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Exac t  equations a r e  fo rmula ted  which desc r ibe  the r ad i a t i ve -conduc t ive  heat  t r a n s f e r  in a 
cy l indr ica l  l aye r  of any thickness  and approx ima te  solut ions to them a re  then found. 

In m o s t  s tudies  of compound heat  t r a n s f e r ,  by both conduction and radia t ion through a m a t e r i a l ,  one 
cons ide r s  a plane l aye r  of s e m i t r a n s l u c e n t  m a t e r i a l .  Only in [1-3] cons idera t ion  is given to rad ia t ive  
- conduc t ive  heat  t r a n s f e r  in a med ium with a m o r e  in t r ica te  geome t ry ,  namely ,  a spher i ca l  l aye r  in [1] 
and a cy l indr ica l  l aye r  in [2, 3]. In the case  of s e m i t r a n s l u c e n t  sol ids the neces s i ty  of analyzing the r a d i a -  
t i ve -conduc t ive  heat  t r a n s f e r  in a cy l indr ica l  l a y e r  is dictated by the fact  that the the rmophys ica l  p r o p -  
e r t i e s  at high t e m p e r a t u r e s  a r e  often studied on cyl indr ica l  spec imens .  Compound heat  t r a n s f e r  in a non- 
se lec t ive  medium has been analyzed in [2] on the bas i s  of the Eddington approximat ion ,  cons ider ing  the 
m e a n - o v e r , a l l - d i r e c t i o n s  radia t ion intensi ty  and r e p r e s e n t i n g  the radia t ion flux in gradient  fo rm.  Such a 
mode l  is ve ry  approx ima te  and i ts  use  is jus t i f ied only for  opt ical ly  v e r y  dense media ,  as  we well  know, 
s ince in o ther  c a se s  it leads  to l a rge  e r r o r s  [4]. In [3] is cons idered  an optical ly thin l aye r ,  for  which the 
or ig ina l  equations can a lso  be g rea t ly  s impl i f ied .  The exp re s s ion  for  the rad ia t ion  vec tor  in [3] does not 
make  it  poss ib le ,  however ,  to s epa ra t e  the components  a s soc i a t ed  with radia t ion f r o m  the boundary s u r -  
faces  of the l a y e r  and the solution obtained there  is appl icable  when the ef fec t  of rad ia t ion  is smal l .  

The study here  will be concerned  with s teady r a d i a t i v e - c o n d u c t i v e  heat  t r a n s f e r  in a cyl indr ica l  
l aye r  of any th ickness ,  and the solution will be based  on the in tegra l  equations of a t e m p e r a t u r e  field. 
The a r t i c l e  will appea r  in two p a r t s .  In P a r t  I we formula te  the fundamental  equations,  which appea r  much 
m o r e  compl ica ted  than in the case  of a plane l aye r  so that even a compu te r - a ided  solution b e c o m e s  r a t h e r  
unwieldy. This  solution will be shown in P a r t  II, where  the t e m p e r a t u r e  f ields will a lso  be analyzed.  In 
many  cases ,  however ,  r e su l t s  can be obtained by  a somewhat  s i m p l e r  p rocedu re  on the ba s i s  of s impl i f ied  
re la t ions .  This  will be demons t r a t ed  he re  in evaluat ing the accu racy  of the thus obtained values of the 
spec t r a l  p r o p e r t i e s  of a s em i t r ans l ucen t  m a t e r i a l .  

Fundamenta l  Equat ions .  We cons ider  a s e m i t r a n s l u c e n t  medium bounded by two coaxial  cy l indr ica l  
su r f aces  with the r e spec t i ve  radi i  r 1 and r 2 (r I < r2) and spec t r a l  m i r r o r  r e f l ec t iv i t i e s  Riu and R2u. The 
the rmophys i ca l  and the optical  p r o p e r t i e s  of the m a t e r i a l  a r e  a s s u m e d  the s ame  at  all  points in the l ay e r .  
Solving s imul taneous ly  the equation of rad ia t ive  heat  t r a n s f e r  and the equation of ene rgy  conserva t ion  for  
the s teady s tate  without in ternal  heat  sou rces ,  we obtain the following nonl inear  in tegra l  equation of the 
t e m p e r a t u r e  field (a s t e p - b y - s t e p  der iva t ion  has  been  given in [5]): 

i h} (r) = Qq In 1---" - -  4 t [B, (v, TI) _ B 2 (v, To)] [F 1 (r) q- t:2 (r)] 
/'1 v=O 

p=rg 

. 5 p)#}-d,,, (II 
P=rt  

with the following designat ions:  

r r~l t  ~t/2 

l = r ,  z=0 r  

k~,(v.-- va) 1 k~.(vz-- 2v~ +v2)j} 
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F~ (r) = 

