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An analysis  is given for  the p rocess  of radiative heat exchange between the element of a 
muffle furnace and the fired mater ia l .  On the basis  of the analysis and experimental  data 
we have derived a sys tem of equations which uniquely define the conditions of heat t r ans fe r  
within the furnace. 

In the heat t rea tment  of thin ce ramics  we note a trend toward the use of multichannel furnaces with 
the fired mater ia ls  placed in a single row, in preference over  the use of muff le - tunnel  furnaces .  Efficient 
utilization of multichannel furnaces makes it necessa ry  to know the conditions of heat t r ans fe r  which p re -  
vail in the muffle chamber  of the furnace.  

The purpose of this investigation is the study of the t r ans fe r  of heat between the muffle chamber  and 
the material  to develop methods of calculating the optimum heating rate ,  proceeding from the physico-  
mechanical proper t ies  of the fired mater ia l  and the s t ructural  features  of multichannel furnaces.  

The muffle chambers  of multichannel furnaces are  rectangular  elongated tunnels lined with shaped 
re f rac to r i e s  forming a number of narrow parallel  channels (slots) through the height of the tunnel, with the 
mater ia l  sliding along the bottoms of these channels. The muffle chamber  is broken down lengthwise into 
zones of heating, firing, and cooling. 

Two external side surfaces  are  used to t ransmi t  heat to the muffle chamber  and this heat is propa-  
gated by conduction and radiation. The t r ans fe r  of heat f rom the muffle chamber  to the mater ia l  is accom-  
plished by radiation about the inside pe r ime te r  of the muff le -chamber  element.  

Figure 1 shows the d iagram for  the muff le -chamber  element for  a single channel. 

Heat is radiated to the surface of the mater ia l  f rom the two side wails on the inside and f rom the 
cover on the top, which is a double extended surface whose base is formed by the side walls of the channel  

We make the following assumptions inthis analysis :  1) the p rocess  of heat t r ans fe r  f rom the channel 
pe r ime te r  to the mater ia l  is accomplished by radiat ion exclusively; 2) the emissivi t ies  of the muff le -cham-  
ber  mater ia ls  and of the fired mater ia ls  are assumed equal to unity; 3) the heat flow within the fired mate-  
rial  in the x-di rec t ion is negligibly small; 4) the channel is divided lengthwise into individual segments.  
Within the l imits of each segment the t empera tu re  T 2 of the side surface of the muffle chamber  is a con- 
stant, i.e., the smooth variat ion in t empera tu re  over  the length of the channel changes into a stepwise va r i a -  
tion, making it possible to change f rom a three-dimensional  to a two-dimensional  hea t - t r ans fe r  scheme. 

The s tar t ing point of our analysis  is the law of the conservat ion of energy,  which in this case assumes  
the form of a sys tem of balance equations for the t r ans fe r  of heat by pure conduction within the volume of 
the muff le -chamber  element and by radiation within the space of the channel bounded by the inside per imeter .  

On the surface of the f ired mater ia l  we will isolate an area  dx which receives  heat exclusively as a 
consequence of radiation f rom the bases  and the extended Surface. Heat is spent on the natural radiation 
and on the internal heat requirement  qx. 
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Fig.  I. 
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D i a g r a m  of the t r a n s f e r  of heat  in the muff le -  
c h a m b e r  e lement .  

Let  us compi le  the f i r s t  ba lance  equat ion of the s y s t e m  

l 
4 

= T v dgCpdv,a ~, (1) % T ~ x  + q~dx h%T~%,d~ + h%T2%,a~ + % ,f 4 
0 

w h e r e  ~01,dx, ~P2,dx, and (Pdy,dx a r e  angle f a c t o r s .  

A c c o r d i n g  to  the p r inc ip le  of a n g l e - f a c t o r  r e v e r s i b i l i t y  

h%.d~ = dxq~ d~A, 

h~2,~x = dx~p d~, 2, 

dyq~ dv,d ~ = dx(p d~,~u. 

We find the va lues  of the angle f a c t o r s  ~0dx,dy, ~dx, t, and ~dx, 2 f r o m  the f o r m u l a s  p roposed  by dakob 
[1] to d e t e r m i n e  the angle f a c t o r s  be tween  m a t e r i a l s  of infinite lengq:h in a d i r ec t ion  p e r p e n d i c u l a r  to the 
plane of the drawing:  

1 h e 

~d~,~tu = ~ [h 2 + (V - -  x)e] a/~ dg; 

' (  l - - x )  
~e~.,= ~ 1 ~ h e + ( l - x )  2 ; 

%~x,z  = 1 h 2 x e . 

We will subs t i tu te  the va lues  of the angle f a c t o r s  into (1) and we will  r educe  t e r m s  of the equat ion by dx: 
l 

l - -  x x + 4 (2) 
T 4 %T4 2 h e V' h ~ x e Tu % x + q~ = - - i f -  ~ + (l - -  x) e + , [h ~ + (x - -  V)e]~ dg. 

0 

To compi le  the second equation,  let us examine  the condi t ions  of heat  exchange  be tween  the double ex-  
tended su r f ace  and the ambien t  med ium.  

