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An ana lys i s  i s m a d e  h e r e  of the rad ia t ive  heat  t r a n s f e r  in the gas - f i l l ed  space  between two 
concent r ic  sphe re s .  

A comple te ly  c o r r e c t  solut ion to the p rob l em of radia t ive  heat  t r a n s f e r  between a g ray  i so the rma l  
med ium and i so t rop ica l ly  ref lec t ing  boundary su r f aces  is, at the p re sen t  t ime,  known only for  the s imples t  
g e o m e t r i c a l  shapes :  an inf':nitely long s t r a tum,  a sphere ,  and an infinitely long cyl inder .  In the case  of a 
s t r a t u m  or  a sphere  with m i r r o r  s u r f ace s  such a solution has  been obtained for  a g ray  medium as well  as 
for  a se lec t ive ly  emit t ing gas  [1]. 

We will cons ider  he re  the radia t ive  heat  t r a n s f e r  between an i so the rma l  gas,  g ray  or se lec t ive ,  
occupying the space  of a spher i ca l  r ing bounded by an inner  su r face  k and an outer  su r face  i which a r e  

�9 e i the r  m i r r o r  o r  i so t rop ica l iy  ref lec t ing.  

Radiat ive Heat  T r a n s f e r  in ~.he Case of a Gray  Gas and Iso t ropica l ly  Reflecting Sur faces .  The ab-  
so rp t iv i t i e s  of the med ium will be equal he re  to its e m i s s i v i t i e s .  
su r f ace  a re :  

4 

Qinc~ = FiaG~(~oTG~-Qeffir (1-- a . )  -k Qeff (1-- alk), 

Qincn = Yhamao 7~G + Qeff %h( 1 -  aih)" 

The  magni tudes  of t he rm a l  f laxes  Qinc and Qeff a re  re la ted  according to the equation in [1, Chapter  1]: 

Qeff = Qinc R H'- FA% Ta. 

The equations of heat  balance for  each 

(1) 

(2) 

(3) 

The gas has  an absorp t iv i ty  r e f e r r e d  to radia t ion  f r o m  sur face  i 

a~jt = 0m~k § (1-- o)) a , .  (4) 

The  angula r  coeff ic ients  a r e  
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Fig.  1. Schemat ic  d i a g r a m  for  f o r -  
mulas  (11)-(13). f aces .  The resu l tan t  heat  t r a n s f e r  at su r face  k is 
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~ = ~, (p, = 1-- co. (5) 

Af ter  solving these equations, we eas i ly  find the resu l tan t  
amount of heat  t r a n s f e r  at su r f aces  i and k. Omitting all the 
in te rmedia te  calculat ions,  which are  unwieldy but not difficult 
in pr inciple ,  we show the final resu l t :  

+ An(p, h (l--a,a) (T~ - -  T:)} {I--  R~(p~ (1-- at, ) - -  R,Racp~a (1-- aia)'}-',(6) 

QRk= FhAh% {[a~h q-R~ac;), (1-- a,h ) --R~q~.a,h (1-- a~)] (T~-- T~) 

H- A, (1- -  a,.,,) (T~- -  T~)} {1- -  R,q),~ (1--  a , , ) - -  R,R~%,. (1 - -  a,~)=} -~, (7) 

QRG . . . .  (Q~+ QR~- (8) 
Radiat ive Heat  T r a n s f e r  with M i r r o r  Reflect ion at the Sur -  
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and at surface  i is 
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Fig. 2. 

Fig. 3. 
faces .  
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Schematic d iagram of radiant fluxes originating in the gas .  

Schematic d iagram of radiant fluxes originating at the s u r -  

QRk=Fk [qG(k)+lq~(k ) - i -q~(k ) - -q~  ' ( o  (9) 

QRi = F~ [q~(i) § q'G(i) -~- a; (i) + q; (i) -~ o~qh (i) - qr (i)] . (10) 

We will f i rs t  derive a few auxil iary relations.  We consider  a beam of rays in the i sothermal  gas 
along path x (Fig. 1). These rays t r ave r se  in the gas n - 1  segments  of length x each. The t r ansmiss iv i ty  
of the medium here along the path (n -1 )x  

D(,~_i)~ = did * . . .  d n _ i ,  (11) 

according to the definition, with dl, d 2 . . . .  denoting the t r ansmiss iv i t i e s  of the medium in each segment,  
will be found with the aid of formula  (2-136) in [1]: 

D ( n _ l )  x Snx --  e('~-l)x (1 2 )  
s 

Considering the surface  radiation absorbed by the gas, we have 

n ( n _ l )  x = I - -  a ( n _ l ) x  , (13) 

with a(n-t)x denoting the absorptivity of the gas with respect  to this radiation. 