X {1__ RlvR=~exp I 2kv (U2--UI)}-ICOS2 COS ~ ] ~d$dzdt; 

I ~/2 

t=rx z=ra/t ~=0 

X [ 1--R~vexp \ - -co- -~J  

vz = V r~ - -  t~z=; us = 1 / ~ _  t=z=; v8 = t ]1/ 1 ~ z 2 ; v~ = ]/p= __ t=z=; 

t~r  

K~ (r, p) = j~ K (t, p)dr; 
t ~ r  t 

z=O ~=0 

X(1--Rl oxp(- )) �9 ) 2k.r (O 3 -- U1) RlV exp ( -- k~ (v a + v4-- 2v0 
cos ~p cos r 

cos ,  ) ) ]  [ 1 - -  Rl~R~exp ( cos ,  ]J 
p/t zq2 

(2) 

(3) 

(4) 

--exp('- k~(~3--~176 ,, ~. ~dz-- j' J' {exp(- k~(~3--~ 
z=r=/t ~=0 

+ e x p (  kv(v3+v*)~-T k~(v3 + 2v2--v4) / - 

- -  exp k~(2v~ ~ v s + v4) 1 ~ R2v exp \ cos ~p p d~p dz; (4a) 
COS ~ D 4 

(p < t); 
r=/t g/2 

z=O ~=0 

1 7r/2 

~,, cos, ) 
z=r i / t  'q.~= 0 

- - e x p (  k ~ ( v 3 - k v . )  Iexp ( kv(2Oe-~-~'a-- ~ 
q- exp ( k , (2V,  cos+ VS + V,) exp( c o ~  / 

- -  exp k~ (2v~ --  v 3 -{- v4) 1 - -  R,2, exp cos ~ / j j v 4 
COS 

(p > t). (4b) 

Here  the spectra l  luminance of the boundary sur faces  and the radiation coefficients a re  defined by the 
equalities B2(v, T i) = (1-R2v)n2vIB(v, T i) and Jr(P) = kvn2vIB [u, T(p)], respect ively .  In the derivation of this 
equation we have assumed both the tempera ture  T(rl) = T 1 and the total energy flux Q incident on the inner  
boundary sur face  to be known; the result ing tempera ture  difference AT = T1-T 2 obtained in the course of 
the solution will then be used for evaluating the effects  of various factors .  

682 



Evidently the integral equation (I) contains a substantial nonlinearity due to the complicated tempera- 
ture-dependence of Jv and ]B 2. Considering that in practical applications of semitranslucent materials most 
often ,~ << T t, it becomes possible to linearize Eq. (1). We note that a rigorous evaluation of the lineariza- 
tion error  is generally difficult, since no other methods of obtaining reliable estimates are available, ex- 
cept a repeated solution of the nonlinear equation and of the linearized version for various initial param- 
eter values with a subsequent comparison of the results. Such a comparative analysis for a plane layer [6] 
has shown that, when ,~/T i < 0.I, the linearization error  does not exceed a few percent over a wide range of 
parameter values. Without any further comments, we will now proceed to analyze expressly the linearized 

equation. 

Calculations analogous to those for a plane layer [7] yield 

O ( r ) =  
r~ ~, ,J I_ r, " 

~ r [i I ] 4 ~ (p) l%n~ OIB (v, T) K~ (r, p) dv dg. (5) 
k ~ OT J r ,  " 

F o r  the s o - c a l l e d  " g r a y "  a p p r o x i m a t i o n ,  u s i n g  the s p e c t r a l  p r o p e r t i e s  of the m a t e r i a l  and  of the b o u n d a r y  
s u r f a c e s  a v e r a g e d  o v e r  the e n t i r e  s p e c t r u m  r a t h e r  than o v e r  the o p t i c a l  r a n g e  on ly ,  we ob ta in  i n s t e a d  of 

(5) 
p-~-r z 

Qr, In r 16n2g~ 16n2gT~ ~" ~(r )  = e~ [F~ (r) + F 2 (r)] AT - -  k ~ (p)/<1 (r, p) @. (6) 
k rl n~, " nk J 

The applicabil ity of the "gray" approximation to several semitranslucent materials has been demonstrated 
in [8]. A more thorough comparative analysis of Eqs. (5) and (6) wi l l  be made in the last section of this 
article. 

