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General equations are  proposed here  which descr ibe  the effect of shields on the radiative 
heat t ransfer  in a closed sys tem consist ing of two gray surfaces  of any shape, and calculation 
formulas  are  derived for a few specific cases  of such a sys tem.  

Shields are  placed between insulated surfaces  in order  to reduce the radiative heat t ransmiss ion  be-  
tween the la t ter .  Par t icu lar ly  important is the shielding in high-vacuum thermal ly- insula ted sys tems ,  where 
heat is t ransmit ted pr imar i ly  through radiation.  High-vacuum thermal insulation has been widely used as 
both an industrial and a labora tory  technique. A situation most  often encountered is the one where two s u r -  
faces compris ing a closed sys tem are  insulated f rom one another.  

Specific examples of thermal radiation shielding a re  dealt with in the published l i terature  [1, 2, 3] 
and questions concerning the effect of"floating" Shields, i.e., shields immune to heat t ransmit ted f rom ex- 
traneous sources  of energy, on the radiat ive heat t ransfer  are  discussed [4, 5]. 

In this ar t ic le  an attempt will be made to answer,  in a form convenient for pract ical  calculations,  the 
question concerning the effect of shields on the radiat ive heat t ransfer  in a closed sys tem of two gray s u r -  
faces.  Only s teady-s ta te  hea t - t r ans fe r  p rocesses  will be considered,  where the tempera tures  of the bodies 
in question and the heat fluxes remain  constant with time; all surfaces  which part icipate in the heat t ransfer  
will be assumed to be gray,  and the surface  temperature  of any shield will be assumed constant and equal 
to the tempera ture  at which that shield would affect the total heat t ransfer  as in the case of an actual t em-  
pera ture  field. The thermal  conductance of residual  gases and thermal res i s tance  of shield walls will be 
disregarded;  the shape and the charac te r i s t i cs  of extraneous sources  of energy {heating due to penetrating 
radiation or due to electr ic cur ren t  flow, heating or  cooling by circulating liquids or  gases or through me-  
chanical contact) will not be considered as such, but an equivalent heat flux result ing f rom these sources  will 
be introduced instead. 

In Fig. 1 a r e  shown two surfaces  A and B (T A > TB) which make up a closed sys tem.  Between them 
have been placed n shields which divide the sys tem AB into (n + 1) closed sys tems .  The direction f rom A 
toward B is taken as positive, and the shields as well as the closed sys tems they form will be counted in 
that o rder .  The closed sys tem AB as it exists without shields will be denoted by the index "o?  

A s teady-s ta te  condition implies that each shield is at a thermal  equilibrium: 

CPm = era--1 -~ Qm--1, (1) 

and, by vir tue of the Radiation Law, for each closed sys tem:  

cm = %%q, mHm (T~-i - r~)  (2) 
where 

eeq, rn= 1/[1 -I- (1/e~_,-  1)q~m_x, m q- ( 1 / ~ - -  1) q~m,m_~l, 

and 

Um= q',,--,.,,P;;--, = ~P,,,m--~S;~. 
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Fig. 1. Schematic diagram of a 
closed sys tem consist ing of two s u r -  
faces:  A and B are  insulated s u r -  
faces;  1 to n a re  shields; ~ is the 
resul tant  radiative heat flux; Q is 
the equivalent heat flux t ransmit ted 
to a shield f rom extraneous sources  
of energy; and T(~ is the t empera -  
ture.  

In our case  there a re  n equations of the (1) kind and (11 + 1) 
equations of the (2) kind. Their  simultaneous solution will make 
it possible to determine the resul tant  radiat ive heat flux in each 
closed sys tem and the tempera ture  of each shield, considering 
also the initial conditions: the optical charac te r i s t i cs  and the ge -  
ometry  of the sur faces  part icipating in the heat t ransfer ,  the t em-  
pera tures  of surfaces  A and B, as well as the extraneous effects 
on the shield. 

