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An analys is  is given of radia t ive  and conductive heat  t r a n s f e r  in para l le l  plates with 
la te ra l  supply (removal) of heat. An approx imat ion  method for  the solution of hea t -  
t r an s f e r  equations is presented,  and the r e su l t s  of the calculat ions a r e  r ep resen ted  by 
nomograms .  

In the p rocess  of the rma l  t r ea tmen t  of thin c e r a m i c  products  collected into a casse t t e  or hollow 
c e r a m i c  t i les ,  the t r a n s f e r  of heat  takes ptace by heat  conduction in the m a s s  of the product and by r a d i a -  
t ion a c r o s s  the gap. 

For  a ma themat i ca l  descr ip t ion  of the conditions of heat  exchange, we const ruct  balanced equations 
of heat t r an s f e r  by the rma l  conduction and radia t ion with the following assumpt ions :  the supply (removal) 
of heat  is s y m m e t r i c a l ,  f r o m  the ends; the t e m p e r a t u r e  of the heater  (cooler) is equal to the t e m p e r a t u r e  
of the end of the product Tt; the emis s iv i ty  of the su r faces  taking par t  in the heat exchange is equal to 
unity; the convective component of the heat  exchange is smal l  and is not considered in the calculation. 

We examine the conditions of heat  exchange in the s y s t e m  (Fig. 1). For  the analys is  we se lec t  e l e -  
men t a ry  a r e a s  dx and dy on the lower and upper  su r f aces  of the g a p  Heat  a r r i v e s  at the a r e a  dx by r a d i a -  
tion f r o m  the hea t e r s  I and II and the upper  sur face  of the gap, as well as by heat conduction through the 
plate.  Heat  is d i spersed  in radia t ion of the a r e a  and by the in ternal  heat  absorpt ion  qx. The heat  balance 
between the e l e m e n t a r y  a r ea  dx and the surrounding medium is wr i t ten  in the following fo rm:  

l 

I 4 d2T~- ctx. (1) aoT~dx @ qf lx  = %T]h (q~I,d~ + r + % TvdgCPdv.dx ~- ~'81, dx ~ 
0 

In accordance  with the principle of r e v e r s i b i l i t y  of angular  coeff ic ients ,  

h~i,d x ~ dxq)dx, i ; he~ii,dx ~ dXtPdx,ii; dY%v.d~ = dx%~.a v. 

We de te rmine  the angular  coeff icients  by the method proposed by Jacob [1, 2]: 

1( , x  ) 
%~,1 = - ~ -  I -  

V h2 ii:- x)2 ,( x ) 
%x,,, = - ~ -  1 V h ~ + x  2 ' 

1 h ~ 
(P,~.~.du = "-~  " [h 2 @ (x - -  y)~f/2 dy. 

Substituting the express ions  for  the angular  coeff icients  CPdx, i, g0dx, Ii, and q~dx,dy into Eq. (1) we obtain 
the f i r s t  equation of the s y s t e m  
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Vie reduce tl~e equation to a suitable dimensionless  fo rm with the help of the var iables  

(2) 

O ~--T1 ; X=,--;I  1 ---- %T]  ; 
1--X X 

+ = 1 - 

+ , 
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+ 2 + (X - -  y)2 
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where N c = %T~tZ/Z51 is a thermophysical  parameter  represent ing the rat io of the radiat ion intensity of 
the sur face  of the gap at the tempera ture  T i to the normal  component of the heat conduction of the plate; h 
/ l  is a geometr ica l  pa ramete r  (the rat io of the height of the gap to its width). 

We obtain analogous equations for the composit ion of the heat balance between the e lementary  a rea  
dy and the surrounding medium 

1 - -Y  Y 

V (+; 2 + (1 --- Y)~ 2 + Y~ 

1 

t 
0 

(3) 

n = Nc" In ff plates of identical thickness 5 t = 6 2 = 6 are  examined, then 0X = 0y,  qx  = qY, Nc = Nc 
this case in place of the sys tem of equations the heat-exchange conditions may be written in one nonlinear 
integrodifferential  equation 

@x + q x =  1 - -  
1 - - X  X 

! 

4 04 1 d~Dx 

0 

(4) 

There are  two unknowns in this equation; qx  and O X- 

To solve the equation it is necessary ,  f irst ,  to represen t  the heat flux qx  in the fo rm of a function 
of other var iables  or to ass ign it a constant value, and second, in place of the relat ive tempera ture  0 X in 
the integrand to substitute an approximation formula expressing the distribution of relat ive tempera tures  
along the edge of the gap. 

As a resul t  of the studies conducted on the experimental  apparatus it was established that the dis-  
tribution of re lat ive heat fluxes along the edge of the gap in the principal heating and cooling zones is ex- 
pressed by the formula qx  = qc = eonst. For  the conditions of exposure at the maximum firing tempera ture  
q-x = qc sin 7rX. The r~ture of the distribution of relat ive tempera tures  along the edge of the gap during 
the heating period has the following dependence: 0X = 1 - A  9 X s in~X,  where A 9 X is the relative t empera -  
ture drop allowed because of the generat ion of thermal  s t r e s se s  in the product [3]. 
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Fig. 1. Heat-exchange diagram. I, 
Heaters  (coolers). 