Approximate Relations. The complexity of the resulting integral equations has to do with the un- 
wieldiness of the analytical expressions for their kernels, which is evident from formulas (4a) and (4b). 
The first approximation to the solution is the free term in Eqs. (5) and (6). In order to give this approxi- 
mation a physical interpretation, we must note that the last of the terms discarded in (5) and (6) refer to 
the intrinsic radiation of the medium (they represent the difference between the radiation of the medium at 
a constant temperature Ti and of the medium at its true temperature distribution T (r)), while the preceding 
terms refer to the radiation of the boundary surfaces (with absorption and multiple reflections in the 
layer). Evidently, the more translucent the medium is and the higher its emissivity is, the closer will 
the free term be to the exact solution. 

For an estimate of the first approximation, we again make a comparison with a plane layer. 

An analog of Eq. (6) for a plane layer is the equation [7] 

a ('~) = a~N - -  N% ~ f a (~) - -  N ~ (~') K (% ~') dr ' ,  (7) 

I) 

where 
~/2 

{ ( ) ( ) F 3 ($) = cos ~ cp sin q~ R1 exp % q- x -k exp %-------~ . 
cos q9 cos q~ 

tp=0  

T O 

and  K(T, r ' )  i s  the  k e r n e l  of the equa t ion  - a c o m p l i c a t e d  func t ion  of 1:ll, I t  2, and  T 0. C a l c u l a t i o n s  have  
shown that  in m a n y  e a s e s  d i s c a r d i n g  the l a s t  t e r m  in (7) c a u s e s  no l a r g e  e r r o r s  in  the d e t e r m i n a t i o n  of 
the  t e m p e r a t u r e  d r o p  AT.  T h u s ,  f o r  a p l a t e  5 m m  t h i c k  wi th  Q = 7500 W / m  2, T~ = 1000~ It = 0.5, 
k = 17.1 m - t ,  and  X = 1.5 W / m  . d e g  the e x a c t  v a l u e  of  AT i s  15.98~ and the f i r s t  a p p r o x i m a t i o n  AT (1) 
= 1 6 . 4 0 ~  F o r a p l a t e  1 8 m m t h i c k  ( Q = 6 5 0 0 W / m  2, k = 1 0 m  - t ,  T t =1100~  a n d R  = 0 ) ,  the r e s p e c t i v e  
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TABLE 1. Tempera tu re  Drops in a Plane Layer  (Exact 
solution of Eq. (7 )AT,  f i r s t  approximation AT (1), QH/X 
=100~ n = 1 . 4 6 ,  e 1 = e 2= e) 

T I, ~ $ l'o A T , ~  AT',  *C 

500 
700 

1000 
1300 

�9 

0,062 
0,076 
0,112 
0,148 
0,192 

0,66 
0,15 
0,066 
0,043 
0,035 

99,5 
98,0 
93,6 
85,0 
75,2 

98,3 
97,0 
92,1 
83,2 
72,9 

values are  9.82~ and 10.25~ A se r i e s  of calculat ions was made for a semit rans lueent  quartz plate 2.4 
m m  thick covered with platinum foil on both sides.  The resul t s  shown in Table 1 indicate that for thin 
l aye rs  the e r r o r  in the value of AT based on this approximation does not exceed 2.5% when the emiss iv i ty  
of the boundary sur faces  is very  low and the tempera ture  is high, so that in this case it is quite unneces -  
sa ry  to use more  complicated and unwieldy formulas  such as those in [9, 10). 

A compar ison  between the f i r s t  approximation and the exact  solution (which will be analyzed in Pa r t  
II) leads to the conclusion that the free t e rm in Eqs.  (5) and (6) may be used for finding the tempera ture  
drop AT a c r o s s  a layer ,  but should not be used for  determining the radial  t empera ture  profile T(r).  A 
simplified relat ion for  AT in the "gray" approximation,  for instance,  would be 

., { 16n~T~ }- '  AT = Qrl In r~ 1 -~ - -  e~ [F1 (r~) ~ F~ (r~)] . (9) 
r l  ~ ,  

Tempera tu re  drops a c r o s s  a cyl indrical  layer  (r I = 2 mm, r 2 = 20 mm) were calculated according to fo r -  
mula (9) with var ious  values of the reflecfivi ty.  The resul t s  are  shown in Table 2. (It must  be r e m e m -  
be red  that, with the same original  p a r a m e t e r  values but with radiat ion disregarded,  the value for AT was 
20~ Functions F I and F2, defined by express ions  (2) and (3), respect ively ,  were calculated on a model 
BESM-4 computer  in not more  than 3 min, while a complete solution to the equations on the same computer  
requi red  4 h machine t ime. 

