r t ,  prepared f o r  NASA LeRC, considered t h e  
s t a t i c  and dynamic loadings  on each of t h e  im-  
p o r t a n t  mass components of  t h e  k i c k  s t a g e  f o r  
each of t h e  t r a n s i e n t  l oad ing  condi t ions  dur ing  
the mission. The i n e r t i a l  loadings  w e r e  tabu- 
l a t e d  i n  terms of  des ign  l i m i t  a c c e l e r a t i o n s ,  
f o r  each of t h e  loading  condi t ions  f o r  two 
truss conf igu ra t ions  and two payload masses. 

3 )  O f  more importance w a s  t h e  c a l c u l a t i o n  of t h e  
maximum loads  imposed on t h e  t r u s s  i t s e l f  by 
t h e  mass components. These components w e r e  
determined by S t a l e y  (1967) on t h e  b a s i s  of 
assumptions r e l a t i n g  t h e  phasing of t h e  ine r -  
t i a l  loads  of  t h e  var ious  masses. These t r u s s  
loads  depend upon t h e  payload m a s s  and a l s o  
upon t h e  p a r t i c u l a r  l o c a t i o n  of t h e  t r u s s  p o i n t  
a t  which t h e  loads  are c a l c u l a t e d .  A t y p i c a l  
conf igu ra t ion  of a kick-stage assembly taken 
from t h i s  r e fe rence  i s  shown i n  Figure 20. 
The loadings  w e r e  taken a t  t h e  a f t  t r u s s  r i n g ,  
between t h e  LOX and LH2 masses, assuming t h a t  
t h i s  w a s  t h e  l o c a t i o n  of  t h e  connect ion of  t h e  
k i c k  s t a g e  wi th  t h e  nose f a i r i n g .  

4) Maximum t r u s s  loadings  w e r e  c a l c u l a t e d  us ing  
the  load  f a c t o r s  given by S ta l ey  (1967) f o r  
t h e  p a r t i c u l a r  set of payload masses used i n  
t h i s  s tudy.  These c a l c u l a t e d  loads  were used 
i n  designing t h e  shadow s h i e l d  s t r u c t u r e s .  

The kick-stage assembly masses were divided 
i n t o  t h e  fol lowing i t e m s  by S ta l ey  (1967). 

1. Payload - 3000 l b  and 300 l b  
2. Payload r i n g  and equipment - 436 l b  
3. Forward r i n g  and equipment - 174 l b  
4. LH2 and s t r u c t u r e  - 1390 l b  
5 .  Af t  r i n g  and suppor t  beams - 290 l b  
6 .  LOX and s t r u c t u r e  - 6130 l b  
7. Engine and s t r u c t u r e  - 380 l b  

The t o t a l  mass of  t h e  assembly w a s  assumed t o  
be 8800 l b m  p l u s  t h e  payload. The connection 
t o  t h e  nose f a i r i n g  w a s  assumed t o  b e  t h e  a f t  
r i ng .  Thus, t h e  payload LH2 tank,  and i n t e r -  
mediate s t r u c t u r e  would b e  loading  t h e  t r u s s  
at  t h a t  connect ion during a c c e l e r a t i o n  phases 
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of  t h e  mission. Dynamic models f o r  l ong i tud i -  
n a l  and la teral  motions w e r e  def ined  by S t a l e y  
(1967) f o r  t h e  e n t i r e  missile, s o  t h a t  t h e  max- 
i m u m  a c c e l e r a t i o n  i n  both  the  l o n g i t u d i n a l  and 
lateral  d i r e c t i o n s  could  be  c a l c u l a t e d  f o r  each 
of  t h e  missile cond i t ions .  These va lues  to- 
ge the r  w i th  t h e  geometric and e las t ic  p r o p e r t i e s  
of  t h e  va r ious  elements of  t h e  system were then 
used t o  e s t a b l i s h  t h e  t r u s s  loads  i n  terms of  
axial load ings ,  s h e a r  l oad ings ,  and bending 
moments . 

Following t h i s  procedure f o r  t h e  set of  payload 
masses used i n  t h i s  s tudy  w e  assumed: 

1) The s t r u c t u r a l  masses are similar t o  those 
given by S t a l e y  (1967). 

2) The geometric and e las t ic  p r o p e r t i e s  of  t h e  
s t r u c t u r e s  are similar s o  t h a t  bending moments, 
s h e a r s ,  and a x i a l  loads  are p ropor t iona l  t o  
those  presented  by S ta l ey  (1967). 

3) The a t t e n u a t i o n  of t he  environmental  i n p u t s  w a s  
assumed t o  be  inve r se ly  p ropor t iona l  t o  t h e  
square  r o o t  o f  t he  m a s s .  

4) For the  f i x e d  s t r u c t u r e  connect ing t h e  payload 
and the  c o n i c a l  s h e l l  tank suppor t ,  t h e  loads  
w e r e  assumed t o  be t h e  same as those app l i ed  t o  
the  lower t r u s s  extending from t h e  con ica l  s h e l l  
tank suppor t  t o  t h e  a f t  r i ng .  
s e r v a t i v e  assumption s i n c e  t h i s  condi t ion  would 
only develop i f  t he  payload and LH2 tank w e r e  
i n e r t i a l l y  o u t  of phase dur ing  e i t h e r  t h e  Launch 
o r  maximum b o o s t e r  a c c e l e r a t i o n  condi t ions . )  

(This  i s  a con- 

This  procedure r e s u l t e d  i n  t h e  t r u s s  loads  t abu la t ed  
below f o r  t he  most c r i t i c a l  loading  condi t ions .  

TRUSS LOADS FOR FIXED SHADOW SHIELD STRUCTURES 

Condit ion Payload Mass 

Launch 1,500 
2,500 
4,000 

Maximum Booster  1,500 
Accelera t ion  2,500 

4,000 

Truss Loads 
(Lbs .) 

Axial Shear  

7,530 4,420 
9,270 5,430 

12,420 7,300 

21,490 1,370 
27,470 1,740 
36,360 2,310 

Bending 
Momeat 

(in-lb s ) 

630,000 
770,000 

1,040,000 

113,000 
145,000 
192,000 
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I n  each of t hese  cases, t h e  t o t a l  l oad  inc ludes  a s ta t ic  component and 
an RMS summation of  t h e  random components. 

CONDITION 

The t o t a l  a x i a l  load  on any given suppor t  member 
of  a t r u s s  depends on t h e  number of  suppor ts  and t h e  spac ing  of t h e  
forward and a f t  r ings .  
due t o  t h e  t abu la t ed  axial load  and t h e  bending moment i n  accordance 
wi th  the  r e l a t i o n ,  

I n  any case, t h e  maximum a x i a l  loading  w i l l  be  

= - + - ( J  L A =  
Fmax n n  

= max. s t r u t  l oad  
FtllaX 

where 

L = t o t a l  axial load  

n = number of  s t r u t s  

M = bending moment 

r = r ad ius  of  t r u s s  

I = e f f e c t i v e  c ross -sec t iona l  moment of 

A = t o t a l  c ross -sec t iona l  area of s t r u t s  

i n e r t i a  of  t r u s s  

2 For n = 12,  I = 0.58 A r  
2 

For n = 16,  I = (minimum G 0.6 A r  

For n = 24, I = (minimum 2 0.62 A r  

For n = 0 0 ,  I = 0.5 A r  

2 

2 

PAYLOAD MASS (lbm) LOAD ( l b )  

The va lue  of I f o r  a given rad ius  and t o t a l  c ross -sec t iona l  area i s  
i n s e n s i t i v e  t o  the  number of s t r u t s .  The maximum s t r u t  l oad  is there-  
f o r e  given by, 

FmaX n 

and f o r  r = 60 inches ,  

Max. Booster  Accel. 

L + 0.028M 
nFmaX 

1,500 24,700 
2,500 31,600 
4,000 41,800 

The t o t a l  e f f e c t i v e  a x i a l  loading  due t o  t h e  a x i a l  
l oad  and t h e  bending moment i s  t a b u l a t e d  below. 

EFFECTIVE AXIAL LOADS FOR A SUPPORT 

Launch 1,500 25,100 
2,500 31,000 
4,000 41,700 



The loading  on the  i n d i v i d u a l  s t r u t s  of t h e  t r u s s  
w i l l  be  produced by t h e  e f f e c t i v e  a x i a l  l oad  and by t h e  s h e a r  load. 
For a s t r u t  i n c l i n e d  a t  an ang le  8 with  t h e  a x i a l  d i r e c t i o n ,  t h e  s t r u t  
l oad ing  due t o  t h e  e f f e c t i v e  a x i a l  load  is given by 

F 
.sa 

and t h e  s t r u t  l oad ing  due t o  s h e a r  loads  is  

Fss Se/sin8 

where S is  t h e  e f f e c t i v e  shea r  load  on a s i n g l e  t r u s s .  Since t h e  in- 
dividuaf  members of t h e  t r u s s  are not  equa l ly  e f f e c t i v e  i n  r e s i s t i n g  
the  s h e a r  l oad ,  t h e  va lue  of Se is  no t  t h e  t o t a l  s h e a r  load  d iv ided  by 
n.  For a p l a n a r  Warren t r u s s ,  f o r  example, s h e a r  loads  would produce 
t e n s i l e  f o r c e s  i n  h a l f  of t h e  members and compressive fo rces  i n  t h e  
remaining h a l f .  For a c i r c u l a r  t r u s s  arrangement, i t  has  been q u a l i -  
t a t i v e l y  es t imated  t h a t  the  equ iva len t  of about one-half of t h e  com- 
p r e s s i v e l y  loaded members are f u l l y  loaded. 
sequent ly ,  t h a t  t h e  s h e a r  loading  can be  d i s t r i b u t e d  among one-fourth 
of t h e  t r u s s  members. 

It has been assumed, con- 

On t h i s  assumption, t h e  t o t a l  s t r u t  l oad  i s  given 

/cos8 + S / s i n 8  - 
Ft - Fmax e 

where S is  t h e  t o t a l  s h e a r  load. 

T5e truss members were designed on t h e  b a s i s  of t h e  
maximum s t r u t  l oads ,  i n  accordance with convent ional  s t r u c t u r a l  design 
techniques f o r  stress, s t a b i l i t y ,  and l o c a l  buckl ing.  

5.2.2 Design Analysis  

The i n d i v i d u a l  t r u s s  members must be  designed t o  
wi ths tand  t h e  stress l i m i t a t i o n s  due t o  t h e  a x i a l  compression f o r c e s ,  
and t h e  s t a b i l i t y  l i m i t a t i o n s  imposed by l o c a l  (symmetric) buckl ing  and 
by column (unsymmetric) buckl ing ac t ion .  The a x i a l  stress i s  l i m i t e d  
by t h e  requirement t h a t  

l7 

where oa is  t h e  maximum al lowable va lue  of stress f o r  t h e  s p e c i f i c  ma- 
terial .  
s a f e t y  of 1 .4  on u l t i m a t e  s t r e n g t h  o r  1 .2  on y i e l d  s t r e n g t h ,  whichever 
r e s u l t e d  i n  t h e  lower va lue ,  w a s  used t o  determine t h e  va lue  of CT 

Ft, A,  and n are as def ined  i n  Sec t ion  5.2.1. A f a c t o r  of 

a' 
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The column buckl ing c r i t e r i o n  i s  governed by rela- 
t i o n s  o r i g i n a l l y  formulated by Euler  i n  terms o f  c r i t i ca l  loads .  
terms of  c r i t i ca l  stress f o r  a thin-walled tube ,  t h e  r e s u l t a n t  equat ion  
is  

I n  

where L = axial  l eng th  of t r u s s  

R = l eng th  of t r u s s  member = L/cos8 

8 = angle  between t r u s s  member and a x i a l  d i r e c t i o n  

Kc = cons tan t  dependent upon end condi t ions  of column 

E = modulus of e l a s t i c i t y  of  material 

Since,  i n  a l l  cases, t h e  maximum stress i s  no t  allowed t o  exceed t h e  
y i e l d  s t r e n g t h  of t h e  material (al lowable stress cannot exceed y i e l d  
s t r e n g t h / l . 2 ) ,  t h e  va lue  of  t h e  modulus of e l a s t i c i t y  may be  taken as 
t h e  elastic (i.e.,  i n i t i a l )  value.  The va lue  of t h e  cons tan t  Kc i s  
equal  t o  one f o r  a column member having hinged o r  round ends and i s  
equal  t o  f o u r  f o r  a column wi th  f i x e d  o r  b u i l t - i n  ends. C lea r ly ,  t h e  
case of t r u s s  members f a l l s  between t h e s e  end cond i t ions ,  s i n c e  a con- 
s i d e r a b l e  amount of r e s t r a i n t  a g a i n s t  r o t a t i o n  i s  provided by t h e  socket  
suppor ts  a t t a c h i n g  t h e  t r u s s  s t r u t s  t o  t h e  r i n g  members. For purposes 
o f  t h i s  s tudy ,  a va lue  of Kc = 2 w a s  chosen as a reasonable  estimate 
of t he  in f luence  of t h e  s t r u t  end suppor ts .  
column buckl ing  stress r e l a t i o n  became 

Accordingly, t h e  r e s u l t i n g  

2 I T E  2 d2 cos e - 4 - 2  
= -  U c.b. 

L 

For l o c a l  buckl ing  of uns t i f f ened  c y l i n d r i c a l  tubes ,  
t he  c l a s s i c a l  s m a l l  d e f l e c t i o n  t h e o r i e s  l e a d  t o  t h e  r e l a t i o n  

t 
U = K E z  R.b. 

where u = c r i t i ca l  buckl ing stress R.b. 
t = tube  w a l l  th ickness  

d = tube  diameter  

and  

where p = Poisson ' s  r a t i o  

The va lue  of  E is, aga in ,  taken as t h e  i n i t i a l  (elastic) value.  

For  most materials, p = 0 . 3 ,  given K = 1.2. Exten- 
sive series of experiments on thin-walled cy l inde r s  have shown t h a t  t h e  
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experimental  va lue  obta ined  f o r  t he  cons tan t  K is gene ra l ly  lower than 
t h e  t h e o r e t i c a l  va lue  of  1 .2 ,  and a l s o  t h a t  i t  decreases  wi th  inc reas -  
i n g  va lues  of  d / t .  Much of  t h i s  is  due t o  f a b r i c a t i o n  imperfec t ions  
and loading  dissymmetries.  For the range of tube geometries t o  b e  in-  
v e s t i g a t e d  i n  t h i s  s tudy ,  a va lue  of 0.6 f o r  t h e  buckl ing stress co- 
e f f i c i e n t  K appeared reasonable .  
f o r  t h e  s t r u t  members w a s  def ined ,  t h e r e f o r e ,  as 

The l o c a l  buckl ing  stress c r i t e r i o n  

t 
(3 = 0.6E ;T R.b. 

For a t r u s s  system design,  t h e r e f o r e ,  t he  maximum 
stress i n  t h e  tubu la r  s t r u t s  w i l l  be  def ined by t h e  smaller of  t h e  th ree  
stress criteria developed f o r  a x i a l  compression, l o c a l  buckl ing ,  and 
column buckl ing.  To i l l u s t r a t e  t h e  procedure f o r  designing t h e  sup- 
p o r t s  of f i x e d  s t r u c t u r e s ,  t h e  s o l u t i o n  t o  an example problem is  de- 
s c r i b e d  below. 

5.2.3 I l l u s t r a t i v e  Example 

5.2.3.1 Statement of Problem 

For a t i t an ium f i x e d  s t r u c t u r e  of  t h e  f o l -  
lowing conf igu ra t ion ,  determine t h e  governing stress c r i t e r i o n  and com- 
pute  t h e  w a l l  th ickness  and m a s s  of  t h e  suppor ts .  The o v e r a l l  diameter  
of t h e  t r u s s ,  D, i s  120 in . ;  t h e  a x i a l  l eng th ,  L ,  i s  60 i n . ;  and t h e r e  
are 1 2  suppor t s ,  each 3 i n .  i n  diameter.  For t h i s  problem, p = 
0.16 lbm/ in3 ,  E = 16 x l o 6  p s i ,  and aa  = 93,000 p s i  (based on ault = 
130,000 p s i  and a s a f e t y  f a c t o r  of  1 .4) .  

5.2.3.2 So lu t ion  

The f i r s t  s t e p  i n  determining t h e  minimum 
stress o r  the  governing stress c r i t e r i o n  is the  c a l c u l a t i o n  of  t h e  al- 
lowable stress i n  column buckl ing  from t h e  fol lowing expression:  

0 0 0  

- - nLE cosL8 & 
cb 4 - 2  (5 

L 
ITD 
nL 8 = Arctan - = 27.7' where 

thus (r = 77,000 p s i  cb \ 

Since  cra > (5&, a t  t h i s  s t a g e  of  t h e  solu-  
t i o n  
t o t a l  c ros s - sec t iona l  area of  a l l  t h e  suppor t s ,  A, and the  w a l l  th ick-  
nes s  of  each suppor t ,  t ,  can be  computed as follows: 

(5,b = amin and column buckl ing governs t h e  t r u s s  design.  The 

2 A = - - - - - =  Ft 1.43 i n  
min (5 
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where 

and 

- n Ft - 

I 41,700 + 4(7300)  = 110,000 p s i  
0.885 0.465 

0.0126 i n  * A t = - e  
n.rrd 

Using t h e  above va lue  f o r  t h i ckness ,  t h e  
al lowable stress t o  resist l o c a l  buckl ing can be  computed as fol lows:  

t = 0.6 E 2 = 40,500 p s i  Rb U 

I f  5Rb w a s  g r e a t e r  than  bmin, A and t com- 
puted above would spec i fy  t h e  design;  and column buckl ing  would be t h e  
governing stress c r i t e r i o n .  However, s i n c e  Ucb > ORby the  l o c a l  buck- 
l i n g  c r i t e r i o n  governs t h e  design of t h e  suppor ts  i n  t h i s  sample case. 

The w a l l  th ickness  requi red  t o  s a t i s f y  t h e  
governing l o c a l  buckl ing  c r i t e r i o n  can be  determined from t h e  fol lowing 
equat ion  (which can b e  der ived  from t h e  simultaneous s o l u t i o n  of A = 
n Ft/aRby t = A/n.rrd, and agb = 0.6 E t /d ) :  

7 
t = /- = 0.0175 i n  

F i n a l l y ,  agb and t h e  t o t a l  mass of t h e  
suppor t s ,  M, can b e  computed from: 

E t  
= 0.6 7 = 56,000 p s i  Rb U 

n.rrdtL M = = 21.1 lb,. 
COS e 

5.2.4 Parametr ic  S tud ie s  

I n  genera l ,  d i f f e r e n t  opt imal  conf igu ra t ions  are 
expected f o r  d i f f e r e n t  payload masses and f o r  t h e  va r ious  t r u s s  mate- 
rials. Although t h e  c a l c u l a t i o n s  requi red  i n  any p a r t i c u l a r  case are 
simple and s t r a igh t fo rward ,  t h e  number of system parameters and t h e  
range of va lues  of t hese  parameters which r equ i r ed  i n v e s t i g a t i o n  sug- 
ges ted  t h a t  t h e  most expedient  manner t o  e f f e c t  t h e s e  opt imiza t ions  
would b e  by programming t h e  design process  f o r  au tomat ic  computation. 
The d i scuss ion  of t h i s  procedure is  given below. 

* 
For t h e  purpose of t h i s  i l l u s t r a t i v e  example, w e  assume t h a t  t h e  
s t r u t  i s  a thin-wal l  tube and t h a t  t h e  c ros s - sec t iona l  area i s  ndt .  



Parametr ic  s t u d i e s  of f i x e d  s t r u c t u r e s  (and space- 
e r e c t e d  s t r u c t u r e s )  were made us ing  t h e  fol lowing f i v e  materials which 
are commonly used i n  aerospace a p p l i c a t i o n s  : 

1) Fibe r  g l a s s  - Material E-1, YM-31A 
g l a s s  roving,  c ros s  p l i e d  a t  
57' and 303' w i t h  80 p l i e s .  

2) Titanium - Alloy 6A1-4V 

3 )  S t a i n l e s s  steel - 301 Extra F u l l  Hard 

4) Aluminum - Alloy 7075-T6 

5) Beryll ium - Commercially pure ,  1 t o  2% Be0 

The mechanical p r o p e r t i e s  and d e n s i t i e s  of t h e s e  materials are sum- 
marized i n  Table I V .  The a l lowable  stress w a s  taken as the  lower va lue  
obta ined  us ing  a f a c t o r  of s a f e t y  of 1 .4  on u l t ima te  s t r e n g t h  o r  1 .2  
on y i e l d  s t r e n g t h .  However, t h e  al lowable stress f o r  t he  f i b e r  g l a s s  
material w a s  based on a f a c t o r  of s a f e t y  of 2.0 due t o  cons idera t ions  
of f a t i g u e  s t r e n g t h .  

Conceptually,  t he  combination of t he  mass of  t h e  
suppor ts  making up a Warren t r u s s  p lus  t h e  LH2 bo i l -o f f  (hea t  leak)  due 
t o  conduction down t h e  s t r u c t u r e  i s  r e l a t e d  t o  t h e  s p e c i f i c  s t i f f n e s s  
(modulus-to-density r a t i o  (E/P)) and t h e  r a t i o  of E/k, where k i s  the  
thermal conduct iv i ty ,  when t h e  suppor ts  are s i z e d  on the  b a s i s  of sta- 
b i l i t y .  S imi l a r ly ,  when a s t r u c t u r e  is  designed f o r  an axial stress 
c r i t e r i o n ,  i t s  mass i s  r e l a t e d  t o  the  s p e c i f i c  stress ( o / p )  and the  
a / k  r a t i o s  f o r  t h e  materials. A measure of t he  f o u r  proper ty  r a t i o s  
is  given f o r  t he  fi-re materials a t  a r e fe rence  temperature  of 520"R i n  
Table V. This t a b u l a t i o n  i l l u s t r a t e s  t h e  wide range of materials prop- 
ert ies represented  by t h e  s e l e c t i o n .  For example, on the  b a s i s  of t h i s  
simple comparison, f i b e r  g l a s s  appears s u i t a b l e  as a s t r u c t u r a l  mate- 
r i a l  because of  i t s  h igh  E/k and o /k  r a t i o s .  On t h e  o t h e r  hand, spec i -  
f i c  s t i f f n e s s  i s  less than  one-tenth t h a t  of bery l l ium,  which i s  n o t  
as a t t ract ive as f i b e r  g l a s s  from thermal cons idera t ions .  

A comprehensive s t r u c t u r a l  and thermal ana lya i s  w a s  
used t o  determine t h e  relative magnitudes of t h e  mass of  t he  suppor ts  
and the  LH2 boi l -of f  p e n a l t i e s  a s soc ia t ed  wi th  f i x e d  s t r u c t u r e s  f o r  a 
given mission per iod .  The temperature dependence of thermal conduc- 
t i v i t y  wi th  suppor t  temperature w a s  included i n  t h e  h e a t  flow ana lys i s .  

A diagram i l l u s t r a t i n g  the  methods which were used 
t o  c a l c u l a t e  t h e  requi red  m a s s  o f  t h e  suppor t  t r u s s  and the  r e s u l t i n g  
LH2 boi l -of f  mass due t o  support  conduction i s  shown i n  Figure 21. 
diagram i l l u s t r a t e s  how t h e  s t r u c t u r a l  a n a l y s i s  w a s  combined wi th  a 
thermal a n a l y s i s  t o  determine the  most promising s t r u c t u r a l  materials 
and conf igu ra t ions .  The ope ra t iona l  d e s c r i p t i o n s  enclosed by t h e  do t t ed  

The 
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TABLE V 

COMPARISON OF STRUCTURAL MATERIALS AT 520R 

REFERENCED TO ALUMINUM ALLOY 

cr/k A E I P  Elk (3 I P  
( E l P  1 (Elk) ( O l P  1 (a/k) 

Material 

1 )  F i b e r  g l a s s  r e i n f o r c e d  
p l a s t i c  0.5 70.0 2.3 350.0 

2) Titanium (6A1-4V) 

3) S t a i n l e s s  s tee l  (301) 

4) Aluminum (7075-T6) 

5) Beryll ium 

1 .0  18.0 1 .2  25.0 

0.9 11.0 1.2 18.0 

1.0 1.0 1 .0  1 .0  

6.5 2.5 1.8 1 .0  
I 

E = Modulus of e l a s t i c i t y  ( p s i )  

p = Density ( lbml in  ) 

k = Thermal conduc t iv i ty  (BTU/HR FT OR) 

u = U l t i m a t e  stress (ps i )  

3 
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FIGURE 2 1  PARAMETRIC STUDIES OF FIXED STRUCTURES 

n = n u m b e r  of suppor t s  
d = d i a m e t e r  
P = p e r i m e t e r  
A = cross-sectional area 
R = t o t a l  l ength  
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l i n e s  were executed us ing  a computer program which w a s  used t o  de te r -  
mine the  governing stress cri teria,  and eva lua te  the  suppor t  geometry 
and the  mass of  t he  t r u s s  members given the  material and t h e  s t r u c t u r a l  
conf igura t ion  as i n p u t  da t a .  

A t y p i c a l  ou tput  d a t a  s h e e t  from t h e  S t r u c t u r a l  
Analysis Computer program is  presented  i n  Table  V I .  
t he  problem, shown i n  t h e  l e f t  column, r e s u l t s  from the  s p e c i f i c a t i o n  
of t h e  fol lowing informat ion  on a s i n g l e  d a t a  card:  

The i n p u t  d a t a  f o r  

Material code number and name 

* Payload diameter  

Payload - tank spac ing  

Number of suppor ts  

* Support  diameter 

* Code number f o r  payload mass 

The material p r o p e r t i e s  and a x i a l  and s h e a r  fo rces  are s t o r e d  as p a r t  
of t h e  program and are c a l l e d  according t o  t h e  code numbers f o r  t he  
material  and payload mass s p e c i f i e d  on t h e  da t a  card.  
ters and p r o p e r t i e s  used i n  t h e  computation are p r i n t e d  as "input  data" 
as a check on t h e  cons is tency  o f  t h e  d a t a  s p e c i f i c a t i o n .  The c e n t r a l  
column conta ins  t h e  output  d a t a  and t h e  governing stress c r i t e r i o n ,  
which determines the  c ros s - sec t iona l  area (and w a l l  th ickness)  requi red  
t o  suppor t  t h e  launch loads .  The last  column con ta ins  t h r e e  a d d i t i o n a l  
terms which provide checks on t h e  computation and a geometr ical  parame- 
ter which i s  used i n  conjunct ion  wi th  t h e  pre l iminary  a n a l y s i s  of con- 
duct ion h e a t  t r a n s f e r  (Sec t ion  6.0).  Trade-off s t u d i e s  using t h e  re- 
s u l t s  of t h e  s t r u c t u a l  a n a l y s i s  and the  conduction h e a t  t r a n s f e r  analy- 
sis are presented  i n  Sec t ion  7.0. 

A l l  t h e  parame- 

5.2.5 Sample Calcu la t ions  

Figure 22 shows the  computed masses of t r u s s  members 
as a func t ion  of L/D and material p r o p e r t i e s  f o r  a t y p i c a l  configura-  
t i o n  c o n s i s t i n g  of 12 t u b u l a r  suppor t s ,  3 inches  i n  diameter ,  and a 
payload m a s s  of 4000 l b s .  For spac ing  r a t i o s  between 0 .1  and 0.4,  t h e  
masses of t h e  suppor ts  w e r e  of t h e  same orde r  of  magnitude f o r  a l l  ma- 
terials and ranged from 5 t o  25 lb,. 
found t o  govern the  w a l l  th ickness  of  t he  suppor ts  are a l s o  ind ica t ed  
i n  F igure  22. 
and s t a i n l e s s  steel s t r u c t u r e s  were l o c a l  o r  column buckl ing,  wh i l e  
t h e  aluminum and be ry l l i um s t r u c t u r e s  w e r e  s i z e d  on an a x i a l  stress 
c r i t e r i o n .  S ince ,  i n  gene ra l ,  t h e  phys ica l  masses of  t h e  suppor ts  w e r e  
r e l a t i v e l y  s imilar  f o r  a l l  t h e  materials, i t  w a s  no t  p o s s i b l e  t o  d is -  
q u a l i f y  any of t h e  f i v e  s e l e c t e d  materials f o r  use  i n  f i x e d  s t r u c t u r e s  
on s t r u c t u r a l  cons ide ra t ions  alone.  

The stress cr i te r ia  which w e r e  

The governing c r i te r ia  f o r  t h e  f i b e r  g l a s s ,  t i t an ium,  
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5.3 Design of Space-Erected S t r u c t u r e s  

5.3.1 In t roduc t ion  

During launch, t he  payload and t h e  LH2 tank support  
are locked,  and t h e  r e t r a c t e d  s t r u c t u r e s  do not  provide any suppor t ing  
func t ion .  A f t e r  deployment i n  space,  t h e  e r e c t e d  s t r u c t u r e s  , connect- 
i n g  t h e  payload and t h e  LH2 tank,  w i l l  only be sub jec t ed  t O  small ac- 
c e l e r a t i o n s  a s soc ia t ed  w i t h  a t t i t u d e  con t ro l .  
were made i n  t h e  design a n a l y s i s  of space-erected s t r u c t u r e s .  

The fol lowing assumptions 

1) The e r e c t e d  s t r u c t u r e  in t e rconnec t s  and suppor ts  
t he  payload and a kick-stage engine system of  
mass 4000 l bm and 8724 lb,, r e spec t ive ly .  
m a s s  i s  uniformly d i s t r i b u t e d  i n  a 10-foot- 
diameter  conf igura t ion .  

Each 

2 )  The a t t i t u d e  c o n t r o l  system i s  capable  of exer t -  
i n g  s u f f i c i e n t  fo rce  t o  t h e  veh ic l e  t o  cause 
a c c e l e r a t i o n s  of 10-33g i n  r o l l ,  p i t c h  and yaw. 
These fo rces  are assumed t o  be  exe r t ed  by con- 
t r o l  nozzles  loca t ed  on the  payload. 

The mathematical model of t h e  k i ck  s t a g e  and i n t e r -  
mediate,  e r e c t e d  s t r u c t u r e  w a s  represented  by a two-mass system connect- 
ed by a s t r u c t u r e  of l eng th ,  L ,  and wi th  a s p r i n g  cons tan t ,  k. This  
system w i l l  have t h r e e  n a t u r a l  modes of v i b r a t i o n  - a t o r s i o n a l  mode 
with the  masses r o t a t i n g  i n  oppos i te  d i r e c t i o n s  and t w i s t i n g  t h e  s t r u c -  
t u r e ¶  a lateral d e f l e c t i o n  mode bending the  s t r u c t u r e  as t h e  masses 
move l a t e r a l l y  i n  phase,  and an axial  d e f l e c t i o n  mode wi th  t h e  masses 
moving a x i a l l y  i n  phase oppos i t ion  t o  a l t e r n a t e l y  compress and extend 
t h e  s t r u c t u r e .  Any o r  a l l  of  t hese  n a t u r a l  v i b r a t i o n  modes could be  
e x c i t e d  when a c o n t r o l  torque w a s  appl ied  t o  one of  t h e  system masses. 
Obviously, i f  the e r e c t e d  s t r u c t u r e  w e r e  very f l e x i b l e ,  i t  would develop 
l a r g e  d e f l e c t i o n s  when t h e  c o n t r o l  system w a s  ac tua ted .  These l a r g e  
d e f l e c t i o n s  could con t inua l ly  exert d i s t u r b i n g  fo rces  on t h e  c o n t r o l l e d  
mass and, t h e r e f o r e ,  r e q u i r e  t h e  a t t i t u d e  c o n t r o l  system t o  func t ion  
cont inuously.  

For example, i f  a maneuvering torque w a s  exe r t ed  on 
t h e  payload t o  r o t a t e  i t  f o r  s t a r - o r i e n t i n g  purposes and t h e  s t r u c t u r e  
w a s  f l e x i b l e ,  t h e  payload could be  dr iven t o  i t s  f i n a l  o r i e n t a t i o n  be- 
f o r e  t h e  uncont ro l led  mass reac ted .  The subsequent t w i s t i n g  of  t h e  
s t r u c t u r e  would then  exert torques on both  masses causing them t o  r o t a t e  
and t h e  c o n t r o l  system would then be  requi red  t o  s t a b i l i z e  t h e  payload 
a g a i n s t  t h e  con t inua l ly  vary ing  torque  exer ted  on i t  by t h e  t o r s i o n a l l y  
deformed s t r u c t u r e  and engine mass. 
damping i n  t h e  e r e c t e d  s t r u c t u r e ,  t h e  a t t i t u d e  c o n t r o l  system would be  
ope ra t ing  cont inuously which might r e q u i r e  l a r g e  amounts of  a t t i t u d e  
c o n t r o l  gas. 

I n  the  absence of any s t r u c t u r a l  
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By making t h e  e r e c t e d  s t r u c t u r e  as s t i f f  as possi-  
b l e  w i t h i n  a reasonable  t o t a l  m a s s ,  i t  would approach a r i g i d  body 
system which could b e  e a s i l y  c o n t r o l l e d  i n  a t t i t u d e .  I n  e f f e c t ,  when 
t h e  o s c i l l a t i o n  amplitude of  t h e  payload is  w i t h i n  t h e  c o n t r o l  l i m i t s  
of t h e  a t t i t u d e  c o n t r o l  system, no p o s i t i o n  e r r o r  is  sensed;  and t h e  
system w i l l  behave l i k e  a r i g i d  body. Of course ,  some damping would 
be  p re sen t  i n  t h e  s t r u c t u r e  which would cause o s c i l l a t i o n s  t o  d isappear  
a f t e r  a f i n i t e  t i m e .  
mass and a h igh  s t i f f n e s s  i n  a l l  d i r e c t i o n s  when e rec t ed ,  i t  is  gen- 
e r a l l y  d e s i r a b l e  f o r  a space-erected s t r u c t u r e  t o  have a h igh  s t i f f n e s s -  
to-mass r a t i o .  

S ince  a space-erected s t r u c t u r e  should, have low 

5.3.2 Design Analysis  

Consider a mathematical model, cons i s t ing  of t h e  
payload m a s s  M 1  wi th  moment of i n e r t i a  11, the  kick-stage engine and 
p rope l l an t  mass M2 wi th  moment of i n e r t i a  12, and t h e  t o r s i o n a l  s p r i n g  
cons tan t  k of t he  connecting s t r u c t u r e .  The fol lowing equat ion  of 
motion desc r ibes  t h e  angle  of twist of  t h e  s t r u c t u r e  when t h e  a t t i t u d e  
con t ro l  torque is  cons tan t  and damping is  neglected:  

I 1 I 2  $ + k ' =  '2 To 

I1 + I 2  I1 + I 2  

where IJJ = angle  of  t w i s t  

T = a t t i t u d e  c o n t r o l  torque 
0 

This  equat ion  can be  so lved  t o  y i e l d  t h e  fol lowing expressions f o r  t he  
maximum ang le  of t w i s t  and the  n a t u r a l  c i r c u l a r  frequency. 