These relat ions apply also to rays  passing through a gas layer  of thickness x along a broken-l ine 
path as a resul t  of m i r r o r  reflections at the boundary sur faces .  

The totai gas radiation incident on a surface element dF k (Fig. 2A) or dF i (Fig. 2B) in any direct ion 
whatever  consis ts  of di rect  radiation f rom the gas along path I and of radiation coming f rom it along such 
segments  as 2, 3 . . . .  reaching surface k or i after  a se r ies  of reflect ions at these sur faces  and absorp-  
tion by the gas.  The amount of energy absorbed by sur faces  k and i can be calculated by adding the se -  
quence of rays  and then integrating over all angles. The resul t  will be 

qG(k) : ~Aha~ ~ ex (1 @ Ridl + RiR~dld~. + �9 �9 .) cos (pd(o, (14) 

2~ 

q'G(i) -- Ai~--~ ~ ex(l+ Rnd i + R~Ridid, + . . . )  cos q~0. (15) 

[0 O 

The d i products  will be now replaced according to formula  (11), after which we use express ion  (12): 

qd~) A~oV~O j" - ~ [~x + R, ( ~  - -  ~x) + R,R~ (~3~-- ~ )  + -..] co~ ~d~, (~ 6) 
2~ 
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q~(i) AV~~ S - + + - + . .  ] (17) 

In o rde r  to t r a n s f o r m  Eqs .  (16) and (17), we use  the identity 

after which we integrate the obtained expressions: 

l _~. T 4 q~fl) a o G [A,A~%,(i, k, V G) + A~R,x,(i,  k, TG) ] 
. %)] = V' [A~A~x,(i; k, Tm)+A,R~x~(~, k, , q~,(i) r ~ , ,  

where  

(lS) 

(19) 
(20) 

X~(i, k, To)= ~,(i, k)+  R~Rh~3,(i, k )+  . . . .  

~2(i, k, TG)= e2r(i, k)-}-R~Rksa,.(i, k ) +  . . .  (21) 

Coeff icients  ~kr in (21) r e p r e s e n t  the mean  emi s s iv i t i e s  of the medium between su r faces  i and k. The sub-  
s c r i p t s  r, 2r, 3 r , . . .  indicate that the r e spec t ive  values  of e r e f e r  to the original  s y s t e m  with radi i  r i and 
rk, to a s y s t e m  of twice the d imens ions ,  to a s y s t e m  of three  t imes  the d imensions ,  etc.  r e spec t ive ly .  

In addition to radia t ion mult iply ref lec ted  between su r faces  i and k, sur face  i r ece ives  also radia t ion 
emit ted  by the gas  in d i rec t ions  beyond the other  sur face  k (Fig. 2B). The amount of this radiat ion is de-  
t e rmined  in the s ame  manner  as qr(i).  We have the following express ion  for  the energy  of this gas r ad ia -  
tion absorbed  by sur face  i: 

qG(i) = %T~A~,~,x3(i, i, To), (22) 

where  

i 2 . . . ,  xa(i, i) = xl(i, i) : -  R~X.z(i, i) - e,.(i, i) + R~e2,(i , i) + R~ a~(t, i) + (23) 

In o rde r  to de t e rmine  qk(i), qk(k), qi(k), ~(k) ,  and q[(k), we examine the path which the r ays  emit ted  by 
e a c h o f  the su r f a ce s  k and i t r a v e r s e  as a resu l t  of ref lec t ion  at the su r faces ,  absorp t ion  by the su r faces ,  
and absorp t ion  by the gas .  

A unit a r e a  of su r face  k emi t s  a radiant  flux Ako'0T ~ (Fig. 3A). One pa r t  of this flux is absorbed  by 
su r f ace  i: 

AhcsoT~ A i f  (d I + RtRhdld~ds -[- . �9 .) cos q~d~o, (24) q~ (i) 
2 ~  

and another  pa r t  by the s a m e  su r face  k: 

qk (k) - Aka~Tk Ri (dld,~ + RiRkdfl.,dfl~ + . . .) cos rpdm. (25) 
J I  " 

2r~ 

The d i products  in Eqs .  (24) and (25) will now be replaced  according to (11) and (13), the infinite s e r i e s  
inside the b r acke t s  will then be summed,  and the final expres s ions  in tegra ted  

qh(i) = A~Ah%T~[ 1 Xla(i, k, T h, TG)I, (26) 
[ 1 -  R~Rh J 

2 4 [ 1 X2a(i, k, T~, TC), (27) qk (k) = AkRfloTk 1-- R1Rh 

with • and X2a denoting functions analogous to )/1 and • in (21) but of black (gray) radia t ion absorp t iv i t i es  
r a t he r  than of gas  emi s s iv i t i e s ,  T k denoting the sur face  t empe ra tu r e ,  and T G denoting the gas t e m p e r a t u r e  
to which they a re  r e f e r r e d .  