On the bas is  of this la t ter  simplified relat ion,  we will now determine the relat ive effect of radiation 
5p and 6 c on the heat t r ans fe r  in a plane and in a cyl indr ical  layer ,  respect ively .  Denoting by AT 0 the 
tempera ture  drop ac ros s  the layer  without radiat ion taken into account,  we find 

~p AT o ~ AT 8n~T~ 
= AT = T %r3 (x~ (10) 

8c ---- .AT o ~ AT 16n%~ 
AT = n ~  %[El(Q) -{- F~(r2)]" (11) 

Calculations according to (10) and (11) were compared  on the bas is  of the same optical thickness,  i . e . ,  
with T O = kH = k(r2- r i ) .  Comparing,  for  instance,  a cyl indrical  l ayer  (r 1 = 2 mm,  r 2 = 20 mm) with a plate 
18 mm thick in the ex t reme ease (el = e2 = 1 at  T 1 = 1100~ k = 10 m -i,  n -- 1.5, and X = 1.5 W/m .deg), 
we obtained 5p = 6.62 and 5c = 2.90. Such a difference is expIainable by the fact that, in our formulat ion of 
the problem,  the mos t  intensely radiat ing surface (the "hot" wall) of a cyl indrical  layer  has a smal le r  a rea  
than any other  cyl indr ical  surface within the layer .  

Opt ica l  Selectivity Charac te r i s t i c s  and the "Gray" Approximation.  For  a semit rans lueent  medium 
with a cyl indr ical  geometry ,  where the determinat ion of the tempera ture  field involves very  unwieldy equa- 
tions of rad ia t ive-conduct ive  heat  t ransfer ,  any possible simplifying approximation of the spect ra l  optical 
p roper t i es  and, par t icu lar ly ,  a change f rom Eq. (5) to Eq. (6) is quite worthwhile. Inasmuch as we are  
in teres ted  in qualitative resu l t s  r a the r  than in the tempera ture  fieId specifically,  it is pe rmiss ib le  in this 
analysis  to consider  only AT and to determine this quantity by the method shown here .  

TABLE 2. Tempera tu re  Drop AT = T I - T  2 in a Cylindrical  
Layer  wi thVarious  Reflect ivi t ies of the Boundary Surfaces 
(3? I =1100~ Q = 6 5 0 0 W / m  2, k = l . 5 W / m . d e g ,  n = 1 . 4 6 )  

4, I o 0.5 I 
4, ] o 
Ar, 'c  5,18 

0,5 
8,33 

0,6 I 0,8 
8,57 11,3 
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T A B L E  3. P i e c e w i s e - C o n s t a n t  A p p r o x i m a t i o n  of the  A b s o r p t i o n  
S p e c t r u m  of  KV Q u a r t z  G l a s s  a t  T e m p e r a t u r e s  of  1100~ 