After substituting the expressions obtained for q x  and 
0 X in Eq. (4), and considering that the given equation is a c -  
curate for all values of X and Y f rom 0 to I and consequently 
for X and Y equal to 0.5, we obtain a nonlinear algebraic  
equation of the following form: 

(1 --AOx)4 + q~ = 1 - - - -  
0.5 

I 

i f+  
~ 2 t ) + (X _ O.5)~ja/2 dX -4- ,(5) 

0 

the solution of which is presented in nomogram 1 (Fig. 2) for a wide range of var ia t ion of the parameters  
AOx,  h / l ,  and 1%. 

This nomogram is accura te  both for  the condition qx  ~ qc = const, which allows the calculation of 
permiss ib le  heating tempera tures ,  and for the condition qx  ----qc s invX,  as a resul t  of which one can de-  
termine the time necessa ry  for equalization of the tempera ture  along the edge of the plate during the ex-  
posure period. 

The nomogram is composite:  the value of the heat flux contributing to the heat-conduction portion 
is determined in the right-hand part, and the radiant component of the heat flux on the left. 

We determine on the nomogram the tempera ture  T! at which the amounts of heat supplied to the 
e lementary  a rea  by heat conduction and by radiation a re  equal. 

The initial data are:  A0 X = 0.1; h / l  = 0.1; l = 0.15 m; 26 = 0.010 m; ~ = 1.0 W / m  y. deg. 

In the right-hand part  of the nomogram we determine the value of qr,  which is equal to 0.025. In 
the left-hand part  of the nomogram for A0 x = 0.1 and qr  = qt = 0.025 the thermophysicaI  parameter  N c is 
equal to 40. 

The tempera ture  of the end of the plate is 

T1 ~/-~v0/2~/ No%6 i / f  40.1.0. 005 -~ 540 ~ 
= ~ 5.67.10-8.0.15 ~ 

At a temperature  T 1 = 1270~ using a value of ~ of about 1.4 W / m  2 �9 deg, the thermophysical  pa r am-  
eter  N c = 480, which according to nomogram 1 at the initial pa ramete r s  A0 X = 0.1 and h / l  = 0.1 c o r r e -  
sponds to qt = 0.002, i.e., at the given heater  tempera ture  the amount of heat entering the e lementary  area  
of the plate surface f rom radiation is higher by a factor  of 12 than the heat introduced by heat conduction. 

In an analysis  of the conditions of cooling, using the discussion presented above, we obtain a non- 
l inear integrodifferential  equation describing in general  form the conditions of cooling: 

~,,= ~z2aex 
:2 0,1 

~exL  I I I I / , , ,  

act . . . . . .  

I I/// O,Z 

O qo2 f~= ~v c 

Fig. 2. Nomogram 1 for calculation of heat consump- 
tion during the heating period, qc = qr + qt; qr  = q-c 
-- 7r2AOX/Nc; qt = 7r2AOX/Nc �9 
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Fig. 3. Nomogram 2 for  calculation of heat loss un- 
der  conditions of cooling, q--s = q-~ + q~; - '  qr  = qs 
_ 7r 2/',-3. X / K c ;  q~ = ~-2AJX/K e. 

K~ dX2 2 ] / / -  ! ~  )u ~ (1 _X)2 2 ~ ( / ) 2  + X  "" 

+ o, 

0 

where  K c = (~oT~12/X 6. 

Substituting into Eq. (6) functions express ing  the nature of the distr ibution of re la t ive  t empera tu res  
and heat f luxes along the edge of the gap under conditions of cooling: "~X = 1 + A d x s i n r  and q x '  = qs 
= eonst, a nonlinear a lgebraic  equation resul ts :  

~UA~x - -  1 - -  0 , 5  + _ _  (1  + A~x sin ~ X )  a 

[(5) j (1 + sex  )~ + K ~  ~ + 0 .5  ~ 2 + ( X  - -  0.5) ~ ~3/2 �9 dX + ~. 

0 

(6) 

(7) 

The solution of Eq. (7) within the l imits of var ia t ion  of the pa ramete r s  ~X = 0-0.25, h / l  = 0.1-0.4, 
and K e = 20-500 is presented in Fig. 3. 
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NOTATION 

is the absolute temperature; 
are relative temperatures; 
is the drop in relative temperature across the plate thickness during the heating period; 
is the drop in relative temperature across the plate thickness during cooling; 
is the rate of heat consumption or heat exchange; 
is the relative rate of heat consumption or heat exchange; 
ts the separation between plates; 
is the half-width of the plate; 
is the plate thickness;  
ts the coefficient  of heat conduction; 
ts an angular coefficient;  
~s the radiat ion constant of an absolutely black body; 
ts the coordinate along the upper surface  of the plate; 
~s the coordinate along the lower surface  of the plate; 
a re  dimensionless  coordinates.  
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S u b s c r i p t s  

I, II a re  rad ia tor  {cooler) numbers ;  
x denotes the upper surface  of the plate; 
y denotes the lower surface  of the plate; 
c denotes the constant total value of the heat  flux during heating period; 
s denotes the constant total value of the heat flux during cooling; 
r denotes the radiant  component of heat flux; 
t denotes the conductive component of the heat flux. 
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