T r n  

- - 2 12 l o  
'max k(I1 + 12> 

n 

Thus, i f  a s teady  c o n t r o l  torque To i s  app l i ed  t o  
t h e  payload, MI, t h e  system w i l l  o sc i l l i a t e  a t  i t s  n a t u r a l  c i r c u l a r  f r e -  
quency, wn, w i th  a maximum t w i s t  ang le  of  IJJmx. Note t h a t  t h e  abso lu te  
angular  excurs ions  o f  t h e  s e p a r a t e  masses would b e  less than J'max be- 
cause one p o i n t  a long t h e  s t r u c t u r e  tends t o  remain f i x e d  i n  space.  

I f  a torque  reversal t o  s t o p  t h e  s p a c e c r a f t  r o l l  
should occur  a t  t h e  wors t  t i m e ,  i.e., when t h e  reversed  torque and the  
s t r u c t u r a l  twist act t o g e t h e r  t o  accelerate M i ,  t h e  frequency of os- 
c i l l a t i o n  w i l l  remain t h e  same b u t  t h e  amplitude w i l l  i n c r e a s e  i n  ac- 
cordance wi th  t h e  fol lowing equat ion:  

I T  4 2 0  
=: 

'max k(I1 + I*> 
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Since t h e  torque exe r t ed  on t h e  s t r u c t u r e  is  equa l  t o  i t s  angular  de- 
f l e c t i o n  t i m e s  i ts  s p r i n g  cons tan t :  

k - - 
Ts (max) *,ax 

Since t h i s  r e l a t i o n  de f ines  t h e  maximum torque 
the  e r e c t e d  s t r u c t u r e  i n  terms of known q u a n t i t i e s ,  i t  serves as a 

on 

q u a n t i t a t i v e  c r i t e r i o n  f o r  designing t h e s e  s t r u c t u r e s .  The mathemati- 
cal  a n a l y s i s  used t o  eva lua te  the  element geometry of "A."-frame 
and concen t r i c  tube s t r u c t u r e s  and the  r e s u l t i n g  t o r s i o n a l  s p r i n g  con- 
s t a n t s  is descr ibed  i n  t h e  fol lowing paragraphs.  The rea f t e r ,  t h e  per- 
formance of t h e  s t r u c t u r e s  w i l l  be  compared from t h e  s t andpo in t s  
s p e c i f i c  s t i f f n e s s  and inhe ren t  r e l i a b i l i t y .  This  pre l iminary  com- 
pa r i son  served  t o  i l l u s t r a t e  t h e  advantages and t rade-of fs  of  t he  sys- 
tems t o  a i d  i n  the  s e l e c t i o n  of  concepts f o r  f i n a l  eva lua t ion ,  which is  
descr ibed  i n  Sec t ion  7.0. 

"STEM," 

5.3.2.1 "A"-Frame Erect i le  S t r u c t u r e s  

An "A"-frame s t r u c t u r e  i s  a frame cons i s t -  
i n g  of two s t r u c t u r a l  elements j o ined  toge the r  a t  one end and hinged t o  
t h e  payload o r  engine a t  t h e  o t h e r .  
f o r c e  m e m b e r s  ( a l l  loads  are coaxia l  wi th  t h e  element) wi th  an included 
apex angle  of 2B. A l oad  F a c t i n g  i n  t h e  p lane  of t h e  "A" frame a t  the  
apex b u t  perpendicular  t o  i t s  a x i s  of symmetry would, t h e r e f o r e ,  pro- 
duce a load  f i n  the  elements:  

The elements were considered two- 

F f = -  
2sinB 

The e r e c t e d  s t r u c t u r e  w a s  assumed t o  con- 
sist of s i x  "A" frames (3 frames hinged from t h e  payload and tank sup- 
p o r t s ,  r e s p e c t i v e l y ) ,  equa l ly  spaced around the  circumference of a 10- 
foot-diameter v e h i c l e  a t  60' i n t e r v a l s .  
on t h i s  s t r u c t u r e  would cause t h e  fol lowing loads  i n  the  elements:  

Therefore ,  a torque Ts exe r t ed  

7- 
.I. 
S 

3(5cos3Oo) (2sinB) f =  

Using t h e  prev ious ly  der ived  equat ion  f o r  
t h e  torque ,  and s u b s t i t u t i n g  I1 and 12 ,  t h e  maximum moment of i n e r t i a  
of  t h e  payload and t h e  moment of  i n e r t i a  of t h e  engine,  respec t ive ly :  

= 2.75 T 
TS 0 
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Since t h e  maximum r o l l  a c c e l e r a t i o n  of t h e  
v e h i c l e  a t  i t s  per iphery  is  g, t h e  torque requi red  t o  produce t h i s  
a c c e l e r a t i o n ,  assuming a r i g i d  veh ic l e ,  i s  31.8 1 b f . f t .  I n  view of  
t h e  f a c t  t h a t  t h e  number of torque reversals and t h e i r  t iming i s  un- 
known, To w a s  a r b i t r a r i l y  mul t ip l i ed  by 1.22: 

= 1.22(2.75) To = 107 l b f .  f t .  
TS 

The load  on t h e  elements comprising t h e  
I 1  I1 A frame can be  e i t h e r  t e n s i l e  o r  compressive; however, i n  t h i s  case 
only t h e  l a t t e r  is p i g n i f i c a n t  from a s i z i n g  s t andpo in t .  Using thin-  
wal led tub ing  f o r  t he  "A"-frame elements , t he  c r i t i ca l  stresses asso- 
c i a t e d  wi th  l o c a l  and column buckl ing can be  determined as a func t ion  
of t he  fo l lowing  v a r i a b l e s  : 

* modulus of e l a s t i c i t y  

* tube w a l l  th ickness  

tube diameter  

Poisson ' s  r a t i o  

l eng th  of  t h e  tube  

Thus, f o r  a given material and t o t a l  l eng th  of  t h e  "A"-frame system, 
one can determine t h e  minimum w a l l  th ickness  and tube diameter requi red .  
The m a s s  o f  t h e  "A"-frame s t r u c t u r e  can thus be  determined. 

The t r ansve r se  s p r i n g  cons tan t  K of t he  
b a s i c  frame ( i n  t h e  p l ane  of t h e  elements perpendicular  t o  t h e  a x i s  of 
symmetry) i s  given by the equat ion:  

2 K = 2k s i n  

where k is t h e  axial s p r i n g  cons tan t  of  t he  i n d i v i d u a l  elements.  

Since t h e r e  are t h r e e  "A" frames connected 
t o  each p a r t  of t he  s p a c e c r a f t  ( i n  p a r a l l e l )  and these  i n  t u r n  are 
connected toge the r  ( i n  series), the  t o r s i o n a l  s p r i n g  cons tan t  f o r  t he  

where t = w a l l  th ickness  ( i n )  

d = tube diameter  ( i n )  

E = modulus of  e l a s t i c i t y  ( p s i )  

L/D = spac ing  r a t i o  

Kt = t o r s i o n a l  s p r i n g  cons tan t  ( l b f / i n )  
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5.3.2.2 "STEM" Erectile S t r u c t u r e  

A "STEM" erectile s t r u c t u r e  would c o n s i s t  
of a p a r a l l e l  a r r a y  of  "STEM" elements whose ends are b u i l t  i n t o  the  
payload and engine p o r t i o n s  o f  t h e  veh ic l e .  For each "STEM" element 
of  diameter  d, l eng th  L ,  and w a l l  th ickness  t ,  t h e  la teral  s p r i n g  con- 
s t a n t  a t  t h e  end is: 

24EI 
3 L 

k = -- 

where t h e  moment of  i n e r t i a  i s  given by Rimrott  

I = 0.535 d3 t 

(1965) 

For an a r r a y  of "STEM" elements arranged i n  p a r a l l e l  around t h e  veh ic l e  
circumference,  t h e  system t o r s i o n a l  s p r i n g  cons tan t  is  : 

ENd3t K = 1810 - 
L3 t 

The t o t a l  mass f o r  such a system would be: 

M = VNdLtp 

where N = number of  tubes 

p = dens i ty  

The la teral  load-carrying a b i l i t y  of such an element i s  l i m i t e d  by l o c a l  
buckl ing so  t h a t  i n  t h i s  p a r t i c u l a r  case a conserva t ive  estimate of the  
system t o r s i o n a l  capac i ty  is: * 

S 
T ENdtL 2.06 

These t h r e e  equat ions  are no t  enough t o  
e f i n e  a s t r u c t u r e ,  b u t  they can provide information on t h e  

i t  i s  d e s i r a b l e  t o  maximize. For example, a t  a given 
(L/D), t h e  s p r i n g  cons tan t  K t  p e r  u n i t  mass i s  given 

M 

I n  o t h e r  words, t h e  b e s t  material i s  t h e  
one wi th  t h e  h ighes t  s p e c i f i c  modulus of e l a s t i c i t y  and t h e  optimum 
s i z e  i s  represented  by t h e  m a x i m u m  p o s s i b l e  diameter  and t h e  s h o r t e s t  
l ength .  For a space  v e h i c l e  diameter  of 120" assumed i n  t h i s  s tudy ,  

* 
(c . f .  Rimrott  (1965)) 
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t h e  maximum a l lowable  s t r u c t u r a l  element diameter  is about 4 inches ;  
t he re fo re ,  i f  d is set equal  t o  4 inches and D = 120", t he  fol lowing 
equat ions  apply 

- =  Kt 1810 (4)' E 

M T (lZOI4 P ( L / D ) ~  

and 
2 

- -  - 12.97 E N t  
L 

This  equat ion  determines t h e  al lowable element conf igura t ion  ( w a l l  
th ickness  and number of elements) based upon buckl ing  cri teria.  

Note t h a t  t h e s e  l as t  two equat ions  do n o t  
de f ine  s p e c i f i c  s t r u c t u r a l  conf igu ra t ions ,  b u t  r a t h e r  a family of con- 
f i g u r a t i o n s  which have i d e n t i c a l  N t 2  products  and 2 values .  

M 
The t o t a l  s t r u c t u r a l  mass f o r  t h i s  system 

would c o n s i s t  o f  t he  mass of t h e  "STEM" tubes p l u s  t h e  mass of t h e  end 
f i t t i n g s ,  guide bushings,  and winding drum. 

5 . 3 . 2 . 3  Concentr ic  Tube Erectile S t r u c t u r e s  

A concent r ic  tube erect i le  s t r u c t u r e  would 
be  very s i m i l a r  t o  a "STEM" s t r u c t u r e  s i n c e  i t  would c o n s i s t  of m u l t i p l e  
c i r c u l a r  elements a c t i n g  i n  p a r a l l e l  which are b u i l t  i n t o  the  payload 
and engine po r t ions  of t he  space veh ic l e .  
s l i d i n g  j o i n t s  of t h i s  s t r u c t u r e  w i l l  b e  considered s o l i d  so t h a t  t h e  
elements can be  t r e a t e d  as s i n g l e ,  thin-wal l  tubes extending from the  
payload t o  t h e  engine.  

For e s t ima t ing  purposes,  t h e  

The de r iva t ion  of equat ions  f o r  t h i s  s t r u c -  
t u r e  i s  almost i d e n t i c a l  t o  t h a t  f o r  t h e  "STEM" s t r u c t u r e .  The f i n a l  
f o r  t h e  t o r s i o n a l  s p r i n g  cons tan t  is  

-5 E 1 - 3 . 2 4  x 10  -- t K 
- -  
M P L \ 4  

based on the  assumption t h a t  t h e  
diameter  is 120". 

The 
be governed by t h e  equat ion  

2 E N t  
L 
- 

tube diameter is 4" and t h e  payload 

al lowable element conf igu ra t ion  would 

= 10.20 
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Here aga in ,  w e  are n o t  de f in ing  a s p e c i f i c  s t r u c t u r a l  conf igura t ion  
only a family of conf igu ra t ions  of  i d e n t i c a l  N t 2  products  and 2 values .  

M 
The m a s s  inc ludes  only the  tube m a s s  and 

n o t  t h e  f i t t i n g s  which would be  requi red  a t  t h e  ends of  a l l  t he  tubes 
t o  provide s o l i d  j o i n t s .  

5.3.3 Comparison of Erectile Concepts on t h e  Basis 
of  Mass, S t i f f n e s s  and R e l i a b i l i t y  P o t e n t i a l  

It has  prev ious ly  been mentioned t h a t  i t  is des i r -  
a b l e  f o r  an erecti le s t r u c t u r e  t o  have a high t o r s i o n a l  s t i f f n e s s - t o -  
mass r a t i o .  A s t i f f  s t r u c t u r e  would react as a r i g i d  body dur ing  
a t t i t u d e - c o n t r o l  maneuvers and, t he re fo re ,  could be  pos i t i oned  wi th  
convent ional  c o n t r o l  systems, wh i l e  a f l e x i b l e  s t r u c t u r e  would be d i f -  
f i c u l t  t o  con t ro l .  Since i t  i k ' a l s o  d e s i r a b l e  t o  make t h e  erecti le 
s t r u c t u r e  (as w e l l  as t h e  e n t i r e  shadow-shield system) as l i g h t  as pos- 
s i b l e ,  t he  t h r e e  concepts ("A" frame, "STEM" and Concentric Tubes) were 
i n i t i a l l y  compared on t h e  b a s i s  of s p e c i f i c  t o r s i o n a l  s t i f f n e s s  versus  
extended length  (payload-tank spacing)  . 

The f i v e  materials considered i n  t h e  eva lua t ion  of 
f i x e d  s t r u c t u r e s  were a l s o  considered i n  t h i s  a n a l y s i s .  F ibe r  g l a s s  
w a s  n o t  considered f o r  t h e  concent r ic  tube and "STEM" s t r u c t u r e s  due 
t o  phys i ca l  l i m i t a t i o n s .  

The r a t i o s  of t o r s i o n a l  s p r i n g  cons tan t  t o  t h e  mass 
of t h e  tubes  ( o r  elements) f o r  each system are presented  i n  F igure  23 
as a func t ion  of t h e  spac ing  r a t i o  i n  the  deployed conf igura t ions .  The 
mass M does n o t  i nc lude  end f i t t i n g s ,  a c t u a t i o n  systems, etc.  It w a s  
assumed t h a t  a l l  systems would r e q u i r e  an equal  mass of end f i t t i n g s  and 
e s s e n t i a l l y  t h e  same a c t u a t i o n  system; the re fo re ,  t h e  a d d i t i o n a l  mass 
w a s  n o t  considered i n  t h e  comparison. 
l ium y ie lded  t h e  b e s t  performance over  t h e  e n t i r e  range of  spac ing  
r a t i o s  and exceeded t h e  b e s t  performance of t h e  o t h e r  two systems. 
each system, t h e  curves represent ing  t h e  b e s t  and worst  materials are 
shown. 

For the  "A" frame system, bery l -  

For 

The in t e rmed ia t e  ranking materials w e r e  e l imina ted  f o r  c l a r i t y .  

From Figure 23, i t  i s  clear t h a t  a t  L/D r a t i o s  i n  
excess  of 0.25, "A" frame s t r u c t u r e s  f a b r i c a t e d  from any of t h e  f i v e  
materials has  a s i g n i f i c a n t l y  b e t t e r  s t i f fness- to-mass r a t i o  than  t h e  
best-performing o t h e r  s t r u c t u r e s .  I n  f a c t ,  a t  spac ing  r a t i o s  g r e a t e r  
than 1 .0 ,  t h e  s p e c i f i c  s t i f f n e s s  of t h e  b e s t  "A" frame system i s  two 
o rde r s  of magnitude g r e a t e r  than  t h a t  of t h e  nex t  b e s t  system. 

The concepts which w i l l  be  considered i n  t h e  f i n a l  
a n a l y s i s  and eva lua t ion  w i l l  b e  compared on t h e  b a s i s  of  mass and in -  
h e r e n t  r e l i a b i l i t y .  Therefore ,  some pre l iminary  comments w i l l  be  made 
concerning t h e  r e l i a b i l i t y  p o t e n t i a l  o f  t h e  t h r e e  space-erected s t ruc -  
t u r e s  : 
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FIGURE 23 - TORSIONAL STIFFNESS T O  M A S  S 
RATIO VS. L /D  FOR VARIOUS ERECTILE 
CONCEPTS 
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1) Coef f i c i en t s  of f r i c t i o n  are somewhat unpre- 
d i c t a b l e ;  and, when c l o s e l y  con tac t ing  su r faces  
rub i n  a vacuum, t h e r e  i s  the  p o s s i b i l i t y  of  
co ld  welding. I n  t h i s  regard,  t h e  concen t r i c  
tube and "STEM" concepts have more rubbing 
con tac t ing  area than t h e  "A" frame system and 
wouid r e q u i r e  s p e c i a l  a t t e n t i o n  i n  the  design 
and material s p e c i f i c a t i o n  of t h e  con tac t ing  
p a r t s .  On t h e  o t h e r  hand, t h e  r o t a t i n g  j o i n t s  
of t h e  "A" frame system could be e a s i l y  design- 
ed us ing  s tandard  s p a c e c r a f t  hardware compo- 
nents .  

The concentr ic- tube s t r u c t u r e  r equ i r e s  t h a t  s l i p  
j o i n t s  be made wi th  t a p e r s  o r  c l o s e l y  f i t t i n g  
c y l i n d r i c a l  su r f aces  s o  t h a t  t he  s t r u c t u r e  i s  
r i g i d  when f u l l y  extended. 
s t r u c t u r e  and locking of t hese  r i g i d  j o i n t s  may 
n o t  be  a problem, b u t  r e l i a b l y  unlocking these  
j o i n t s  a f t e r  exposure t o  t h e  space environment 
and a complicated load  h i s t o r y  may r e q u i r e  ex- 
t ens ive  design work and experimental  v e r i f i c a -  
t i on .  

Extension of t he  

I n  summary, on the  b a s i s  of t o r s i o n a l  s t i f f n e s s  p e r  
u n i t  m a s s  and r e l i a b i l i t y  p o t e n t i a l ,  t he  "A" frame system appears more 
promising than t h e  o t h e r  two concepts .  Addi t iona l  parametr ic  s t u d i e s  
w e r e  made wi th  the  "A" frame system t o  determine t h e  optimum s t r u c t u r a l  
material and L/D cons ider ing  mass and thermal performance. This  work 
w i l l  be  d iscussed  i n  Sec t ion  7.0. 

5.4 S t r e s s  Levels and Natura l  Frequency of  Shadow Sh ie lds  

The c i r c u l a r ,  120"-dia. shadow s h i e l d s  which are assumed t o  
comprise a three- layer  composite of p o l y e s t e r  f i l m ,  r ip-s top  nylon c l o t h ,  
and p o l y e s t e r  f i l m  are supported a t  t h e i r  per iphery .  During launch t h e  
s t a t i c  a c c e l e r a t i o n s  and v ib ra to ry  inpu t s  from t h e  support  s t r u c t u r e  
produce stresses i n  t h e  c i r c u l a r  diaphragms. The purpose of t h i s  sec- 
t i o n  i s  t o  p re sen t  t h e  r e s u l t s  of estimates of  t h e  n a t u r a l  f requencies  
and t h e  maximum stresses i n  t h e  s h i e l d s  dur ing  launch. 

The fol lowing launch loadings apply: 

* Vibratory inpu t s  - 6 g a t  20-150 HZ a t  2.5 g 

S t a t i c  a c c e l e r a t i o n  - 5.7 g (max) 

a c c e l e r a t i o n  
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The s h i e l d  materials and t h e  weight p e r  u n i t  area compris- 
i n g  t h e  s h i e l d  are as fol lows:  

Mate r ia l  Thickness (mi ls )  W/A (oz/yd2) 

p o l y e s t e r  f i l m  .5 1 .0  

r ip-s top  nylon 2.0 

p o l y e s t e r  f i l m  - .5 

3.0 

1.1 

1.0 

3.1 
- 

For a composite cons i s t ing  of one l a y e r  of 1/2-mil p o l y e s t e r  
f i l m  and t h e  1.1 oz/yd2 r ip-s top  nylon, t h e  breaking s t r e n g t h  is ap- 
proximately 55 l b s / i n c h  of width.  
22,000 p s i .  I f  t h e  e longat ion  a t  break i s  taken t o  be 0.2, t h e  modulus 
of e l a s t i c i t y  f o r  l a r g e  s t r a i n s  w i l l  be  110,000 p s i .  
t h a t  t h e  cons t ruc t ion  of t h e  composite i s  no t  balanced s i n c e  t h e  poly- 
ester f i l m  i s  capable  of g r e a t e r  e longat ion  a t  breakage (70-100%) than 
t h e  f a b r i c .  Thus a t  the  break p o i n t  t h e  load  w i l l  be  t r a n s f e r r e d  t o  
the  p o l y e s t e r  f i lm.  

The corresponding t e n s i l e  stress i s  

I t  may be  noted 

For  the  three- layer  composite, t h e  average breaking stress 
w i l l  be  20-25,000 p s i  and t h e  modulus f o r  s m a l l  s t r a i n s  w i l l  be  about 
250,000 p s i .  

During s t a t i c  a c c e l e r a t i o n  the  maximum stress w i l l  occur i n  
t h e  c e n t e r  of t he  diaphragm, and t h e  stress is  given by the  fol lowing 
formula: 

0 max - - 0.4 2 3 1 7  
where E - modulus of  e l a s t i c i t y  = 250,000 p s i  

w - e f f e c t i v e  mass p e r  u n i t  area = .85 x 10 

a - r ad ius  = 60.0 i n  

t - th ickness  = 3 x lom3 i n  

-3 p s i  @ 5.7 g 

The r e s u l t i n g  stress f o r  5.7 g ' s  i s  

5 = 177 p s i  
IWLX 

Thus the s ta t ic  loading  is  small by comparison t o  the  breaking s t r e n g t h ,  
and the  use of  a modulus based on small s t r a i n s  is appropr ia te .  
stress of  177 p s i  corresponds t o  a t e n s i l e  f o r c e  of 0.53 l b s / i n c h  com- 
pared t o  the  t e n s i l e  f o r c e  a t  break  of 55 lbs / inch .  

A 

Under t h e  v i b r a t o r y  inpu t ,  t h e  s t a t i c  a c c e l e r a t i o n  i s  2.5 g 
and the  corresponding stress is  135 p s i .  
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It may be  noted t h a t  u n c e r t a i n t i e s  i n  t h e  va lue  of t h e  modu- 
l u s  f o r  s m a l l  s t r a i n s  of a f a c t o r  of two w i l l  change t h e  stress level 
by a f a c t o r  of  only 1.25. 

The maximum d e f l e c t i o n  during s ta t ic  a c c e l e r a t i o n  i s  given 
by t h e  formula 

y = 0.662 a E  
A t  5.7 g a c c e l e r a t i o n  t h e  corresponding d e f l e c t i o n  is  

y = 2.3 inches  

Therefore ,  from cons idera t ions  of  s t a t i c  a c c e l e r a t i o n s  i t  
i s  concluded t h a t  t h e  stress levels i n  t h e  s h i e l d s  are e s s e n t i a l l y  
n e g l i g i b l e ;  however, p rov i s ions  must b e  made t o  allow f o r  s t a t i c  de- 
f l e c t i o n s  of  several inches .  Furthermore, such low stress levels w i l l  
produce only small  loads  a t  the  per iphery ;  and t h e  attachment of t he  
s h i e l d  t o  t h e  s h i e l d  r i m  by a m u l t i p l i c i t y  of gromments w i l l  n o t  be  a 
s i g n i f i c a n t  problem. 

The n a t u r a l  frequency f of a c i r c u l a r  diaphragm d i s tu rbed  
a t  i t s  circumference i s  given by t h e  formula 

where T - t ens ion  ( lb s / inch )  
2 3  1-1 - mass/unit  area ( l b  s e c  / i n  ) 

a - r ad ius  

A - cons tan t  - 2.4 f o r  1st mode 

I f  i t  is assumed t h a t  t he  s h i e l d  is  assembled wi th  a s m a l l  
i n i t i a l  t ens ion  of  300 p s i  ( 1  lb / inch  of wid th) ,  t he  fundamental n a t u r a l  
frequency i s  

f l  = 10.3 HZ 

which is  below the  range of  i n p u t  f requencies .  
s h i e l d  w a s  tensioned t o  the  breaking s t r e n g t h  

By comparison, i f  t he  

f l  = 76.1 HZ 

occur  wi th  a stress of  22,000 p s i  corresponding t o  a t e n s i l e  f o r c e  of  
55 lbs / inch .  
of  1000 g ' s .  
resonance could produce such a c c e l e r a t i o n s  because of i n t e r n a l  damping 
and t h e  damping provided by t h e  a i r  mass w i t h i n  t h e  i n t e r s t a g e .  

The l i m i t i n g  case of  f a i l u r e  by v i b r a t o r y  a c c e l e r a t i o n  would 

I n  t h i s  case t h e  requi red  a c c e l e r a t i o n  would be i n  excess  
It is  h ighly  improbable t h a t  ampl i f i ca t ion  f a c t o r s  a t  
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During t h e  launch environment the  s h i e l d  material w i l l  be  
hea ted  from t h e  i n t e r s t a g e  by aerodynamic h e a t i n g  e f f e c t s .  
p o l y e s t e r  f i l m  is  n o t  preshrunk, h e a t i n g  w i l l  cause an i n i t i a l  shr inkage 
of  approximately 1.2% f o r  a 30-minute exposure a t  300°F. Using a modu- 
l u s  of e l a s t i c i t y  of 250,000 p s i  f o r  s m a l l  s t r a i n s ,  t h e  r e s u l t i n g  addi- 
t i o n a l  stress would b e  3000 p s i  which would be  small by comparison t o  
t h e  average al lowable stress of  about 22,000 p s i .  I n  an actual assem- 
b l y  t h e  p o l y e s t e r  f i l m  could be  preshrunk be fo re  laminat ion.  Ths t e m -  
p e r a t u r e  rise dur ing  a scen t  would then tend  t o  cause a s l i g h t  decrease 
i n  the  i n i t i a l  t ens ion  i n  the  s h i e l d ;  however, t h e  expansion of t h e  
aluminum s h i e l d  r i m  would tend  t o  i n c r e a s e  the  tens ion .  The maximum 
s h i e l d  stress due t o  thermal e f f e c t s  would occur i f  t h e  expansion of  
t h e  s h i e l d  material were neglected.  
f o r  t h e  aluminum s h i e l d  r i m  dur ing  a s c e n t ,  t he  t e n s i l e  stress i n  the  
s h i e l d  material would be  457 p s i  o r  a t e n s i l e  fo rce  of 1 . 4  l b s / i n c h  of 
width.  This is ,  aga in ,  a small fo rce  compared t o  t h e  breaking fo rce  
of 55 lb s / inch .  Furthermore, t he  low stress levels w i l l  no t  apprecia-  
b l y  a l ter  t h e  n a t u r a l  frequency of t h e  s h i e l d s ,  s i n c e  t h e  n a t u r a l  f r e -  
quency i s  p ropor t iona l  t o  t h e  square roo t  of  t h e  tens ion .  

I f  t h e  

Using a temperature rise of 250F 

During sun-oriented ope ra t ion ,  t h e  s h i e l d s  w i l l  cool  down 
t o  cryogenic  temperatures .  The maximum stress i n  t h e  s h i e l d  material 
due t o  thermal con t r ac t ion  t o  temperatures below 140"R w i l l  be  approxi- 
mately 440 p s i  - a t e n s i l e  f o r c e  of only 1 .3  l b s / i n c h  of width - which 
i s  s m a l l  wi th  r e spec t  t o  t h e  al lowable stress levels. 

6.0 CONDUCTIVE HEAT TRANSFER 

6 . 1  General 

The p r o p e l l a n t  bo i l -of f  due t o  conduction h e a t  t r a n s f e r  can 
be  l a r g e  o r  unimportant depending upon t h e  mechanical and thermal prop- 
erties of t h e  s t r u c t u r a l  materials. Procedures f o r  determining t h e  
s i z e  and mass of  f i x e d  and space-erected s t r u c t u r e s  have been descr ibed  
previous ly .  

Now i t  w i l l  b e  shown how t h e  p rope l l an t  l o s s  by conduction 
(conduction bo i l -o f f )  w a s  ob ta ined  given the  geometr ical ,  material and 
emi t tance  p r o p e r t i e s  of  t h e  s t r u c t u r a l  elements.  

A pre l iminary  conductive h e a t  t r a n s f e r  a n a l y s i s  w a s  used 
t o  o b t a i n  a family of gene ra l i zed  curves r e l a t i n g  t h e  conductive h e a t  
t r a n s f e r  t o  t h e  LH2 tank t o  t h e  s u r f a c e  r a d i a t i v e  p r o p e r t i e s ,  geometry 
and material p r o p e r t i e s .  Since the  suppor t  s t r u c t u r e s  are made up of  
t ubu la r  elements symmetrically placed i n . c y l i n d r i c a 1  fash ion  between 
the  payload and LH2 tank,  a mathematical model w a s  formulated f o r  one 
element. 
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6.2 Mathematical Model 

F igure  24 i l l u s t r a t e s  t h e  mathematical  model used t o  ana- 
l y z e  and p r e d i c t  t h e  conductive h e a t  flow t o  t h e  LH2 tank v i a  t h e  sup- 
p o r t  s t r u c t u r e .  The model c o n s i s t s  of a s i n g l e  t u b u l a r  suppor t  wi th  a 
one-dimensional temperature d i s t r i b u t i o n ,  two f i x e d  boundary tempera- 
t u r e s  and a 0"R environment. The temperature of  t h e  support  at t h e  
connection t o  t h e  payload (x = a )  w a s  s p e c i f i e d  a t  520R. 
nec ted  t o  t h e  tank suppor t  ( x  = 0) w a s  assumed t o  b e  a t  37R, a l though 
i ts  temperature  w i l l  a c t u a l l y  be somewhat h ighe r  depending upon t h e  
material and dimensions of t h e  tank suppor t  system. 
tank suppor t  w a s  l a te r  s p e c i f i e d  on t h e  b a s i s  of  s t r u c t u r a l  considera-  
t i o n s ,  mass and ground-hold requirements.  The thermal r e s i s t a n c e  of 
the  tank suppor t  w a s  considered i n  t h e  f i n a l  d e t a i l e d  a n a l y s i s  when the  
temperature d i s t r i b u t i o n s  and h e a t  flow i n  t h e  s t r u c t u r e  w e r e  eva lua ted  
f o r  t h e  s i x  shadow s h i e l d  concepts.)  

T h e  eiLd con- 

(The design of t h e  

The n o t a t i o n  f o r  the  p e r t i n e n t  v a r i a b l e s  i s  a l s o  i n d i c a t e d  
i n  F igure  24. The temperature  dependence of thermal conduct iv i ty  w a s  
q u i t e  important  i n  t h i s  pre l iminary  eva lua t ion  s i n c e  t h e  suppor t  t e m -  
pe ra tu re s  range from 520R nea r  the  payload t o  cryogenic  temperatures 
nea r  t h e  connections t o  t h e  payload. Data f o r  thermal  conduc t iv i ty ,  
covering a range of  temperatures from 37R t o  540R (20 t o  300K) w a s  ac- 
cumulated from a number of  re ferences  and expressed i n  a 4th-order  
polynomial equat ion  f o r  use i n  the  thermal a n a l y s i s .  The polynomial 
expressions shown g raph ica l ly  i n  Figure 25 were. obta ined  us ing  a "least 
squares"  curve f i t t i n g  technique. 
w e r e  gene ra l ly  w i t h i n  5% of the  measured da ta .  

The va lues  descr ibed  by t h e  equat j  ons 

6.3 Thermal Analysis  

The d i f f e r e n t i a l  equat ion  f o r  t he  s teady  hea t  flow i n  t h e  
r a d i a t i n g  and conducting suppor t  i l l u s t r a t e d  i n  F igure  24 i s  given by 
Equation (6-1) : 

r 1 

The boundary condi t ions  a t  x = 0 and x = R ,  and t h e  h e a t  flow t o  the  
LH2 tank,  Q ,  are given by: 

T(x = 0) = T1 = 37R (6-Za) 

T(x = R) = T2 = 520R (6-2b) 
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A f i  

G =  
d =  

K(T) = 

A= 
P= 
L =  SECTION A-A 

EFFECT IVE EM IT TA hJ 
DIAMETER 
THERMAL CONDUCT 
FUNCTION OF TEMP 
CROSS SECTIONAL 
PERIMETER 
TOTAL LENGTH 

IVITV, A 
ERATURE 
AREA 

FIGURE 24 - THERMAL MODEL FOR PRELIMIN- 
ARY ANALYSIS OF CONDUCTION 
HEAT FLOW 
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FIGURE 25- THERMAL CONDUCTIVITY VS, 
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MATERIALS -4'' ORDER POLYNOMIAL 
CURVE - FIT T O  EXPERIMENTAL DATA 

1. 
2. 

Numbers i n  parentheses  relate t o  re ferences  l i s t e d  in1Sect ion 13.2. 
The conduct iv i ty  curve f o r  aluminum i s  f o r  a l l o y  2024-T4. 
materials are descr ibed  i n  Sec t ion  5.2.2. 

Other  
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It i s  convenient t o  gene ra l i ze  t h e s e  equat ions  by in t roducing  t h e  fo l -  
lowing dimensionless v a r i a b l e s  : 

k (TIQ) 
where k = k (T1) 1 c ( 0 )  = 

kl 

Consequently, Equations (11, (2) and (3) may be  r ewr i t t en  as fol lows:  

o(0) = 1 (6-5a) 

T2 

T1 
O(1) = - (6-5b) 

and 

where 

and 

2 3  EPfi UT1 
a =  

klA 
Due t o  t h e  non- l inea r i ty  of t h e  d i f f e r e n t i a l  equat ions  (and 

t h e  dependence of thermal conduct iv i ty  on temperature) ,  t h e  s o l u t i o n  t o  
Equation (6-4)  cannot be  obta ined  by direct i n t e g r a t i o n .  
used t o  o b t a i n  genera l ized  s o l u t i o n s  f o r  t he  conduct ive h e a t  l e a k  t o  
the  LH2 tank are o u t l i n e d  below. 