Omitting all mathematical  s tep-by-s tep  t ransformat ions ,  we 
show the final equations: 

in--I 
(])m = GOgABH AB (T4A -- T4B) + Z Q'~ 8ABH AB Qk 8ABH AB 

k=l "SAkHAk = ekuHkn (3) 

and 

m-- e H 

T m =  8ABHAB ,r4 @ eABHAB T~ + ~ h 8AkHAk 

SmBblm; " A eAmH A--~ m . OoernBHm B 
l -u 

n ~ Qk EABH AB 
8kBHkB 

k~tn 

(~OEAm HAm 

(4) 

In accordance  with Eq. (3), the resul tant  heat flux radiated f rom any of the (n + 1) closed sys tems  is 
equal to the algebraic sum of three components.  The f i rs t  component of the heat flux is a consequence of 
the tempera ture  difference between surfaces  A and B, the second component is due to extraneous effects 
upon the shields located before the given sys tem,  and the third component is due to extraneous effects upon 
the shields located behind that sys tem.  

In accordance  with Eq. (4), the tempera ture  of any shield is determined by: the tempera ture  of surface  
A, the tempera ture  of sur face  B, the extraneous effects upon the shields located before that given shield, 
and the extraneous effects upon that given shield and the shields located behind it. 

The products in (3) and (4) of the emissivi t ies  of all the closed sys tems and the areas  of co r r e spond-  
ing mutual ly- i r radia t ing  sur faces  are  equal to: 

,8ABHAB 
1 1 1 

H AB = n+l =: 1 1 

eeq, iH/HAB ' ~eq,~+lH~+ 1 l=l i=~ ~eq ~Hi eeq'!H1 

1 1 
eAmHAm --  ra ' EmBHmB = n + t  e t c ,  

~=l 8eq'~ Hi ~'= 1 8eqaHi 

(5) 

In o rder  to determine the resul tant  radiative heat fluxes on surfaces  A and B, the appropria te  num-  
be r s  for the index "m," i.e., m = 1 and m = n + 1, a re  now inserted into Eq. (3). After neces sa ry  t r ans fo rma-  
tions we will obtain: 

rt 
EABI-~AB 

CX = '01 = %~AJt  AB (T~ - -  T~) - -  E Qh %~Hk ~ (6) 
k = l  

and 

([9 B ~Dn f-I = ffOgABH AB (Y~ - -  8 4) -~ 2 QI~. gABH A~B 
. EAk['[AI~ " 

(7) 
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TABLE 1. Calculation Formulas  for the Case of Paral le l  Surfaces 
A and B Large  as Compared to the Distance between Them: 

e A = . . . = e ~ = e ~ n = .  . . = e  B = ~ and F A = . .  . = F ~ n = F ~ n = . . .  
= F B = F  

I m /7 

I 

il 

1 

l 
r m = (  n--m-}-I  4 m 4 T 

n--~'i TA4- nq-I TB) 

II 
q ~ m = r  

1 

n n 
C A = ' ~ - - Q - F ,  cs=~+Qy 

Ca =q~--Qe n - e q -  1 e 
n +-----~ ' 4~B = r + Q" n + 1 ' 

e >/m 

e < m  

Cm = r  1__ 

[(  Oe n.--e+ 114 
Tin:= T,'n)'-~-a'r F m n-}-I ' 

Cm = qb B 
I 

_ ' 

% 

i ~e 

s t~Qh chm = dp -Jr- ~ - -  Q h ,  

k=l k = m  

1 n--tn-}-I 2 m 
�9 Tin + kQ + 7 ( . - - k + , )  Q. , 

k ~ l  k=rn  

n - - k - ~ l  k 
% = r  Qk : -~-$-]  % = r  qh n+----7 

k=l k=l 

A s teady-s ta te  condition implies that the entire sys tem must be at a thermal equilibrium, i.e. 