Boundary interval [ 0,25 2,5 2,674 2,874 3,289 4,587 

of wavelengths, ~ [ 2,5 2,674 2,874 3,289 4,587 5,0 

K, m "1 [ 29 120 44 255 1410 

F o r  a f e a s i b i l i t y  s tudy  of such  a c h a n g e o v e r  to the " g r a y "  a p p r o x i m a t i o n ,  i t  i s  w o r t h w h i l e  to u s e  a 
m a t e r i a l  whose  a b s o r p t i o n  c h a r a c t e r i s t i c s  v a r y  a p p r e c i a b l y  wi th in  the r e g i o n  of the s p e c t r u m  a d j o i n i n g  the 
p e a k  of t h e r m a l  r a d i a t i o n .  Such a m a t e r i a l  i s ,  f o r  e x a m p l e ,  f u s e d  q u a r t z  a t  a t e m p e r a t u r e  of  l l 0 0 ~  [11]. 
The  a b s o r p t i o n  in SiO 2 wi th in  the 0 .25 -2 .5  ~ w a v e l e n g t h  band  i s  so  w e a k  that  i t  c an  be  m e a s u r e d  only  v e r y  
i n a c c u r a t e l y .  Wi th in  the 2 . 5 - 5 . 0  ~ w a v e l e n g t h  band  k v i n c r e a s e s  b y  2 -2 .5  o r d e r s  of m a g n i t u d e ,  and  b e y o n d  
t h o s e  w a v e l e n g t h s  i t  i n c r e a s e s  v e r y  r a p i d l y  a l m o s t  to i n f in i ty .  T a k i n g  in to  a c c o u n t  such  a c o m p l e x  t r e n d  
of  the k(v) c u r v e ,  the l a t t e r  was  r e p l a c e d  b y  a p i e c e w i s e - c o n s t a n t  a p p r o x i m a t i o n  shown in T a b l e  3 (al l  
m e a s u r e m e n t s  of  the  s p e c t r a l  a b s o r p t i o n  c o e f f i c i e n t  w e r e  m a d e  by  S e t t a r o v a  [11]). On the b a s i s  of  t h e s e  
d a t a  we c a l c u l a t e d  AT.  In the c o u r s e  of  t h e s e  c a l c u l a t i o n s  we have  found tha t  fo r  the s p e c t r u m  "window,"  
i . e . ,  f o r  the 0 .25 -2 .5  ~ band ,  i t  i s  a d v i s a b l e  to u s e  the  l i m i t  v a l u e s  of func t ions  F 1 and  F2: 

lira [F1 (r) -k F~_ (r)] = ~ �9 E 1  r I In r___ 
k~0 4 e I ~ ~ - -  ale ~ r l  

F o r  the c a s e  e 1 = e 2 = 1 (r I = 2 m m ,  r 2 = 20 m m ,  Q -- 6500 W / m  2, k = 1.5 W / m . d e g ,  and  n = 1.46),  Eq.  (5) 
y i e l d e d  AT c = 9.76~ 

B e f o r e  m a k i n g  a c o m p a r i s o n  with the " g r a y "  a p p r o x i m a t i o n ,  i t  i s  n e c e s s a r y  to f ind the m e a n  s p e c -  
t r a l  a b s o r p t i o n  c o e f f i c i e n t .  A s  we we l l  known [4], one u s e s  e i t h e r  the P l a n c k  m e a n  c o e f f i c i e n t  (kp) o r  the  
R o s s e l a n d  m e a n  c o e f f i c i e n t  (kR). C a l c u l a t i o n s  have  shown tha t  fo r  a m a t e r i a l  l i ke  f u s e d  q u a r t z  bo th  c o e f -  
f i c i e n t s  a r e  r a t h e r  i n d e t e r m i n a t e .  T h i s  h a s  to do with  the f ac t  tha t  the i n t e g r a t i o n  o v e r  a l l  w a v e l e n g t h s  
f r o m  0 to ~o, a c c o r d i n g  to the de f in i t i on  of k p  and k B,  is  in  p r a c t i c e  r e p l a c e d  by  i n t e g r a t i o n  o v e r  a f in i t e  
r a n g e  of the s p e c t r u m ,  the cho ice  of which  i s  qu i te  a r b i t r a r y ,  wi th  the h igh  r a n g e  of  k v v a l u e s  s t r o n g l y  
a f f e c t i n g  k p  and the low r a n g e  of k v v a l u e s  s t r o n g l y  a f f ec t i ng  k R.  If k p  i s  c a l c u l a t e d  on the b a s i s  of the  
2 .5 -4 .587  ~ b a n d ,  wi th in  which  kv c h a n g e s  f r o m  5 to 1410 m -1, then  we ob t a in  k p  = 125.5 m -1. Add ing  the 
0 .25 -2 .5  p b a n d  (k v ~ 5 m -1) w i l l  change  the c a l c u l a t e d  va lue  of k p  by  l e s s  than 1%. A d d i n g  the 4 .587-  
10.0 ~ band  wi th  the  u n d e r e s t i m a t e d  va lue  kv = 1410 m -1, on the o t h e r  hand,  w i l l  i n c r e a s e  the c a l c u l a t e d  
v a l u e  of k p  to 710 m - i .  In the c a s e  of k R the t e n d e n c y  i s  j u s t  o p p o s i t e :  the 2 .5 -4 .587  ~ b a n d  y i e l d s  k R 
= 163.4 m -1, the 2 .5 -10 .0  ~ band  y i e l d s  k R = 161.2 m - l ,  and  the 0 .25-4 .587  ~ b a n d  y i e l d s  k R = 10.1 m -1. 
(In t h e s e  c a l c u I a t i o n s  the k(v) c u r v e  h a s  b e e n  a p p r o x i m a t e d  m o r e  a c c u r a t e l y  by  s t r a i g h t  and  p a r a b o l i c  s e g -  
m e n t s . )  Hav ing  d e t e r m i n e d  the t e m p e r a t u r e  d r o p  f r o m  (9) wi th  k p  = 125.5 m -1, we f ind  A T p  = 13.4~ 
The  s a m e  f o r m u l a  wi th  k R = 10.1 m - i  y i e l d s  AT R = 7.02~ E v i d e n t l y ,  n e i t h e r  of t h e s e  two " g r a y "  a p -  
p r o x i m a t i o n s  a g r e e  wi th  A T  c = 9.76~ a c c o r d i n g  to f o r m u l a  (5). 