T h e  procedures 

The boundary-value problem w a s  changed t o  an  " i n i  t i a l -va lue"  
problem by spec i fy ing  t h e  dimensionless temperature and the  dimension- 
less h e a t  flow a t  x = 0. By d e f i n i n g  an  i n t e g r a t i o n  s t e p  i n  space  and 
us ing  a forward i n t e g r a t i o n  by G i l l ' s  four th-order  Runge-Kutta Method, 
t h e  dimensionless temperature  and h e a t  f low were success ive ly  computed 
along the  e n t i r e  suppor t  up t o  and inc lud ing  t h e  oppos i t e  boundary 
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a t  5 = 1. The temperature a t  5 = 1 is  known and can be  compared wi th  
t h e  computed va lue  f o r  an a r b i t r a r y  va lue  of  f3(0). An i t e r a t i v e  pro- 
cedure w a s  employed where B(0) w a s  pa rame t r i ca l ly  va r i ed  t o  o b t a i n  t h e  
va lue  of B(0) which g ives  the  c o r r e c t  va lue  of  O(1). Considerable  e f -  
f o r t  w a s  requi red  t o  genera te  curves f o r  one material wi th  a as a var- 
i a b l e  and t o  r e p e a t  t h e  process  f o r  each remaining material where t h e  
conduct iv i ty  equat ion  C(O) is d i f f e r e n t .  However, t h i s  procedure is 
more e f f i c i e n t  i n  t i m e  and computer cos t  than  t h e  impossible  w s k  of 
formulat ing l a r g e  numbers of  f i n i t e - d i f f e r e n c e  mathematical models f o r  
t he  geometries ob ta ined  from t h e  s t r u c t u r a l  a n a l y s i s .  The procedure 
y i e l d s  genera l ized  s o l u t i o n s  f o r  each material, accu ra t e ly  accounts 
f o r  t h e  temperature  dependence of thermal conduc t iv i ty ,  and provides  
a convenient means o f  performing opt imizing and t rade-off  s t u d i e s  con- 
s i d e r i n g  t h e  mass of  t he  s t r u c t u r a l  suppor ts  and the  long-term LH2 
boi l -of f  due t o  conduction e f f e c t s .  A f t e r  a b r i e f  d e s c r i p t i o n  of t he  
curve-generation procedures ,  t h e  genera l ized  curves used f o r  t he  t rade-  
o f f  s t u d i e s  and a t y p i c a l  example w i l l  be  presented .  

Figure 26 shows a schematic flow c h a r t  of t h e  manual and 
d i g i t a l  computer ope ra t ions  t h a t  were used t o  o b t a i n  genera l ized  solu-  
t i o n s  f o r  t h e  conduct ive h e a t  flow t o  the  LH2 tank as a func t ion  of 
geometry and material p r o p e r t i e s .  

The procedure f o r  c a l c u l a t i n g  the  conductive h e a t  flow t o  
t h e  LH, t ank  is d e t a i l e d  below: 

The conduct iv i ty  f o r  a p a r t i c u l a r  material can be  s t o r e d  
as a cons tan t ,  a t a b u l a r  va lue  o r  an equat ion.  I n  
these  c a l c u l a t i o n s  t h e  conduct iv i ty  vs .  temperature  
r e l a t i o n  w a s  expressed as a fourth-order  polynomial. 

O(3)  = 1 s p e c i f i e s  t h e  temperature  of t h e  conducting 
suppor t  a t  t h e  p rope l l an t  tank. For a s p e c i f i e d  va lue  
of  a, B(0) i s  pa rame t r i ca l ly  var ied .  

The computer program i s  used t o  c a l c u l a t e  t h e  tempera- 
t u r e  a t  t h e  payload, O ( 1 )  f o r  each va lue  of B(0). 
P l o t t i n g  these  values  as shown i n  "d" determines t h e  
va lue  of f3(0). The procedure is  repea ted  f o r  a n u d e r  
of a ' s  which cover a wide range of support  geometries 
ob ta ined  from t h e  s t r u c t u r a l  ana lys i s .  

A family of curves f o r  t he  parameter  c1 are cross-p lo t ted  
t o  o b t a i n  t h e  genera l ized  dimensionless p l o t  of f3 (0) 
vs. a f o r  a p a r t i c u l a r  material. The curves of B(0) 
vs. a are r e p l o t t e d  as shown i n  ( f ) .  Here, t h e  parame- 
ter @ i s  p l o t t e d  vs. t h e  parameter GPa2/A f o r  d i f f e r -  
e n t  A materials wi th  the  end temperatures of t h e  sup- 
p o r t  f i x e d  a t  520 and 37R, r e spec t ive ly .  The v a r i a b l e s  
are : 
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CQNDUCTIVITY DATA FOR 
A MATERIAL "A" GIVEN AS 
(1) A CONSTANT 
(2) A TABLE 

(3) AN EQUATION 

(a> 

ALONG WITH INITIAL VALUES 
(b 1 

I PARAMETRIC VALUES OF 

B (0) 

I 
Material "A" 
a = constant 

I 

I 
I 

I 

c 

o(1) = T~/T, 
A 

Pi 
A 

FIGURE 26 SCHEMATIC FLOW CHART OF PRELIMINBRY 
CONDUCTIVE HEAT FLOW ANALYSIS 
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Q - h e a t  flow t o  the  LH2 tank (Btu/hr)  

R - l eng th  o f  suppor t  ( f t )  

A - cross-sec t iona l  area of suppor t  ( f t  ) 

E - support  emit tance 

P - suppor t  per imeter  ( f t )  

2 

Thus, given t h e  material, and rhe  dimensions of t h e  suppor: and i t s  
emi t tance ,  t h e  h e a t  flow t o  the  LH tank i s  determined. 2 

6 . 4  General ized Resul t s  

Figure 27 shows a summary of t he  gene ra l i zed  p l o t s ,  obtain-  

The va lue  
ed us ing  t h e  procedures  descr ibed  above, f o r  the f i v e  materials con- 
s i d e r e d  i n  the  design of f i x e d  and space-erected s t r u c t u r e s .  
of ~ p g ~  i s  determined from the  e f f e c t i v e  s u r f a c e  emit tance of t he  sup- 

A p o r t  s t r u c t u r e  and t h e  geometry s p e c i f i e d  from t h e  s t r u c t u r a l  
a n a l y s i s ,  f o r  a given loading  condi t ion  and payload mass. Using these  
curves,  t h e  LH2 boi l -of f  due t o  conduction can then b e  eva lua ted  from 
t h e  equat ion:  

- 

where n - t he  number of  suppor ts  i n  the  s t r u c t u r e  

Q - t h e  h e a t  flow t o  t h e  LH2 tank f o r  each suppor t  (Btu/hr)  
ob ta ined  from Figure 27 

h - t he  h e a t  of vapor iza t ion  of LH (Btu/lbm) 
f g 2 

and t - t he  mission t i m e  (hours) 

Paramet r ic  s t u d i e s ,  comparing t h e  sum of t h e  m a s s  of t h e  
s t r u c t u r e  ( r a d i a t i n g  s t r u c t u r a l  suppor ts )  p l u s  t h e  LH2 bo i l -o f f  due t o  
conduction i n  10,000 hours demonstrated t h a t  f i b e r  g l a s s  and t i t an ium 
were t h e  most promising materials f o r  f i x e d  s t r u c t u r e s ,  due t o  thermal  
cons idera t ions .  Also, by comparing t h e  conduction h e a t  l eaks  i n  rad- 
i a t i n g  suppor ts  wi th  those  of i n s u l a t e d  (: = 01, i t  w a s  shown t h a t  
r a d i a t i n g  suppor ts  are very e f f e c t i v e  i n  minimizing t h e  h e a t  flow t o  
t h e  LH2 tank f o r  low thermal conductance suppor ts .  

These two p o i n t s  can be  i l l u s t r a t e d  by r e f e r r i n g  t o  t h e  
previous example c i t e d  i n  Sec t ion  5.2 where a Warren t r u s s  having 12  
suppor ts ,  3 inches i n  diameter ,  w a s  used t o  support  t h e  payload. For 
a payload mass of  4000 lb,, t h e  m a s s  of t h e  12 suppor ts  r equ i r ed  t o  
suppor t  t h e  launch loads  w e r e  shown t o  be  less than 24 l b s .  f o r  payload- 
tank spacings between 0 . 1  t o  0.4. 

The LH2 boi l -of f  due t o  suppor t  conduction f o r  t h i s  s t ruc -  
t u r e  i s  presented  i n  Figure 28. The h e a t  flows w e r e  ob ta ined  us ing  t h e  
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geometries c a l c u l a t e d  from the  s t r u c t u r a l  ana lys i s .  The e f f e c t i v e  
emit tance w a s  taken t o  be  0.5, and the  h e a t  l e a k  w a s  c a l c u l a t e d  f o r  a 
mission t i m e  o f  10,000 hours. 
conduction showed t h a t :  

The r e s u l t s  f o r  t h e  LH2 boi l -of f  due t o  

1 )  The LH2 boi l -of f  f o r  a f i x e d  f i b e r  g l a s s  s t r u c t u r e  i s  
very s m a l l .  I n  t h i s  example, t h e  boi l -of f  i s  neg l ig i -  
b l e  a t  spac ing  r a t i o s  above 0.2. 

2) The LH2 boi l -of f  f o r  a f i x e d  t i t an ium s t r u c t u r e  is 
r e l a t i v e l y  l a r g e  a t  very low spac ing  r a t i o s ,  b u t  is 
accep tab le  (less than 25 l b s . )  at spac ing  r a t i o s  near  
0.25 o r  l a r g e r .  

3) The thermal performance of a f i x e d  s t a i n l e s s  steel 
s t r u c t u r e  is  comparable b u t  h ighe r  than a t i t an ium 
s t r u c t u r e .  

4 )  Aluminum and bery l l ium are unsu i t ab le  as materials f o r  
f i x e d  s t r u c t u r e s  because of t he  l a r g e  LH2 boi l -of f  rate 
f o r  a long-term mission. 

It  i s  of i n t e r e s t  t o  compare t h e  e f f e c t i v e n e s s  of r ad ia t ion -  
cooled suppor ts  t o  i n s u l a t e d  suppor ts .  W e  de f ine  the  e f f e c t i v e n e s s  as: 

E = 1 - -  ‘r 

‘i 

where qr  - h e a t  flow t o  the  LH2 tank  f o r  a r a d i a t i n g  suppor t  

- h e a t  flow t o  t h e  LH tank f o r  an i n s u l a t e d  support  (E  = 0) 

The e f f e c t i v e n e s s  of radiat ion-cooled suppor ts  i s  shown i n  
Table V I 1  f o r  a t y p i c a l  s t r u c t u r a l  arrangement s i z e d  t o  suppor t  a pay- 
load  mass of 4000 l b m  a t  a spac ing  r a t i o  L/D = 0.2. 
t h a t  t h e  e f f e c t i v e n e s s  is  extremely h igh  f o r  low-conductance support  
materials. For a f i b e r  g l a s s  s t r u c t u r e ,  t h e  h e a t  l e a k  t o  the  LH2 tank 
f o r  a r a d i a t i n g  suppor t  o f  E = 0.5 is  only 2% of t h a t  f o r  an i n s u l a t e d  
support .  For materials of high thermal conduct iv i ty  r a d i a t i o n  cool ing  
is r e l a t i v e l y  unimportant.  

‘i 2 

It can be  seen 

The advantages of us ing  a low-conductance s t r u c t u r a l  m a t e -  
r i a l  are two-fold: (1) as t h e  conductance decreases ,  t h e  maximum pos- 
s i b l e  h e a t  l e a k  (when E = 0) decreases ,  and (2) as t h e  conductance 
decreases  the  e f f e c t i v e n e s s  inc reases .  

Vapor-cooling concepts can a l s o  b e  considered as a method 
to  reduce conductive h e a t  t r a n s f e r  i n  suppor t  s t r u c t u r e s .  In  such con- 
c e p t s  t h e  s e n s i b l e  enthalpy of t h e  boi l -of f  gas i s  used t o  coo l  t he  
support .  
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TABLE V I 1  

EFFECTIVENESS OF RADIATION-COOLED SUPPORTS 

Support S t r u c t u r e :  Warren r i n g  t r u s s  wi th  12 suppor ts ,  3 inches i n  
diam. L/D = 0.2 
Payload m a s s  = 4000 l b s .  
Mission t i m e  = 10,000 h r s .  

Support 
Material 

F iberg lass  

Titanium 

S t a i n l e s s  
Steel  

Aluminum 

Beryllium 

* - 
k 

hrftOR 

0.22 

3.17 

6.36 

47.60 

150.00 

A 

(in’) 

0.320 

0.160 

0.121 

0 204 

0.176 

LH2 Boil-off 

I n s u l a t e d  Uninsulated 
Sup p o r t s 

E = O  E = 0.5 

43.6 0.8 

<lbm) 

Supports 

319.4 37.5 

484.8 80.5 

6,109.5 3,321.8 

16,623.9 14 , 226.2 

E f f ec t iveness  
E 

.98 

.88 

.83 

.46 

.14 

and is shown only t o  compare t h e  relative magnitudes of the thermal 
c o n d u c t i v i t i e s .  
pera ture ,  k(T),  was used t o  compute t h e  values  of boi l -of f .  

The v a r i a t i o n  of thermal conduct ivi ty  wi th  t a n -  
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A s i m p l i f i e d  a n a l y s i s  used t o  determine the  e f f e c t i v e n e s s  
of us ing  t h e  s e n s i b l e  enthalpy of  t h e  LH2 boi l -of f  t o  cool  an  i n s u l a t e d  
support  is presented  i n  Appendix I. The a n a l y s i s  assumed i n f i n i t e  
thermal coupl ing between t h e  suppor t  and GH2 coolant  gas. The maximum 
e f f e c t i v e n e s s  of vapor cool ing  w a s  ca l cu la t ed  t o  be  approximately 0.68. 
Therefore ,  i n  t he  f i x e d  s t r u c t u r e  prev ious ly  descr ibed  r a d i a t i o n  cool- 
i n g  i s  more e f f e c t i v e  than vapor cool ing  of e i t h e r  t i t an ium o r  f i b e r  
g l a s s  suppor ts .  
h e a t  l e a k  i n  r a d i a t i n g  suppor ts  w i l l  b e  presented  i n  a f o l h w i n g  sec- 
t i o n  of  t h i s  r epor t .  

The e f f e c t i v e n e s s  of vapor cool ing  i n  reducing the  

7.0 SELECTION OF CONCEPTUAL DESIGNS 

7.1 General 

The r e s u l t s  of  t h e  s t r u c t u r a l  a n a l y s i s  and the  prel iminary 
a n a l y s i s  of h e a t  flow via r a d i a t i o n  and conduction f o r  "no" i n t e r a c -  
t i o n s  between t h e  s h i e l d s  and suppor t  s t r u c t u r e  w e r e  used t o  determine 
t h e  "near-optimum" (based on system mass) conf igura t ions  f o r  t h e  f i n a l  
a n a l y s i s .  The s e l e c t i o n  of payload-tank spacings f o r  var ious  concepts 
was made by combining t h e  r e s u l t s  of two s e p a r a t e  s t u d i e s  which w e r e  
used t o  determine: 1) t h e  minimum m a s s  of t h e  s t r u c t u r e  p l u s  conduc- 
t i o n  boi l -of f  vs. L /D f o r  f i x e d  and space-erected s t r u c t u r e s  of vari- 
ous materials and geometries,  and 2) t h e  minimum mass of  s h i e l d s  p lus  
r a d i a t i o n  boi l -off  vs. L/D f o r  shadow s h i e l d  conf igura t ions .  

The f i x e d  s t r u c t u r e s  were optimized us ing  f i b e r  g l a s s  ana 
t i t an ium Warren-truss s t r u c t u r e s ,  s i n c e  these  proved t o  be  t h e  most 
promising materials from t h e  system mass s t andpo in t  ( e s p e c i a l l y  from 
cons idera t ions  of  LH2 boi l -of f  due t o  conduction e f f e c t s ) .  A system 
wi th  a space-erecte? s t r u c t u r e  w a s  optimized cons ider ing  an "A"-frame 
concept s i n c e  a prel iminary a n a l y s i s  showed t h i s  t o  b e  more promising 
than  "STEM" o r  concen t r i c  tube  concepts on the  b a s i s  of t o r s i o n a l  
s t i f  fness-to-mass r a t i o  and r e l i a b i l i t y  p o t e n t i a l .  

The opt imiza t ion  of  t he  f i x e d  and space-erected s t r u c t u r e s  
w a s  made us ing  t h e  maximum payload mass (4000 lbm) and an e f f e c t i v e  
s u r f a c e  emit tance of  0.5 f o r  t h e  t r u s s  supports .  I n  t h e  fol lowing dis-  
cuss ions ,  t h e  boi l -of f  of LH2 w i l l  be  presented  f o r  var ious  numbers of 
"intermediate" shadow s h i e l d s .  It i s  assumed f o r  p r a c t i c a l  reasons 
t h a t  t h e r e  w i l l  be  two a d d i t i o n a l  s h i e l d s ,  one l o c a t e d  a t  t h e  payload 
a t t a c h  r i n g  and one a t  t h e  tank. Thus, t h e  t o t a l  number of s h i e l d s  
is  N + 2 where N i s  t h e  number of in te rmedia te  s h i e l d s .  I n  add i t ion ,  
t h e  s h i e l d  a t  the  payload w a s  assumed t o  be  i n  con tac t  wi th  t h e  payload 
and t o  have a uniform temperature  o f  520R. 
w a s  used throughout t h i s  s tudy.  The fol lowing s e c t i o n s  o u t l i n e  the  
methods used t o  select conceptual  des igns  and con ta in  a d e t a i l e d  de- 
s c r i p t i o n  of t h e  s i x  concepts s e l e c t e d  f o r  f i n a l  eva lua t ion .  

This  conserva t ive  assumption 
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7.2 Systems wi th  Fixed S t r u c t u r e s  

7.2.1 S h i e l d  Mass and Boil-off Mass due t o  Radiat ion 

The r e s u l t s  of  t h e  pre l iminary  a n a l y s i s  of  r a d i a n t  
h e a t  flow were combined w i t h  mass estimates of s h i e l d  systems t o  pro- 
j ec t  system masses (LH2 boi l -of f  m a s s  p lus  s h i e l d  mass) as a func t ion  
of L/D r a t i o  according t o  t h e  fol lowing equat ion:  

Q -  t 
Ws = A +  (B) N+-I-- 

hfg 
where W - 

A -  
S 

N -  
- 

Qr 

t -  

h -  
f g  
B -  

system m a s s  ( s h i e l d s  p l u s  LH2 bo i l -o f f )  ( lbm) 

5.2 = mass of t h e  s h i e l d s  on the  payload and tank support  

number o f  in te rmedia te  shadow s h i e l d s  

r a d i a n t  h e a t  flow t o  the  LH2 tank,  a func t ion  of L/D, N ,  
and s u r f a c e  o p t i c a l  p r o p e r t i e s  (Btu/hr) 

mission t i m e  (hours) 

l a t e n t  h e a t  of vapor iza t ion  of LH2 (Btu/ lb  ) m 
5 = u n i t  m a s s  of an in te rmedia te  s h i e l d  ( inc ludes  s h i e l d  
material, suppor t  r i n g ,  e t c . )  (lb,) 

The mass of t h e  shadow s h i e l d s  w e r e  es t imated  f o r  
s h i e l d s  comprising two l a y e r s  of  1/2-mil aluminized po lyes t e r  f i l m  
wi th  a nylon f a b r i c  reinforcement sandwiched between the  p o l y e s t e r  f i lms.  
The s h i e l d  m a s s  a l s o  inc ludes  t h e  support  r i n g s  used t o  p re t ens ion  t h e  
s h i e l d s ,  grommets and l a c i n g ,  etc. 

The sum of t h e  LH2 boi l -of f  m a s s  and s h i e l d  mass 
w a s  c a l c u l a t e d  as a func t ion  of L/D and N - t he  number of  in te rmedia te  
s h i e l d s  - f o r  bo th  d i f f u s e l y  and specu la r ly  r e f l e c t i n g  s h i e l d s  of 0.03 
emit tance.  The system mass corresponding t o  t h e  h ighe r  of t h e  two com- 
puted boi l -of f  rates i s  p l o t t e d  i n  Figure 29. 

For systems o f  two o r  more in t e rmed ia t e  s h i e l d s ,  
t h e  "diffuse"  va lues  exceeded the  "specular" va lues  u n t i l  the  computed 
boi l -off  m a s s  f o r  both cases w a s  a s m a l l  f r a c t i o n  of  a pound. For a 
s i n g l e  in te rmedia te  s h i e l d  system and spac ing  r a t i o s  g r e a t e r  than  0 . 3 ,  
t h e  s p e c u l a r  va lues  w e r e  about one o r  two pounds g r e a t e r  than t h e  d i f -  
f u s e  values .  

It is i n t e r e s t i n g  t o  no te  (from t h e  f l a t  po r t ions  
of the curves) t h a t  t h e  s h i e l d  mass is  t h e  major component of t he  system 
m a s s  f o r  systems of two o r  more s h i e l d s  a t  spac ing  r a t i o s  g r e a t e r  than  
0.4. Furthermore, a l though a three-sh ie ld  system i s  more e f f i c i e n t  
thermally than  a two-shield system a t  any spac ing  r a t i o ,  t h e  o v e r a l l  
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mass of  t h e  two-shield system is lower f o r  spac ing  r a t i o s  g r e a t e r  than 
0.2 because t h e  boi l -of f  mass i s  small compared t o  t h e  s h i e l d  m a s s .  

The t a b l e  below lists t h e  systems which have the  
lowest  o v e r a l l  masses a t  var ious  spac ing  r a t i o s .  

Optimum Number 
- L/D of  In te rmedia te  Sh ie lds  

0.10 t o  0.15 4 
0.15 t o  0.20 3 
0.20 t o  0.70 2 

> 0.70 1 

The systems f o r  f i n a l  eva lua t ion  w e r e  s e l e c t e d  
us ing  t h e  minimum va lue  of m a s s  on F igure  29 a t  each L/D and t h e  re- 
s u l t s  from analyses  of t h e  s t r u c t u r a l  m a s s  and the  LH2 boi l -of f  due t o  
conduction i n  the  suppor ts .  
mass e x i s t e d  f o r  two systems (of d i f f e r e n t  numbers of s h i e l d s )  a t  a 
given spac ing  r a t i o ,  t h e  system wi th  khe lower va lue  of s h i e l d  m a s s  
w a s  chosen, s i n c e  t h e  cons ide ra t ion  of ground-hold and o r b i t a l  insu la-  
t i o n  w i l l  f u r t h e r  reduce the  h e a t  flow. 

When approximately t h e  s a m e  t o t a l  system 

Although t h e  c a l c u l a t i o n s  of  r a d i a n t  h e a t  flow have 
been made wi th  a somewhat conserva t ive  model, t h e  r e s u l t s  do i n d i c a t e  
t h a t  l i gh twe igh t  shadow s h i e l d  systems f o r  reducing boi l -of f  due t o  
r a d i a n t  h e a t  l eaks  can be  obta ined  f o r  a l a r g e  range of spac ing  r a t i o s .  

7.2.2 Support Mass and Boil-off Mass due t o  Conduction 

Parametr ic  s t u d i e s  w e r e  a l s o  conducted f o r  f i b e r  
g l a s s  and t i t an ium f i x e d  s t r u c t u r e s  t o  opt imize the  sum of  t h e  mass of 
t h e  suppor ts  p l u s  the  LH2 boi l -of f  due t o  conduction h e a t  t r a n s f e r .  

mass i n  t h i s  case is: The system 

where p - 
n -  

A -  

R -  

Qc - 

n Qct 

f g 
w = pnAR + h (1) sr  

3 material dens i ty  ( l b m / f t  ) 

number of  suppor ts  

c ros s - sec t iona l  area of each suppor t  ( f t  ) 

l eng th  of  each suppor t  ( f t )  

conduction h e a t  flow t o  t h e  LH2 tank from each suppor t  

2 

F igure  30 shows t h e  combined s t r u c t u r a l  mass f o r  a 
number of f i b e r  g l a s s  i r u s s e s  as a func t ion  of  L/D. 
f i b e r  g l a s s ,  almost a l l  t h e  m a s s  i s  due t o  t h e  suppor ts  - t h e  boi l -off  
m a s s  reached a maximum of 2 l b s .  at low spac ing  r a t i o s  f o r  a 10,000-hour 

I n  the  case of  
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mission. F ibe r  g l a s s  i s  q u i t e  a t t ract ive from a mass s tandpoin t  f o r  
cons idera t ion  i n  f i x e d  s t r u c t u r e s ,  where a s h o r t  payload-tank spac ing  
i s  des i r ab le .  The suppor t  p l u s  conduction boi l -of f  masses f o r  t h e  
designs shown are less than  10 l b s .  f o r  spac ing  r a t i o s  between 0.1 and 
0.25 and less than  30 l b s .  up t o  a spac ing  r a t i o  of 0.5. A s  shown i n  
Figure 31, t h e  t rade-of fs  a t  low spac ing  r a t i o s  were more s e n s i t i v e  
f o r  t i t an ium t r u s s e s  because of t he  s t r o n g e r  in f luence  of t h e  conduc- 
t i o n  bo i l -o f f .  The m a s s  p e n a l t i e s  of t i t an ium s t r u c t u r e s  exceed those  
of f i b e r  g l a s s  a t  low spac ing  r a t i o s .  However, they can b e  considered 
f o r  f i x e d  s t r u c t u r e s  s i n c e  t h e  support  mass p l u s  LH2 boi l -of f  is ap- 
proximately 30 lbm a t  spac ing  r a t i o s  between 0.25 and 0.60. 

7.2.3 Optimizat ion of Concepts wi th  Fixed S t r u c t u r e s  

F igures  32 and 33 p resen t  a measure of t o t a l  system 
m a s s  vs. L/D f o r  systems wi th  f i x e d  s t r u c t u r e s  of  f i b e r  g l a s s  and ti- 
tanium, r e spec t ive ly ,  aEd a l s o  i l l u s t r a t e  t h e  magnitudes of t h e  var ious  
components making up t h e  sys  t e m  m a s s .  

The minimum system masses f o r  systems wi th  a f i b e r  
g l a s s  s t r u c t u r e  occurred a t  spacing r a t i o s  between 0.2 and 0.4. The 
system mass inc reased  below 0.2 because of t h e  inc rease  i n  t h e  radia-  
t i o n  bo i l -o f f  a t  low spac ing  r a t i o s ,  and increased  above 0.4 because 
the  s t r u c t u r e  m a s s  r ap id ly  inc reases  due t o  s a t i s f y i n g  the  s t r u c t u r a l  
c r i t e r i a  f o r  column s t a b i l i t y .  

F i b e r  g l a s s  s t r u c t u r e s  f o r  conceptual  designs w e r e  
s e l e c t e d  wi th  a spac ing  r a t i o  as low as 0.15 because t h e  system mass 
i n  t h i s  reg ion  w i l l  b e  reduced by an improved r a d i a t i o n  boi l -of f  when 
ground-hold and o r b i t a l  i n s u l a t i o n s  are included i n  the  f i n a l  ana lys i s .  

The system mass vs. L/D wi th  a t i t an ium s t r u c t u r e ,  
i l l u s t r a t e d  i n  F igure  33, shows a gradual  decrease wi th  inc reas ing  
spac ing  r a t i o ,  reaching a minimum nea r  L/D = 0.3, and remaining rela- 
t i v e l y  cons tan t  up t o  L /D = 0.6. 
t u r e s  were chosen wi th  a spac ing  r a t i o  of 0.25 s i n c e  i t  w a s  d e s i r e d  t o  
minimize t h e  payload-tank spacing,  and i t  w a s  expected t h a t  t h e  thermal 
resistance of  t h e  tank suppor t  would reduce t h e  conduction boi l -of f .  

Systems w i t h  t i tanium-fixed s t r u c -  

7.3 Space-Erected Systems 

Three concepts f o r  space-erected s t r u c t u r e s  were eva lua ted  
s t r u c t u r a l l y  i n  a previous sec t ion .  This eva lua t ion  showed t h a t  t h e  
I1 11- A frame concept w a s  more promising than  t h e  "STEM" o r  concent r ic  
tube concepts from t h e  s t andpo in t s  of t o r s i o n a l  s t i f fness- to-mass r a t i o  
and r e l i a b i l i t y  p o t e n t i a l .  This  s e c t i o n  dea l s  wi th  t h e  cons idera t ions  
i n  opt imiz ing  a system w i t h  an "A"-frame s t r u c t u r e  and determining t h e  
payload-tank spac ing  i n  t h e  deployed conf igura t ion .  
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F i r s t ,  a comparison of t h e  sum of t h e  m a s s  of t h e  suppor ts  
p lus  t h e  conduction boi l -of f  w a s  made f o r  t he  f i v e  s t r u c t u r a l  materials 
considered f o r  "A"-frame s t r u c t u r e s .  
tanium is most s u i t a b l e  from t h e  o v e r a l l  m a s s  s t andpo in t ,  a l though 
s t a i n l e s s  steel and f i b e r  g l a s s  s t r u c t u r e s  e x h i b i t  nea r ly  t h e  same 
performance. The mass of t h e  suppor ts  a lone w a s  approximately t h e  same 
f o r  a l l  the  materials, running from 7 l b s .  a t  a spac ing  r a t i o  of 0 .1  
t o  approximately 20 l b s .  a t  a spacing r a t i o  of  2.0. 
m a s s  of t he  aluminum and bery l l ium '"A"-frame s t r u c t u r e s  w a s  due t o  con- 
s i d e r a t i o n s  of  conduction h e a t  t r a n s f e r .  

Figure 34 i l l u s t r a t e s  t h a t  ti- 

The h ighe r  system 

A measure of t he  t o t a l  m a s s  of a shadow s h i e l d  system wi th  
an "A"-frame erecti le s t r u c t u r e  i s  shown i n  F igure  35 as a func t ion  of 
L/D and t h e  number of in te rmedia te  shadow s h i e l d s .  The t o t a l  mass i s  
r e l a t i v e l y  cons tan t  f o r  spac ing  r a t i o s  beyond 0.5 so t h a t  t h e  s e l e c t i o n  
of a payload-tank spacing w a s  no t  c r i t i c a l  from the  s t andpo in t  of m a s s ,  
n o r  w a s  i t  important  from t h e  s tandpoin t  of minimizing the  shroud 
l eng th ,  s i n c e  t h i s  s t r u c t u r e  i s  e r e c t e d  i n  space.  

A concept w a s  chosen wi th  an L/D of 1.0,  s i n c e  i n  t h i s  range 
only one shadow s h i e l d  is  requi red .  The use of a s i n g l e  in te rmedia te  
s h i e l d  s i m p l i f i e s  t h e  mechanical opera t ion  of t h e  system and improves 
r e l i a b i l i t y .  

7.4 Se lec t ed  Concepts f o r  F ina l  Evaluat ion 

7.4.1 General Discussion 

The fol lowing d iscuss ion  descr ibes  the  configura- 
t i o n  of a t y p i c a l  cryogenic  upper s t a g e  and the  a p p l i c a t i o n  of shadow 
s h i e l d  concepts f o r  long-term thermal p ro tec t ion .  A t y p i c a l  k i c k  s t a g e  
which might be used i n  conjunct ion wi th  an Atlas-Centaur o r  Sa turn  I B  - 
Centaur launch v e h i c l e  is  presented  i n  Figure 36 .  The k ick  s t a g e  shown 
c o n s i s t s  of  a shadow-shielded LH2 tank, i n s u l a t e d  f o r  ground-hold and 
o r b i t a l  thermal p r o t e c t i o n ,  a payload support  s t r u c t u r e ,  and another  
s t r u c t u r e  suppor t ing  the  LH2 tank,  ox idant  tanks ,  etc. The s tudy  of 
shadow s h i e l d  concepts included the  des ign ,  a n a l y s i s  and eva lua t ion  of 
systems comprising: 

Payload suppor t  s t r u c t u r e  ( f i x e d  o r  space- 
e re cte d) 

0 Ground-hold and o r b i t a l  thermal p r o t e c t i o n  
s y s  t e m  

Shadow s h i e l d s  loca t ed  between t h e  sun-oriented 
payload and t h e  LH2 tank 

The thermal a n a l y s i s  of shadow s h i e l d  systems w a s  
r e s t r i c t e d  by c o n t r a c t  t o  cons idera t ions  of  t h e  h e a t  t r a n s f e r  from t h e  
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payload t o  the  LH2 tank by conduction h e a t  t r a n s f e r  a long t h e  s t r u c t u r e  
and r a d i a t i o n  t r a n s f e r  through t h e  shadow s h i e l d  system. The e f f e c t s  
o f  o t h e r  s t r u c t u r e s  requi red  t o  support  t h e  engine ,  LOX tanks ,  etc. , 
were n o t  considered i n  t h e  ana lyses  and design c a l c u l a t i o n s  presented  
i n  t h i s  r epor t .  

For t h e  "f ixed-s t ruc tu re"  shadow s h i e l d  configura- 
t i o n s  app l i ed  t o  a 10'-diameter payload and 9'-diameter LH2 tank,  t h e r e  
e x i s t s  an al lowable to l e rance  i n  po in t ing  angle .  This  angle  i s  def ined  
by t h e  i n t e r s e c t i o n  of  t h e  s o l a r  vec to r  and a l i n e  connecting the  ex- 
tremities of  t h e  payload and LH2 tank, and t h e  angle  i s  a func t ion  of 
t h e  spac ing  r a t i o .  The p resen t  s tudy w a s  r e s t r i c t e d  t o  the  a n a l y s i s  
of  shadow s h i e l d  systems where t h e  a t t i t u d e  c o n t r o l  system w a s  assumed 
capable  of maintaining t h e  payload o r i e n t a t i o n  w i t h i n  t h i s  a l lowable 
angle  thus prevent ing  s o l a r  energy from f a l l i n g  on the  s h i e l d s  o r  LH2 
tank. It w i l l  be shown t h a t  a 10' payload and 9 '  tank provide considera- 
b l e  l a t i t u d e  i n  t h e  al lowable po in t ing  e r r o r  f o r  t h e  reasonably s m a l l  
payload-to-tank spac ing  r a t i o s  used i n  t h e  f i n a l  design concepts.  