In an analogous manner  we der ive  exp res s ions  for  the radiant  fluxes emi t ted  by su r face  i: 

q~ (k) = AiA~ehh%~ [ 1 
1 -- R~Rh 

q~ (i) --- A~Rh(P~h(~ o~  l - -  RIR~ 

Xla(i, k, T,, TG), (28) 

. . . .  X2a(i, k, T,, TG), (29) 
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q; (i)= A~(p,FyoT~ [ -1 _I X3a(i, i, T,, TG); (30) 
- -  R i  

and with the aid of these  as welt  as f o rm u l a s  (9), (10), (19), (20), (22), (28i, (29), and (30) we find the r e -  
sul tant  amount  of rad ia t ive  hea t  t r a n s f e r  between su r f aces  k and i: 

Q--~:': % {7~G[AIA,,x.(i. k, T~) + A~R,'z2(i, k, TG) ] -  Ti [A,A.xla(i. k, Ft, 
rt,, r G) 4- A~R,X2a(i, k, r~,, TG)]}- (roA,A • [r~xla(i, k, r , ,  rs)  

--TgXta(i, k, Tk, TG)]- 1- A,Aa%(T4t-T~) ; (31) 
I--RiRh 

F~ 
2 �9 , T 4  ,, T,, TG) 4- A,R~X2a(t, k, T,, TG)]}-a-(1--oO%A~ [ GX3(t, i, T G) 

r T 4 4 
--~X3a(i,  i, T,, TG)] --o)%A,A~. [TtXla(i, k, Tk, TG)-- T~Xla(,, k, T,, Tc)] .+, I--  RzRh ( k - - T , ) .  (32) 

He re  QRG is found accord ing  to fo rmula  (8). 

In the case  of a g r ay  medium,  Xta = X1 and X2a = X2, both becoming independent of the t e m p e r a t u r e :  

QRk _ % [AiAhx I (i, k) + A~ Ri Z2 (i, k)] ( ~ - -  Ti) 

4- A,Ahao'Z~ (i, k) (r~ -- r~) 4- a o A,A~ ( ~  -- T~) ; (33) 
1-- R,R~ 

QR.__i_i = r [A,Ahz , (i, k) 4- A~R,x~ (i, k)] ('~G-- T~) 
F~ 

4- (1-- o)) (roAix~ (i, t)" (T~4 _ T ~) - -  ~O(roAiA~,xt (i, k)(T~ -- T~i) 4- eoA,A~,%I_ RIR~ (T~ ~ --  T~).4 (34) 

When gases  a re  se lec t ive  e m i t t e r s ,  then the absorp t iv i t i e s  of the med ium are  not equal  to i ts  e m i s s i v -  
i t i es .  F o r  gaseous  ca rbon  dioxide and wate r  vapor ,  for  example ,  the absorp t iv i t i e s  r e f e r r e d  to radia t ion  
f r o m  black or  g ray  walls have been de te rmined  in [2, 3]. Fo r  a unidi rec t ional  radia t ion we have 

a(x): Ts , 

with n = 0.65 for carbon dioxide and n = 0.45 for  wa te r  vapor .  We wilt now rewr i t e  e x p r e s s i o n  (35) for  each 
ray between any su r f aces  F i and F k whatever .  We then mult iply it by cos,) i cos , )kdFidFk/Fizrx 2 and in te -  
g ra te ,  obtaining on the lef t-hand side the absorp t iv i ty  of the med ium between the two su r f aces  t imes  the 
angular  coefficient  for  radia t ion f rom su r face  i to su r face  k, and on the r ight -hand side the quantity (T G 
/Ts)nq~iks (STs /TG,  Ts)  , where  S denotes  the c h a r a c t e r i s t i c  geome t r i ca l  d imens ion  of the radia t ion  s y s -  
t em.  T h e r e f o r e ,  

F o r m u l a  (36) can be used for  exp res s ing  • and •  
equal i t ies :  

%1a(i, k, Ts, TO, r ) :  ( TG ~n~l 

X2a(i, k, T s, T G, r ) =  (~ l~X2 
"1.]\ "S 

T n 

the gas - f i l l ed  space  in t e r m s  of the following 

( T,) / , k ,  rG, , 

(i, k, TG, rTs ~ 
To]' 

