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R A D I A T I V E  - C O N D U C T I V E  H E A T  T R A N S F E R  UNDER 

C O N D I T I O N S  OF A R E G U L A R  MODE OF T H E  F I R S T  

KIND 

I.  A. G o r b a n  T a n d  Yu.  V. L i p o v t s e v  UDC 536.33:536.241 

The regulari t ies of heating a plane layer of a semitransparent condensed medium with optically 
smooth surfaces are  analyzed under the conditions of a regular  mode of the f i rs t  kind. 

The question of the existence of regular modes in partially transparent  mater ials  was studied in [1, 2]. 
It was shown in these papers that regularization of the temperature field sets in fo r  a linear change in the 
temperature  of the layer  boundaries, just as this is observed in the classical  theory of heat conduction. The 
present  paper is devoted to a theoretical  investigation of the regularization process for radiat ive-conductive 
heat t ransfer  under conditions of a constant coefficient of convective heat t ransfer  and constant temperature  
of the environment when the radiant heat flux in the plate is equal to or exceeds the heat flux because of mo-  
lecular heat conduction. 

To clarify the dynamics of temperature  field development under the combined heat- t ransport  mechanism, 
let  us consider the problem in the following formulation. Let a semitransparent  plate with optically smooth 
surfaces,  within which heat t ransport  is subject to the Fourier  general  law, have a uniform temperature d is -  
tribution T(0, x) = T ~ at the initial t ime r = 0. The plate is placed in a plane chamlel (Fig. 1) over which flows 
a hot gas whose temperature  T e and convective heat- t ransfer  coefficient h e a re  given and constant in time. 
The channel walls a re  force cooled and their emissivity is one. The thermophysical and radiation charac ter -  
istics of a partially transparent  layer are  independent of the temperature.  

The process of combined heat t ransport  by radiation and heat conduction is described by a coupled sys-  
tem of essentially nonlinear integredifferential equations [3] 

cos 0 0 ~  (1) 

O~ = K ~ + 2 d~ o: [~ (q)+ + q f )  ~ 2n2Bl sin OdO. (2) 

(~t) 0 

Since the emissivity of the surfaces bounding the channel is one, then in pract ice all the radiation inci- 
dent is absorbed and none ref lected.  The intrinsic radiation of the channel surface and the gas can be neglected 
since the channel walls are  cooled, and the optically thick gas layer is considered small. Therefore,  the ex- 
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Fig. 1. Heat ing d i a g r a m  of a s e m i t r a n s p a r e n t  p la te  in 
a plane channel: 1) s e m i t r a n s p a r e n t  plate;  2) hot gas  
flux; 3) cooled channel  wall .  

Fig. 2. Change in the heat ing r a t e  m (sec  -1) in t ime  
w (sec) for  d i f ferent  plate  sect ions:  1) ~ = 0; 2) 0.2; 
3)  0 . 5 .  

t e rna l  r ad ia t ion  flux on the s e m i t r a n s p a r e n t  plate  cannot be  taken into account. 

We wr i t e  the boundary conditions on the su r face  x = 0 for  the l imi t  case  under cons idera t ion  in the fo rm 

a) + - -  R ~ -  = 0, (3 )  

~" eB (~,, T) d~, = O. K (OT/Ox) + h~ (T~-- T) ~o. (4) 

F r o m  s y m m e t r y  condit ions,  we have for  the middle  of the plate  x = d/2 

@+ = q)-, OrlOx = 0. (5) 

The re f lec t ion  coeff icient  f rom the inner layer  su r f aces  depends on the angle or  r a y  incidence 0 and is d e t e r -  
mined by  the F r e s n e l  fo rmulas .  The th i rd  t e r m  in the boundary  condition (4) is wr i t t en  under the assumpt ion  
that  the in t r ins ic  su r face  rad ia t ion  is subjected to L a m b e r V s  law in the s p e c t r a l  domain  (~o)- 

The p rob lem is  to see  the functions T (x, w) and #~(x,  X, 0) sa t i s fying (1) and (2) and the boundary condi-  
t ions (3)-(5) with the ini t ial  condition T(x ,  0) = T~ for  the t e m p e r a t u r e  field. 