A misalignment from the  s o l a r  vec to r  w i th in  the  
noted to l e rance  i n  p o i n t i n g  angle  does n o t ,  however, preclude s o l a r  
r a d i a t i o n  from be ing  absorbed by the  kick-stage s t r u c t u r e  suppor t ing  
t h e  engine,  e tc . ,  and be ing  t r ansmi t t ed  t o  t h e  LH2 tank by conduction. 
The a c t u a l  a l lowable e r r o r  f o r  any k i ck  s t a g e  w i l l  depend upon t h e  de- 
t a i l e d  conf igura t ion  of t h e  oxidant  tanks ,  l o c a t i o n  and diameters of 
t he  a f t  r i n g  and suppor ts .  I n  genera l ,  t hese  s t r u c t u r e s  could be s u i t -  
ably arranged behind t h e  LH2 tank t o  prevent  s o l a r  r a d i a t i o n  from di-  
r e c t l y  impinging on t h e i r  su r f aces .  

The shadow s h i e l d  concepts which were s e l e c t e d  f o r  
f i n a l  a n a l y s i s  and eva lua t ion  are descr ibed  i n  t h e  fol lowing paragraphs.  
A breakdown of t h e  masses of t h e  shadow s h i e l d  assemblies  and the  pay- 
load  support  s t r u c t u r e s  f o r  each concept is  presented  i n  Sec t ion  12.0. 

The tank suppor t ,  connecting the  payload support  
s t r u c t u r e  and the  LH2 tank,  and t h e  ground-hold and o r b i t a l  i n s u l a t i o n  
systems are common t o  a l l  t h e  shadow s h i e l d  concepts and w i l l  be  d is -  
cussed i n  d e t a i l  i n  Sec t ions  8.0 and 9.0, r e spec t ive ly .  

7.4.2 Concept 1 - Fixed F ibe r  Glass S t r u c t u r e ,  
Fixed Shie lds  

The gene ra l  arrangement of  Concept 1 i s  shown i n  
The LH2 tank is spaced 18 inches  from t h e  payload by a Figure  37. 

f ixed" Warren t r u s s  s t r u c t u r e  composed of 16 f i b e r  g l a s s  t ubu la r  sup- 
p o r t s  2" OD by .030" w a l l .  I n  t h i s  concept ,  and i n  t h e  fol lowing con- 
cep t s ,  a low-density foam i n s u l a t i o n  (foam-in-place) i s  used i n s i d e  t h e  
s t r u c t u r a l  suppor ts  t o  e l imina te  r a d i a n t  t r a n s f e r  from t h e  payload t o  
t h e  LH2 tank via r e f l e c t i o n s  w i t h i n  t h e  tubes.  

I t  
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The LH2 tank i s  sh ie lded  from t h e  payload by f i v e  
low-emittance s h i e l d s ,  inc luding  t h r e e  equal ly  spaced in t e rmed ia t e  
shadow s h i e l d s ,  a s h i e l d  on t h e  payload suppcr t  r i n g  and a s h i e l d  nea r  
t he  LH2 tank a t t ached  t o  t h e  c y l i n d r i c a l  s i d e  of  t h e  tank support .  
ground-hold and o r b i t a l  i n s u l a t i o n  system is  provided on t h e  LH2 tank. 

A 

A d e t a i l e d  view of t h e  shadow s h i e l d s  and s t ruc -  
t u r a l  i n t e r f a c e  i s  shown i n  Figure 38. Each in t e rmed ia t e  shadow s h i e l d  
c o n s i s t s  of  a s i n g l e  low-emittance assembly. The s h i e l d  material shown 
is  composed of two l a y e r s  of 0.5-mil aluminized p o l y e s t e r  f i l m  bonded 
t o  a nylon f a b r i c  (120 x 120 count ,  r i p s t o p  weave) .* 
s h i e l d  are re in fo rced  by an over lap  area, and t h e  s h i e l d  i s  tensioned 
and l a c e d  t o  any angular-type suppor t  r i ng .  The support  r i ngs  are 
r i g i d l y  mounted t o  each s t r u c t u r a l  support  by b o l t e d  connections t o  a 
f i b e r  g l a s s  mounting b racke t  a t t ached  t o  the  suppor ts .  Therefore ,  each 
shadow s h i e l d  is connected t o  the  suppor t  s t r u c t u r e  a t  16 loca t ions .  
The cutaway areas of t h e  s h i e l d s  are r e in fo rced  and covered by a "boot" 
t o  prevent  s t r a y  r a d i a t i o n  from t h e  payload from reaching t h e  lower 
temperature s h i e l d s .  

The edges of t h e  

Figure 38 a l s o  i l l u s t r a t e s  t he  manner i n  which the  
s t r u c t u r a l  suppor ts  are mounted t o  t h e  a t t a c h  r i n g  on t h e  con ica l  tank 
support .  
s t r u c t u r a l  suppor ts  and t h e  payload.)  Near the  end connect ions,  t he  
w a l l  th ickness  of t h e  suppor ts  i s  increased  and f l anges  are provided 
f o r  in te rconnec t ion .  A s p l i t  r i n g  i s  used t o  mount t h e  suppor ts  t o  
the  a t t a c h  r i n g .  

(The arrangement i s  similar a t  the  i n t e r f a c e  between the  

The t u b u l a r  suppor ts  are s e l e c t i v e l y  coated wi th  
thermal  con t ro l  coa t ings  t o  improve t h e  thermal performance of  t h e  
shadow s h i e l d  system. The pre l iminary  a n a l y s i s  of conduction h e a t  
t r a n s f e r  i n  suppor t  s t r u c t u r e s  demonstrated t h a t  r a d i a t i o n  cool ing  
s i g n i f i c a n t l y  reduced the  LH2 boi l -of f  due t o  conduction h e a t  t r a n s f e r .  
The p o r t i o n  of t h e  suppor t  s u r f a c e  viewing o u t e r  space has  a high- 
emit tance coa t ing  (black p a i n t )  t o  enhance t h e  l o s s  of h e a t  by radia-  
t i o n ,  and t h a t  po r t ion  d i r e c t l y  viewing t h e  s h i e l d s ,  ( i . e . ,  d i r e c t e d  
towards the  c e n t e r  of t h e  shadow s h i e l d  system) has  a low-emittance 
coa t ing  t o  minimize r a d i a t i v e  coupl ing wi th  t h e  payload and t h e  shadow 
s h i e l d s .  

The s t r u c t u r a l  suppor ts  of t h e  shadow s h i e l d  con- 
cepts  are assumed t o  be  coated wi th  "black" p a i n t  (E & 0.95) over  ap- 
proximately 50% of t h e i r  circumference and coated t o  have a low emit- 
tance (E & 0.03) over  t h e  remainder. Thus, t h e  average emit tance i s  
approximately 0.5. 

* 
This  material i s  s i m i l a r  i n  cons t ruc t ion  t o  GT-76, a laminate  manu- 
f ac tu red  by G. T. Sch je ldah l  Co., Nor th f i e ld ,  Minn. The GT-76 l a m i -  
n a t e  is composed of = l a y e r  of 0.5-mil aluminized p o l y e s t e r  f i l m  
bonded t o  a nylon f a b r i c .  
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7.4.3 Concept 2 - Fixed Titanium S t r u c t u r e ,  Fixed Shie lds  

F igure  39 i l l u s t r a t e s  t h e  assembly of  a shadow s h i e l d  
concept wi th  a f i x e d  t i t an ium s t r u c t u r e  and a tank-spacing d i s t a n c e  of  
30 inches  (or  a spac ing  r a t i o  of 0.25).  
t r u s s  w i th  12 t i t an ium suppor ts ,  2" OD x .017" w a l l .  The assembly de- 
t a i l s  of  t he  shadow s h i e l d s  are similar t o  t h a t  o f  Concept l, except  
t h a t  t h e  suppor t - sh ie ld  mounting b racke t s  are made of t i tanium. A de- 
t a i l  of  t h e  end connections f o r  t h e  s t r u c t u r e  i s  shown i n  Figure 41. 

The f i x e d  s t r u c t u r e  is  a Warren 

I n  t h i s  concept 4 shadow s h i e l d s  ( s i n g l e  s h e e t s )  are 
u t i l i z e d .  
tank and payload, and t h e  o t h e r  two s h i e l d s  are loca ted  i n  t h e  p lane  of 
t h e  payload a t t a c h  r i n g  and the  tank support  r i n g ,  r e spec t ive ly .  

Two of t h e  f o u r  s h i e l d s  are equal ly  spaced between t h e  LH2 

This concept i s  similar t o  Concept 1. The only d i f -  
fe rences  are i n  t h e  number of s h i e l d s ,  payload-tank spacing,  and t h e  
s i z e  and materials used i n  t h e  suppor t  s t r u c t u r e .  

7.4.4 Concept 3 - Fixed Titanium S t r u c t u r e  wi th  Vapor- 
Cooled Supports,  Fixed Sh ie lds  

A f i x e d  s t r u c t u r e  wi th  vapor-cooled suppor ts  i s  il- 
I n  t h i s  concept t h e  t i t an ium s t r u c t u r e  l u s t r a t e d  i n  Figures  40 and 41. 

is r a d i a t i v e l y  cooled and, i n  a d d i t i o n ,  t h e  gaseous H2 vapor vent ing  
from t h e  s t o r a g e  tank (due t o  r a d i a t i o n  and conduction h e a t  t r a n s f e r )  i s  
a l s o  used t o  cool  t he  suppor ts .  A 1/8" OD tubing l i n e  is  a t t ached  t o  
t h e  s t r u c t u r a l  suppor t s  t o  provide an e f f e c t i v e  method f o r  t r a n s f e r  of 
h e a t  from t h e  suppor ts  t o  t h e  r e s u l t i n g  boi l -of f  vapor.  

This  concept i s  similar t o  Concept 2 (same s t r u c t u r e ,  
s h i e l d  conf igu ra t ion ,  etc.) except  f o r  t h e  add i t ion  of t he  vapor-cooling 
l i n e .  This concept w a s  s e l e c t e d  f o r  a n a l y s i s  because of t h e  inhe ren t  
p o t e n t i a l  of vapor cool ing  t o  reduce conductive h e a t  flow. 

7.4.5 Concept 4 - Fixed Titanium Supports wi th  Pant-Leg 
Radia tors ,  Fixed Sh ie lds  

A concept f o r  pas s ive ly  cool ing  t h e  s t r u c t u r a l  sup- 
p o r t s  by use of  a d d i t i o n a l  r a d i a t i n g  s u r f a c e  i s  shown i n  F igures  42 and 
43. "Pant-leg" r a d i a t o r s  are a t t ached  t o  t h e  s t r u c t u r a l  suppor ts  nea r  
t h e  second shadow s h i e l d  and extend along t h e  remaining p o r t i o n  of the  
support  t o  t h e  a t t a c h  r i n g  on t h e  s t r u c t u r a l  support .  The pant-leg 
r a d i a t o r  is f a b r i c a t e d  from 8 - m i l  aluminum i n  o r d e r  t o  provide an  e f -  
f e c t i v e  extended s u r f a c e  r a d i a t o r .  The e x t e r n a l  s u r f a c e  of t h e  r a d i a t o r  
has a thermal c o n t r o l  p a t t e r n  i d e n t i c a l  t o  t h e  s t r u c t u r a l  suppor ts  - 
an  average emit tance of  0.5. However, t he  e n t i r e  i n n e r  s u r f a c e  of t h e  
r a d i a t o r  and t h e  e x t e r n a l  s u r f a c e  of t he  suppor t  s t r u c t u r e  enclosed by 
the  r a d i a t o r  have low-emittance s u r f a c e s  t o  reduce r a d i a t i o n  t r a n s f e r  
between t h e  r a d i a t o r  and t h e  support .  
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The p r i n c i p l e  of opera t ion  of t h e  pant-leg r a d i a t o r  
is t o  remove h e a t  from the  suppor ts  by r a d i a t i o n  a t  a high temperature ,  
depress  t h e  temperature  a t  t h e  suppor t - rad ia tor  i n t e r f a c e  and lower t h e  
conduction h e a t  t r a n s f e r  a t  end o f  t h e  support .  The l o c a t i o n  of t h e  
suppor t - rad ia tor  i n t e r f a c e  is  important s i n c e  t h e  t o t a l  s u r f a c e  area 
of  t h e  r a d i a t o r  depends on t h e  l o c a t i o n  and t h e  s t r u c t u r a l  suppor t  is  
n o t  permi t ted  t o  r a d i a t e  h e a t  t o  space from t h e  low-emittance po r t ion  
covered by t h e  r a d i a t o r .  I f  i t  is  too c l o s e  t o  the  high-temperature 
po r t ion  of  t h e  suppor t  n e a r  t he  payload, although the  temperature a t  
t h a t  l o c a t i o n  may b e  lowered, t h e  r e s u l t a n t  h e a t  l e a k  along t h e  re- 
maining sh ie lded  p o r t i o n  may exceed t h a t  when t h e r e  is  no r a d i a t o r  and 
the  e n t i r e  suppor t  is  permi t ted  t o  r a d i a t e .  On t he  o t h e r  hand, i f  i t  
i s  p laced  too n e a r  t h e  LH2 tank end, t he  area of t he  r a d i a t o r  w i l l  be  
reduced; and t h e  emi t t ed  power a t  the  low temperature may be i n s i g n i f i -  
cant .  

The fol lowing t a b u l a t i o n  i l l u s t r a t e s  t he  r e l a t i o n -  
s h i p  between t h e  LH2 boi l -of f  from conduction along the  support  s t ruc -  
t u r e  and t h e  l o c a t i o n  of  a pant-leg r a d i a t o r  f o r  an example where the  
diameters ,  w a l l  th icknesses  and thermal c o n t r o l  coa t ings  of t h e  s t ruc-  
t u r a l  suppor ts  and pant- leg r a d i a t o r s  are the  same as those  descr ibed  
above f o r  Concept 4. For t h i s  example, thermal i n t e r a c t i o n s  between 
t h e  s t r u c t u r e  and shadow s h i e l d s  are neglec ted ;  x i s  t h e  l o c a t i o n  of 
t he  rad ia tor -suppor t  connect ion,  measured a x i a l l y  from the  payload; 
L i s  t h e  payload-tank spacing;  % is  t h e  LH2 boi l -of f  from conduction 
f o r  a s t r u c t u r e  wi th  a pant- leg r a d i a t o r ;  and mr is  the  LH2 boi l -of f  
from conduction f o r  t h e  same s t r u c t u r e  without  pant-legs and an e f fec-  
t ive  emit tance of 0.5 along the  e n t i r e  l eng th  of t he  supports .  

0.2 1.20 
0.4 0.94 
0.6 0.87 
0.8 0.88 
1.0 1.00 

The l o c a t i o n  of t he  pant- leg r a d i a t o r  i n  F igure  43, 
a t  an x/k of  approximately 0 . 7 ,  w a s  based on t h i s  ana lys i s .  

7.4.6 Concept 5 - Fixed F ibe r  Glass S t r u c t u r e ,  Fixed 
Shie lds  wi th  Space-Erected Shie lds  t o  
Compensate f o r  S o l a r  Vector Misalignment 

F igure  44 shows a shadow s h i e l d  s y s t e m w i t h  a f i x e d  
s t r u c t u r e  and provis ions  f o r  i nc reas ing  the  to l e rance  i n  po in t ing  angle  
over  what is  provided by t h e  geometry of t h e  payload and LH2 tank. The 
compensation f o r  so la r -vec tor  misalignment is accomplished by space- 
e r e c t e d  annular  s h i e l d s  mounted a t  t h e  per iphery  of  t h e  payload and the  
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two in t e rmed ia t e  shadow shields,  as shown i n  Figure 45. 
mediate s h i e l d s ,  a hoop o r  s h i e l d  suppor t  s t r u c t u r e  is  mounted t o  the  
s t r u c t u r a l  suppor t s  t o  provide a p e r i p h e r a l  band f o r  suppor t ing  the  
annular  s h i e l d s  when they are stowed, and a l s o  t o  support  t he  deploy- 
ment arm and t h e  c e n t r a l  f i x e d  shadow s h i e l d s .  The hoop c o n s i s t s  of  
two formed angles  which clamp t h e  i n n e r  diameter  of t he  annular  s h i e l d s  
during assembly. 
the  s t r u c t u r e ,  t he  c e n t r a l  s h i e l d  would be s t r e t c h e d  and locked i n  p lace .  
The annular  s h i e l d  on t h e  payload would be  a t t ached  d i r e c t l y  t o  t h e  
payload a t t a c h  r i n g  and would n o t  r e q u i r e  a s e p a r a t e  hoop s t r u c t u r e .  

For t h e  i n t e r -  

A f t e r  t h e  hoop is  b o l t e d  t o  the  mounting b racke t s  on 

The annular  s h i e l d  is  stowed by making mul t ip l e  
a l t e r n a t i n g  f o l d s  t a n g e n t i a l  t o  t h e  circumference of  t he  hoop, forming 
p l e a t s  which con ta in  sp r ing - l ike  deployment arms , and res t r a i n i n g  the  
assembly by a p l a s t i c  band around the  per iphery of t h e  s h i e l d  hoop. 
A s  shown i n  F igure  46, when t h e  release mechanism (pyrotechnic  squib o r  
o t h e r  device) is  ac tua ted ,  t h e  r e s t r a i n i n g  band p a r t s  , al lowing the  
stowed s h i e l d s  t o  unfold under t h e  a c t i o n  of t h e  deployment arms. 

The space-erected s h i e l d  conf igu ra t ion  shown f o r  
Concept 5 inc reases  t h e  to l e rance  i n  po in t ing  ang le  from 4.2 t o  1 5  
degrees.  However, a s imi la r  stowing and deployment arrangement would 
be  requi red  f o r  space-erected s h i e l d s  of any diameter  t o  provide addi- 
t i o n a l  s o l a r  misal ignhent  c a p a b i l i t y .  A s tudy  of  t he  weight breakdown 
of space-erected annular  s h i e l d s  showed t h a t  t h e  s h i e l d  mass w a s  s m a l l  
wi th  r e spec t  t o  the  mass requi red  f o r  a s t r u c t u r e  s u i t a b l e  f o r  stowing 
and deploying t h e  s h i e l d s .  I n  o t h e r  words, t h e r e  is  a f i x e d  m a s s  penal-  
t y  a s soc ia t ed  wi th  space-erect ing annular  s h i e l d s  ; and the  t o t a l  mass 
of t he  e rec t ed - sh ie ld  system is  nea r ly  independent of t h e  unfolded 
diameter of  t he  annu la r  s h i e l d s  , and, t h e r e f o r e ,  t h e  misalignment capa- 
b i l i t y .  However, i nc reas ing  t h e  diameter of t h e  annular  space-erected 
s h i e l d s  does reduce the  e f f e c t i v e n e s s  of r a d i a t i o n  cool ing  t h e  support  
s t r u c t u r e .  

S ince  t h e  annular  e r e c t e d  s h i e l d  loca t ed  a t  the  
payload end of the shadow s h i e l d  system is  d i r e c t l y  i l l umina ted  by sun- 
l i g h t ,  p rov i s ions  must b e  made t o  minimize i t s  temperature.  The tem-  
p e r a t u r e  of t h i s  s h i e l d  w i l l  be  determined by the  s o l a r  absorptance-to- 
emi t tance  r a t i o  of t h e  s u r f a c e  viewing t h e  sun as w e l l  as t h e  r a d i a n t  
thermal i n t e r a c t i o n s  wi th  t h e  payload. For t h i s  s tudy ,  t h e  s h i e l d  t e m -  
p e r a t u r e  w a s  taken t o  b e  520R - a temperature level which would be  
e a s i l y  achieved wi th  a "white" (low as/€) s u r f a c e  coa t ing .  

7.4.7 Concept 6 - Space-Erected S t r u c t u r e ,  Space-Erected 
Sh ie ld  

A shadow s h i e l d  system wi th  a t i t an ium "A"-frame 
erectible s t r u c t u r e  i s  shown i n  t h e  deployed conf igura t ion  i n  F igure  47. 
The payload-to-tank spac ing  when deployed is 120 inches (L/D = 1). This  
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spac ing  w a s  s e l e c t e d  from t h e  prel iminary a n a l y s i s  which showed t h a t  
t he  system mass w a s  optimized nea r  L/D r a t i o s  of 1.0 where only one 
in te rmedia te  s h i e l d  w a s  requi red  t o  minimize t h e  r a d i a t i o n  bo i l -o f f .  
Because of  t h e  l a r g e  spac ing ,  t h e  1.8 degree to l e rance  i n  p o i n t i n g  
angle  is lower than  t h e  o t h e r  concepts.  

This concept u t i l i z e s  t h r e e  shadow s h i e l d s  wi th  

The deployment sequence i s  i l l u s t r a t e d  i n  
one c e n t r a l l y  l o c a t e d  shadow s h i e l d  deployed during t h e  deployment of 
t he  "A"-frame s t r u c t u r e .  
Figure 48,  and some of t he  d e t a i l s  of t h e  system are shown i n  Figure 
49. 

I n  t h i s  conf igura t ion ,  t h e  LH2 tank is  pos i t i oned  
a g a i n s t  t h e  payload a t t a c h  r i n g  during launch wi th  t h e  in te rmedia te  
shadow s h i e l d  stowed between t h e  LH2 tank and payload. 
are t r a n s f e r r e d  t o  t h e  payload via t h e  c y l i n d r i c a l  tank support .  A f t e r  
deployment, t h e  loads  on t h e  "A"-frame s t r u c t u r e  are produced by t h e  

The launch loads  

g a c c e l e r a t i o n s  due t o  a t t i t u d e  con t ro l .  

The "A"-frame s t r u c t u r e  c o n s i s t s  of  12 t i t an ium 
tubes which make up 3 hinged "X" members i n  t h e  deployed conf igura t ion .  
A powered winch and cab le  system a t t ached  t o  the  apexes of a l l  t he  

A frames is used t o  deploy and r e t r a c t  t h e  system. The "A" frames 
have hinged connect ions a t  the  payload and tank support  and are actua- 
t e d  s imultaneously t o  prevent  cocking. The s t r u c t u r e  has s u f f i c i e n t  
r i g i d i t y  s o  t h a t  t h e  a t t i t u d e  c o n t r o l  system could be  ac tua ted  during 
deployment, i f  necessary.  

I I  I t  

A t  t h e  te rmina t ion  of t h e  coas t  phase,  t h e  system 
would be  r e t r a c t e d ;  and t h e  t h r u s t  loads  of t h e  "kick-stage" engine 
would b e  t r ansmi t t ed  t o  the  payload via t h e  c y l i n d r i c a l  tank support .  

This  conceptual  design al lows f o r  a r e l a t i v e l y  small 
to l e rance  i n  po in t ing  angle  because of t h e  l a r g e  spacing. 
shown i n  Figure 35, t h e  o v e r a l l  mass of  a space-erected system i s  n o t  
s e n s i t i v e  t o  the payload-tank spacing s o  t h e  fol lowing measures could 
be  taken t o  i n c r e a s e  t h e  to l e rance  i n  po in t ing  angle ,  i f  requi red :  

However, as 

1) The payload-tank spac ing  could be reduced t o  
about 30 inches wi th  a s m a l l  i n c r e a s e  i n  radia-  
t i o n  boi l -of f  i f  an  a d d i t i o n a l  shadow s h i e l d  
w a s  u t i l i z e d .  The p resen t  design could a l s o  
b e  used wi th  a commensurate inc rease  i n  LH2 
boi l -of f  due t o  r ad ia t ion .  

2) Provis ions  could be  made f o r  a d d i t i o n a l  so l a r -  
v e c t o r  misalignment c a p a b i l i t y  by deploying 
annu la r  s h i e l d s  s imilar  t o  those descr ibed  f o r  
Concept 5 a t  t h e  expense of an a d d i t i o n a l  com- 
p l i c a t i o n  i n  deployment. 
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7.4.8 Al t e rna t ive  Concepts 

The genera l  conf igu ra t ions  -of f i v e  concepts wi th  
f ixed  s t r u c t u r e s  have been descr ibed  i n  t h e  previous paragraphs.  Nu- 
merous combinations and a l t e r n a t i v e  concepts based on these  f i v e  con- 
f i g u r a t i o n s  may a l s o  be  considered. 

The conceptual  design of  t h e  s h i e l d s  w a s  based on 
t h e  use’ of s ing le-shee ted  , r e in fo rced  p o l y e s t e r  s h i e l d s  coated t o  have 
a low emit tance.  
shee ted  s h i e l d s  as d iscussed  by Knoll ,  e t  a1 (1966). I n  t h i s  configur- 
a t i o n ,  a s i n g l e  c i r cumfe ren t i a l  suppor t  r i n g  could b e  used t o  suppor t  
two c l o s e l y  spaced s h i e l d s  each having low-emittance su r faces .  The 
number of  r e f l e c t i v e  su r faces  p e r  s h i e l d  support  assembly would be 
increased  from two t o  fou r ,  thereby reducing t h e  r a d i a n t  component of 
h e a t  f l u x  at  t h e  expense of adding a d d i t i o n a l  s h i e l d  material  mass. 
Although t h e  use of c l o s e l y  spaced s h i e l d s  i s  n o t  e f f i c i e n t  from a 
thermal s t andpo in t ,  t h e  use  of  t h e  double-sheeted s h i e l d  may provide 
some measure of  p r o t e c t i o n  t o  exposed low-emittance s u r f a c e s  which could 
poss ib ly  b e  contaminated during launch o r  by prelaunch handl ing,  etc. 
With t h i s  concept ,  t h e  two i n t e r i o r  low-emittance s u r f a c e s  would not  
be d i r e c t l y  exposed t o  the  environment. Thus, t h e  double-sheeted sys- 
t e m  could improve t h e  r e l i a b i l i t y  of the  system. The a d d i t i o n a l  mass 
penal ty  would p r imar i ly  be  a s soc ia t ed  wi th  t h e  m a s s  o f  t h e  a d d i t i o n a l  
s h i e l d  material. 

It i s  a l s o  p o s s i b l e  t o  cons ider  t h e  use of  double- 

The p ro jec t ed  performance (system mass) of a double- 
sheeted system w i l l  be  compared wi th  a s ingle-sheeted s h i e l d  system 
f o r  a f i x e d  s t r u c t u r e ,  similar t o  t h a t  used i n  Concept 1, i n  Sec t ion  12  
of t h i s  r epor t .  

8.0 TANK SUPPORT SYSTEM 

8.1 In t roduc t ion  

The support  system f o r  t h e  hydrogen tank must suppor t  t h e  
tank wh i l e  provid ing  s u f f i c i e n t  thermal i s o l a t i o n  from t h e  rest of  t h e  
v e h i c l e  s t r u c t u r e  dur ing  ground-hold, a s c e n t ,  and o r b i t a l  maneuvers. 
Because t h e  mass of  t h e  LH2 tank suppor t  system i s  common t o  a l l  shadow 
s h i e l d  concepts ,  and, t he re fo re ,  i t s  mass would n o t  a l ter  the  relative 
ranking of  t h e  va r ious  shadow s h i e l d  systems, a s i m p l i f i e d  s t r u c t u r a l  
and mass a n a l y s i s  w a s  undertaken i n  t h i s  s tudy.  However, t h e  s t r u c t u r a l  
suppor t  w a s  designed i n  s u f f i c i e n t  d e t a i l  so  t h a t  a reasonable  estimate 
of i ts  mass could be made. A primary o b j e c t i v e  i n  t h e  design of t h i s  
l igh tweight  s t r u c t u r e  is  t o  d i s t r i b u t e  t h e  loads  around the  per iphery  
of t h e  LH2 tank  whi le  provid ing  an acceptab le  ground-hold and o r b i t a l  
h e a t  leak .  I n  a d d i t i o n ,  t he  design concept i s  based on a conf igura t ion  
t o  which ground-hold and m u l t i l a y e r  i n s u l a t i o n  can b e  e a s i l y  and e f f ec -  
t i v e l y  appl ied .  
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The s e c t i o n s  which follow desc r ibe  t h e  suppor t  system and 
its imposed loads ,  t h e  s e l e c t i o n  of t h e  support  concept used, and t h e  
two c r i t i ca l  elements i n  t h i s  system, t h e  aluminum tank s k i r t  and t h e  
f i b e r  g l a s s  suppor t  cy l inde r .  

8.2 S e l e c t i o n  of  Support Concept 

The suppor t  system may b e  considered as composed of  two 
primary elements:  
which are designed from mechanical cons idera t ions  a lone ,  and 2) a rher- 
m a l  i s o l a t o r  which provides  a b a r r i e r  t o  h e a t  flow i n  add i t ion  t o  
t r a n s m i t t i n g  loads  from t h e  tank s t r u c t u r e  t o  t h e  main v e h i c l e  s t r u c -  
t u r e .  S t a r t i n g  wi th  these  cons idera t ions ,  a l l  support  systems may be 
c l a s s i f i e d  as one of two genera l  types:  
i n  which a l l  t h e  loads  from t h e  tank t o  t h e  main s t r u c t u r e  of t he  ve- 
h i c l e  are c a r r i e d  through a continuous s h e l l ,  made of a good thermal 
i n s u l a t o r ,  o r  2) a p o i n t  support  system i n  which the  loads are co l l ec t ed  
a t  a number of p o i n t s  around t h e  circumference of t h e  tank s h e l l  by 
s t r u c t u r e  on the  tank ,  t r a n s f e r r e d  t o  t h e  main s t r u c t u r e  of t h e  veh ic l e  
and then  r e d i s t r i b u t e d  around t h e  circumference by s t r u c t u r e  on the  
main veh ic l e .  
thermal conductance t o  minimize the  h e a t  flow t o  t h e  LH2 tank during 
ground-hold and space opera t ion ;  they a l s o  must b e  i n s u l a t e d  t o  prevent  
excess ive  h e a t  flow t o  t h e  LH2 tank during o r b i t a l  opera t ion  where t h e  
veh ic l e  is n o t  sun-oriented.  

1) s t r u c t u r a l  elements on t h e  tank and main veh ic l e  

1) a continuous suppor t  system 

I n  both systems t h e  suppor ts  must be  of  r e l a t i v e l y  low 

Although t h e  t o t a l  s t r u c t u r a l  mass a s soc ia t ed  wi th  e i t h e r  
a continuous o r  p o i n t  suppor t  system may no t  be  s i g n i f i c a n t l y  d i f f e r e n t  
( c . f . ,  S te rbentz  and Baxter  (1963)),  t h e  continuous support  system has 
t h e  fol lowing advantages : 

1) The a p p l i c a t i o n  of e f f e c t i v e  ground-hold and mul t i l aye r  
i n s u l a t i o n  i s  more e a s i l y  accomplished wi th  a continu- 
ous support .  

2) The design of a continuous suppor t  system i s  inhe ren t ly  
more simple.  

3) A continuous support  system possesses  b e t t e r  dynamic 
c h a r a c t e r i s t i c s  and is s t r u c t u r a l l y  more redundant. 

4 )  For t h i s  a p p l i c a t i o n  a continuous support  des ign  is 
common t o  both space-erected and ground-erected shadow- 
sh ie lded  tankage. 

S 
For these  reasons a c y l i n d r i c a l ,  continuous,  tank suppor t  

s t e m  w a s  chosen fo r  t h i s  i nves t iga t ion .  I n  o r d e r  t o  achieve t h e  ob- 
jective of comparing t h e  relative mass p e n a l t i e s  of both  space-erected 
and ground-erected shadow s h i e l d  systems, t h e  tank support  concept 
s e l e c t e d  was designed f o r  use wi th  e i t h e r  system. 
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8 . 3  Descr ip t ion  of  Support  System 

The tank suppor t  system comprising a c y l i n d r i c a l  s k i r t  de- 
s igned t o  wi ths tand  t h e  t h r u s t  loads  a s soc ia t ed  wi th  t h e  m a s s  of t he  
LH2 &nd tankage is shown i n  Figure 50. 
launch loads  a s soc ia t ed  w i t h  t h e  payload mass t o  b e  t r ansmi t t ed  d i r e c t -  
l y  t o  t h e  boos t  veh ic l e .  Because the  temperature g rad ien t s  between the  
LH2 tank and room-temperature are taken i n  the  c y l i n d r i c a l  tank suppor t ,  
no thermal stresses are in t roduced  i n  t h e  main payload suppor t  t r u s s  
s t r u c t u r e  during t h e  launch environment. 

This  conf igura t ion  al lows the  

As shown ir Figure 50, t h e  tank suppor t  c o n s i s t s  of cy l in-  
d r i c a l  aluminum and FRP s e c t i o n s .  The a t t a c h  r i n g  which j o i n s  t h e  con- 
t inuous tank suppor t  t o  t h e  shadow s h i e l d  t r u s s  s t r u c t u r e  i s  terminated 
a t  the  tangent  po in t  of  t h e  top  of t h e  tank  i t s e l f .  The choice  of t h i s  
te rmina t ion  p o i n t  was based on us ing  t h e  same tank suppor t  system f o r  
both ground-erected systems (similar t o  t h e  f i x e d  open-truss s t r u c t u r e  
shown i n  F igure  50) and space-erected systems where no open-truss s t r u c -  
t u r e  is  requi red .  I n  t h e  f i n a l  comparison of t h e  system masses f o r  
t he  var ious  concepts s e l e c t e d  f o r  s tudy ,  t h e  mass of  t h e  tank support  
system i t s e l f  w a s  t h e r e f o r e  a cons tan t .  Severa l  design opt ions  f o r  t he  
choice of t he  s k i r t  l eng th  are ava i l ab le .  For example, i n  a f i x e d  
s t r u c t u r e  the  l eng th  of  t he  s k i r t  could be  shor tened  and the  tubu la r  
t r u s s  s t r u c t u r e  lengthened. I n  t h i s  case t h e  mass of the  s k i r t  would 
decrease and t h e  thermal conductance of  t h e  s k i r t  would inc rease .  Cor- 
respondingly,  the  mass of  t h e  tubu la r  s t r u c t u r e  would inc rease  and the  
LH2 boi l -of f  due t o  conductive h e a t  flow v i a  t h e  suppor ts  would be al- 
te red .  
system from the  r a d i a t i o n  s t andpo in t  which would have a smaller radia-  
tive h e a t  l e a k  f o r  t he  same spac ing  between the  tank and payload. 