With the aid of these  solut ions,  one can then de t e rmine  the rad ia t ive  heat  t r a n s f e r  within a spher i ca l  
l aye r  of a g ray  med ium with i so t ropic  re f lec t ion  f r o m  the boundary su r f aces  ( formulas  6 and 7), a g r ay  
med ium with m i r r o r  re f lec t ion  at the boundary su r f aces  ( formulas  33 and 34), or  a se lec t ive  med ium with 
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m i r r o r  reflection at the boundary sur faces  (formulas 31, 32, and 37). These formulas  are  ent irely c o r -  
rect .  For  a gray medium they can be used with any degree of accuracy;  for a selective medium the accu-  
racy of this solution is limited by our ignorance of the emiss iv i t ies  and the absorpt ivi t ies  of gases .  The 
radiative heat t r ans fe r  in a select ive medium with isotropic reflection at the boundary sur faces  can be 
es t imated approximately f rom the amount of radiative heat t r ans fe r  with m i r r o r  reflection, namely the 
lat ter  amount multiplied by the respect ive  rat io of heat t ransfer  with isotropic reflection to heat t ransfer  
with m i r r o r  reflection for a gray medium. 

The data on determining e(i, k) and e(i, i) as well as on their  values can be found in [1, 4]. 

F r o m  these solutions for isotropic reflection and m i r r o r  reflection follow a few special  cases :  for 
a sphere with q~ik = 0 and ~ii = 1, 0, for a s t ra tum with q~ik = 1, 0 and q~ii = 0, and for radiative heat t r ans -  
fer  within a d ia thermal  medium with aik = aii = e(i, k) = e(i, i) = 0. The sequence of the heat t r ans fe r  ca l -  
culations for  radiation f rom a s t ra tum has been shown in [1]. 

The formulas  are  valid also for radiative heat t r ans fe r  within the space between two infinitely long 
coaxial cyl inders .  

The mate r i a l  presented here is also applicable to the calculation of Selective radiation in various 
a reas  of heat engineering.  
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NOTATION 

is the gas radiat ion energy absorbed by surface i, r e f e r r e d  to radiant fluxes between 
sur faces  i and k, per  1 m 2 of surface i a rea ;  
is the gas radiation energy absorbed by surface  i, r e f e r r ed  to radiant fluxes beyond 
surface k, per  1 m 2 of surface i a rea ;  
is the gas radiation energy absorbed by surface k, per  1 m 2 of surface k area ;  

energy emitted by surface k and absorbed by surface i, per  1 m 2 of surface k 

energy emitted by surface k and absorbed by surface k, per  1 m 2 of surface k 

energy emitted by surface i and absorbed by surface  k per  1 m 2 of surface i 

energy emitted by surface i and absorbed by surface i, r e fe r red  to radiant 
between sur faces  k and i, per  1 m 2 of surface i a rea ;  
energy emitted by surface i and absorbed by surface i, r e f e r r ed  to radiant 
beyond surface  k, per  1 m 2 of surface i a rea ;  
intr insic radiation of surface i per  1 m 2 area;  
intr insic radiation of surface k per  1 m 2 area;  
incident radiant flux; 
effective radiant flux; 
resul tant  radiant flux; 
surface  a rea ;  

is the radius;  
is the differential  of solid angle; 
is the solid angle subtending surface k as viewed f rom elements  of surface i; 
is the angle between normal  to surface k and the s t ra ight  line joining two surface ele-  

ments dF i and dFk; 
is the angle between normal  to surface  i and the s traight  line joining two surface 
elements  dFi and dFk; 
is the angular  coefficient f rom surface i to surface k; 
is the angular coefficient f rom surface  i to itself;  

is the absorpt ivi ty of the sur faces ;  
is the reflect ivi ty of the su r faces ;  
is the absorptivi ty of the medium along path x; 
is the emiss iv i ty  of the medium along path x; 
is the absorptivity of the medimn between sur faces  i and k; 
is the absorptivi ty of the medium between surface i and surface i; 
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~(i, k) 
ai, i) 
di, Dx 

~o 
T 

is the e m i s s i v i t y  of the med ium between su r f ace s  i and k; 
is the e m i s s i v i t y  of the med ium between su r f ace  i and sur face  i; 
a r e  the r e spec t i ve  t r ansmi t t i v i t i e s  of the medium;  
is the b l ack - r ad i a t i on  constant ;  
is the absolute t e m p e r a t u r e .  

Subscripts 

i r e f e r s  to su r face  i; 
k r e f e r s  to su r face  k; 
G r e f e r s  to gaseous  medium;  
R r e f e r s  to resu l tan t  flux; 
eff  r e f e r s  to effect ive flux; 
inc r e f e r s  to incident flux. 

1. 

2. 

3. 
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