Underlying the solution is the f in i te -d i f ference  method.  In conformi ty  with th is ,  the genera l  scheme of 
the numer i ca l  solution a p p e a r s  as  follows. The t ime  range  of in te res t  is  par t i t ioned into a number  of equal  
in te rva l s  of  magni tude Aw. The de r iva t ives  a r e  wr i t t en  in finite d i f fe rences  and the p rob l em is reduced to the 
succes s ive  de te rmina t ion  of the des i r ed  functions at  d i s c r e t e  points in t ime  with the spacing AT. 

At the ini t ial  t i m e  w = 0 for  which the t e m p e r a t u r e  d is t r ibut ion is given, the d is t r ibut ion  of the In tens i -  
t i e s  ~+(x) and ~ - ( x )  is found for  a l l  the n e c e s s a r y  values  of  the v a r i a b l e s  X and 0 by  numer i ca l  in tegra t ion  
of the t r a n s p o r t  equations with the appropr i a t e  boundary conditions. 

We use  i te ra t ion  to solve the coupled s y s t e m  (1) and (2) for  the next  t ime  w = At .  We s t a r t  the i te ra t ion  
by  seeking the t e m p e r a t u r e  field over  the l aye r  th ickness  when we use the solution r e f e r r i n g  to the preceding 
t ime  as the ze ro th  approximat ion  for the functions ~ in the genera l ized  Four i e r  equation. We then find the 
f i r s t  approx imat ion  for  the functions ~ f r o m  the t e m p e r a t u r e s  found by solving the t r a n s p o r t  equations.  The 
i t e ra t ions  a r e  r epea ted  until the given condition of convergence  of the calcula t ional  p r o c e s s  in the t e m p e r a -  
t u r e s  and the rad ian t  ene rgy  fluxes is sat isf ied,  Both boundary-va lue  p rob l ems  a r e  solved by  using an a l g o r -  
i thm of the fac tor iza t ion  method which is elucidated in deta i l  in [4]. 

Le t  us tu rn  to the r e s u l t s  of the n u m e r i c a l  ana lys is .  Curves  of the change in the heat ing r a t e  m = - b i n  
I T -- T e {/~r cha rac te r i z ing  the r a t e  of l ayer  heat ing in t ime  a r e  p resen ted  in Fig. 2 for  t h ree  plate  sec t ions  

= x /d ,  obtained with d i f ferent  f ac to r s  taken into account. The solid l ines  d e s c r i b e  the na ture  of the change 
in m(w) for  an o rd ina ry  m a t e r i a l  when the hea t  t r a n s f e r  is  r ea l i zed  jus t  by mo lecu l a r  hea t  conduction. 
Another  example  of the change in m ( w ) is  shown by the d a s h - d o t  l ines.  These  r e su l t s  co r r e spond  to a s e m i -  
t r a n s p a r e n t  m a t e r i a l  with an opt ical  th ickness  ~d  = 1 for the l aye r  when the absorp t ion  coeff icient  ~ and the 
r e f r a c t i o n  coeff ic ient  n a r e  constant  in the whole spec t rum range  (X o) and the in t r ins ic  su r face  emi s s io n  
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Fig. 3. Change in the integrated rad ian t  and convect ive heat  
fluxes q (W/m 2) during heating r (sec):  1) ~d = 1; 2) 0.2; 3) 
convect ive heat  flux in the case  of pure  heat  conduction. 

Fig. 4. Dependence of the t e m p e r a t u r e  drop  AT = T(0) - 
T (d/2) during heat ing for d i f ferent  optical  l ayer  th icknesses :  
1) o~d = 2; 2) 0.2 

= 0 is neglected in the range  of s t rong absorp t ion  of the substance.  Computat ions were  executed for  the fol -  
lowing values  of the p a r a m e t e r s :  d = 2 . 1 0  -2 m,  Xo-- (0.25-4.8) ~m, K = 1.65 W / m "  deg, Cp = 2.14 j / m  3. deg~ 
h e = 125 W/m2"deg ,  n = 1.5, T ~ = 293~K, T e = 1400~ 