Je 

A reduct ion  i n  t h e  s k i r t  l eng th  would a l s o  provide a more "open" 

The support  po in t  on t h e  tank i s  a t  t h e  h o r i z o n t a l  c e n t e r  
l i n e ,  where a .030"-thick c y l i n d r i c a l  aluminum s k i r t  is  welded t o  the  
tank. The th ickness  of t h e  tank w a l l  is  increased  a t  t h i s  p o i n t  as re- 
qui red  t o  minimize stresses at  t h e  attachment po in t .  
f i b e r  g l a s s  suppor t  cy l inde r  connects t h i s  aluminum s k i r t  t o  t he  main 
s t r u c t u r e  of  t h e  v e h i c l e  a t  t h e  tank attachment r ing .  This cy l inde r ,  
r i v e t e d  t o  mating s t r u c t u r e  a t  both  ends,  i s  b u i l t  up from a number of 
curved panels ,  and is  re in fo rced  wi th  f i b e r  g l a s s  doublers  and r i v e t e d  
a t  t h e  l o n g i t u d i n a l  seams. The tank attachment r i n g  i s  a round tube t o  
which connections from var ious  o t h e r  elements are made. The a t tach-  
ment f o r  t h e  liquid-hydrogen tank is a continuous angle  welded t o  t h e  
tube  around i t s  e n t i r e  circumference.  The f i b e r  g l a s s  suppor t  i s  rivet- 
ed t o  t h e  l i p  of t h i s  angle  around t h e  e n t i r e  circumference.  Box sec- 
t i o n s  are welded t o  t h e  attachment r i n g  a t  p o i n t s  where the  s t r u t s  on 
t h e  t r u s s  i n t e r s e c t  i t ,  and provide t h e  dua l  func t ion  of  l o c a l  s t i f f e n -  
i n g  of t h e  t r u s s  s t r u c t u r e  and r i n g  p lus  providing f l a t  s u r f a c e s  f o r  
b o l t i n g  t h e  s t r u t s  t o  t h e  r ing .  A continuous angle  i s  welded t o  the  
top of t h e  tubu la r  attachment r i n g  around i t s  e n t i r e  circumference.  
This  angle  i s  contoured around t h e  i n s i d e  of t h e  t r u s s  attachment p o i n t s  

A 0.060t1-thick 

* 
FRP ( f i b e r  g l a s s  r e in fo rced  p l a s t i c )  
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t o  provide a continuous s u r f a c e  f o r  l a c i n g  t h e  a f t  r a d i a t i o n  s h i e l d .  
The l o n g i t u d i n a l  s t r u t s  , themselves , are re in fo rced  a t  t h e  ends t o  
permit  attachment of a mounting f lange .  
a mounting f l ange  i s  welded t o  t h e  s t r u t ;  and f o r  f i b e r  g l a s s  t r u s s  
s t r u c t u r e s ,  a f l ange  i s  molded on t h e  end of  t h e  s t r u t  i t s e l f .  
l a t te r  case, a clamping r i n g  i s  requi red  f o r  b o l t i n g  t h e  s t r u t  t o  t h e  
box s e c t i o n  on t h e  attachment r ing .  The payload attachment r i n g  i s  
similar t o  t h e  tank at tachment  r ing .  It c o n s i s t s  of a r o l l e d  c i r c u l a r  
tube  t o  which box s e c t i o n s  are welded f o r  a t tachments  of s t r u t s .  A 
continuous p l a t e  is  welded around t h e  top of  t h i s  tube  f o r  attachment 
of t h e  payload. 

For t i t an ium t r u s s  s t r u c t u r e s ,  

I n  t h e  

The s t r u c t u r e  shown i n  Figure 50 i s  in tended  t o  b e  ind ica-  
t i v e  of t y p i c a l  s t r u c t u r a l  d e t a i l s  and has  been used f o r  e s t ima t ing  
the  mass of t he  system. The a c t u a l  design of t h e  two attachment r ings  
and t h e  d e t a i l s  of t h e  var ious  attachments t o  them requ i r e s  a more com- 
p l e t e  s p e c i f i c a t i o n  of t h e  loads  and the  i n t e r f a c e s  wi th  the  rest of 
t h e  kick-stage veh ic l e .  

8 . 4  Design Analysis  

The loads  imposed on t h e  c y l i n d r i c a l  tank support  s t r u c t u r e  
are those  from t h e  tank a lone ,  s i n c e  a l l  o t h e r  loads  w i l l  be  c a r r i e d  
around t h e  tank by appropr i a t e  t r u s s  work o r  s h e l l  s ec t ions .  I n  the  
d iscuss ions  which fol low,  w e  have considered t h a t  a l l  launch fo rces  oc- 
cu r  a t  the  tank attachment r ing .  I n  determining t h e  loads  on t h e  sup- 
p o r t  s t r u c t u r e ,  w e  have used a tank mass of 200 pounds and a l iqu id -  
hydrogen mass of 1160 pounds, o r  a t o t a l  mass of  1360 pounds. 
loads  imposed on t h e  c y l i n d r i c a l  tank support  system during launch are 
the  i n e r t i a  fo rces  r equ i r ed  t o  accelerate t h i s  massb I n  c a l c u l a t i n g  
these  fo rces ,  w e  have taken a maximum a x i a l  a c c e l e r a t i o n  of 9 g ' s  and 
a maximum t r ansve r se  a c c e l e r a t i o n  of 1 g. Therefore ,  t h e  maximum a x i a l  
design fo rce  is  12,250 pounds; and a maximum t r a n s v e r s e  design force  is 
1360 pounds. These a c c e l e r a t i o n s ,  and hence t h e  design f o r c e s ,  are 
a c t u a l l y  about 1-1/2 t i m e s  t h e  a n t i c i p a t e d  levels,  s o  t h a t  t h e  design 
loads  inco rpora t e  a f a c t o r  of  s a f e t y .  
suppor t ,  w e  have no t  inc luded  any f u r t h e r  f a c t o r  of s a f e t y ,  b u t  have 
s e l e c t e d  s e c t i o n  th icknesses  s o  t h a t  t h e  s t r u c t u r e  is  s t r e s s e d  t o  i ts  
u l t ima te  l i m i t  under t h e  most c r i t i ca l  loading  condi t ion.  

The 

Consequently, i n ' s i z i n g  t h e  tank  

8.4.1 Aluminum Tank S k i r t  

The c y l i n d r i c a l  s k i r t  on t h e  t ank  provides  a t r a n s i -  
t i o n  between t h e  tank s h e l l  and t h e  f i b e r  g l a s s  suppor t  cy l inde r ,  and 
serves t h e  dua l  purpose of  t r a n s f e r r i n g  t h e  i n e r t i a  loads  from t h e  tank  
t o  t h e  f i b e r  g l a s s  c y l i n d e r  and accommodating changes i n  tank  diameter 
wi th  i n t e r n a l  p re s su re  wi thout  t r a n s f e r r i n g  t h e  r e s u l t i n g  s t r a i n s  i n t o  
t h e  f i b e r  g l a s s  cy l inder .  Tc a f i r s t  o rde r ,  t h e  former requirement 



d i c t a t e s  t h e  th ickness  of t he  s k i r t  and t h e  l a t t e r  determines i t s  length .  
The s k i r t  i s  made o u t  of t he  same aluminum a l l o y  as t h e  tank (2219-T81) 
t o  f a c i l i t a t e  welding. 

The c r i t i ca l  loading  condi t ion  f o r  t h i s  s k i r t  occurs  
when i t  is sub jec t ed  t o  bending p lus  a x i a l  compression by simultaneous 
a p p l i c a t i o n  of  t he  mximum axial load  and t h e  maximum t r ansve r se  load.  
Under t h i s  condi t ion ,  t h e  e n t i r e  s k i r t  can be considered as a c a t i l e v e r  
beam supported a t  t h e  j o i n t  between t h e  s k i r t  and t h e  f i b e r  g l a s s  cy l in-  
der .  A uniform axial  compressive f o r c e  and a t r ansve r se  end f o r c e  are 
imposed on t h i s  beam. 
s i d e r a t i o n ,  t he  mode of  f a i l u r e  f o r  t h i s  s k i r t  i s  l o c a l  buckl ing.  The 
c r i t i c a l  area on t h e  s k i r t  is  t h a t  p o i n t  on t h e  circumference ad jacent  
t o  t h e  aluminum-to-fiber g l a s s  j o i n t  where the  maximum compressive bend- 
i n g  stress occurs ,  f o r  a t  t h a t  p o i n t  t he  compressive stress i n  t h e  s h e l l  
is  a t  i ts  maximum value.  I n  o rde r  t o  determine t h e  requi red  th ickness  
of t h i s  s k i r t ,  t h e  s h e a r  stresses i n  the  s k i r t  w e r e  neglec ted  and an 
a n a l y t i c a l  model w a s  used i n  which t h e  s h e l l  is  loaded wi th  a uniform 
a x i a l  stress which is equal  t o  the  uniform a x i a l  stress due t o  t h e  a x i a l  
load  p l u s  the  maximum compressive bending stress. 

For t h i s  s i t u a t i o n  and t h e  geometry under con- 

t i o n  ( c . f . ,  

where u = a - 
O C  - 

E =  

t =  

R =  

L =  

The requi red  s k i r t  th ickness  is given by t h e  equa- 
Fung and Sechler  (1967) ) : 

u = u = E Lg(t/R)1*6 + 0.16 ( t / L )  1 . 3 1  
a C 

a l lowable stress i n  t h e  s h e l l ,  p s i  

stress a t  which l o c a l  buckl ing occurs ,  p s i  

modulus of elas t i c i t y ,  p s i  

s h e l l  t h i ckness ,  i n .  

rad ius  of  s h e l l ,  i n .  

un res t r a ined  l eng th  of  s h e l l ,  i n .  

The requi red  s k i r t  t h i ckness ,  based on t h i s  a n a l y s i s ,  i s  0.030 inch;  
and t h e  r e s u l t i n g  s k i r t  m a s s  i s  8.1 pounds. 
s i v e  stress i n  the  s k i r t  is  1300 p s i .  

The maximum a x i a l  compres- 

This  estimate of t h e  mass of  t h e  aluminum s e c t i o n  
of t h e  suppor t  does no t  t ake  i n t o  account t h e  stress induced by the  ex- 
pansion of  t h e  LH2 tank  dur ing  p r e s s u r i z a t i o n  o r  t he  r e l a t i v e  thermal 
con t r ac t ion  a t  t h e  aluminum-fiber g l a s s  j o i n t .  

The th ickness  and mass of t h e  s k i r t  could b e  reduced 
somewhat i f  a more e f f i c i e n t  design were used f o r  t h e  s h e l l  ( i . e . ,  a 
design which inco rpora t e s  r e i n f o r c i n g  elements t o  raise t h e  stress 
l e v e l  a t  which l o c a l  buckl ing occurs ) .  Examples of  such designs are 
semi-monocoque s t r u c t u r e s  inco rpora t ing  l o n g i t u d i n a l  s t r i n g e r s ,  t r u s s  
core  s t r u c t u r e s ,  and honeycomb-type s t r u c t u r e s .  The spac ing  o f  t h e  
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r e i n f o r c i n g  elements i n  such a s t r u c t u r e  would have t o  be  less than 
about 2.2 inches  ( t h e  l eng th  of t h e  buckl ing h a l f  wave i n  t h e  p re sen t  
s h e l l )  i n  o rde r  t o  r e a l i z e  any th ickness  reduct ion  from t h i s  approach. 
A d e t a i l e d  design of  a semi-monocoque o r  t r u s s  co re  s k i r t  would reduce 
the  mass c a l c u l a t e d  above. It is es t imated  t h a t  t h e  m a s s  o f  a s k i r t  
of t h i s  type would be  5.0 t o  5.5 pounds s i n c e ,  t y p i c a l l y ,  t h e  mass o f  
a well-designed, r e in fo rced  s t r u c t u r e  w i l l  b e  60 t o  70% of  t h e  m a s s  of 
a monocoque s t r u c t u r e  of  t h e  same load  bear ing  capac i ty  ( c . f .  , Ster -  
bentz  and Baxter ,  (1966) page 655). 

8.4.2 F i b e r  Glass Support Cyl inder  

The f i b e r  g l a s s  suppor t  cy l inde r  must t ransmi t  t he  
loads  from the  aluminum tank s k i r t  t o  t h e  main s t r u c t u r e  of t h e  vehi- 
cle whi l e  providing adequate  thermal i s o l a t i o n  dur ing  ground-hold and 
during po r t ions  of t h e  mission when t h e  tank at tachment  r i n g  i s  a t  a 
temperature s i g n i f i c a n t l y  h ighe r  than t h e  tank temperature ( f o r  in -  
s t ance ,  during parking o r b i t  maneuvers). I ts  diameter  and l eng th  are 
f i x e d  by the  o v e r a l l  geometry of t h e  veh ic l e ,  so  t h e  only v a r i a b l e  a t  
the  d i s c r e t i o n  of t h e  des igner  is the  material choice  and i t s  th ick-  
ness .  

S ince  t h e  choice of material f o r  t h i s  c y l i n d e r  i s  
not  s o  obvious as f o r  t h e  aluminum s k i r t ,  several materials were con- 
s idered .  The s e l e c t i o n  process  cons i s t ed  of designing suppor t  cy l inde r s  
of a number of t h e  candida te  materials, determining t h e  cy l inde r  mass 
and t h e  h e a t  leak under ground-hold condi t ions  f o r  each design,  and 
then choosing t h e  least-mass s t r u c t u r e  which had an acceptab le  h e a t  
leak .  

A s  w i t h  t h e  aluminum s k i r t ,  t h e  c r i t i ca l  design 
load  f o r  t h i s  cy l inde r  is  simultaneous a p p l i c a t i o n  of t he  maximum axial 
compressive f o r c e  and t h e  maximum t r ansve r se  force .  The c r i t i c a l  area 
is  a t  t h e  junc t ion  wi th  t h e  tank attachment r i n g  a t  t h e  po in t  on t h e  
circumference where t h e  maximum compressive stress occurs ,  and t h e  
c r i t i ca l  f a i l u r e  mode is l o c a l  bueklin,g. 
i d e n t i c a l  t o  t h a t  used f o r  t h e  aluminum s k i r t .  

The design approach used i s  

Using t h i s  approach, monocoque cy l inde r  designs 
were evolved f o r  suppor ts  of  f i b e r  g l a s s ,  t i t an ium,  and s t a i n l e s s  steel. 
These des igns  are summarized i n  t h e  t a b l e  below: 

MONOCOQUE SUPPORT CYLINDER DESIGNS 

Cylinder  Axial  Compressive Cylinder  
Material Thickness S t r e s s  Mass 

( in .  1 ( p s i )  ( lbm) 
F ibe r  g l a s s  .060 690 41.4 
Titanium .032 1400 45.5 
S t a i n l e s s  S tee1 .025 1750 71.1 
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The s t a i n l e s s  steel  c y l i n d e r  w a s  e l imina ted  from 
cons idera t ion  because of  i t s  high mass. 
t h e  f i b e r  g l a s s  and t i t an ium cy l inde r s  is n o t  r e a l l y  s i g n i f i c a n t ,  so 
t h e  choice cannot be  made on the  b a s i s  of mass a lone .  F ibe r  g l a s s  w a s  
f i n a l l y  s e l e c t e d  because i t  r e s u l t e d  i n  a lower h e a t  l e a k  dur ing  those  
po r t ions  of  t h e  mission i n  which t h e  i n s u l a t i n g  c a p a b i l i t y  of t h i s  
cy l inde r  is important .  

The d i f f e r e n c e  i n  mass between 

The m a s s  o f  t h e  f i b e r  g l a s s  cy l inde r  can a l s o  be  
reduced by us ing  a more e f f i c i e n t  s t r u c t u r e ,  such as semi-monocoque o r  
t r u s s  core .  It is es t imated  t h a t  a r e f i n e d  design of  such a suppor t  
cy l inde r  could have a mass of about 25 t o  30 lb,. The spac ing  f o r  t h e  
reinforcement i n  t h i s  design would have t o  b e  less than 3 . 1  i nches ,  t he  
h a l f  l eng th  of t h e  buckl ing  wave, i n  o r d e r  t h a t  t he  th ickness  be  reduced 
below t h a t  r equ i r ed  f o r  t he  monocoque cy l inder .  

8 . 4 . 3  Summary of  Design Analysis  

An a n a l y s i s  of  t h e  suppor t  system concept chosen 
f o r  t he  shadow s h i e l d  system has  shown t h a t  t h e  combination of an alumi- 
num s k i r t  s e c t i o n  and an FRP c y l i n d r i c a l  suppor t  w i l l  provide t h e  re- 
qui red  s t r u c t u r a l  c h a r a c t e r i s t i c s .  The use of t h e  FRP s e c t i o n  w i l l  
r e s u l t  i n  a small h e a t  l e a k  t o  the  LH2 tank dur ing  ground-hold and 
those po r t ions  of t h e  mission where t h e  thermal r e s i s t a n c e  of  t he  s k i r t  
assembly is important.  

A summary of t h e  m a s s  a s soc ia t ed  wi th  t h e  tank sup- 
p o r t  system i s  presented  i n  t h e  fol lowing t a b l e .  
m a s s  f o r  t h e  support  system is  from 65 t o  85 lb, depending on t h e  type  
of cons t ruc t ion  used i n  f a b r i c a t i n g  t h e  s k i r t  s e c t i o n s .  

The range of es t imated 

A s  mentioned previous ly ,  some reduct ion  i n  t h e  over- 
a l l  m a s s  of a ground-erected shadow s h i e l d  system may be r e a l i z e d  i f  t he  
length  of t h e  tank  support  system w e r e  decreased. 
t h e  use  of a s h o r t e r  o v e r a l l  s t a g e  which would be advantageous. 
case of a space-erected shadow s h i e l d  system, t h e  l eng th  of t h e  tank 
support  system could no t  be reduced apprec iab ly .  

This  may a l low f o r  
I n  t h e  
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MASS SUMMARY FOR TANK SUPPORT SYSTEM 

Aluminum skirt 
FRP cylindrical support 
Aluminum doublers 
Rivets 
Aft support tube 
FRP support-to-tube angle 
Support brace for angle 
Aft ring box-type support points 
Hardware 

"A" 
8.1 
41.4 
1.4 
0.5 
10.8 
8.3 
2.1 
10.1 
2.2 

- 

- 

f!Bfi# - 
5.0 
25.0 
1.4 
0.5 
10.8 
8.3 
2.1 
10.1 
2.2 - 

m TOTAL 84.9 lbm 65.9 lb 

"A" - mass summary based on monocoque structure selected for present 
analysis. 

"B" - mass summary based on estimated mass of semi-monocoque or truss 
core support assemblies. 

9.0 GROUND-HOLD AND ORBITAL INSULATION SYSTEMS 

9.1 Introduction 

There are a number of system concepts which have been con- 
sidered for insulating an LH2 storage tank during ground-hold conditions 
(pre-launch) when the external environment is at ambient temperature and 
pressure. Usually, the criterion for the choice of a suitable system 
is one in which the heat flux to the tankage is limited to between 100 
and 250 Btu/hr ft2. 
ditions of shock and vibration, the insulation on unshrouded vehicles 
must withstand the forces and heating due to aerodynamic effects. 

In addition to the normal launch environmental zon- 

The following discussion of ground-hold insulation systems 
pertains to shrouded vehicles where the ground-hold and orbital insula- 
tions are not directly exposed to the aerodynamic environment and the 
insulation system is not jettisoned after launch. Further, it is 
assumed that the LH2 tankage will require some amount of multilayer in- 
sulation (MLI) for near-planetary orbital operation in vacuo as well as 
a ground-hold insulation system which will limit the heat flux at am- 
bient conditions to between 100 and 250 Btu/hr ft2. 

A number of favorable characteristics for any ground-hold 
insulation system are listed below (not necessarily in order of impor- 
tance) : 
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* Lightweight 

Thermally e f f i c i e n t  

Low outgassing rate i n  vacuo 

Re l i ab le  (accept  shock, v i b r a t i o n ,  handl ing and 
temperature cyc l ing  without  damage) 

Repairable  

W i l l  minimize formation of d e l e t e r i o u s  condensables 
(e .g . ,  water, a i r )  w i th in  the  a s soc ia t ed  MLI system 

W i l l  no t  impede vent ing of an MLI system during ascent  

Eas i ly  i n t e g r a t e d  with convent ional  MLI systems f o r  
o r b i t a l  use 

May be e a s i l y  appl ied  t o  a wide v a r i e t y  of tank shapes 
and s izes  

W i l l  accept  o r  t o l e r a t e  a f i n i t e  amount of hydrogen tank 
leakage without  a corresponding increase i n  h e a t  f l u x  

9 I f  app l i cab le ,  t h e  ground-hold system w i l l  provide f o r  
precondi t ion ing  of t he  MLI material t o  minimize out- 
gass ing  dur ing  o r b i t a l  opera t ion  

Several b a s i c  concepts and many v a r i a t i o n s  thereof  have been 
The systems b a s i c a l l y  f a l l  examined f o r  ground-hold i n s u l a t i o n  systems. 

i n t o  t h r e e  ca t egor i e s  : 

1 )  Gas-purged systems i n  which helium ( a r  i n  some ins t ances ,  
another  gas) i s  introduced e i t h e r  through the  MLI  con- 
t a ined  i n  a purge bag o r  i n  a purged s u b s t r a t e  a t tached  
t o  t h e  tank w a l l .  

2) Sealed-cel l  systems, such as a low dens i ty  foam, at- 
tached t o  the  tank o r  a sea l ed -ce l l  honeycomb, which 
are cryopumped a t  the  e x i s t i n g  cryogenic temperatures 
t o  lower t h e i r  e f f e c t i v e  conduct iv i ty .  

3) Vacuum-jacketed mul t i l aye r  systems i n  which t h e  MLI is 
s e a l e d  i n  a vacuum-tight membrane and low pressures  
wi th in  t h e  i n s u l a t i o n  are achieved by cryopumping. 

A ummary f var ious  ground-hold systems inc lud ing  weights ,  thickness  
and measured thermal performance under ambient temperature and pressure  
is  given i n  Table VIII. The system weights range from approximately 
0 .1  t o  1.0 l b s / f t 2 ,  and the  ground-hold h e a t  f l uxes  genera l ly  range 
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2 between 100 and 230 Btu /hr  f t  . Ranking these  systems on a h e a t  f lux-  
per-unit-weight b a s i s  is usua l ly  no t  a p p l i c a b l e  s i n c e  t h e  LH2 boi l -of f  
r e s u l t i n g  from t h e  ground-hold hea t  l e a k  i s  rep laced  by topping the  
tank p r i o r  t o  launch. I n  o t h e r  words, t h e  weight pena l ty  t o  t h e  vehi- 
cle i s  only t h e  weight of ground-hold i n s u l a t i o n  requi red  t o  maintain 
an accep tab le  h e a t  l e a k  dur ing  pre-launch ope ra t ions .  Therefore ,  t h e  
choice of a system w i l l  be  heav i ly  inf luenced  by cons ide ra t ions  o t h e r  
than t h e  abso lu te  va lue  of t h e  h e a t  f lux .  

The fo l lowing  d i scuss ion  of t h e  performance and merits of 
ground-hold i n s u l a t i o n  systems p e r t a i n s  t o  gas-purged, s e a l e d - c e l l  
foam systems,  o r  combinations thereof  as d i r e c t e d  by c o n t r a c t .  

9.2 Gas-Purged Systems 

The b a s i c  concepts f o r  gas-purged systems have been evalua- 
t e d  by Knoll  and Oglebay (1963); and tests on helium-purged systems 
have been repor ted  by Sterbentz  and Baxter  (1966), Black, e t  a1 (1964) 
and Cody and Hyde (1966). 
s ide red .  
purge bag) wi th  helium. 
space (e .g . ,  a f i b e r  g l a s s  mat) beneath t h e  MLI used f o r  o r b i t a l  pro- 
t e c t i o n ,  and t h e  t h i r d  is  t o  use a low-density foam bonded d i r e c t l y  t o  
the  co ld  tank w a l l  and purge t h e  MLI a t t ached  t o  t h e  o u t s i d e  of t h e  
foam. I n  t h i s  l a t te r  case,  i t  i s  p o s s i b l e  t o  use gases o t h e r  than 
helium, such as C02, A ,  N e ,  N 2 ,  e t c . ,  by s e l e c t i n g  a foam th i ckness  
which w i l l  preclude condensation wi th in  t h e  MLI. 

Three d i f f e r e n t  approaches have been con- 
The f i r s t  i s  t o  purge t h e  e n t i r e  M L I  system (enclosed i n  a 

The second approach is  t o  provide a purge 

Previous t e s t i n g  i n  our  l abora to ry  has  been repor ted  by 
Black, e t  a1 (1964) wi th  a helium-purged m u l t i l a y e r  i n s u l a t i o n  system 
using f i v e  r a d i a t i o n  s h i e l d s  wi th  n e t t i n g  spacers and a 2-mil p o l y e s t e r  
f i lm,  aluminum f o i l  t r i - l amina te  purge bag. The spac ing  between t h e  
cryogenic  vessel and t h e  purge bag va r i ed  over  t h e  s u r f a c e  from about 
0.4 t o  1 . 0  inches.  The t e s t i n g  w a s  accomplished wi th  LN2 i n  t h e  i n n e r  
vessel with an atmospheric p re s su re  helium purge. 
temperature  (ou t s ide  the  purge bag) w a s  approximately 540R. The tests 
showed t h a t  t h e  average h e a t  l e a k  dur ing  t h i s  ground-hold s imula t ion  
w a s  approximately 165 Btu/hr  f t 2 ,  The measured average temperature of 
t h e  purge bag w a s  327R (-133F). As a r e s u l t  of t h i s  low temperature ,  

2 cons iderable  f r o s t  formation occurred on t h e  purge bag o u t e r  su r f ace .  
For t h e  same test  cond i t ions ,  t h e  computed h e a t  f l u x w a s  250 Btu /hr  f t  . 
The h e a t  f l u x  w a s  c a l c u l a t e d  by assuming t h a t  t h e  hea t  t r a n s f e r  between 
the  purge bag and cryogenic tank w a s  due t o  conduction through t h e  
helium gas.  The e f f e c t s  of t h e  t r a n s i e n t  formation of f r o s t  on t h e  
purge bag and t h e  r e s u l t i n g  change i n  e x t e r n a l  h e a t  t r a n s f e r  c o e f f i c i e n t  
o r  convect ion e f f e c t s  w i t h i n  t h e  purge bag were no t  inc luded  i n  t h e  
a n a l y s i s .  
i n s t e a d  of LN2 would no t  apprec iab ly  a f f e c t  t h e  r e s u l t i n g  ground-hold 
h e a t  f l u x  - t h e  h e a t  l e a k  would probably be  l a r g e r  by approximately 
10-20% because of t h e  inc reased  temperature d i f f e r e n t i a l .  

The ambient a i r  

It is expected t h a t  a similar test wi th  LH2 i n  t h e  tank 
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T e s t  r e s u l t s  presented  by Cody and Hyde (1966) wi th  a 48- 
l a y e r ,  He-purged MLI system app l i ed  t o  an LH2 tank wi th  approximately 
a 1-in. spacing between the  tank and purge bag a l s o  show t h a t  t h e  
average h e a t  f l u x  w a s  of t h e  o rde r  of 140 Btu/hr f t 2 .  
d ia .  tank, a helium purge rate of  2.5 scfm reduced the  air  concentra- 
t i o n  wi th in  the  MLI t o  less than 5% and t h e  moisture  conten t  t o  less 
than 50 ppm i n  an  8-hour purge per iod.  

For t h i s  105-in. 

A somewhat d i f f e r e n t  approach t o  t h e  design of a helium- 
purged system w a s  taken by Sterbentz  and Baxter  (1966). 
a porous g l a s s  f i b e r  m a t  approximately 1.5 inches t h i c k  w a s  used as a 
spacer and served t o  reduce 
w a s  used t o  conta in  t h e  purge gas. The MLI system used f o r  o r b i t a l  
thermal p ro tec t ion  w a s  mounted on t h e  e x t e r i o r  s u r f a c e  of t h e  7-mil 
Aclar purge bag. Typical  t es t  d a t a  showed t h a t  a purge rate of 1 / 2  
CFM of helium would reduce the  a i r  content  w i th in  t h e  system t o  ap- 
proximately 0.1% by volume a f t e r  1 hour of purging. 
thermal tests y i e lded  an es t imated  h e a t  f l u x  between 150 and 200 Btu/ 
h r  f t2  - s l i g h t l y  h ighe r  than t h a t  which would be  c a l c u l a t e d  f o r  an 
equiva len t  thickness  of helium whose conduct iv i ty  w a s  eva lua ted  a t  an 
average temperature of  250R. 

I n  t h e i r  work, 

convection e f f e c t s ,  and an  Aclar purge bag 

The ground-hold 

The c a l c u l a t e d  thermal performance of a s imple,  helium- 
purged MLI system is shown i n  Figure 51. 
t he  spacing between t h e  purge bag and tank f o r  e x t e r n a l  h e a t  t r a n s f e r  
c o e f f i c i e n t s  ranging between 1.0 and 2.0 Btu/hr  f t 2  F. The h e a t  f l u x  
w a s  ca l cu la t ed  by assuming t h a t  t h e  conductance between t h e  purge bag 
and tank w a s  equiva len t  t o  t h e  conductance of helium between t h e  two 
temperature l i m i t s ,  and t ak ing  t h e  ambient a i r  temperature t o  be 520R. 
From Figure 51, i t  may b e  seen t h a t  t he  purge bag spac ing  must be  be- 
tween 1.5 t o  2 inches i n  o r d e r  t o  l i m i t  t h e  ground-hold hea t  leak t o  
between 150 and 200 Btu/hr  f t 2 .  Fu r the r ,  i t  is  seen  t h a t  t he  purge bag 
temperatures are below 492R (32F) i n d i c a t i n g  t h a t  f r o s t  w i l l  form on 
t h e  purge bag s u r f a c e  i f  t he  ambient a i r  conta ins  w a t e r  vapor. 

The h e a t  f l u x  is  p l o t t e d  vs. 

One of t he  major disadvantages of  a helium-purged system i s  
the  l a r g e  spac ing  requi red .  With a shadow s h i e l d  system, t h e  th ickness  
of MLI requi red  f o r  o r b i t a l  thermal p r o t e c t i o n  would be  about  1 / 4  t o  
1 /2  inch  and, t he re fo re ,  would n o t  approach the  requi red  spac ing  of 1.5 
inches i f  i n s e r t e d  between the  tank and purge bag. 
f o r  spacing the  purge bag away from the  tank dur ing  ground hold  i s  re- 
quired.  The spac ing  could poss ib ly  be  maintained by use of a loose- 
f i t t i n g  bag which i s  i n t e r n a l l y  p re s su r i zed  t o  have a s l i g h t  AP o r  by 

2 use of a low dens i ty  f i b e r  g l a s s  m a t  s u b s t r a t e .  (A f i b e r  g l a s s  sub- 
strate roughly 1.5 inches  t h i c k ,  which would weigh about 0.08 l b s / f t  
exc lus ive  of t he  purge bag.) 
t he  problem of no t  provid ing  a reasonable  s t r u c t u r a l  base  on which t o  
a t t a c h  MLI. 
r e s u l t  i n  water-vapor condensation and subsequent f r o s t  formation w i t h i n  
the  M L I  due t o  the  low s u r f a c e  temperatures ,  wi th  a t t endan t  damage t o  
t h e  r e f l e c t i v e  coa t ings  and p o s s i b l e  vent ing  and outgass ing  problems. 

Thus, some method 

The use o f  a f i b e r  g l a s s  s u b s t r a t e  creates 

At taching  t h e  MLI  t o  t h e  e x t e r i o r  of a purge bag would 
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9.3 Foam Systems 

Experience wi th  applying low-density foams d i r e c t l y  t o  a 
cryogenic  tank  us ing  foam-fi l led honeycomb which i s  bonded t o  the  tank  
s u r f a c e  has  been descr ibed  i n  the  l i t e r a t u r e .  The la t te r  method re- 

b u t  may w e l l  have s i g n i f i c a n t  advantages f o r  very l a r g e  tankage because 
i t  may b e  appl ied  i n  modular form. For t h i s  s tudy ,  which is  r e s t r i c t e d  
t o  tankage approximately 9 f t .  i n  diameter,  t h e  use of  a low-density, 
s e a l e d  and cryopumped foam appl ied  by foam-in-place methods as descr ibed  
by Black, e t  a1 (1964) o r  by bonding pre-cut foam s e c t i o n s  wi th  poly- 
ure thane  r e s i n  us ing  a vacuum cure  as descr ibed by S te rben tz  and Baxter 
(1966) can be  considered t echn ica l ly  f e a s i b l e .  

s u l t s  i n  a reasonably l a r g e  system weight ,  approximately 1 .0  l b / f t  2 

The c a l c u l a t e d  ground-hold thermal performance of a s e a l e d ,  
cryopumped, foam-insulated LH2 tank i s  shown i n  Figure 52. 
d u c t i v i t y  of t he  cryopumped foamwas taken t o  be  0.01 Btu/hr  f t  F. over  
t he  temperature range of  520R t o  37R. The c a l c u l a t e d  h e a t  f l u x  is  
p l o t t e d  a g a i n s t  t h e  foam th ickness  f o r  e x t e r n a l  h e a t  t r a n s f e r  coe f f i -  
c i e n t s  of 1 .0  and 2.0 Btu/hr  f t2R and an ambient temperature of 520R. 
It can be  seen t h a t  a foam th ickness  of  approximately 1 / 4  inch  w i l l  
l i m i t  t h e  h e a t  f l u x  under ground-hold condi t ions  t o  below 200 Btu/hr  f t  . 

The con- 

The c a l c u l a t e d  performance of  t he  foam ground-hold system 
presented  i n  Figure 52 i s  a l s o  i n  good agreement wi th  t h e  test r e s u l t s  
ob ta ined  wi th  an LH2 tank us ing  g lass - f iber - re inforced ,  1/2-inch-thick,  
r i g i d  polyurethane foam repor ted  by Black, e t  a1 (1964). The measure- 
ments repor ted  f o r  a 4-f t .  d ia .  tank i n d i c a t e  a ground-hold h e a t  f l u x  
of  93 Btu/hr  f t 2  wi th  t h e  same ambient a i r  temperature (520R) as as- 
sumed i n  t h e  a n a l y s i s .  

Our experience wi th  foam systems app l i ed  t o  LH2 tanks in-  
d i c a t e s  t h a t  a 1/4-inch th ickness  a l s o  r ep resen t s  a p r a c t i c a l  l i m i t  
f o r  t h e  minimum th ickness  as governed by r e s i s t a n c e  t o  thermal shock, 
ease-of-appl icat ion and t h e  to l e rance  of e x t e r n a l  forms i f  t h e  foam is  
1 1  foamed-in-place." 
would range from approximate:ly 0.04 t o  0.09;! pounds p e r  square  f o o t  f o r  
foam d e n s i t i e s  i n  t h e  range of 2 t o  4.4 l b s / f t 3 ,  r e spec t ive ly .  

The system weight of a 1/4-inch-thick foam l a y e r  

From a p r a c t i c a l  s t andpo in t ,  a system weight s tudy based on 
foam d e n s i t i e s  of  2 l b / f t 3  would, i n  ou r  opin ion ,  be  ove r ly  o p t i m i s t i c .  
An "as- ins ta l led"  system dens i ty  would more l i k e l y  approach 3-4 l b s / f t 3  
even i f  a 2 l b / f t 3  foam w e r e  used because of t he  a d d i t i o n a l  weight of  
r e i n f o r c i n g  material, bonding r e s i n s ,  etc.  