CB --@A ~ Qk. 
k=l 

The validity of the expression can be easily checked by substituting in it the values for 4~ A and 4, B. 
The resul t ,  after  minor t ransformat ions ,  is 

n 

O. eA}_IA ~ + Oh ej-l~-----~ = 
k~l k=l. k~l 

Here as well as in Eqs.  (3), (4), (6), and (7) the dimensionless complex coefficient eABHAB/~AkHAk 
defines that fraction of the heat flux transmit ted to a shield f rom extraneous sources  of energy which, in 
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TABLE 2. Calculat ion F o r m u l a s  for  the Case of Body A and 
Shields 1 to n E~iclosed Inside Body B with No Inner Surfaces  of 

any Closed Sys tem thus F o r m e d  Having Concavi t ies :  eA = �9 �9 �9 
! ?I 

= e m' = e m'' = . . . = e B = ~; Fm = Fm = Fm and FA/F I = Ft/F 2 

=...=Fn/F B = go 

r 

o 

II 

tl 
<Y 

qb=:O- o I - - T  n+~ eeqFA 

l 

( q3m-- q) n+l l ~ q ~ m  4)  4 

r = r + Q [m - i s _ _ . L _  ~ 
l--q~ +(n-t-l)  l__q#+l 

T m = [ ( T ' m )  "1 _ [ _ ~ ~ m m - - ( n q - l ) T n - m + ' q - ( n - - r n 4 - 1 ) g ~ n + J ' ]  

~ (n+_ l) ~ n + l ]  % = r  _ ~ + ~  z 
C A = q 3 - - Q  1 - -  T t - - T n +  t J 1 1 

CA = ~ - Q e  l - ~ n + t  , ~ B = r  

1 - -  fpe 

l _ _ ~ n + l '  

e > m  

r =: qb A 
I 

rm = ( r . , ) '  + . ~  0 - -  ~"+') (I - -  ~) ' 

qbm ~ qbB I 
e < m [ Qe (q~m--q~n+l) ( l - - ~ e )  ]--( 

T,n = ( Tin)' -I- aOeeqF A (1 - -  q~n+,)(1 q~) . 

% 

in-- 1 
I - -  t~ k (~k __ q)n+t 

k ~ 1 k =:tn 
m--1 

1 , ~,n __ ~,,-t-1 1 -- qJ__~__~ _ 

k=l 
1 

, 2  n+1)7 + 1--~  Qh l--r 
k~rn 

CA = <b - -  Q~ I - -  ~n+l ' dp B = qb --~ Qh i - -  ~n+l 

the final ana lys i s  (as a r e s u l t  of r ad ia t ive  heat  t r ans fe r ) ,  is impar t ed  to su r face  B, while the r a t i o  eABHAB 
/ekBHkB r e p r e s e n t s  the f r ac t ion  impar ted  to su r face  A. 

It is  evident  that the condit ions for  a most  effect ive sh ie ld ing  (number of sh ie lds ,  the i r  g e o m e t r y  and 
opt ica l  c h a r a c t e r i s t i c s ,  a l so  the influence of ex t raneous  s ou r c e s  of energy) of su r f ace  A or  B should be found 
f r o m  the equation ~A = 0 or  OB = 0 r e s p e c t i v e l y .  

The degree  of sh ie ld ing  can be evaluated on the b a s i s  of the r a t io  #A/~0  < 1 for  su r face  A and ~B/#0  
< 1 for  su r f ace  B. Here  

% == %%q,OHO (v~ - ' r~ )  

is  the r e su l t an t  r ad i a t i ve  heat  flux t r ansmi t t ed  f rom A to B when there  a r e  no sh ie lds  between these  two s u r -  
f aces ,  and H 0 = HAB. 
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TABLE 3. C a l c u l a t i o n  F o r m u l a s  fo r  the  C a s e  of Body  B and 
Shie lds  n to 1 E n c l o s e d  In s ide  Body  A wi th  No Inner  Su r face  of any 
Closed  S y s t e m  thus F o r m e d  Having C o n c a v i t i e s :  e A = . . .  = e~n 

= ~ n = -  �9 �9 = ~B = ~; F~a = F ~ =  F m and F I / F  A = F 2 / F  1 = . . .  
= FB/F n = r# 

~176176 C 

Qe 

o 

IJ ( l - - q )  ~ ~n-m+l__q)n+t 

qb = a. l - -  q)n+, eeqFB ( r 4 - -  T4B)' 

'§ I1 
- 1 

[ I  1 - -  { ~ n - m , + l  4 )--4" 
II T , n =  T4 - ~ - - - ~  TB 1 - -  q3n+ 1 

~ m = r  m +  r - - ~  1z~-"u ~ ' 