It is seen  f rom a compar i son  of the cu rves  p resen ted  that  th ree  dis t inct  s tages  can be ex t rac ted  during 
the heat ing depending on the nature  of the change in the quantity m (7). For  sma l l  values  of r the heating r a t e  
of the d i f ferent  l aye r s  turns  out to be  dis t inct  ( i r r egu la r  stage) and since the genera l  t e m p e r a t u r e  level  is su f -  
f icient ly low, then the d a s h - d o t  and solid lines p rac t i ca l ly  ag ree  here .  In the second stage of the heating, 
r egu la r i za t ion  of the t e m p e r a t u r e  field se ts  in which is cha rac t e r i zed  by  m (~-) = const  for the d i f ferent  l aye r s  
of a plate of  t r a n s p a r e n t  and opaque m a t e r i a l s ,  where  the i r  heat ing r a t e  continues to r e m a i n  identical  for t ime 
in te rva ls  of not too long duration.  Then as  the genera l  t e m p e r a t u r e  level  r i s e s ,  the nature  of the dependence 
re(T) b e c o m e s  pe r fec t ly  di f ferent  for the c a s e s  mentioned.  If  the heating ra t e  is independent of the t ime  in the 
case  of pure  heat  conduction, then m depends essen t ia l ly  on T for  the combined h e a t - t r a n s f e r  mechan ism.  In 
this  s tage m tends asympto t ica l ly  to ze ro  for  a s e m i t r a n s p a r e n t  ma te r i a l .  The d i f fe rences  in the heat ing r a t e  
for  the d i f ferent  l aye r s  turn out to be negligible in the cons idered  range  of optical  layer  th icknesses  ~d  = 0.2-  
2. Thus,  for  ~d  = 1 the d i f ference  between the heating r a t e s  for the middle  and the su r face  of the plate is not 
m o r e  than f rac t ions  of a pe rcen t  and can be neglected.  

Hence,  in the p a r a m e t e r  range  cons idered  the t e m p e r a t u r e  field regu la r iza t ion  for a s e m i t r a n s p a r e n t  
m a t e r i a l  is observed  in the coordinate  but not in the t ime.  

Curves  of the change in the integrated radiant  and convect ive heat  flux during heat  t r ans f e r  to the en-  
v i romnen t  on one of the su r f aces  a r e  r ep re sen ted  in Fig. 3 for d i f ferent  optical  layer  th icknesses .  The dashed 
l ines co r respond  to the rad iant  flux los t  by the plate ,  and the solid l ines to the heat  flux supplied because  of 
convective.  The d a s h - d o t  l ine c h a r a c t e r i z e s  the convect ive heat  flux in the case  of pure  heat  conduction of the 
m a t e r i a l .  It  is seen  f rom the f igure that  the convect ive heat  flux d e c r e a s e s  to ze ro  in t ime in the case  of pure  
hea t  conduction, while it tends to a ce r t a in  constant  value de te rmined  by  the integrated emis s iv i ty  of the plate 
for  the combined h e a t - t r a n s f e r  mechan i sm.  Stabil ization of the radiant  and convect ive heat  fluxes in t ime oc -  
curs  sufficiently rapidly and is acce le ra ted  somewhat  as  the optical  th ickness  of the layer  inc reases .  

The dependence of the t e m p e r a t u r e  drop between the sur face  and the middle of the plate during heating 
is shown in Fig. 4 for  different  optical  th icknesses  of the layer .  As is seen,  the m a x i m u m  t e m p e r a t u r e  drop  is 
obse rved  in the initial  s tage of the heating and then d e c r e a s e s  monotonical ly,  tending asympto t ica l ly  to some 
constant  d i f ferent  f rom zero.  The re fo re ,  in con t r a s t  to s imple  heating of o rd inary  m a t e r i a l s ,  the t e m p e r a t u r e  
d is t r ibut ion  in a s e m i t r a n s p a r e n t  plate  tu rns  out to be  nonuniform upon emergence  into the s ta t ionary  mode,  
with a m in imum at  the midpoint.  The s ingular i t ies  obtained in the t e m p e r a t u r e  dis t r ibut ion over  the layer  
th ickness  a r e  due to the absence  of any ex te rna l  rad ia t ion  flux penet ra t ing  into the plate,  which would be equal 
in magnitude and equivalent  in spec t r a l  composi t ion to the flux which the s e m i t r a n s p a r e n t  plate rad ia tes .  