Unlike helium-purged MLI systems which can b e  evacuated 
dur ing  launch and thereby serve a dua l  func t ion  of  providing ground- 
hold  as w e l l  as o r b i t a l  thermal p ro tec t ion ,  a foam system o f f e r s  l i t t l e  
thermal p r o t e c t i o n  dur ing  space  opera t ion .  Therefore ,  an MLI system 
m u s t  b e  provided i n  a d d i t i o n  t o  t h e  foam s u b s t r a t e .  
pe r i ence  wi th  MLI and t h e  r e s u l t s  presented  by Crawford, e t  a1 (1966), 

Based on ou r  ex- 
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t h e  MLI app l i ed  t o  t h e  foam s u b s t r a t e  would be precondi t ioned p r i o r  t o  
launch wi th  a purge ope ra t ion ,  using helium o r  n i t rogen  gas as a purg- 
i n g  medium. 

For the  reasons presented above, t he  eva lua t ion  of  foam 
i n s u l a t i o n  systems f o r  ground-hold systems w i l l  be  r e s t r i c t e d  t o  a 
concept i n  which t h e  MLI  is  purged p r i o r  t o  launch f o r  precondi t ion ing  
purposes. 

9.4 Evaluat ion of Ground-Hold Concepts 

A ske tch  i l l u s t r a t i n g  t h r e e  approaches t o  a ground-hold 
i n s u l a t i o n  system is  presented i n  Figure 53. 
s c r ibed  as follows: 

The systems may be de- 

System "A" - Helium-Purged Mul t i layer  wi th  Purged Subs t r a t e  

System "Btr - I n f l a t e d  Purge Bag 

System "C" - Foam Subs t r a t e  with Externa l  Purged Mul t i layer  
I n s u l a t i o n  

A m a s s  estimate (per  u n i t  a rea)  f o r  each of t h e  systems i s  
presented  i n  Table I X .  I n  t h i s  mass t abu la t ion ,  t he  design of t he  
ground-hold i n s u l a t i o n  system w a s  based on an acceptab le  maximum h e a t  
l e a k  of 200 Btu/hr f t 2  f o r  a l l  systems; and the  t abu la t ion  inc ludes  
the  mass of an MLI system comprising f i v e ,  1 /4-mi l  double-aluminized 
po lyes t e r  o r  polyimide r a d i a t i o n  s h i e l d s  and l igh tweight  s i l k  n e t t i n g  
spacers .  
mately 2% of the  area pe r fo ra t ed  f o r  venting)' under space condi t ions  
w i l l  be  approximately 0.0075 wi th  boundary temperatures of 540R and 37R, 
r e spec t ive ly .  The corresponding hea t  f l u x  between these  temperature 
l i m i t s  would be approximately 0.941 Btu/hr  f t 2 .  

The e f f e c t i v e  emit tance of such an MLI system (with approxi- 

The mass t abu la t ion  does no t  inc lude  the  mass of the  helium- 
purge plunibing, r egu la to r s ,  ven t s ,  etc., s i n c e  i t  is  assumed t h a t  t h e  
m a s s  of such a system would be i d e n t i c a l  f o r  a l l  systems. 

The mass t a b u l a t i o n  shows t h a t  t he  i n f l a t e d  purge bag system 
would r e s u l t  i n  t he  lowest mass, while  t he  purged f i b e r  g l a s s  s u b s t r a t e  
and the  foam s u b s t r a t e  system have e s s e n t i a l l y  t h e  same m a s s .  

A l i s t  of t h e  advantages and disadvantages of t h e  t h r e e  sys- 
tems is  presented  i n  Tables X through X I I .  

1. The requirements f o r  vent ing  are taken t o  %e rep resen ta t ive  of a 
t y p i c a l  system. Fewer l a y e r s  of MLI - approximately t h r e e  r a d i a t i o n  
s h i e l d s  - would be requi red  i f  the  s h i e l d s  w e r e  no t  pe r fo ra t ed ,  
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TABLE I X  

Sys t e m  "A" 

GROUND-HOLD INSULATION SYSTEM MASS CONPARISON* 

1. F ibe r  g l a s s  s u b s t r a t e ,  1.5" t h i c k ,  

2. S u b s t r a t e  r e t a i n e r  (20-mil f i b e r  

3. Mul t i l aye r  i n s u l a t i o n  

4 .  

5. I n s t a l l a t i o n  f a c t o r  

0 .5  l b s / f t 3  

g l a s s  sc reen)  

Purge bag - MAM t r i - l amina te  

(seams , edges,  t ape ,  r e in fo rc ing )  ** * 
T o t a l  mass p e r  u n i t  area 

System "B" 

** 
1. Mul t i l aye r  i n s u l a t i o n  

2.  

3 .  I r , s t a l l a t i o n  f a c t o r  

Purge bag - MAM t r i - l amina te  

T o t a l  

Sys tern Y" 

3 1. Foam s u b s t r a t e  - 1/4", 3.3  l b s / f t  

2. Foam seal - YAM t r i - lamina te  

3. Mul t i l aye r  i n s u l a t i o n  

4 .  
5. I n s t a l l a t i o n  f a c t o r  

Purge bag - MAM t r i - l amina te  

T o t a l  

2 Mass ( l b s / f t  ) 

0.063 

0.030 

0.027 

0.021 

0.012 

0.153 

0.027 

0.021 

0.010 

0.058 

0.063 

0.021 

0.027 

0.021 

0.010 

0.142 

* 2 ** 
*** n e t t i n g  spacers .  

Ground-hold h e a t  l e a k  of 200 Btu/hr  f t  . 
Five - 1/4-mil p o l y e s t e r  s h i e l d s ,  aluminized both s i d e s  and 10 

Does no t  i nc lude  purge l i n e s ,  r egu la to r  va lves ,  e tc . ,  which are 
common t o  a l l  systems. 
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TABLE X 

SYSTEM "A" - HELIUM-PURGED MLI-PURGED SUBSTRATE 

Advantages 

Re la t ive ly  easy t o  i n s t a l l  and remove. 

F ibe r  g l a s s  b a t t i n g  provides  some measure of 
spac ing  t o  provide the  proper  purge space.  

Can be  appl ied  t o  a wide v a r i e t y  of tank  
shapes and s i z e s .  

Due t o  t h e  compliance of t he  s u b s t r a t e ,  t he  
MLI may n o t  be  s u b j e c t  t o  excess ive  compres- 
sive loads .  

Disadvantages 

* S u b s t r a t e  does n o t  provide a good s t r u c t u r a l  
base  f o r  a t t a c h i n g  the  MLI .  

Higher weight p e r  u n i t  area than  System "B" - 
I n f l a t e d  Purge Bag 

Spacing c o n t r o l  may be  d i f f i c u l t  around 
p e n e t r a t i o n s  o r  h ighly  curved s u r f a c e  due 
t o  compression of  t h e  s u b s t r a t e .  

Requires a r e l a t i v e l y  l a r g e  space.  
' Purge rate m u s t  be  c a r e f u l l y  c o n t r o l l e d  and 

proper ly  d i s t r i b u t e d  over  a l l  areas. 
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TABLE X I  

SYSTEM "B" - INFLATED PURGE BAG 

Advantages 

Lightweight 

Disadvantages 

D i f f i c u l t  t o  maintain c o r r e c t  spac ing  f o r  
ground-hold i n s u l a t i o n  requirements.  

System must be  sea l ed  t o  have small leakage 
rates t o  permit  proper  i n f l a t i o n  and spacing.  

Cannot b e  e a s i l y  i n t e g r a t e d  wi th  suppor ts  
of p ip ing  pene t r a t ions .  

dur ing  launch v i b r a t i o n  environment. 
D i f f i c u l t  t o  proper ly  r e s t r a i n  purge bag 

Requires a r e l a t i v e l y  l a r g e  space.  

Purging rates and AP must be con t ro l l ed .  
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TABLE X I 1  

SYSTEM "C" - FOAM SUBSTRATE WITH EXTERNAL MULTILAYER INSULATION 

Advantages 

Most r e l i a b l e  of a l l  systems from ground-hold 
i n s u l a t i o n  s tandpoin t  s i n c e  the  foam th ickness  
may be  accu ra t e ly  determined. 

MLI  may b e  mounted. 

p ip ing  pene t r a t ions  can be  e a s i l y  i n s u l a t e d .  

P r e c i s e  purge con t ro l  rates are n o t  r equ i r ed  
t o  minimize a i r  and water-vapor concent ra t ion .  

Space occupied by t h e  i n s u l a t i o n  is minimal. 

Provides  a good s t r u c t u r a l  base  on which the  

With foam-in-place techniques,  suppor ts  and 

Foam s u b s t r a t e  can be  repa i red .  

Disadvantages 

* System weight i s  l a r g e r  than System "B". 

Foam s u b s t r a t e  may n o t  be  e a s i l y  removed. 

May be d i f f i c u l t  t o  foam-in-place over  very 
l a r g e  tanks.  
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From a q u a l i t a t i v e  assessment of t h e  advantages and disad- 
vantages of  the  va r ious  systems, w e  have concluded t h a t  System "C", 
i nco rpora t ing  a foam s u b s t r a t e  w i th  external mul t i l aye r  i n s u l a t i o n ,  
would b e  t h e  b e s t  system - based on r e l i a b i l i t y ,  and weight considera- 
t i o n s  - f o r  t h e  9-foot-diameter LH2 tank considered i n  t h i s  s tudy.  
Although the  i n f l a t e d  purge bag concept - System "B" - would r e s u l t  i n  
t h e  l i g h t e s t  i n s u l a t i o n  weight ,  w e  b e l i e v e  t h a t  i t  would r e q u i r e  con- 
s i d e r a b l e  development e f f o r t  t o  be  a r e l i a b l e  system. 

Discussions of t he  ground-hold h e a t  and o r b i t a l  h e a t  l e a k  
t o  the  LH2 tank based on t h e  use of System "C" are presented  i n  t h e  
fol lowing s e c t i o n s .  

9.5 Ground-Hold Heat Leak - Selec ted  System 

There are t h r e e  sources  of h e a t  l e a k  t o  the  LH2 tank which 
occur dur ing  ground-hold opera t ion .  
a) t h e  foam i n s u l a t i o n  over  t h e  s u r f a c e  area of t h e  tank,  b) t h e  sup- 
p o r t  cy l inde r  used t o  suppor t  t he  tank,  and c)  t he  p ip ing  (vent ,  f i l l ,  
p r e s s u r i z a t i o n ,  ins t rumenta t ion)  pene t r a t ions .  

They inc lude  h e a t  leakage via: 

The h e a t  f l u x  t o  t h e  L82 tank over  t he  major s u r f a c e  area 
For a 1/4-inch thick-  may be obta ined  from Figure 52 f o r  System "C". 

ness  of  foam, t h e  r e s u l t i n g  h e a t  f l u x  w i l l  be  approximately'  200 Btu/hr  
f t 2  f o r  an ambient temperature of 520R and a s u r f a c e  c o e f f i c i e n t  o f  
h e a t  t r a n s f e r  of 2.0 Btu/hr  f t 2  F. The s u r f a c e  area of t h e  9 '  d ia .  
( o b l a t e  spheroid)  tank is  406 f t 2 ,  and the  r e s u l t a n t  h e a t  flow is  
81,200 Btu/hr .  
hour. 

The equiva len t  bo i l -of f  rate of LH2 i s  418 l b s  LH2 p e r  * 

The second source  of h e a t  leakage is  t h e  c y l i n d r i c a l  s k i r t  
F i r s t ,  w e  w i l l  de r ive  the  gene ra l  expres- which suppor ts  t h e  tankage. 

s i o n s  f o r  t he  h e a t  flow and then compute the  h e a t  f l u x  f o r  var ious  
suppor t  materials. 

A diagram of the  suppor t  s k i r t  is shown below: 

-R 

-hold I n s u l a t i o n  
: I 

1 '*O 

LH2 Tank 
X S k i r t  T(x) 

* 
It is noted t h a t  t h e  small thermal resistance af forded  by t h e  mult i -  
l a y e r  i n s u l a t i o n  which is  a t  atmospheric p re s su re  has  been neglected.  

145 2rthur b.XittIc,%nc. 



L e t  T6 be  
LH2 tank. 
E between 
f i n e d  by 

t h e  ambient temperature and LH2 be t h e  temperature o f  t h e  

the  ambient a i r  temperature To and t h e  suppor t  cy l inde r  de- 
We assume t h a t  t h e r e  is  an o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  

the  equat ion  

1 - 
h =  _. 

I 

0 
- + t /k i  h 

where h - s u r f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t  

t - th ickness  of i n s u l a t i o n  

ki - i n s u l a t i o n  conduct iv i ty  

0 

The d i f f e r e n t i a l  equat ion  f o r  t he  support  temperature i s  
3 

d" T 

dx 
-k6 7 + 26 (To - T) = 0 

where k - support  conduct iv i ty  

6 - support  th ickness  

The s o l u t i o n ,  s u b j e c t  t o  the  boundary condi t ions  

T = T  a t x = O  
0 

is  given by 

where 

T - T  
0 -  s i n h  u x 

- T s i n h  1.1 R 
- 

T ~ ~ 2  0 

2 - 2h 
1.I = =  

The h e a t  flow t o  the tank over  t he  cy l inde r  of r ad ius  r is  

2nrk6v (To - TLH2) 
- - dT q = - 2nrk6 tanh u R x =  R 

> 
It is important  t o  n o t e  t h a t  when 1.1 !?, = 3 

(3) 

(4) 

(5) 

tanh 1.1 R A 1 
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and t h e  h e a t  flow t o  t h e  tank becomes 

This  l i m i t i n g  case a p p l i e s  when t h e  thermal conductance (k6 product)  
of t h e  s k i r t  is  r e l a t i v e l y  low. The h e a t  flow t o  the  tank is  then  
independent of t he  s k i r t  l ength .  
t h e  argument 1-1 R < < 1. Then 

Another l i m i t i n g  case occurs  when 

tanh 1.1 R 1-1 R 
and t h e  h e a t  flow t o  t h e  tank becomes t h e  usua l  

This  s i t u a t i o n  a p p l i e s  when the  s u r f a c e s  of t h e  
o r  t he  s k i r t  has  a r e l a t i v e l y  high conductance. 

(7) 

conduction equat ion  

s k i r t  are w e l l  i n s u l a t e d ,  

The ground-hold h e a t  l e a k  w a s  eva lua ted  f o r  a monocoque 
c y l i n d r i c a l  suppor t  s k i r t  (c . f . ,  Fig.  50) f o r  var ious  s t r u c t u r a l  ma- 
terials us ing  an  e x t e r n a l  c o e f f i c i e n t  of h e a t  t r a n s f e r  ho of 2 Btu/hr  
f t 2  F, an  ambient temperature  of 520R and a ground-hold i n s u l a t i o n  
comprising 1/4" of s e a l e d  cryopumped foam having an average thermal 
conduct iv i ty  of 0.01 Btu/hr  f t  F. The s k i r t  l eng th  w a s  taken t o  be  
38 i n .  although i n  a l l  cases which w e r e  eva lua ted  the  h e a t  flow w a s  
independent of t h e  length .  

The ground-hold h e a t  l e a k  t o  the  LH2 tank  via t h e  4.5 f t  
r ad ius  suppor t  s k i r t  i s  given i n  t h e  fol lowing t a b l e .  

Material Thickness Heat Flow Boil-off 
( i n . )  (Btu/hr) ( l b s / h r )  

FRP .060 450 2.3 
Ti(5A1 2.5Sn) .032 1156 5.9 
304 S S  ,025 1459 7.5 
2219 A 1  .031 5004 25.7 

It may be  seen  from t h e  t a b l e  presented  above t h a t  t h e  
boi l -of f  rate a t t r i b u t a b l e  t o  the  support  is  q u i t e  small cons ider ing  
t h a t  a usua l  gu ide l ine  f o r  m a x i m u m  ground-hold h e a t  l e a k  i s  of t h e  
o r d e r  of 200 Btu/hr  f t 2  which, as w e  have seen previous ly ,  would re- 
s u l t  i n  a boi l -of f  rate of LH2 of over  400 l b s / h r .  Furthermore, t h e s e  
c a l c u l a t i o n s  are conserva t ive  s i n c e  t h e  thermal r e s i s t a n c e s  ac ross  the  
r i v e t e d  j o i n t s  of t h e  suppor t  cy l inde r  have been neglected.  

I n  o r d e r  t o  estimate t h e  magnitude of t h e  h e a t  l e a k  via 
t h e  p i p i n g  connect ions,  w e  have made a number of assumptions regard ing  
t h e  arrangements of  t h e  p ip ing  and t h e  dimensions. W e  have assumed 
t h a t  t h e  engine feed  and tank f i l l  l i n e s  are l o c a t e d  on t h e  bottom of  
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t h e  tank  and t h a t  t h e  p r e s s u r i z a t i o n  and vent  l i n e s  are l o c a t e d  on t h e  
top of t h e  tank. During "hold" pe r iods ,  i t  is  assumed t h a t  t h e  f i l l  
and engine f eed  l i n e s  con ta in  LH2. The l i n e s  are assumed t o  be  alumi- 
num wi th  a w a l l  th ickness  of  0.037" and i n s u l a t e d  wi th  1/4" of foam. 

I n  e s t ima t ing  t h e  h e a t  flow v i a  t h e  vent  l i n e ,  i t  i s  con- 
s e r v a t i v e l y  assumed t h a t  none of  t he  h e a t  f lowing i n t o  and along the  
l i n e  i s  i n t e r c e p t e d  by t h e  vent ing  hydrogen. The va lves  f o r  t h e  f i l l  
and engine f eed  l i n e s  are taken t o  be approkimately 12 inches from t h e  
tank . 

A summary of  t h e  h e a t  leakage t o  t h e  LH2 tank v i a  t h e  pip- 
i n g  l i n e s  is  presented  below. 

Line Line S ize  Heat Flow LH Boil-Off 
(B t u / h r )  ? lb s /h r )  

I_ 

P r e s s u r i z a t i o n  1 /2"  OD 47 .24 
Vent 2" OD 186 .96 
Drain and f i l l  1.5" OD 218 1 .12  
Engine feed  1.5" OD 218 1.12 

Estimated t o t a l  - 3.44 l b s / h r  

It can be  seen t h a t  t he  t o t a l L H 2  bo i l -o f f  due t o  t h e  pip- 
i n g  connections i s  s m a l l ,  wi th  respect t o  the  hea t  l e a k  via t h e  major 
s u r f a c e  area of  t he  tank.  

A summary of  t h e  es t imated  ground-hold h e a t  l eak  f o r  t he  
LH2 t ank  i n s u l a t e d  wi th  1/4"-thick foam i n s u l a t i o n  is  shown below: 

Summary of Ground-Hold H e a t  Leak 

Heat Flow LH Boil-Off 
(Btu/hr) f l b s / h r )  

Tank s u r f a c e  81 , 200 418 

C y l i n d r i c a l  Support  
(0.060" FRP) 4 50 2 

3 

To ta l  82,319 423 
- Piping  connect ions 669 

9.6 H e a t  Leak dur ing  Ascent 

During t h e  a scen t  per iod ,  t he  shroud surrounding t h e  LH2 
tank is  aerodynamically hea ted  and s imultaneously the  p re s su re  i n  t h e  
i n t e r - s t a g e  decreases .  
t h e  shroud and t h e  ground-hold i n s u l a t i o n  (AT) thus  i n c r e a s e s  wi th  t i m e ,  
whi le  t h e  p r e s s u r e  decrease  tends t o  reduce t h e  o v e r a l l  convect ive h e a t  

The d r i v i n g  f o r c e  f o r  heat t r a n s f e r  between 
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t r a n s f e r  c o e f f i c i e n t  between the  gas i n  t h e  shroud and t h e  i n s u l a t i o n  
sur face .  
t o r r ,  t h e  mul t i l aye r  i n s u l a t i o n  on t h e  e x t e r i o r  of  t h e  foam i n s u l a t i o n  
is no t  thermally e f f e c t i v e ;  and t h e  major thermal r e s i s t a n c e  is i n  the  
foam. Upon reaching h igh  a l t i t u d e s ,  t h e  shroud begins  t o  cool  o f f  by 
r a d i a t i o n ,  and the  mul t i l aye r  i n s u l a t i o n  begins  t o  provide an e f f e c t i v e  
b a r r i e r  t o  h e a t  flow. 
t o  the  foam i n s u l a t i o n  during t h e  i n i t i a l  s t a g e s  of  t he  ascent,where 
convection e f f e c t s  are important, is  t rapped by the  inc reas ing  e f f ec -  
t i veness  of  t h e  m u l t i l a y e r  i n s u l a t i o n  as t h e  p re s su re  wi th in  t h e  in -  
s u l a t i o n  decreases  t o  the  po in t  where t h e  mean-free pa th  i s  of  t h e  
same o r d e r  as t h e  spac ing  between s h i e l d s .  
h e a t  flow which goes i n t o  inc reas ing  t h e  temperature o f  t he  foam ap- 
pea r s  as LH2 boi l -of f  s i n c e  t h e  thermal r e s i s t a n c e  of an  evacuated 
m u l t i l a y e r  i n s u l a t i o n  is  much h ighe r  than the  foam i n s u l a t i o n  used f o r  
ground-hold. 

U n t i l  t h e  p re s su re  reaches a level of  approximately 10-4 

The n e t  e f f e c t  is  one i n  which t h e  h e a t  f lowing 

Thus, v i r t u a l l y  a l l  of t he  

I n  o rde r  t o  estimate t h e  h e a t  flow t o  the  LH2 tank dur ing  
a scen t ,  a s i m p l i f i e d ,  one-dimensional, f i n i t e - d i f f e r e n c e  mathematical  
model of  t he  i n s u l a t i o n  system w a s  set  up; and t h e  t r a n s i e n t  tempera- 
t u r e  d i s t r i b u t i o n s  and h e a t  flow i n  t h e  i n s u l a t i o n  w e r e  computed by use  
o f  a thermal a n a l y s i s  d i g i t a l  computer program. 

During t h e  aerodynamic h e a t i n g  per iod  - from launch t o  t h e  
t i m e  at which t h e  maximum shroud temperature is  reached - i t  w a s  as- 
sumed t h a t  t h e  s u r f a c e  temperature of t he  foam w a s  equal  t o  t h e  shroud 
temperature.  This  assumption i s  equiva len t  t o  s t a t i n g  t h a t  t he  com- 
bined thermal r e s i s t a n c e s  a s s o c i a t e d  wi th  the  convect ive h e a t  t r a n s f e r  
c o e f f i c i e n t s  between the  shroud and the  gas and t h e  gas and t h e  in-  
s u l a t i o n ,  as w e l l  as t h e  thermal r e s i s t a n c e  of t h e  mul t i l aye r  i n su la -  
t i o n ,  are s m a l l  w i th  r e spec t  t o  t h e  thermal r e s i s t a n c e  of t h e  foam. 

During t h e  pe r iod  a s soc ia t ed  wi th  t h e  cooldown of t h e  
shroud, t he  conserva t ive  assumption w a s  made t h a t  t h e  e f f e c t i v e n e s s  of 
t he  m u l t i l a y e r  i n s u l a t i o n  w a s  equa l  t o  t h e  e f f e c t i v e n e s s  of t h e  in-  
s u l a t i o n  under a f u l l y  evacuated condi t ion.  Since t h e  thermal resis- 
tance  a f fo rded  by t h e  foam i n s u l a t i o n  i s  less than  t h a t  of  t h e  mult i -  
l a y e r ,  a major f r a c t i o n  of t h e  h e a t  s t o r e d  i n  the  foam w i l l  appear  as 
LH2 boi l -of  f .  

The ascent  h e a t i n g  pe r iod  w a s  taken t o  be 160 seconds wi th  
shroud temperatures  as presented  i n  Table X I I I .  The shroud w a s  assumed 
t o  cool  exponent ia l ly  t o  an average o r b i t a l  temperature of approximately 
540R i n  t h e  pe r iod  from 160 t o  500 seconds. During t h i s  pe r iod  t h e  
shroud emit tance w a s  taken t o  b e  u n i t y ,  and t h e  e f f e c t i v e  emit tance 
of  t h e  m u l t i l a y e r  i n s u l a t i o n  w a s  assumed t o  be  0.0072. 

The 1/4" th ickness  of  t h e  foam w a s  subdivided,  and t h e  
temperatures a t  7 equa l ly  spaced nodes wi th in  t h e  foam w e r e  c a l c u l a t e d  
as a func t ion  of  t i m e .  The h e a t  f l u x  t o  t h e  s t o r e d  cryogen q w a s  

LH2 
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TABLE X I 1 1  

TYPICAL INTERSTAGE SHROUD TEMPERATURE HISTORY 

Launch 

A s  cent  Heat ing 

I 

T - S t a r t  Cooldown max 

Shroud Cooldown 

Time ( secs . )  

0 

10 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

240 

2 80 

320 

440 

500 

Temp. 

OK 

290 

309 

32  7 

363 

396 

424 

448 

465 

4 76 

4 80 

446 

417 

3 75 

346 

328 

301 

296 

- OR 

522 

- 

589 

713 

806 

856 

864 

751 
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c a l c u l a t e d  from t h e  temperature  g rad ien t  h i s t o r y  a t  the  LH2 tank  w a l l .  
A ske tch  of t h e  mathematical  subd iv i s ion  of t h e  foam used i n  the  one- 
dimensional h e a t  flow model is shown below: 

The c a l c u l a t e d  h e a t  flows and the  equ iva len t  bo i l -of f  of 
LH2 f o r  t h e  9-foot-diameter LH2 tank are presented  below: 

T i m e  
- 

Tot a1 Heat Flow LH2 Boil-Off 
@tu)  W s )  

0-160 s e c s .  1544 
160-500 secs. 154 7 

T o t a l  3091 

7.9 
7.9 

15 .8  
- 

It can be seen t h a t  t h e  t o t a l  amount of h e a t  e n t e r i n g  t h e  
LH2 tank dur ing  t h e  a scen t  pe r iod  and cooldown t o  an average o r b i t a l  
condi t ion  r e s u l t s  i n  an equ iva len t  bo i l -o f f  of approximately 16 l b m  of 
LH2. Again, i t  i s  emphasized t h a t  t h e s e  c a l c u l a t i o n s  are approximate; 
however, t h e  magnitude of t h e  boi l -of f  is expected t o  be conserva t ive  
due t o  t h e  n a t u r e  of t h e  assumptions made i n  t h e  a n a l y s i s .  

9.7 Heat Leak dur ing  O r b i t a l  Operation 

I n  o rde r  t o  select a reasonable  m a s s  of m u l t i l a y e r  i n su la -  
t i o n  f o r  p r o t e c t i o n  dur ing  p l ane ta ry  o r b i t a l  ope ra t ions ,  an a n a l y s i s  
w a s  made t o  determine t h e  hea t  flow t o  the  LH2 tank by r a d i a t i o n  
through t h e  m u l t i l a y e r  i n s u l a t i o n  dur ing  e a r t h  o r b i t a l  ope ra t ion .  
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I n  o r d e r  t o  estimate t h e  h e a t  flow through t h e  i n s u l a t i o n  
during o r b i t a l  ope ra t ion ,  a "space-equivalent" average backgraund t e m -  
p e r a t u r e  w a s  e s t a b l i s h e d  f o r  a t y p i c a l  e a r t h  o r b i t  based on r a d i a t i v e  
f luxes  from d i r e c t  s u n l i g h t ,  i n f r a r e d  r a d i a t i o n  emi t ted  from the  e a r t h  
and e a r t h  albedo. 
boundary temperature f o r  t h e  outermost l a y e r  of  t he  mul t i l aye r  i n su la -  
t i on .  
c a l c u l a t e d  temperature  of t h e  outermost l a y e r  and the  LH2 tank  w a s  used 
t o  e s t a b l i s h  t h e  h e a t  flow t o  t h e  s t o r e d  cryogen. 

This  o r b i t a l  average temperature w a s  used as a "hot" 

Experimental d a t a  f o r  t h e  h e a t  f l u x  through t h e  i n s u l a t i o n  between 

The "space-equivalent " background temperature w a s  c a l c u l a t e d  
f o r  a c y l i n d r i c a l  c o n t r o l  s u r f a c e  surrounding t h e  LH2 tank. The con- 
t r o l  s u r f a c e  w a s  assumed t o  b e  i n  r a d i a t i v e  equi l ibr ium wi th  t h e  space 
environment ( i .e. ,  thermal m a s s  e f f e c t s  w e r e  neglec ted) .  The fol lowing 
schematic diagram i l l u s t r a t e s  t h e  arrangement of t h e  LH2 tank and t h e  
con t ro l  su r f ace .  

The c o n t r o l  s u r f a c e  temperature,  Ts, would r ep resen t  t h e  
temperature of an i n t e r s t a g e  shroud of low thermal m a s s  and low a z i -  
muthal conductance. Mathematically,  t h e  c o n t r o l  s u r f a c e  temperature 
would a l s o  be  nea r ly  i d e n t i c a l  t o  t h e  average temperature of  t h e  outer-  
most s u r f a c e  on t h e  MLI on t h e  LH2 tank f o r  a non-shrouded s t age .  
t he  c a l c u l a t i o n s  as presented  h e r e i n  would apply t o  e i t h e r  t h e  case of 
an unshrouded s t a g e  ( i n t e r s t a g e  j e t t i s o n e d  a f t e r  launch) o r  a shrouded 
s t a g e  i n  which t h e  thermal t i m e  constant  of  t h e  s k i n  w a s  small and the  
azimuthal  conductance w a s  a l s o  s m a l l .  

Thus, 

To p l a c e  an upper bound on t h e  ca l cu la t ed  h e a t  l e a k  t o  the  

For a shrouded system, t h i s  w i l l  b e  a 
LH2 tank,  t h e  presence of t h e  LO2 tanks,  engine,  s t r u c t u r e  and shadow 
s h i e l d  system was neglected.  
good approximation s i n c e  t h e  o u t e r  l a y e r  of MLI on LH2 tank w i l l  b e  i n  
equ i l ib r ium wi th  the  i n t e r i o r  of t h e  shroud which w i l l  act l i k e  a black- 
body aav i ty .  
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The c y l i n d r i c a l  con t ro l  s u r f a c e  surrounding t h e  LH2 tank 
and shadow s h i e l d  system w a s  subdivided t o  r ep resen t  an  oc tagonal  prism; 
and the  temperatures of each of t h e  e i g h t  nodes w e r e  c a l c u l a t e d  as a 
func t ion  of t i m e  us ing  an e x i s t i n g  ADL O r b i t a l  H e a t  Flux Program, ne- 
g l e c t i n g  azimuthal  conduction and i n t e r n a l  r ad ia t ion .  The program cal- 
c u l a t e s  t h e  f l u x  i n c i d e n t  on each of t h e  subdiv is ions  a r i s i n g  from 
d i r e c t  s u n l i g h t ,  ear th-sh ine  and albedo over  an o r b i t  and then computes 
t h e  o r b i t a l  temperature of each node. 
f o r  t h e  s tudy are: 

The o r b i t a l  parameters s e l e c t e d  

I n c l i n a t i o n  - 34" t o  e q u a t o r i a l  p lane  

A 1  t i tude - 435 n. m i l e s  

E c c e n t r i c i t y  - oo 
Percent  sun t i m e  - 82.6 

O r b i t a l  per iod  - 100.99 minutes 

The s o l a r  absorptance-to-emittance r a t i o  of t h e  c o n t r o l  
s u r f a c e  w a s  chosen t o  be un i ty .  

The average temperature of  t he  c o n t r o l  s u r f a c e  over an 
o r b i t  w a s  ob ta ined  by numerical ly  i n t e g r a t i n g  t h e  temperature-time 
h i s t o r y  of each node and determining t h e  average temperature.  
o r b i t  c i t e d ,  , the  average temperature w a s  c a l c u l a t e d  t o  be  520R. 
temperature w i l l  depend on t h e  o r b i t a l  c h a r a c t e r i s t i c s  and s u r f a c e  
p r o p e r t i e s  used f o r  a given kick-stage design. The o r b i t  chosen f o r  
t h i s  s tudy  w i t h  an 82.6% time-in-sunlight and t h e  choice of a s o l a r  
absorptance-to-emittance r a t i o  of  un i ty  are conserva t ive ,  and r e s u l t  
i n  a somewhat e l e v a t e d  average shroud temperature.  
temperature  would be  lower f o r  o r b i t s  wi th  a lower pe rcen t  t i m e  i n  sun- 
l i g h t  and a shroud e x t e r i o r  w i th  a low s o l a r  absorptance-to-emittance 
r a t i o .  

For the  
This  

The average shroud 

The h e a t  f l u x  t o  the  LH2 tank w a s  then  c a l c u l a t e d  as a 
func t ion  of t h e  number of o r b i t s  f o r  two mul t i l aye r  i n s u l a t i o n  systems. 
The f i r s t  system comprised f i v e  r a d i a t i o n  s h i e l d s  (1/4-mil double 
aluminized p o l y e s t e r  o r  polyimide f i lm)  wi th  two s i l k  n e t t i n g  space r s  
p e r  s h i e l d .  The second system comprised 10 r a d i a t i o n  s h i e l d s ,  i . e , ,  
a s y s t e m w i t h  double t h e  mass. The i n s u l a t i o n  systems w e r e  assumed t o  
be  pe r fo ra t ed  f o r  vent ing  and outgass ing  wi th  a 2% p e r f o r a t i o n  f a c t o r .  
Experimental d a t a  (Black, e t  a1 (1966)) f o r  t he  f ive - sh ie ld  system f o r  
a h o t  boundary temperature  of 520Rwe.re used t o  e s t a b l i s h  the  base- l ine  
unperforated h e a t  f l ux .  
f o r a t i o n  f a c t o r  us ing  t h e  theory  and d a t a  a l s o  obta ined  i n  t h e  previous 
c i t e d  document. The h e a t  f l uxes  used i n  t h i s  s tudy  f o r  t h e  f ive- layer  
and ten- layer  systems are 0.941 Btu/hr  f t 2  and 0.471 Btu/hr  f t 2 ,  re- 
s p e c t i v e l y ,  between t h e  boundary temperatures of  520 and 37R. 
i n s t a l l e d  mass of these  MLI systems inc lud ing  purge bag are es t imated  
t o  be  0.058 and 0.085 l b m / f t 2 ,  r e spec t ive ly .  