1 

rm a [( T" ,,I . Q_~__.  n-m+~ (n - -  m :b _1)_ =- (n @.1) r j myn+l]~- 
m) ~- aOeeqF B r ' ( l - - q~n+ l ) (1 - -T )  ' ] ' 

( - ) [' ~ ( n + l ) ~ n + l  ] 
n + l  1 q b B = q S + Q  1 - - T  l : - -q  ~n+l r = q ' "  Q ,1 Z ~2+~ I q~ 

o 

% 

4. 
c7 

qbA = ~ -- Qe 1 - -  qD n+t 
CB = '~ { Qe ~. -e+l__ (~+1 

1 - -  (pn+l 

e m{ T,,, �84 [(T,;,), t Qe 

(ibm == CA 

(~n-tn+I ' q )n+ l )  (I Zq9  n-e-t-l) ] 4 

(1 - -  ~ + q  (t --- cp) ] ane eqF B 

1 e<n /T :, [(T,:)' Oe 

qStn ~ qb B 
l 

,. n'u8 e QF B 

E q)n-k+l __ ~n+l " 1 - -  ~n-h+l 
qZm = q~ -I- Qk 1 --:. r Qh 1 - -  q~n+l ' 

k=l :k=m 
m--l 

�9 V o,, ; 7 ~  f,,= [(r,.)'" +~"~q-~,~ z,  - , _ 2 ~  'P ...... + " ~  ~"-"+' - r 

! 
'P ..... + ~  r ~ O,; _i__r )]-c 

+ I - - , , p  " I - -  q ~ . + l  " ] j  ' 
k~m 

n n 
dl)A~dl9 EQh l--q~ E Q  ~ (~tl-k'i-l--qDn-}'l 

- = , - ~ T  r 1 6 2  1 -~'~+~ 
k=l k~l 

+ 

The r e s u l t a n t  hea t  f lux t r a n s m i t t e d  to any s h i e l d  i s  a funct ion  of the s h i e l d  l oca t ion ,  in the  g e n e r a l  
c a s e  w r i t t e n  down as  

Qt,~ := .I qo,t~ (x, g, z) dv. 
V 

a)  I f Q t  = . . .  = Q m = - - .  = Q n =  0, we  a r e  d e a l i n g  wi th  " f loa t ing"  s h i e l d s .  H e r e  CA = . . . = ( I ' m = . .  �9 
= # n  = i$ and (3), (6), and (7) a r e  r e p l a c e d  by  the s a m e  s i n g l e  e x p r e s s i o n  

([9 =- %SABH AB (T~ - -  T4), 
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w h i l e  E q .  (4) b e c o m e s  
1 

T m =  { --8ABH AB IA'r'4 .3i_ --8ABH AB T4 )-4- 
8mBHmB EAmHAm 

T a k i n g  a l l  t h i s  i n to  a c c o u n t ,  t h e  g e n e r a l  E q s .  (3), (4), (6), a n d  (7) c a n  b e  r e w r i t t e n  a s  f o l l o w s :  

m--I n 
(~)m : ~9 -~- Z Qk 8ABHAB Z Qh 8ABHAB 

8Ak H Ak ekBH~ B k~l Ir 
(3') 

i 

Z Qh SABHAB Qk 8ABHAB -4- 

rrn (Tin)4 -~ 8AkHAk ekBgkS 
= k=~ + (4') 

ff OgmBHm B ' (IOg Am H A m ' 
t~ 

~A = CfD -- Z Q~ 8ABHAB 
%~Hk s , (6') 

~_~ eABHAB 
C B = '~ + Q~ ~AkH A~ (7') 

H e r e  ~ a n d  T~n a r e  t h e  r e s u l t a n t  r a d i a t i v e  h e a t  f l u x  a n d  t h e  t e m p e r a t u r e  of  s h i e l d  m a t  t h e  s a m e  i n i t i a l  

c o n d i t i o n s ,  o n l y  n o w  t h e  s h i e l d s  a r e  i m m u n e  to t h e  i n f l u e n c e  of  e x t r a n e o u s  s o u r c e s  of  e n e r g y .  