I n a s m u c h  a s  the i n a d e q u a c y  of the " g r a y "  a p p r o x i m a t i o n  i s  due p r i m a r i l y  to the e x i s t e n c e  of the 
"window" in the s p e c t r u m ,  we wi l l  i n s t e a d  t r a n s f o r m  Eq.  (6) in the fo l lowing  m a n n e r :  

u  

(r) =: r--~-I In r Q - -  z%J-AT dv 
L rl aT r, 

16M-gT~k r: 
16'z~(rT~n~ e.,AT. [F~ (r) ~ F~ (r)] ~ j ~ (p) K~ (r, p) dp, (6a) 

i-  I 

a s s u m i n g  k v = 0 wi th in  the  t r a n s l u c e n c y  b a n d  (v l ,  v 2) of the  m a t e r i a l  and  c a l c u l a t i n g  the m e a n  a b s o r p t i o n  
c o e f f i c i e n t  k on the b a s i s  of the r e s t  of the s p e c t r u m .  L e t t i n g  k = k p  = 125.5 m -I  y i e l d s  A T p  = 8.9~ bu t  
l e t t i n g  k = k R = 163.4 m -I  y i e l d s  A T ~  = 9.62~ the l a t t e r  b e i n g  m u c h  c l o s e r  to AT c than b e f o r e .  

T h u s ,  even  in a n u n f a v o r a b l e  s i t u a t i o n  i t  i s  p o s s i b l e  by  th i s  a r t i f i c e  to i m p r o v e  the a c c u r a c y  of the 
" g r a y "  a p p r o x i m a t i o n  and to s i m p l i f y  the p r o c e d u r e  f o r  d e t e r m i n i n g  the t e m p e r a t u r e  f i e ld .  M o r e  a c c u r a t e  
r e s u l t s  a r e  ob t a ined ,  f u r t h e r m o r e ,  if  the w e a k - a b s o r p t i o n  band  i s  o m i t t e d  and the m e a n  c o e f f i c i e n t  i s  
b a s e d  on the r e s t  of  the s p e c t r u m  a c c o r d i n g  to R o s s e l a n d .  
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k 
n 

k p  
kR 
J 
R 

F~ n = EiF~2(s I + F~2--F~i~2) -I 
Y 

B(v, T) 
Q. 

I B (v, T) 
f f  

~(r) = T 1 - T  (r) 
AT = T 1 - T  2 
To 
H 
r and p 

~s the t he rm a l  conductivity; 
is the absorp t ion  coefficient;  
is the r e f r a c t i v e  index; 
is the Planck mean  absorp t ion  coefficient;  
,s  the Rosse l aad  mean absorp t ion  coefficient;  
is the radia t ion coeff icient  of the medium;  
is  the re f lec t iv i ty ;  
zs the emis s iv i ty ;  
is the r e f e r r e d  emiss iv i ty ;  
,s  the s p e c t r a l  f requency;  
zs the s pec t r a l  luminance of the boundary  su r faces ;  
~s the total energy  flux; 
is the s pec t r a l  radia t ion intensi ty of an ideal  b lack  body; 
, s  the Stefan constant;  
is the re la t ive  t e m p e r a t u r e ;  
is the t e m p e r a t u r e  drop a c r o s s  a l aye r ;  
is the optical  th ickness ;  
is the th ickness  of a plane l aye r ;  
a r e  the cy l indr ica l  coord ina tes .  

S u b s c r i p t s  

1 and 2 denote the inner  and the ou te r  su r face  of a l aye r ,  r e spec t ive ly .  
v denotes  the s pec t r a l  p a r a m e t e r .  
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