The h e a t  f l u x  w a s  co r rec t ed  f o r  t he  2% per- 

The 
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I n  a d d i t i o n  t o  t h e  h e a t  flow v i a  the  MLI, i t  is necessary 
t o  inc lude  t h e  conduction h e a t  flow v i a  t h e  tank  suppor t  s k i r t  dur ing  
o r b i t a l  opera t ion .  
rate w a s  c a l c u l a t e d  t o  be  0.04 l b s / h r .  

For t h e  0.060" f i b e r  g l a s s  s k i r t ,  t h e  LH2 boi l -of f  

The c a l c u l a t e d  MLI i n s u l a t i o n  mass and the  r e s u l t a n t  mass 
of  LH2 boi l -of f  are shown i n  Table X I V  f o r  f i ve - l aye r  and ten- layer  
systems as a func t ion  of  t h e  number of o r b i t s  (101-minute pe r iod ) .  
The mass of i n s u l a t i o n  i s  based on a coverage of 406 f t 2  f o r  t h e  LH2 
tank and tank support .  

From Table  X I V  i t  can be seen  t h a t  t h e  m a s s  p e n a l t i e s  asso- 
c i a t e d  wi th  e i t h e r  a f ive- layer  o r  ten- layer  system are approximately 
equal  f o r  o r b i t a l  opera t ions  of about 1 5  o r b i t s .  Since the  exac t  num- 
b e r  of o r b i t s  f o r  t h i s  s tudy  are n o t  def ined ,  t he  system design cannot 
be  optimized i n  t h e  usua l  manner. Usual ly ,  t he  minimum system mass is 
minimized f o r  a f i x e d  t i m e  per iod.  
mass penal ty  occurs  when t h e  mass of i n s u l a t i o n  equals  t h e  mass of  LH2 
bo i l -o f f .  

I n  t h a t  case, t h e  minimum o v e r a l l  

For purposes of t h i s  s tudy ,  i t  w a s  assumed t h a t  a 15-orbi t  
c a p a b i l i t y  would be  s u f f i c i e n t ;  and t h e  f ive- layer  MLI  system w a s  se- 
l e c t e d  f o r  p r o t e c t i o n  during t h e  e a r t h  o r b i t a l  p o r t i o n  of t h e  mission. 

9.8 Summary of  Ground-Hold and O r b i t a l  H e a t  Leak Calcula t ions  

The i n s u l a t i o n  system chosen f o r  t he  shadow s h i e l d  thermal 
p r o t e c t i o n  concepts comprises a foam s u b s t r a t e  f o r  ground-hold pro- 
t e c t i o n  wi th  an e x t e r n a l  pe r fo ra t ed  (2%) m u l t i l a y e r  i n s u l a t i o n  system 
f o r  o r b i t a l  thermal p ro tec t ion .  
wi th  f i b e r  g l a s s  suppor t  s k i r t ,  t h e  i n s t a l l e d  mass of  the  foam and 
mul t i l aye r  i n s u l a t i o n  i s  es t imated  t o  be  approximately 50 lb,. 
t o t a l  ground-hold h e a t  l e a k  is  es t imated  t o  be  82,320 Btu/hr  - an LH2 
boi l -of f  rate of 423 lbm/hr. 

For t h i s  1160-lbm-capacity LH2 tank  

The 

A breakdown of the  m a s s  p e n a l t i e s  and performance is pre- 
sen ted  below: 

Mass ( l b  - 
Foam i n s u l a t i o n  * 
(1/ 4" r e i n f  o reed polyurethane) 

MLI i n s u l a t i o n  
(5  double aluminized, 1/4-mil 
p o l y e s t e r  f i lms  wi th  n e t t i n g  
spacers )  

26.0 

24.0 

Ascent bo i l -o f f  
(mass of  LH2) 16  .O 

O r b i t a l  b o i l -o  f f 
26.0 ( m a s s  of LH2 f o r  1 5  o r b i t s )  - 

T o t a l  mass penal ty  92.0 lbm 

* 2 
The area of  foam coverage is  306 f t  which inc ludes  206 f t 2  of tankage 
and 100 f t2  of  s k i r t  - 50% of  t h e  t o t a l  s k i r t  l ength .  
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TABLE XIV 

MLI MASS PENALTY FOR 

ORBITAL THERMAL PROTECTION 

Number of O r b i t s  

5 10 1 5  20 25 

* 
System 1 (Five l a y e r s )  

I n s u l a t i o n  mass (lb,) 23.6 23.6 23.6 23.6 23.6 

LH2 boi l -off  m a s s  (lb,) 8.7 17.4 26.0 34.8 43.5 

T o t a l  (lk,) 32.3 41.0 49.6 58.4 67.1 

** 
System 2 (Ten l a y e r s )  

I n s u l a t i o n  m a s s  (lb,) 34.5 34.5 34.5 34.5 34.5 

LH2 boi l -off  m a s s  (lb,) 4.5 9 . 1  13.6 18.2 22.7 

T o t a l  (lbm) 39.0 43.6 48.1 52.7 57.2 

* 
Five double-aluminized, p o l y e s t e r ,  r a d i a t i o n  s h i e l d s  and two l a y e r s  
of n e t t i n g  spacer  p e r  sh i e ld .  

Ten double-aluminized s h i e l d s  wi th  two l a y e r s  of n e t t i n g .  
** 
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From t h i s  summary i t  can b e  seen t h a t  t he  mass p e n a l t i e s  
a s s o c i a t e d  wi th  ground-hold, a scen t  and o r b i t a l  phases of  t h e  mission 
are apprec iab le .  

10.0 THERMAL INTERACTIONS BETWEEN SHADOW SHIELDS AND SUPPORT STRUCTURES 

10 .1  In t roduc t ion  

Due t o  t h e  l a r g e  number of  v a r i a b l e s  a f f e c t i n g  t h e  o v e r a l l  
mass and thermal performance of shadow s h i e l d  systems, a number of t h e  
important  parameters were screened and optimized independently t o  a r r i v e  
a t  the  designs which have been descr ibed above. When t h e  shadow s h i e l d s  
and t h e  payload support  s t r u c t u r e s  were analyzed independently i n  t h e  
paramet r ic  s t u d i e s ,  t h e  c a l c u l a t i o n s  of t he  LH2 boi l -of f  by r a d i a t i o n  
and conduction e f f e c t s  were made assuming "no thermal i n t e r a c t i o n s "  be- 
tween t h e  s h i e l d s  and s t r u c t u r e  ( s h i e l d s  and s t r u c t u r e  thermally i so-  
l a t e d ) .  

I n  o r d e r  t o  determine t h e  importance of thermal i n t e r a c t i o n s  
and de f ine  gu ide l ines  f o r  more complete mathematical models f o r  t h e  
thermal a n a l y s i s  of  t h e  f i n a l  designs,  i f  requi red ,  several a n a l y t i c a l  
s t u d i e s  were completed. A r ep resen ta t ive  exanple w a s  chosen f o r  analy- 
sis, and t h e  r a d i a t i o n  and conduction h e a t  l eaks  wi th  i n t e r a c t i o n s  
were compared t o  those  ca l cu la t ed  f o r  t h e  s a m e  conf igura t ion  when t h e  
s h i e l d s  and s t r u c t u r e  w e r e  thermally i s o l a t e d .  I n  p a r t i c u l a r ,  t h i s  
s tudy w a s  concerned wi th  t h e  inf luences  of thermal conductance couplings 
a t  s h i e l d  s t r u c t u r e  i n t e r f a c e s  and r a d i a t i o n  in te rchange  between t h e  
s h i e l d s  and suppor ts .  

10.2 I n t e r a c t i o n  Analysis of Shadow Shie lds  

A payload suppor t  s t r u c t u r e  arranged i n  c y l i n d r i c a l  f a sh ion  
nea r  t h e  boundaries  of a shadow s h i e l d  system can in f luence  t h e  thermal 
performance of  shadow s h i e l d s  i n  t h e  fol lowing ways: 

I n t e r c e p t  and r e f l e c t  h e a t  t o  t h e  shadow s h i e l d s  which 
would be  r a d i a t e d  t o  o u t e r  space i f  t he  s t r u c t u r e  w a s  
neglected.  

- Radiate  h e a t  t o  t h e  shadow s h i e l d s .  

In f luence  t h e  temperatures of t h e  rims of  t h e  shadow 
s h i e l d s  due t o  the  thermal-conductance coupl ings a t  the  
shield-support  i n t e r f a c e s  (bo l t ed - jo in t  conductances, 
mounting b racke t s ,  etc. ) . 

The i n t e r a c t i o n  a n a l y s i s  of t h e  shadow s h i e l d s ,  and s t r u c t u r e s  con- 
s ide red  a s y s t e m w i t h  a spac ing  r a t i o  of 0.25, a s h i e l d  on t h e  payload 
a t  520R, two in t e rmed ia t e  equal ly  spaced s h i e l d s ,  and a s h i e l d  on the 
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tank suppor t  which w a s  assumed t o  b e  a co ld  s i n k  a t  37R. The s u r f a c e s  
of s h i e l d s  were assumed t o  have a d i f f u s e  emit tance o f  0.03 and a d i f -  
fuse  r e f l e c t a n c e  of  0.97. 
wi th  12  t i t an ium suppor ts ,  2 i nch  OD x ,017 w a l l .  The suppor t  s u r f a c e s  
viewing t h e  s h i e l d s  w e r e  assumed t o  have a r e f l e c t a n c e  of 0.97. 

The suppor t  s t r u c t u r e  was  a Warren t r u s s  

The thermal model of t h e  s h i e l d  system account ing f o r  i n -  
t e r a c t i o n s  wi th  t h e  suppor t  s t r u c t u r e  w a s  formulated wi th  t h e  a i d  of  
t he  Radiant  T rans fe r  computer program descr ibed  i n  Sec t ion  4 .  A f t e r  
t h e  computer s e t u p  of t he  h e a t  ba lance  equat ions  f o r  a "thermally 
i s o l a t e d "  s h i e l d  system, the  equat ions were modified as r equ i r ed  t o  
desc r ibe  t h e  sh i e ld - s t ruc tu re  in te rchange  using the  Data I n s e r t i o n  
Routine,  and t h e  temperature  d i s t r i b u t i o n s  and r a d i a n t  h e a t  l e a k s  w e r e  
computed. The p e r t i n e n t  r e s u l t s  of t h i s  i n v e s t i g a t i o n  r e l a t i n g  t o  the  
thermal performance of t h e  shadow s h i e l d s  are summarized below: 

1) The h e a t  i n t e r c e p t e d  by the  s t r u c t u r e  and r e f l e c t e d  
back t o  t h e  s h i e l d s  produced a n o t i c e a b l e  i n c r e a s e  i n  
t h e  LH2 boi l -of f .  A s  shown i n  Table XV,  t h e  r e f l e c -  
t i o n s  increased  t h e  LH2 boi l -of f  by 20% and produced 
a s m a l l  i n c r e a s e  i n  temperatures of t h e  in te rmedia te  
s h i e l d s .  

The h e a t  r a d i a t e d  from t h e  s t r u c t u r e  t o  t h e  s h i e l d s  
d i d  n o t  produce a no t i ceab le  change i n  the  r a d i a n t  
h e a t  l e a k  o r  t he  temperature d i s t r i b u t i o n s  i n  t h e  
s h i e l d s .  This  is  due t o  two cons idera t ions :  a) t h e  
s t r u c t u r e  has  a s m a l l  r a d i a t i n g  area compared t o  the  
area of the  s h i e l d s ,  b) t h e  su r faces  of  t he  s t r u c t u r a l  
suppor ts  and the  s h i e l d s  which are r a d i a t i v e l y  coupled 
have a low emit tance.  

3) Conductive couplings between t h e  rims of t h e  shadow 
s h i e l d s  and t h e  support  s t r u c t u r e  do n o t  i n c r e a s e  the  
s h i e l d  temperatures o r  t h e  r a d i a n t  h e a t  l e a k  t o  t h e  
LH2 tank. 
coupl ings between t h e  s t r u c t u r e  and s h i e l d s  i s  t o  lo-  
c a l l y  reduce t h e  temperatures of  t h e  s h i e l d  r i m s .  
(When the  s t r u c t u r e  and s h i e l d s  are thermally i s o l a t e d ,  
t he  temperatures of  t h e  s t r u c t u r e  are lower than those 
of t h e  s h i e l d  rims a t  a l l  t he  in t e rconnec t ion  loca-  
t i ons . )  However, s i n c e  the  s h i e l d s  are cons t ruc ted  of 
low-thermal-conductance material, t h e  in f luence  of  t he  
coupl ing t o  the  s t r u c t u r e  i s  l o c a l i z e d  i n  a s m a l l  re- 
gion n e a r  t h e  in te rconnec t ion ,  and t h e  r a d i a n t  h e a t  
t r a n s f e r  t o  t h e  LH2 tank is n o t  a f f e c t e d .  

Actual ly ,  t he  in f luence  of conductive 

Since t h i s  s tudy  demonstrated t h a t  n e g l e c t i n g  t h e  r e f l e c t -  
i n g  s u r f a c e s  of t h e  payload suppor t  s t r u c t u r e  could r e s u l t  i n  optimis- 
t i c  va lues  of computed r a d i a n t  h e a t  l eak ,  t h e  thermal  a n a l y s i s  of t h e  
conceptual  designs w a s  modeled t o  account f o r  t h e  r e f l e c t i n g  s t r u c t u r e s .  
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TABLE XV 

EFFECT OF INTERACTIONS ON THE THERMAL PERFORMANCE OF SHADOW SHIELDS 

97 

Shie ld  Sys t e m  

L/D = 0.25 
2 Equally Spaced In te rmedia te  
Sh ie lds ,  E = 0.03. 

10 3 

Payload Support S t r u c t u r e  

143 

Warren t r u s s  wi th  12 t i t an ium 
suppor t s ,  2 inch  diameter ,  
E = 0.03 f o r  s u r f a c e s  viewing 
shadow s h i e l d s .  

146 

LH BOIL-OFF BY -2 RADIATION I N  
10,000 HOURS (LB,,) 

1'1 

SHIELD TEMPERATURES (OR) 

In te rmedia te  Sh ie ld  
n e a r  Payload 

R i m  Temperature 

Center Temperature 

In te rmedia te  Sh ie ld  
n e a r  Tank 

R i m  Temperature 

Center Temperature 

"NO INTERACTION" 

5.46 

204 

278 

"INTERACTION" 
INCLUDING REFLECTIONS FROM 

SUPPORT STRUCTURE 

6.49 

212 

2 82 

15 8 



10.3 I n t e r a c t i o n  Analysis  of Support S t r u c t u r e  

A payload suppor t  s t r u c t u r e  r a d i a t i v e l y  and conduct ively 
coupled t o  shadow s h i e l d s  i s  s u b j e c t  t o  a number of s p a t i a l l y  v a r i a n t  
boundary condi t ions  i n  a d d i t i o n  t o  c o n s t r a i n t s  on t h e  boundary t e m -  
pe ra tu re s  and exposure t o  o u t e r  space.  Therefore ,  i n  t h e  i n t e r a c t i o n  
ana lys i s ,  a thermal model of t he  s t r u c t u r e  w a s  descr ibed  us ing  f i n i t e -  
d i f f e r e n c e  techniques.  (The example of t h e  shadow s h i e l d  system used 
f o r  t h i s  s tudy  w a s  i d e n t i c a l  t o  t h a t  descr ibed  above i n  Sec t ion  10.2.) 
A mathematical  model w a s  formulated f o r  one s t r u c t u r a l  element of  t he  
t r u s s  which is connected t o  t h e  payload, t h e  tank suppor t ,  and t h e  two 
in te rmedia te  shadow s h i e l d s .  
a t  a temperature of 37R. 

The LH2 tank support  w a s  assumed t o  be  

The suppor t  was subdivided i n t o  a number of  zones, de f in ing  
l o c a t i o n s  a t  which temperatures  were t o  be  computed; t he  h e a t  ba lance  
equat ions  w e r e  w r i t t e n  f o r  each temperature l o c a t i o n  inc lud ing  appro- 
p r i a t e  terms desc r ib ing  r a d i a t i v e  and conductive in te rchange  wi th  the  
shadow s h i e l d s ;  and the  h e a t  balance equat ions  were so lved  numerical ly  
on a computer. The h e a t  ba lance  equat ions w e r e  w r i t t e n  according t o  
t h e  Zone Method of S t rong  and E m s l i e  (1963) which al lows t h e  tempera- 
t u r e  t o  vary p a r a b o l i c a l l y  wi th  t h e  space  coordinates .  

* 

Figure  54 i l l u s t r a t e s  the  temperature d i s t r i b u t i o n  i n  t h e  
s t r u c t u r e  f o r  vary ing  degrees of thermal coupl ing t o  the  shadow s h i e l d s .  
It i s  ev ident  t h a t  t h e  r a d i a t i v e  coupl ing t o  t h e  shadow s h i e l d s  and 
the  conduct ive coupl ings t o  the  w a r m e r  s h i e l d  rims ( a t  X/L = .33 and 
.66) raise t h e  s t r u c t u r e  temperatures and consequently the  LH2 boi l -of f  
by conduction. The e f f e c t  of t h e  sh i e ld - s t ruc tu re  i n t e r a c t i o n s  on t h e  
LHz boi l -of f  is shown i n  t h e  fol lowing t abu la t ion :  

* 
A r ecen t  paper ,  Nathanson e t  a1 (1968) demonstrated t h a t  i n  problems 
involv ing  conduction and r a d i a t i o n ,  t h e  Zone Method can provide  a 
more accu ra t e  d e s c r i p t i o n  of temperature d i s t r i b u t i o n s  than con- 
ven t iona l  nodal  o r  "lumped parameter" techniques which al low t h e  
temperature  t o  vary l i n e a r l y  between mesh po in t s .  
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Concept L / D  
No. 

- 
1 0.15 

2 0.25 

3 0.25 

4 0.25 

5 0.25 

6 1.0  
(deployed) 

Number of Payload Support S t r u c t u r e  
I n  t e rme d i  a t  e 
Shadow Sh ie lds  

3 

2 

2 
(with space-erected an- 
n u l a r  s h i e l d s  t o  com- 
pensa te  f o r  15 deg. 
so lar-vec t o r  misalignment ) 

1 
(space-erec ted)  

Fixed Warren t r u s s  wi th  
16 f i b e r  g l a s s  suppor ts ,  
2 i n .  OD x .030 w a l l  

Fixed Warren t r u s s  with 
12 t i t an ium suppor ts ,  
2 in. OD x ,017 w a l l  

Same as Concept 2 with  
t h e  s t r u c t u r a l  suppor ts  
cooled us ing  the  sens i -  
b l e  enthalpy of LH2 
boi l -off  

Same a5 Concept 2 wi th  
pant-leg r a d i a t o r s  on 
the  s t r u c t u r a l  suppor ts  

Fixed Warren t r u s s  wi th  
16  f i b e r  g l a s s  suppor ts ,  
2 i n .  OD x .037 w a l l  

Space-erected "A"-frame 
s t r u c t u r e  wi th  6 t i t an ium 
suppor t s ,  .88 i n .  OD 
x .011 w a l l  

11.2 Radiant H e a t  Leak and Sh ie ld  Temperature D i s t r i b u t i o n s  

The mathematical models used t o  d e t e r d n e  t h e  r a d i a n t  t rans-  
f e r  and temperature d i s t r i b u t i o n s  i n  the  shadow s h i e l d  systems accounted 
f o r  t h e  following: 

A 520R s h i e l d  loca t ed  a t  the  payload 

I 1  I 1  n in t e rmed ia t e  shadow s h i e l d s  

A s i n g l e  s h i e l d  l o c a t e d  on t h e  con ica l  tank suppor t  
( las t  s h i e l d )  

A ground-hold and o r b i t a l  thermal p r o t e c t i o n  system 
between t h e  las t  s h i e l d  and t h e  LH2 tank 

Radia t ive  i n t e r a c t i o n s  wi th  t h e  suppor t  s t r u c t u r e  
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No i n t e r a c t i o n s "  between 11 

s t r u c t u r e  and s h i e l d s  

Radia t ive  i n t e r a c t i o n s  
between s t r u c t u r e  and 
s h i e  1 ds 

Radia t ive  and conductive 
i n t e r a c t  i ons  be tween 
s t r u c t u r e  and s h i e l d s  

* 

LH2 Boil-Of f by Conduction 
i n  10,000-Hour Coast Mission, l b  

111 

20 

29 

38 

I n  summary, a "no i n t e r a c t i o n "  thermal a n a l y s i s  i s  an ef- 
f e c t i v e  means of performing independent op t imiza t ion  s t u d i e s ,  ob ta in ing  
measures of system performance and ranking var ious  materials and con- 
f i g u r a t i o n s .  
duc t ion  and r a d i a t i o n  can be  o p t i m i s t i c  wi th  t h i s  procedure,  thermal 
i n t e r a c t i o n s  should b e  accounted f o r  i n  t h e  d e t a i l e d  ana lys i s  of t he  
f i n a l  des ign  conf igu ra t ions .  

However, s i n c e  t h e  estimates of LH2 boi l -of f  due t o  con- 

11.0 THERMAL ANALYSIS OF CONCEPTUAL DESIGNS 

11.1 Conceptual Designs 

The shadow s h i e l d  concepts which w e r e  s e l e c t e d  f o r  f i n a l  
eva lua t ion  and w e r e  descr ibed i n  Sec t ion  7.0 are summarized i n  t h e  fo l -  
lowing t abu la t ion :  

* 
I n  t h i s  c a l c u l a t i o n ,  t h e  s t r u c t u r e  w a s  coupled t o  t h e  r i m  of  t h e  
shadow s h i e l d s  by a thermal conductance of  0.76 Btu/Hr-OR. This  
va lue  is  r e p r e s e n t a t i v e  of e x i s t i n g  experimental  d a t a  of bo l t ed - jo in t  
conductances i n  vacuum f o r  conf igura t ions  similar t o  t h e  r i g i d  
s h i e l d - s t r u c t u r e  connections.  
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I n  a d d i t i o n ,  t he  c a l c u l a t i o n s  were made according t o  the  fol lowing as- 
sumptions : 

The t o t a l  hemispherical  emi t tance  of  a l l  s h i e l d s  w a s  
taken as 0.03 

The s h i e l d s  emi t ted  d i f f u s e l y  and had a specu la r  o r  d i f -  
f u s e  r e f l ec t ance ,  depending upon which assumption l e d  
t o  the  more conserva t ive  r e s u l t  

- The s h i e l d s  w e r e  assumed t o  have zero r a d i a l  conductance 
s i n c e  the  prel iminary a n a l y s i s  showed no apprec iab le  
d i f f e r e n c e  i n  t h e  h e a t  t r a n s f e r  r e s u l t s  comparing one- 
m i l ,  aluminized, p o l y e s t e r  s h i e l d s  and non-conducting 
s h i e l d s .  

The computed temperature d i s t r i b u t i o n s  i n  t h e  s h i e l d s  and 

The LH2 boi l -of f  during a 10,000-hour coas t  mission w a s  computed 

The maximum temperature  on the  tank s h i e l d  

the  LH2 boi l -of f  due t o  r a d i a t i o n  e f f e c t s  are shown i n  F igures  55 t o  
58. 
t o  be  less than 4 lb, f o r  a l l  systems inc luding  t h e  c lose ly  spaced 
f ixed - s t ruc tu re  concepts.  
w a s  found t o  be  less than l l O R  f o r  a l l  concepts.  It i s  i n t e r e s t i n g  t o  
n o t e  t h a t  even i f  tank s h i e l d  had a uniform temperature of l l O R ,  t h e  
LH2 boi l -of f  i n  10,000 hours would be less than 6 l b s .  

11.3 Conduction Heat Leak and S t r u c t u r a l  Temperature D i s t r i b u t i o n s  

The f i x e d  s t r u c t u r e s ,  and the  space-erected s t r u c t u r e  i n  t h e  
deployed conf igu ra t ion ,  have a number of symmetrically pos i t i oned  sup- 
p o r t s  extending between t h e  payload and the  a t t a c h  r i n g  on t h e  cy l in -  
d r i c a l  tank suppor t .  The suppor ts  of each s t r u c t u r e  were s e l e c t i v e l y  
coated w i t h  a high-emittance p a i n t  t o  allow r a d i a t i o n  t o  o u t e r  space,  
lower the  suppor t  temperatures ,  and minimize the  LH boi l -of f  by con- 2 duct ion .  

A f i n i t e - d i f f e r e n c e  mathematical model w a s  formulated f o r  
each concept us ing  t h e  techniques descr ibed i n  Sec t ion  10.3 of t h e  in- 
t e r a c t i o n  ana lys i s .  That is ,  a suppor t  w a s  subdivided i n t o  a number of 
zones,  de f in ing  l o c a t i o n s  a t  which temperatures w e r e  t o  be  ca l cu la t ed ;  
heat-balance equat ions w e r e  w r i t t e n  f o r  each temperature l o c a t i o n  in-  
c luding  appropr i a t e  terms f o r  r a d i a t i v e  in te rchange  w i t h  t h e  s h i e l d s ,  
conductance coupl ings a t  t h e  connections t o  t h e  s h i e l d s ,  and t h e  thermal 
r e s i s t a n c e  of t h e  con ica l  s k i r t  used t o  d i s t r i b u t e  t h e  loads  over  t h e  
LH2 tank. 
formulated by subdiv id ing  t h e  support  i n t o  44 zones, which r equ i r ed  t h e  
p repa ra t ion  of input  da t a  f o r  93 heat-balance equat ions .  
p r o p r i a t e  s p a t i a l  l o c a t i o n s ,  each suppor t  was conduct ively coupled t o  
t h e  shadow s h i e l d s  by a thermal conductance of 0.76 Btu/Hr OR. 
temperatures  of  t h e  shadow s h i e l d s  w e r e  s p e c i f i e d  a t  the  va lues  calcu- 
l a t e d  dur ing  t h e  previous r a d i a n t  h e a t  t r a n s f e r  a n a l y s i s  and were assumed 

Typica l ly ,  t he  thermal model of t he  s t r u c t u r a l  suppor t s  w a s  

A t  t h e  ap- 

The 

16  3 
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t o  be cons tan t  ( i .e . ,  n o t  in f luenced  by the  suppor t  temperature d i s -  
t r i b u t i o n s ) .  
t i o n  of a cons tan t  s h i e l d  temperature l e a d s  t o  a conserva t ive  p r e d i c t i o n  
of t he  suppor t  h e a t  leak .  The end of each suppor t  (connected t o  the  
a t t a c h  r i n g  on t h e  c y l i n d r i c a l  tank support)  w a s  coupled t o  the  LH2 
tank via the  thermal conductance of t he  c y l i n d r i c a l  t ank  support  
(.00692 Btu/Hr O R  d iv ided  by the  number of  suppor t s ) .  

It should b e  noted t h a t  i n  these  c a l c u l a t i o n s  t h e  assump- 

The suppor t  s t r u c t u r e s  f o r  the  s i x  shadow s h i e l d  concepts 
l i e  i n  t h r e e  b a s i c  ca t egor i e s :  1) suppor ts  which w e r e  cooled by rad ia-  
t i o n  t o  o u t e r  space,  2) suppor ts  which were r a d i a t i v e l y  cooled and a l s o  
cooled by the  s e n s i b l e  enthalpy of t he  LH2 boi l -of f  due t o  conduction 
and r a d i a t i o n  h e a t  t r a n s f e r ,  and 3) suppor ts  which had a d d i t i o n a l  rad- 
i a t i n g  area (pant-leg r a d i a t o r s ) .  

11.3.1 Radia t ive ly  Cooled Supports (Concepts 1, 2, 5 and 6) 

The temperature d i s t r i b u t i o n s  and t h e  LH2 boi l -of f  
by conduction i n  t h e  suppor ts  of Concepts 1, 2 ,  5 and 6 are shown i n  
Figures  59 through 62. 

The s t r u c t u r e  temperatures are p l o t t e d  as a func- 
t i o n  o f  dimensionless l eng th ,  X/L, where X is  a coord ina te  measured 
from the  payload p a r a l l e l  t o  t he  c e n t r a l  a x i s  of the  shadow s h i e l d  sys-  
t e m  and L i s  t h e  payload-to-tank spacing.  It i s  evident  from t h e  ir- 
r e g u l a r  shape of t he  temperature d i s t r i b u t i o n s  t h a t  the  thermal cou- 
p l i n g s  t o  the  shadow s h i e l d s  s i g n i f i c a n t l y  in f luence  t h e  suppor t  t e m -  
pe ra tu re s .  However, t h e  computed LH2 boi l -of f  by conductions were 
r e l a t i v e l y  low, ranging between 2 and 1 3  lbm i n  10,000 hours .  

11.3.2 Vapor-Cooled Supports (Concept 3) 

The payload suppor t  s t r u c t u r e  of Concept 3 i s  i- 
d e n t i c a l  t o  t h a t  of Concept 2 except  t h a t  t h e r e  is  a coolan t  c i r c u i t  
a l lowing t h e  s t r u c t u r a l  suppor ts  t o  be  cooled by the  s e n s i b l e  en tha lpy  
of  t h e  LH2 boi l -of f  gas due t o  conduction and r ad ia t ion .  Each suppor t  
r a d i a t e s  t o  o u t e r  space ,  is conduct ively coupled t o  the  shadow s h i e l d s ,  
and is conduct ively coupled t o  the  LH2 tank v i a  t h e  tank support .  
vapor-coolant l i n e  i s  jo ined  t o  each support  a t  t e n  l o c a t i o n s  approxi- 
mately fou r  inches  a p a r t .  

A 

The h e a t  exchange between t h e  s t r u c t u r e  and t h e  gas 
i s  r e l a t e d  t o  the  gas flow rate which is ,  i n  t u r n ,  dependent upon t h e  
t o t a l  bo i l -of f  due t o  conduction and r a d i a t i o n  e f f e c t s .  The flow rate 
of GH2 through each coolan t  tube can b e  def ined  from t h e  fol lowing 
equat ion  : 

(QR + Qc) 

f g 
c j ,  

h n  
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- 
QR - where 

- 
Qc - 
n -  
G =  

h e a t  absorbed by t h e  LH2 from r a d i a t i o n  

h e a t  absorbed by t h e  LH2 from suppor t  conduction 

number of  s t r u c t u r a l  suppor ts  

coolan t  ( G H ~ )  mass flow rate 

The flow rate of GH2 i s  dependent upon t h e  conduc- 
t i o n  h e a t  t r a n s f e r  t o  the  LH2 tank and, conversely,  t h e  conduction h e a t  
t r a n s f e r  i s  dependent upon theGH2flow rate .  (The r a d i a n t  h e a t  t rans-  
f e r  t o  t h e  LH2 tank f o r  Concept 3 w a s  a l r eady  presented  and r e s u l t e d  
i n  an LH2 boi l -of f  of 1 . 2  l bm i n  10,000 hours.)  Therefore ,  several 
c a l c u l a t i o n s  of  t he  LH2 boi l -of f  by conduction w e r e  made wi th  flow 
rate as a va r i ab le ;  and t h e  s o l u t i o n  w a s  ob ta ined  graphica l ly .  The 
LH2 boi l -of f  due t o  conduction i n  the  vapor-cooled s t r u c t u r e  vs .  GH2 
flow rate i s  represented  by the  s o l i d  l i n e  i n  F igure  63.  The rela- 
t i onsh ip  between t h e  conduction boi l -of f  and the  a v a i l a b l e  GH2 flow 
rate due t o  r a d i a t i o n  and conduction e f f e c t s  is a l s o  shown on t h i s  
f i g u r e  as a do t t ed  l i n e .  The 1 .2  x 10-4 lbm/hr  flow due t o  r a d i a n t  
h e a t  t r a n s f e r  t o  t h e  LH tank  is shown as a cons t an t ;  because of t h e  
m u l t i p l i c a t i o n  f a c t o r  czosen f o r  t h e  absc i s sa  , t h e  v a r i a b l e  flow rate 
due t o  conduction h e a t  t r a n s f e r  i s  represented  as a 45" l i n e .  Conse- 
quent ly ,  t h e  s o l u t i o n  f o r  t h e  LH2 boi l -of f  due t o  conduction i n  t h e  
vapor-cooled s t r u c t u r e  is  i n d i c a t e d  as 11.5 lbm a t  t h e  i n t e r s e c t i o n  of 
t he  two l i n e s .  

The computed temperature d i s t r i b u t i o n  i n  the  vapor- 
cooled s t r u c t u r e  is shown i n  Figure 64. The in f luence  of t h e  vapor 
cool ing  i s  p r imar i ly  ev ident  nea r  t he  end of t h e  s t r u c t u r e  (X/L = 0.8 
t o  1.0) where t h e  cool ing  reduced the  s t r u c t u r e  temperatures by approxi- 
mately 10R. 

A s i m p l i f i e d  a n a l y s i s ,  descr ibed  i n  Appendix I ,  in-  
d i ca t ed  t h a t  vapor cool ing  could reduce the  conduction h e a t  t r a n s f e r  i n  
an i n s u l a t e d  suppor t  ( E  = 0) by approximately 68%. The c a l c u l a t i o n s  
represented  i n  F igure  63  show t h a t  vapor cool ing  can a l s o  reduce t h e  
h e a t  l e a k  i n  a s t r u c t u r e  which is  r a d i a t i v e l y  cooled. However, s i n c e  
t h e  h e a t  l eak  is s o  low t o  begin wi th ,  due t o  t h e  r a d i a t i o n  cool ing ,  
t h e  11% improvement is no t  s i g n i f i c a n t ,  e s p e c i a l l y  when t h e  mass of t h e  
tubings , f i t t i n g s  , etc. , f o r  t h e  coolan t  c i r c u i t  are considered. 

Thus, f o r  radiat ion-cooled s t r u c t u r e s  of reasonably 
l a r g e  spac ing  and low conductance, w e  conclude t h a t  vapor cool ing  is 
no t  an e f f e c t i v e  method f o r  reducing t h e  LH boi l -of f .  2 

11.3.3 Supports w i th  Pant-Leg Radia tors  (Concept 4) 

The suppor t  s t r u c t u r e  of Concept 4 has  the  same 
conf igu ra t ion  and material of  Concept 2, b u t  has  a d d i t i o n a l  pant- leg 
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r a d i a t o r s  and a d i f f e r e n t  d i s t r i b u t i o n  of thermal c o n t r o l  coa t ings .  
Pant-leg r a d i a t o r s  are jo ined  t o  the  suppor ts  n e a r  t h e  connect ion t o  
t h e  second in te rmedia te  shadow s h i e l d  and enc lose  t h e  suppor t  up t o  
the  a t t a c h  r i n g  on t h e  tank suppor t .  
by t h e  r a d i a t o r  and t h e  i n t e r n a l  s u r f a c e  of t he  r a d i a t o r  have low- 
emi t tance  s u r f a c e s  t o  minimize r a d i a t i v e  i n t e r a c t i o n s .  The remainder 
of  t h e  suppor t  and t h e  e x t e r n a l  s u r f a c e  of t h e  r a d i a t o r  have an  effec- 
t ive emi t tance  of 0.5. 