b)  If  Q1 = . �9 . = Q m  = �9 �9 �9 = Qn = Q, i . e . ,  t h e  s h i e l d s  r e c e i v e  e q u a l  h e a t  f l u x e s  f r o m  e x t r a n e o u s  s o u r c e s  

of  e n e r g y ,  t h e n  E q s .  (3), (4), (6), a n d  (7) b e c o m e ,  a f t e r  r e s p e c t i v e  t r a n s f o r m a t i o n s ,  
n+l 

q5 m =: q3 -~- QSABH A B Z m___ --__~ 
. . . .  ~'----t eeq ,~H* ' 

1 

Tm==[(T;n)4+ Q (WAI:~HA B ~I In- - - -~-~SABHAB--  ~ - - - - n + l  i - - m  )]  T ,  
Oo \ emBHmu eeq,/H i eAmHAm := eeqjHi  '= I m + l  

n+! 

eeq,~Hl ' 

t/ 
CB = r + Q~ABHA~ ~ n - -  i -I- 1 .  

eeq,iH i i=l 

e) If  Qt  = �9 �9 �9 = Q e - !  = Qe+ l  = �9 �9 �9 = Qn  = 0 w h i l e  Qe  ~ 0, t h e n  

q5 A = q5 - -  Qe eABHAB and cI) s = q~ + Qe 8ABI-tAB 
8eBl"leB 8Aem Ae 

w h i l e  
l 

ffO8Am ['I Ar n 8 eBH eB 

f o r  e -> m ,  a n d  

i 

dPm =r a T,~:  (Tin)4+ %emBHmBSAeHA e i 

f o r  e < m .  

L e t  u s  c o n s i d e r  s o m e  of  t h e  m o s t  c o m m o n  p r a c t i c a l  c a s e s .  

1.  A a n d  B a r e  p a r a l l e l  p l a n e s ,  v e r y  l a r g e  a s  c o m p a r e d  to t h e  d i s t a n c e  b e t w e e n  t h e m :  gA = �9 �9 �9 = e~a 

= e ~ n  = . . .  = e B = e a n d  F A = . . . =  F~n = F~n = . . .  = F B = F .  
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In  t h i s  c a s e  

(PAl : qglA . . . . .  ~%B := q)~. := I ; H 1 . . . . . .  H,,+l : H a u  : �9 ," := H k B :  F 

8 
and ~eq, I .-'= . . . .  ~eq ,n+l  "= ~eq  == 2 __  e " 

S u b s t i t u t i o n  i n to  E q .  (5) y i e l d s :  

1 l 1 
CAB n -~- I e e q '  earn - - m  eeq '  8mB n - - m - ,  t-- 1 eeq ' e tc :  

T h e s e  e x p r e s s i o n s  a r e  v a l i d  f o r  d i f f u s e l y  r e f l e c t i n g  a s  w e l l  a s  f o r  m i r r o r  s u r f a c e s .  

In T a b l e  1 a r e  g i v e n  c a l c u l a t i o n  f o r m u l a s  f o r  t h i s  c a s e .  

2 .  B o d y  A a n d  s h i e l d s  1 to  n a r e  l o c a t e d  i n s i d e  b o d y  B ( s ee  t h e  p i c t u r e  in  T a b l e  2) in  s u c h  a w a y  t h a t  

n o  i n n e r  s u r f a c e  of  a n y  c l o s e d  s y s t e m  t h u s  f o r m e d  h a s  c o n c a v i t i e s :  e A = . . .  = e~n = e ~  = . . .  = e B = e; 

F~n = f ~ n  = F m a n d  F A / F  1 = F I / F  2 = . . .  = F n / F  B = ~p. 

If  t h e  s u r f a c e s  a r e  d i f f u s e l y  r e f l e c t i n g ,  t h e n  ~0A1 = ~012 = . . .  = ~0nB = 1, ~01A = ~021 = �9 �9 �9 = r = ~o, 

H1 = HAB = H A m  = FA ,  H m = F r o _  l, H m B  = F m e t c . , a n d  eeq  ,1 = �9 �9 �9 = eeq ,  n+l  = eeq  = e / ( 1  + (1 - e ) ~ o ) .  