On the whole, the r e su l t s  of the numer i ca l  ana lys i s  pe r fo rmed  indicate that the nature  of heating under a 
c o m b i n e d h e a t - t r a n s f e r  mechan i sm in s e m i t r a n s p a r e n t  m a t e r i a l s  d i f fe rs  substant ia l ly  f rom the r egu la r i t i e s  of 
the change in t e m p e r a t u r e  field in pure ly  molecu la r  hea t  conduction under conditions of a r egu la r  mode  of the 
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f i r s t  kind. In physical  r e spec t s ,  the s ingular i t ies  establ ished a re  a r e su l t  of the intr insic  volume emiss ion  of 
the substance,  which resu l t s  in the appearance of ce r ta in  effect ive volume sources  in the plate which a re  v a r i -  
able in thickness and in t ime,  but  in mathemat ica l  r e spec t s  a r e  a r e su l t  of the nonlineari ty of the initial equa-  
t ions.  

NOTATION 

T, t ime;  T,  t empera tu re ;  Te,  environment  t empera tu re ;  he, coefficient  of convective heat  t r ans fe r ;  x, 
coordinate;  d, layer  thickness;  ~ ,  coefficient  of absorpt ion of the substance; n, r e f rac t ive  index; B, surface  
emiss ion  densi ty of blackbody; Cp, volume specif ic  heat;  K, coefficient  of heat  conduction; ~,, emiss ion  wave-  
length; (• t ) ,  wavelength band where  the ma te r i a l  is par t ia l ly  t ransparent ;  (no ) ,  wavelength band where  the 
ma te r i a l  is opaque; e, su r face  emiss iv i ty  in the band 0,t) ; R(0},  coeff icient  of re f lec t ion  f rom the inner s u r -  
faces  of the layer ;  ~+, intensity of beams  making acute angles 0 with the internal  normal  to the sur face  x = 0; 
~ - ,  intensity of beams  making acute angles with the internal  normal  to the sur face  x = d; m,  heating ra te ;  ~, 
d imensionless  coordinate;  q, heat flux. 
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H E A T - T R A N S F E R  R A D I A T I O N  IN A S E L E C T I V E  

GAS F L O W  I M P I N G I N G  ON A H E A T I N G  S U R F A C E  

M. M.  M e l l m a n  UDC536.33 

The problem of computing the hea t - t r an s f e r  radia t ion in a se lec t ive  gas flux impinging on a hea t -  
ing sur face  is examined on the bas is  of the C u r t i s - G o d s o n  approximat ion and a s ta t i s t ica l  model  
of the absorpt ion band. Numerica l  resu l t s  a r e  presented  for carbon dioxide. The i r  compar ison  
with the resu l t s  of a computation on the bas is  of a g rey  model  showed a substantial  d i f ference  in 
the magnitudes of the resul tant  fluxes on the boundary surfaces .  

Hea t - t r ans fe r  radia t ion in a gas flow impinging on a heating surface  has  been  investigated in [1-4]. The 
medium [1-3] was hence assumed grey,  while the heat  t r an s f e r  in carbon dioxide, whose absorpt ion spec t rum 
was borrowed f rom [5] in the words of the authors ,  was examined in [4]. 

In this paper  the heat  t r an s f e r  in a select ive gas flow is examined on the bas is  of a s ta t i s t ica l  model  of 
the absorpt ion band and the Cur t i s -Godson  approximation.  

A gas l ayer  of thickness l is bounded by black surfaces  1 and 2 with the given t e m p e r a t u r e s  Tcl  and Tc2. 
The gas flow, with the t empera tu re  T 0, en te rs  at surface  1 and moves toward surface  2 (Fig. 1). 

This is a one-dimensional  problem,  the p rocess  is s ta t ionary,  the p r e s s u r e  is constant,  and we neglect  
the t e mpe ra tu r e  dependence of the specif ic  heat  of the gas and the heat  conduction. 

The energy  equation and the boundary condition a re  wr i t ten  in dimensionless  fo rm as follows: 

All-Union Sc ien t i f ic -Research  Institute of Metal lurgical  Thermal  Engineering,  Sverdlovsk. Trans la ted  
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