The area of t h e  suppor t  enclosed 

The computed temperature d i s t r i b u t i o n  i n  the  s t r u c -  
t u r e  and the  LH2 boi l -of f  due to  conduction are presented  i n  F igure  65. 
By comparison wi th  Figure 60, i t  can b e  seen  t h a t  t he  temperature X/L 
= 1 and t h e  LH2 boi l -of f  due t o  conduction are s l i g h t l y  h ighe r  than  
t h a t  f o r  t h e  same s t r u c t u r e  without  pant- leg r a d i a t o r s .  

The d i f f e rences  i n  t h e  temperatures and h e a t  flows 
f o r  Concept 2 and 4 are q u i t e  s m a l l .  Therefore ,  f o r  t h e  purpose of 
i l l u s t r a t i o n ,  an  exaggerated comparison of  t he  temperature  d i s t r i b u t i o n s  
n e a r  t he  ends of t h e  s t r u c t u r e s  are shown schemat ica l ly  i n  Figure 66. 
Although the  temperature nea r  t he  s h i e l d  l o c a t i o n  ( l o c a t i o n  1) i s  h ighe r  
f o r  Concept 2 ,  t h e  s l o p e  and temperature a t  l o c a t i o n  2 is  lower because 
t h e  ent i re  suppor t  r a d i a t e s  t o  o u t e r  space.  
Concept 4 ,  t h e  cool ing  o f  t h e  pant- leg r a d i a t o r  lowers the  temperature 
of t h e  suppor t  n e a r  t h e  s h i e l d  l o c a t i o n ,  b u t  t h e  s l o p e  and temperature  
are h ighe r  than t h a t  f o r  Concept 2 a t  po in t  2 because t h e  end of t h e  
suppor t  i s  s h i e l d e d  (E  O), and is  n o t  r a d i a t i v e l y  cooled. 

On t h e  o t h e r  hand, i n  

I n  t h i s  ana lys i s  of t he  s t r u c t u r e  of Concept 4 ,  t he  
performance of  t he  pant- leg r a d i a t o r  w a s  in f luenced  by t h e  conductive 
coupl ing t o  t h e  shadow s h i e l d .  Other c a l c u l a t i o n s  wi th  a thermal model 
of  t h i s  s t r u c t u r e  cons ider ing  "no i n t e r a c t i o n s "  wi th  the  s h i e l d s  dem- 
o n s t r a t e d  t h a t  t h e  pant- leg r a d i a t o r s  could reduce t h e  conductive h e a t  
flow t o  t h e  LH2 tank by approximately 13%. 
varying t h e  p o s i t i o n  of t h e  r a d i a t o r  i nd ica t ed  t h a t  t h e  l o c a t i o n  of  t h e  
pant- leg r a d i a t o r  as shown i n  Concept 4 w a s  one i n  which the  reduct ion  
w a s  maximized. 

Also, paramet r ic  s t u d i e s  

However, t he  reduct ion  i n  h e a t  flow accomplished by 
providing pant- leg r a d i a t o r s  is n o t  s i g n i f i c a n t  when t h e  s t r u c t u r e  is  
r a d i a t i v e l y  cooled and has  a low conduction h e a t  leak ( r e s u l t i n g  i n  an 
LH2 bo i l -of f  of  10-15 lb,). 

i n  Concept 4 could b e  modified t o  make the  r a d i a t o r s  more e f f e c t i v e .  
For example, spac ing  t h e  shadow s h i e l d s  c l o s e r  t o  t h e  payload and in-  
c r eas ing  t h e  d i s t a n c e  between the  support-shield and suppor t - rad ia tor  
i n t e r f a c e s  might f u r t h e r  depress  the  r a d i a t o r  temperature.  However, 
on the  b a s i s  of ou r  s t u d i e s  w i t h  "no i n t e r a c t i o n s "  between t h e  suppor ts  
and s h i e l d s ,  s i g n i f i c a n t  reduct ions  i n  system mass would n o t  be  expected. 

It is  conceivable  t h a t  t h e  geometry of t h e  s h i e l d s  
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12.0 EVALUATION OF CONCEPTUAL DESIGNS 

12.1 Mass Summary 

Table XVI conta ins  a compilation of t h e  es t imated  o v e r a l l  
masses of t h e  s i x  shadow s h i e l d  systems descr ibed  i n  Sec t ion  7.0 and a 
breakdown of  t h e  masses a t t r i b u t a b l e  t o  LH boi l -of f  during a 10,000- 
hour  mission, i n s u l a t i o n  and s h i e l d i n g ,  a n i  s t r u c t u r a l  components. 

The LH2 boi l -of f  dur ing  ascent  and o r b i t a l  ope ra t ions ,  t he  
i n s u l a t i o n  f o r  ground-hold, a scen t  and o r b i t a l  thermal p ro tec t ion ,  and 
t h e  c y l i n d r i c a l  tank suppor t  are common t o  a l l  concepts;  t h e i r  asso- 
c i a t e d  mass p e n a l t i e s  have been d e t a i l e d  i n  previous s e c t i o n s .  

A d e t a i l e d  summary of t he  masses of t h e  shadow s h i e l d  assem- 
b l i e s ,  which c o n s i s t  of material ( inc luding  reinforcements ,  e y e l e t s ,  
l a c i n g ,  e t c . )  and suppor t  r i ngs  and the  payload suppor t  s t r u c t u r e s ,  
which genera l ly  inc lude  provis ions  f o r  making in te rconnec t ions  t o  t h e  
shadow s h i e l d s ,  payload and c y l i n d r i c a l  tank suppor t ,  i s  presented  i n  
Table X V I I .  I n  t h e  l i s t i n g  of t he  masses f o r  Concept 5, t h e  mounting 
b racke t s  used t o  in t e rconnec t  t h e  shadow s h i e l d s  and payload suppor t  
s t r u c t u r e  are included i n  t h e  t a b u l a t i o n  of t h e  m a s s  of t h e  shadow 
s h i e l d  assemblies ,  s i n c e  t h e i r  design is  r e l a t e d  t o  the  conf igura t ion  
of the r i n g s  requi red  t o  support  t h e  stowed annular  s h i e l d s ,  deployment 
arms, e t c .  

The o v e r a l l  masses of t he  shadow s h i e l d  systems ranged be- 
tween 240 and 320 lb,, t he  maximum being f o r  Concept 5, which has  space- 
e r e c t e d  s h i e l d s  t o  compensate f o r  so la r -vec tor  misalignment. 

12.1.1 Alternate Systems 

It has prev ious ly  been mentioned t h a t  several al- 
ternate concepts could be  considered based upon t h e  b a s i c  arrangements 
of t h e  f i v e  concepts w i th  f i x e d  s t r u c t u r e s .  For example, t h e  design of 
a l l  t he  shadow s h i e l d  systems w a s  based on each shadow s h i e l d  assembly 
having a s ingle-shee ted ,  re inforced ,  p o l y e s t e r  s h i e l d  coated on both 
s i d e s  t o  have a low emit tance.  It was suggested t h a t  double-sheeted 
shadow s h i e l d s  wi th  f o u r  r e f l e c t i v e  su r faces  could a l s o  be  considered 
t o  improve t h e  r e l i a b i l i t y  of t h e  system, s i n c e  t h e  i n t e r i o r  low- 
emittance s u r f a c e s  would n o t  be  exposed t o  t h e  environment. I f  double- 
shee ted  s h i e l d s  w e r e  considered f o r  t h e  shadow s h i e l d  assemblies  of  
Concept 1, t h e  o v e r a l l  conf igura t ion  would remain t h e  same, b u t  t h e r e  
would b e  f i v e  a d d i t i o n a l  s h e e t s  of material adding a mass of approxi- 
mately 13 lb,. 

The r e s u l t s  of computer c a l c u l a t i o n s  w e r e  used t o  
compare t h e  thermal performance of s ing le -  and double-sheeted s h i e l d s  
f o r  a system wi th  t h r e e  in te rmedia te  shadow s h i e l d s  equal ly  spaced 
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TABLE XVII 

MASS BREAKDOWN OF SHADOW SHIELD ASSEMBLIES 

AND PAYLOAD SUPPORT STRUCTURES OF SHADOW SHIELD CONCEPTS 

Concept No. 1 (Fixed f i b e r g l a s s  s t r u c t u r e ,  f i x e d  s h i e l d s )  

SHADOW SHIELD ASSEMBLIES 

Sh ie ld  Material 

Sh ie ld  Support Rings 

13.0 

11 .3  - 
24.3 lbm 

PAYLOAD SUPPORT TRUSS STRUCTURE 

Payload Support Tube 

Payload Attach Ring 

11.5 

11.0 

Box-type Support P o i n t s  4.5 

Foam-filled S t r u c t u r a l  Supports 8 . 3  

Shie ld  Mounting Brackets  3 . 0  

End Connections 10.3 

48.6 lbm 

C on c e z )  

SHADOW SHIELD ASSEMBLIES 

Sh ie ld  Material 

Sh ie ld  Support Rings 

10.6 

8.0 

m 18.6 l b  

PAYLOAD SUPPORT TRUSS STRUCTURE 

Payload Support  Tube 

Payload Attach Ring 

11.5 

11.0 

Box-type Support  P o i n t s  4.5 

Foam-filled S t r u c t u r a l  Supports 10.6 

S h i e l d  Mounting Brackets 4.0 

End Connections 7.7 

49.3 
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TABLE X V I I  (Cont'd.) 

Concept No. 3 (Fixed vapor-cooled t i t an ium s t r u c t u r e ,  f i x e d  s h i e l d s )  

SHADOW SHIELD ASSEMBLIES 

Sh ie ld  Material 

Sh ie ld  Support  Rings 

10.6 

8.0 - 
m 18.6 l b  

PAYLOAD SUPPORT TRUSS STRUCTURE 

Payload Support Tube 

= Payload Attach Ring 

9 Box-type Support Po in t s  

Foam-filled S t r u c t u r a l  Supports 

Sh ie ld  Mounting Brackets  

End Connections 

P ip ing  and F i t t i n g s  f o r  Vapoa 
Cooling C i r c u i t  

11.5 

11.0 

4.5 

10.0 

4.0 

7.7 

7.0 

55.7 lbm 

Concept N o .  4 (Fixed t i t an ium s t r u c t u r e  wi th  pant-leg r a d i a t o r s ,  
f i x e d  s h i e l d s )  

SHADOW SHIELD ASSEMBLIES 

Sh ie ld  Material 

Sh ie ld  Support  Rings 

10.6 

8.0 - 
m 18.6 l b  

PAYLOAD SUPPORT TRUSS STRUCTURE 

Payload Support Tube 

Payload Attach Ring 

Box-type Support Po in t s  

Foam-f i l l e d  S t r u c t u r a l  Supports 

Sh ie ld  Mounting Brackets 

End Connections 

Pant-leg Radia tors  

11.5 

11.0 

4.5 

10.6 

4.0 

7.7 

3 . 3  - 
m 51.6 l b  
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TABLE XVII (Cont'd.) 

Concept N o .  5 (Fixed f i b e r g l a s s  s t r u c t u r e ,  f i x e d  s h i e l d s  wi th  
space-erected annular  s h i e l d s  t o  compensate 
f o r  so la r -vec tor  misalignment) 

SHADOW SHIELD ASSEMBLIES 

Material f o r  Fixed Shie lds  10.6 

Material f o r  Annular Shie lds  1.8 

Support  Hardware 60.0 

Sh ie ld  Support Rings 

Mounting Brackets 

Deployment A r m s ,  R e s t  r a in ing  
Bands and Release Mechanisms 4.0 

76.4 lbm 

PAYLOAD SUPPORT TRUSS STRUCTURE 

Payload Support  Tube 

- Payload Attach Ring 

Box-type Support Po in t s  

Foam-filled S t r u c t u r a l  Supports 

Sh ie ld  Mounting Brackets ( included 

* End Connections 10.3 

above) 

- 
50.1 lbm 

11.5 

11.0 

4.5 

12.8 

Concept No. 6 (Space-erected s t r u c t u r e  and s h i e l d )  

SHADOW SHIELD ASSmBLIES 

Sh ie ld  Material 7.8 
Sh ie ld  Support  Rings 3 . 9  - 

11.7 lbm 

PAYLOAD SUPPORT "A" FRAME STRUCTURE 

Payload Support Tube 11.5 

Foam-filled Tubes and F i t t i n g s  11.0 

Cables,  and Pu l l eys )  20.0 
9 Drive System (Motorized Winch, 

42.5 lbm 
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between a 520R payload and a 37R uninsula ted  LH2 tank wi th  an L/D of 
0.15. 
shee ted  s h i e l d s  reduced t h e  LH2 boi l -of f  from r a d i a t i o n  by approximately 
an o r d e r  of  magnitude. For Concept 1, t h e  use of  double-sheeted s h i e l d s  
would i n c r e a s e  the  t o t a l  system m a s s  by approximately 10  lbm due t o  
t h e  increased  m a s s  of t h e  s h i e l d s .  
i n  t he  LH2 boi l -of f  mass due t o  r a d i a t i o n ,  t h e  e f f e c t  i s  n e g l i g i b l e  
s i n c e  t h e  LH2 boi l -of f  from r a d i a t i o n  wi th  s ing le-shee ted  s h i e l d s  is  
only 3.3 lb,. 
be  s u b j e c t  t o  a s m a l l  r educ t ion  s i n c e  the  temperature  level of t h e  
shadow s h i e l d s ,  which i n t e r a c t  thermally wi th  t h e  s t r u c t u r e ,  would be  
reduced. Thus, f o r  t h r e e  in te rmedia te  s h i e l d  assemblies (Concept 11, 
double-sheeted s h i e l d s  inc rease  t h e  t o t a l  mass of  the  system; however, 
they may provide some measure of added r e l i a b i l i t y  s i n c e  any emit tance 
degradat ion on t h e  e x t e r i o r  su r faces  w i l l  no t  appreciably i n c r e a s e  t h e  
LH2 bo i l -o f f .  A d e t a i l e d  " f a i l u r e  mode" a n a l y s i s  would be  r equ i r ed  t o  
determine whether o r  no t  t he  emit tances  were s u b j e c t  t o  degradat ion due 
t o  e f f e c t s  o t h e r  than those considered (relative humidity,  handl ing ,  
etc.)  i n  s e l e c t i n g  a conserva t ive  va lue  of 0.03 f o r  t h e  t o t a l  hemispheri- 
c a l  emit tance.  

The r e s u l t s  showed t h a t  changing from s ingle-shee ted  t o  double- 

Although t h e r e  would be a reduct ion  

The LH2 boi l -of f  from suppor t  conduction, 6.6 lb,, would 

However , with  double-sheeted s h i e l d s  , t h e  def lec-  
t i o n s  during launch can be apprec i ab le  ( c . f . ,  Sec t ion  5 .4 ) ,  and t h e r e  
e x i s t s  some minimum spac ing  al lowable which w i l l  prevent  t h e  f l e x i b l e  
s h i e l d s  from con tac t ing  during launch v i b r a t i o n  and abrading t h e  low- 
emit tance s u r f a c e  coat ing.  

It may be noted t h a t  o t h e r  design conf igu ra t ions  
us ing  double-sheeted s h i e l d s  could prove a t t ract ive.  For example , t h e  
use  of two double-sheeted in te rmedia te  s h i e l d  assemblies i n s t e a d  of 
t h r e e  s ingle-sheeted s h i e l d  assemblies ( a s  descr ibed above) could re- 
s u l t  i n  a s l i g h t l y  d i f f e r e n t  mass pena l ty  due t o  t rade-of fs  between 
s h i e l d  m a s s ,  t h e  s h i e l d  suppor ts ,  and boi l -of f  due t o  r a d i a t i o n  h e a t  
leak .  

Another a l t e r n a t e  concept could be  considered t o  
have t h e  same b a s i c  conf igura t ion  as Concept 5, except  t h a t  no pro- 
v i s i o n s  would b e  made t o  inc rease  t h e  al lowable angle  of misalignment 
wi th  t h e  s o l a r  v e c t o r  (no space-erected annular  s h i e l d s ,  deployment 
arms, release mechanisms and suppor t  hardware). The t o l e r a n c e  i n  point-  
i n g  angle  f o r  t h i s  conf igura t ion  would be  4.2'. The arrangement of 
t h i s  alternate concept would a l s o  b e  similar t o  Concept 2 (same L/D 
and number of s h i e l d s ) ,  t h e  d i f f e rences  be ing  i n  t h e  number, l eng th  
and material of t h e  s t r u c t u r a l  suppor ts .  Concept 2 has  a f i x e d  s t r u c -  
t u r e  composed of twelve 2" OD x .017 w a l l  t i t an ium suppor ts ,  whi le  
t h e  a l t e r n a t e  concept has  s i x t e e n  2" OD x .037 w a l l  f i b e r  g l a s s  sup- 
po r t s .  
tems would be nea r ly  equal ,  b u t  t he  LH2 boi l -of f  mass from suppor t  
conduction i n  Concept 2 (12.9 lbm) would be  approximately double t h a t  
f o r  t h e  f i b e r  g l a s s  suppor t  s t r u c t u r e  of  t h e  a l t e r n a t e  concept. 
f o r e ,  t h e  system m a s s  of an alternate shadow s h i e l d  system similar t o  

The masses of  t h e  foam-fi l led s t r u c t u r a l  suppor ts  of both sys- 

There- 
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Concept 5 b u t  without  provis ions  f o r  i nc reas ing  t h e  al lowable angle  of 
misalignment would b e  approximately 255 lb,. 

12.1.2 E f f e c t  of  Payload Mass on System Mass 

The opt imiza t ion ,  s e l e c t i o n  and design of t h e  
aforementioned shadow s h i e l d  concepts w e r e  made assuming t h a t  t h e  pay- 
load  support  s t r u c t u r e  supported the  maximum payload mass, 4000 lbm* 
The fol lowing d i scuss ion  descr ibes  t h e  e f f e c t s  of cons ider ing  d i f f e r e n t  
payload masses (1500, 2500 and 4000 lb,) on t h e  o v e r a l l  mass of  t h e  
shadow s h i e l d  systems. 

The payload m a s s  p r imar i ly  a f f e c t s  t h e  s i z e  of t h e  
suppor ts  of t h e  payload support  s t r u c t u r e s  s i n c e  t h e  launch loads  used 
t o  s i z e  t h e  f i x e d  s t r u c t u r e s  and t h e  maneuvering loads  used t o  design 
the  space-erected s t r u c t u r e  are dependent upon the  mass of t h e  supported 
payload. (Since t h e  design a n a l y s i s  of t h e  tank suppor t  system, out- 
l i n e d  i n  Sec t ion  8.0,  w a s  based on the  i n e r t i a l  loads  of t h e  LH2 tank,  
cons ider ing  o t h e r  loads  around t h e  tank t o  be  supported by appropr i a t e  
t r u s s  work o r  s h e l l  s e c t i o n s ,  i t s  mass is  independent of t h e  payload 
m a s s .  1 

For the  f ixed-s t ruc ture  concepts,  t he  w a l l  th ick-  
ness  of  t h e  suppor ts  and t h e  suppor t  mass (not inc luding  foam and f ix -  
t u r e s )  were computed f o r  a v a r i a b l e  payload mass. 
below i l l u s t r a t e  t he  changes which occur  i n  t h e  suppor t  s i z e  and m a s s  
when t h e  payload mass i s  reduced from 4000 t o  1500 lb-. 

The r e s u l t s  t abu la t ed  

Payload Mass Concept 1 Concepts 2 , 3 , 4  Concept 5 
-m- l b  (F ibe r  g l a s s )  (Titanium) (F ibe r  g l a s s )  

Wall th ickness  
( inches)  

Mass of  suppor ts  
(Ibm) 

4000 .030 .017 .037 
2500 .026 .014 .028 
1500 .023 ,013 .022 

4000 6.6 8 .7  10.6 
2500 5.7 7.5 7.9 
1500 5.1 6.8 6.4 

A v a r i a b l e  payload mass a l s o  o f f s e t s  t h e  LH2 bo i l -  
o f f  m a s s  from support  conduction. Considering t h e  changes i n  suppor t  
w a l l  th ickness  t abu la t ed  above f o r  t h e  minimum payload mass, t h e  o v e r a l l  
mass of  t h e  f ixed - s t ruc tu re  concepts presented  i n  Table XVI would de- 
crease by less than 10 lb, (less than  4% of system mass pena l ty ) .  This  
is a l s o  t r u e  of t h e  o v e r a l l  mass of  Concept 6 where the sum o f  t h e  sup- 
p o r t  m a s s  (not  i nc lud ing  f i x t u r e s )  and the  LH2 boi l -of f  from suppor t  
conduction i n  t h e  deployed conf igura t ion  i s  less than 10 lbm when t h e  
system i s  designed f o r  a 4000 l b  payload. Therefore ,  from t h e  stand- 
p o i n t  of o v e r a l l  mass, t h e  perfom-nce of t h e  s e l e c t e d  shadow s h i e l d  
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systems are r e l a t i v e l y  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  t h e  payload mass 
between 1500 and 4000 lb,. The mass breakdowns presented  i n  Table XVI 
r ep resen t  upper bounds f o r  t h e  support  m a s s  and LH2 boi l -of f  from sup- 
p o r t  conduction s i n c e  they are based on t h e  m a x i m u m  payload mass of  
4000 lb,. 

12.2 Evaluat ion of  Shadow Sh ie ld  Concepts 

The s u b j e c t  c o n t r a c t  on shadow s h i e l d  development cal ls  f o r  
a design eva lua t ion  e s t a b l i s h i n g  the  m e r i t  of  t h e  conceptual  designs by 
provid ing  a r a t i n g  of  o v e r a l l  system mass and mechanical and ope ra t iona l  
complexity ( inhe ren t  r e l i a b i l i t y ) .  The eva lua t ion  of  t he  system from 
t h e  m a s s  s t andpo in t  has  been descr ibed and i s  combined wi th  t h e  evalua- 
t i o n  of  t he  systems from a mechanical and ope ra t iona l  s t andpo in t  i n  
Table XVIII. Two a l t e r n a t e  concepts which are similar t o  t h e  b a s i c  
arrangements of  o t h e r  f i x e d  s t r u c t u r e  concepts and were descr ibed  above 
are included i n  the  eva lua t ion .  

The major d i s t i n c t i o n s  between the  var ious  shadow s h i e l d  
concepts are t h a t  some have payload support  s t r u c t u r e s  and shadow s h i e l d  
assemblies  which remain f i x e d  during the  e n t i r e  mission,  wh i l e  o t h e r s  
r equ i r e  t h a t  po r t ions  of  t h e  s h i e l d s  be e r e c t e d  i n  space,  or both the  
payload suppor t  s t r u c t u r e  and shadow s h i e l d  assembly b e  capable  of be ing  
deployed and r e t r a c t e d  i n  space.  Although pyro technic  devices ,  release 
mechanisms, a c t u a t i o n  systems and provis ions  f o r  movable components are 
common t o  both manned and unmanned s p a c e c r a f t ,  ex t ens ive  tests are re- 
qu i r ed  t o  i n s u r e  r e l i a b l e  opera t ion .  Because t h e  deployable  systems 
used f o r  t h e  shadow s h i e l d  concepts i n  t h i s  s tudy  have n o t  been f ab r i -  
ca ted  and t e s t e d ,  one cannot a t t a c h  any statist ical  s i g n i f i c a n c e  t o  
t h e i r  i nhe ren t  r e l i a b i l i t y .  I n  ranking t h e  var ious  systems, t h e  relia- 
b i l i t y  ranking w a s  based on whether o r  n o t  t h e  systems had moving p a r t s .  
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APPENDIX I 

EFFECTIVENESS OF VAPOR COOLING A CONDUCTING SUPPORT 

One method of reducing t h e  conductive h e a t  flow i n  a s t r u c t u r a l  
suppor t  between a high-temperature s i n k  and a cryogenic  con ta ine r  i s  
t o  u t i l i z e  the  s e n s i b l e  enthalpy of t h e  cryogen vapor boi l -off  gas t o  
cool  t h e  suppor t .  
o f f  rate a t t r i b u t a b l e  t o  conduction down t h e  suppor t .  

The e f f e c t  o f  coo l ing  t h e  suppor t  reduces t h e  b o i l -  

A s i m p l i f i e d  mathematical  a n a l y s i s  of vapor cool ing  an  i n s u l a t e d  
support  s t r u c t u r e  i s  presented  i n  t h i s  Appendix. 

Consider a s t r u c t u r a l  suppor t  of l eng th  L and cons tan t  cross-  

The coord ina te  x is  measured 
s e c t i o n a l  area maintained between a high-temperature source a t  Th and 
a s i n k  ( t h e  cryogen conta iner )  a t  Tc. 
from t h e  s i n k  and the  vapor is  vented a t  x = L. 

The conductive h e a t  flow t o  t h e  cryogenic  con ta ine r  and t h e  flow 
rate of t h e  coolan t  are r e l a t e d  by: 

where q i s  t h e  conduct ive h e a t  flow a t  x = 0 

A i s  l a t e n t  h e a t  of vapor i za t ion  of  t h e  cryogenic  f i e l d  

w is t h e  flow rate of t h e  cryogen boi l -of f  

The fol lowing assumptions are made i n  t h e  mathematical ana lys i s :  

1) The temperatures  of t h e  coolan t  and t h e  suppor t  are equal  a t  
a l l  l o c a t i o n s ,  i .e . ,  a p e r f e c t  h e a t  exchanger. 

2) The e x t e r n a l  s u r f a c e  of t h e  tube i s  i n s u l a t e d  (no r a d i a t i o n  
a t  t h e  s u r f a c e ) .  

3) A l l  thermal p r o p e r t i e s  are independent of  temperature.  

4 )  Conduction e f f e c t s  f o r  t h e  coolan t  tube  and the  coolant  are 
neglec ted .  

The d i f f e r e n t i a l  equat ion  f o r  t h e  temperature d i s t r i b u t i o n  i n  
t h e  suppor t  i s  

where T is  t h e  temperature of  t h e  suppor t  and gas (OR) 

k i s  t h e  thermal conduct iv i ty  of t h e  suppor t  
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c is  t h e  s p e c i f i c  h e a t ,  a t  cons tan t  p re s su re  of  t he  vapor 
P 2 
A is  t h e  c ros s - sec t iona l  area of t h e  suppor t  ( f t  ) 

I n t e g r a t i o n  of  Equation (1-2) and s u b s t i t u t i o n  of t he  boundary 
condi t ions  T(0) = T, and T(L) = Th y i e l d s  t h e  s o l u t i o n  f o r  t h e  suppor t  
temperature as a func t ion  of x: 

where 

(eux - 1) 
(euR - 1) T(x) = TC + (Th - Tc) 

3 
kA u =  

The h e a t  flow t o  the  cryogenic con ta ine r ,  kA 
equat ion  

is  given by t h e  

Af t e r  s u b s t i t u t i n g  Equation (1-1) i n t o  (1-4) and rear ranging  
terms, t h e  h e a t  flow t o  t h e  con ta ine r  becomes 

I f  t he  suppor t  w a s  no t  vapor cooled, t h e  h e a t  flow t o  t h e  con- 
t a i n e r  by conduction, qc, would be  

kA 
= - (Th - Tc) qc  L (1-6) 

The r a t i o  of Equation (1-5) t o  Equation (1-6) t en  y i e l d s  a measure of 
t he  e f f e c t i v e n e s s  of  a l lowing t h e  boi l -of f  of t h e  cryogenic  f l u i d  t o  
cool  t h e  s t r u c t u r a l  support .  

where 
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Therefore ,  t h e  r a t i o  of t h e  h e a t  flow wi th  vapor cool ing  t o  t h a t  f o r  
an uncooled support  is  independent of t h e  thermal conductance and i s  
a func t ion  only of  t he  s p e c i f i c  h e a t  o f  t h e  vapor,  t he  h e a t  o f  vaporiza- 
t i o n  of  t h e  l i q u i d  cryogen and boundary temperatures of t he  support .  

As an i l l u s t r a t i o n  of  t h e  reduct ion  by vapor cool ing,  cons ider  a 
s t r u c t u r a l  support  w i th  a temperature  of 520R a t  t h e  warm end and 37R 
a t  t h e  connect ion t o  a con ta ine r  f i l l e d  wi th  LH2. 

5 = 6.21 

and 

- 0.318 40 

4, 
- -  

Therefore ,  i n  t h i s  example t h e  LH2 boi l -of f  due t o  conduction i n  the  
support  is  reduced by 68% by u t i l i z i n g  t h e  s e n s i b l e  enthalpy of t h e  
LH vapor. 2 
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APPENDIX I1 

EFFECT OF MLI USED FOR ORBITAL THERMAL PROTECTION 
ON THE THERMAL PERFORMANCE OF A SHADOW SHIELD SYSTEM 

To i l l u s t r a t e  t h e  magnitude of t h e  hea t  f l u x  reduct ion  t o  a 
shadow-shielded tank by i n t e r p o s i n g  a d d i t i o n a l  MLI a t  t h e  tank s u r f a c e ,  
cons ider  a source  a t  temperature To r a d i a t i n g  t o  a s i n k  a t  a temperature 
of 0°K.  The conduct ive h e a t  t r a n s f e r  via suppor ts  i s  neglec ted ;  and i t  
is assumed t h a t  the  source  and s i n k  have emi t tances  much less than 
u n i t y ,  t h a t  t h e  su r faces  are d i f f u s e ,  and t h a t  t h e  r a d i o s i t y  absorbed 
and emi t t ed  by t h e  s u r f a c e s  i s  uniformly d i s t r i b u t e d  over  t h e  radius .  

F i r s t ,  cons ider  the  h e a t  f l u x  between a source and s i n k  of equal 
dimensions as i l l u s t r a t e d  i n  the  diagram below. 

Source Sink (OOK) 

TO 
E 
S 

The n e t  h e a t  f l u x  t o  t h e  O O K  s i n k  i s  given by t h e  equat ion  

4 
E FaTo 

1 - p 2  F2 

. s  
(q/AI1 = (11-1) 

where F = v i e w  f a c t o r  between t h e  source  and s i n k  - a funct ion  of 
t h e  diameter  and spac ing  

4 
aTo = i n t e n s i t y  of r a d i a t i o n  l eav ing  t h e  source  

E = s u r f a c e  emit tance of source  and s i n k  
S 
p = s u r f a c e  r e f l e c t a n c e  ( 1  - 

(q/A)l = h e a t  f l u x  absorbed by t h e  O°K s i n k  

Next, cons ider  t h e  case  i n  which MLI i s  p laced  between t h e  s i n k  
r ep resen t ing  t h e  LH2 t ank  and t h e  source.  It is  assumed t h a t  t h e  thick- 
nes s  of t h e  MLI i s  small by comparison t o  t h e  spac ing  between the  source 
and s i n k  and t h a t  t h e  outermost s u r f a c e  of t h e  i n s u l a t i o n  has  an emit- 
tance,  E ~ .  

s u r f a c e  of t h e  i n s u l a t i o n  and t h e  s i n k  can be def ined  i n  terms of an 
e f f e c t i v e  emi t tance  of the  e n t i r e  mul t i l aye r  system. 
arrangement is shown below: 

W e  a l s o  assume t h a t  the  h e a t  f l u x  between t h e  outermost 

A diagram of  t h i s  
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W e  de f ine  t h e  e f f e c t i v e  emit tance of the  i n s u l a t i o n  i n  the  convent ional  
manner 

- 
where E =  

- (q/A) 
4 E =  

aT1 

effective emit tance of t he  MLI 

h e a t  f l u x  through t h e  MLI 

o u t e r  s u r f a c e  temperature of t he  MLI 

(11-2) 

The h e a t  f l u x  absorbed a t  the  OOK s i n k  i n  t h i s  case i s  given by the  
equat ion  

The r a t i o  of t h e  h e a t  f l u x  t o  the  s i n k  without  MLI t o  t h a t  when 
MLI is used on t h e  s i n k  i s  given by t h e  equat ion  

I n  most p r a c t i c a l  a p p l i c a t i o n s ,  t h e  t h i r d  t e r m  on the  r i g h t  s i d e  of  
Equation (11-4) w i l l  b e  n e g l i g i b l e  s i n c e  both 
Then Equation (11-4) becomes 

and F are usua l ly  s m a l l .  

(11-5) 
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For a t y p i c a l  system, t h e  va lue  of 
c h a r a c t e r i s t i c  of  low-emittance vacuum-deposited aluminum (VDA) sur -  
faces  - and ; f o r  anMLI system comprising f i v e  l a y e r s  o f  aluminized 
(both s i d e s )  p o l y e s t e r  f i l m  wi th  a space r  w i l l  b e  of  t h e  o r d e r  of 0.007. 
The r e s u l t i n g  r a t i o  of  h e a t  f l uxes  is 

may be approximately 0.03 - 

For t h i s  simp i f i e d  case, the  reduct ion  i n  h e a t  I_Lux due t o  t h e  addi- 
t i o n  of  f i v e  l a y e r s  of  MLI on an LH2 tank ( r equ i r ed  f o r  near-planetary 
thermal p ro tec t ion )  w i l l  be  approximately f i v e  f o r  t h e  same spac ing  
between t h e  source  and s ink .  Since t h i s  c a l c u l a t i o n  i s  based on a 
s i m p l i f i e d  mathematical  model, t h e  h e a t  f l u x  c o r r e c t i o n  w i l l  n o t  b e  
exac t  f o r  a l l  conceivable  arrangements when, f o r  example, mu l t ip l e  
shadow s h i e l d s  are in t e rposed  between t h e  tank and t h e  payload (source) .  

De ta i l ed  computer c a l c u l a t i o n s  f o r  two equa l ly  spaced shadow 
s h i e l d s  of  0.03 emit tance and an  L/D (spacing-to-diameter) r a t i o  of 
0.25 wi th  and wi thout  MLI app l i ed  t o  a 20.4K (37R) LH2 tank show t h a t  
t h e  h e a t  f l u x  i s  reduced by a f a c t o r  of 5.5 f o r  an M L I  system wi th  
E = 0.0073. 
used t o  p r e d i c t  t he  approximate reduct ion  f o r  any given e f f e c t i v e n e s s  
of  t h e  MLI  appl ied  t o  the  tank su r face .  

- 
This  test would i n d i c a t e  t h a t  t h e  s i m p l i f i e d  model can be 
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