If t h e  s u r f a c e  a r e  m i r r o r s  in  t h e  s h a p e  of  c o n c e n t r i c  s p h e r e s  o r  l o n g  c o a x i a l  c y l i n d e r s ,  t h e n  t h e i r  

e m i s s i v i t i e s  w i l l  b e  [6]: 

g 
l='cq,1 . . . . . . .  a 'eq,n+l = e c q -  2 -  ~ ' 

a n d  t h e i r  m u t u a l l y - i r r a d i a t i n g  s u r f a c e  a r e a s  w i l l  b e  t h e  s a m e .  

I n s e r t i n g  i n t o  E q .  (5) w e  h a v e  

1 - -q>  1 - - ~  1 - - tp  
~A~ 1 . q0 7~'+1 ~eq: e;A,u 1 = ~,n eeq; emt~ - 1 --- (pn--mvi eeqetC" 

In T a b l e  2 a r e  g i v e n  c a l c u l a t i o n  f o r m u l a s  f o r  t h i s  c a s e .  

3 .  B o d y  B a n d  t h e  s h i e l d s  f o r  n to  1 a r e  i n s i d e  b o d y  A ( s ee  t h e  p i c t u r e  in  T a b l e  3) in  s u c h  a w a y  t h a t  

n o  i n n e r  s u r f a c e  of  a n y  c l o s e d  s y s t e m  t h u s  f o r m e d  h a s  c o n c a v i t i e s :  e A = . . .  = e ~  = e ~  = . . .  = e B = e; 

f ~ n  = F~n = f m a n d  F 1 / F  A -- F 2 / F  ~ = . . . = F B / F  n = ~0. 

In  t h i s  c a s e  q~Ai = ~~ = "  �9 �9 -- ~ n B  = ~P; ~~ = ~~ = �9 �9 �9 = ~ B n  = 1; H i = F i ;  H m = Fro ;  H A B  = F B ;  
H A m  = Fro ;  H m B  = F B ;  H A k  = F k e t c . ,  a n d  t he  g i v e n  e m i s s i v i t i e s  a r e  t h e  s a m e  a s  in  c a s e  2 .  

In T a b l e  3 a r e  g i v e n  c a l c u l a t i o n  f o r m u l a s  f o r  t h i s  c a s e .  

T h e  e q u a t i o n s  d e r i v e d  h e r e  m a k e  i t  p o s s i b l e  to  e x a m i n e  t h e  p h e n o m e n o n  of  r a d i a t i v e  h e a t  t r a n s f e r  

a n d  to d e t e r m i n e  t h e  c o n d i t i o n s  of  m o s t  e f f e c t i v e  s h i e l d i n g  i n  a c l o s e d  s y s t e m  w h i c h  c o m p r i s e s  two s u r f a c e s  

of  a n y  s h a p e ,  w h e n  t h e  s h i e l d s  p l a c e d  b e t w e e n  t h e s e  s u r f a c e s  c a n  b e  s u b j e c t  to  a d d i t i o n a l  h e a t  e f f e c t s  f r o m  

e x t r a n e o u s  s o u r c e s  of  e n e r g y .  

TA,  T B ,  FA ,  F B ,  eA,  ~ B 

W m 

T~n 

W F~n, e m 
eeq, i 
eik 

~~ 
Hik 

Qk 

NOTATION 

are the temperatures (~ the areas (m2), and the emissivities of surfaces A and 
B; 
is the temperature of shield m; 
is the temperature of the same shield without extraneous influences; 
are the area and the emissivity of a shield surface exposed to A; 
are the area and the emissivity of a shield surface exposed to B; 
is the equivalent emissivity of a closed system i; 
is the equivalent emissivity of closed systems i-k; 
is the mean angular coefficient of radiation from surface F i to surface Fk; 
is the area of a mutually-irradiating surface in a closed system ikwithout any other 
bodies present; 
is the net heat flux to a shield, positive (keal/h); 
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~m 
o- 0 

qv, k 
x,y,z 

XQ 
2. 

3. 
4. 
5. 
6. 

is the net radiative heat flux in a closed system m (flux to B positive, flux to A negative) (kcal/h); 
is the absolute black-body ~:adiation constant, 4.9.10 -8 kcal/m 2 .h .  deg4; 
is the specific heat flux transmitted to unit volume k of a shield from extraneous sources of energy; 
are the space coordinates. 
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