On the plane of the extended su r f a c e  we will  i sola te  an a r e a  dy, s i tuated at a d i s tance  y f r o m  the chan-  
nel wall .  The heat  r e a c h e s  dy as a consequence  of rad ia t ion  f r o m  the f i r s t  and second base s  and f r o m  the 
f i r ed  ma te r i a l .  In addit ion,  heat  is supplied to the a r e a  dy as a consequence  of heat  conduct ion through the 
extended s u r f a c e .  Heat  is expended on na tu ra l  radia t ion .  [)sing the bas i c  p r inc ip le  of c o n s e r v a t i o n  of e n e r g y  
and eva lua t ing  the t e r m  c h a r a c t e r i z i n g  the t h e r m a l  conduct ivi ty ,  us ing the F o u r i e r  law fo r  an extended s u r -  
face  of unit width, we obtain in the usual  fash ion  

l 

6 deTu , g r" 
(3) 

Applying the p r inc ip le  of a n g l e - f a c t o r  r e v e r s i b i l i t y  and subs t i tu t ing  the va lues  of these  f a c t o r s  into 
(3), we obtain the fol lowing e x p r e s s i o n  fo r  the second ba lance  equat ion:  

l 

- -  - -  ( l o  4 % T  4 = ~ 6 deT~ + 2 - -  l g g T~ dx. (4) 
dy e V h e + (t - v) V h, + v + ih + (x - 

q 
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Fig. 2. Tempera ture  curve for 
the f ir ing of a ce ramic  plate in 
a multichannel furnace (t, ~ 
T, min): 1) at the center  of the 
fired material ;  2) at the edges 
of the fired m a t e r i a l  

The sys tem of equations (2) and (4) can be brought to a convenient di- 
mensionless  form through introduction of new var iables ,  i.e., 

O =  T_; X - - x ,  y g ;  ~ - _  q~ 
T2 I l (roT~ " 

In dimensionless  form the sys tem is writ ten as follows: 

m 0~4 + q,, = 1 I--X X 
- -  r 

'is (T)'+" 

2 o + (Y - -  X)  2 
(5) 

I+; i - -  ~ h ~- " ~ h 2 y)~]3/2 d X ,  (6) d20~ - N ,  0 4 _  l - -  2+(1 Y) z 2 ] / /  T +r2  2 
dv2 2 -- o ~ + ( X -- 

�9 j 

where h / l  is the geometr ic  pa rame te r  which is a measure  of the height of the base as a rat io of the length 
of the extended surface; N c = o o T ~ 1 2 / X 5  is a dimensionless  pa rame te r  of thermal  conductivity, represent ing  
the rat io of the thermal  radiation of a blackened extended surface at a tempera ture  T 2 to its normal the r -  
m a l - c o n d u c t i v i t y  component, 

We determine the boundary conditions from the symmetry conditions of the system: 

[Ov]v=o =[Ovlv=i, [ ~ - y  jv =Y 

The system of two equations contains three unknowns: | | and qx' 

To find a uniquely defined solution we must present  qx in the fo rm of a function of other variables  
or  it must be given a constant Value. 

The nature of the heat distribution over the length of the channel in a multichannel furnace, estab- 

lished over the width of the fired material (Fig. 2), shows that in the basic heating and cooling segments 

for the fired material the slope of the temperature curves is identical, indicating a stable requirement of 

heat through the width of the fired material, i.e., we are dealing with a regular thermal regime of the second 

kind: 

"qx = ~ ~--" cons ' [ .  

However, in this case the numerical solution of the system of integrodifferential equations is made difficult, 

since we do not know the nature of the funetions | and | 

We know only of the special case of a solution for T x = 0~ in which case the system is markedly 

simplified and assumes the form of a second-order differential equation 

d% _. No - (%, + 
dg~ 

whose numerical solutions were derived on an electronic digital computer by Sparrow and Eckert for a 

black surface [2], and by Zhulev and Kosarenkov for a gray surface for which e = 0.7 [3]. 

To determine the nature of the distribution for 0 and | we undertook certain tests on an experi- 
Y 

mental installation, and these enabled us to de~ermine tlie nature of the curves for @y and | in addition to 

helping us in the solution of the system of integrodifferential equations. 
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Fig.  3. D iag ram of the expe r imen ta l  in-  
s ta l la t ion .  1) furnace;  2) muffle chamber ;  
3) t he rmoeoup les ;  4) c a l o r i m e t e r s ;  5) heat  
insula t ion for  the c a l o r i m e t e r s ;  a) na tu ra l  
gas;  b) a i r ;  e) flue g a s e s .  

Fig .  4. Nomogram.  

The expe r imen ta l  ins ta l la t ion  cons is ted  of a p e r i o d i c -  
heat ing furnace ,  a model  of the muffle chamber  lined with 
ca rborundum shaped r e f r a c t o r i e s ,  c a l o r i m e t e r s ,  heat  in-  
sulat ion for  the c a l o r i m e t e r s ,  a s y s t e m  of wa te r  supply and 
remova l ,  and m e a s u r i n g  equipment.  A d i a g r a m  of the in-  
s ta l l a t ion  is shown in Fig.  3. 

C h r o m e l - C o p e l  t he rmocoup les  were  posi t ioned about 
the en t i re  channel p e r i m e t e r  and along the c a l o r i m e t e r  hea t -  
insulat ion sur face .  The side su r f aces  on the outside were  
m e a s u r e d  with p l a t i n u m - p I a t i n o r h o d i u m  the rmocoup les .  

The c a l o r i m e t e r s  were  ins ta l led  so as to make it poss ib le  to de t e rmine  the quant i t ies  of heat  absorbed  
by some segment  of the h e a t - r e c e i v i n g  sur face ,  as well  as to s t ab i l i ze  the h e a t - t r a n s f e r  p r o c e s s  in t ime.  
The t e m p e r a t u r e  d i f fe rence  between the influx and dra inage  wa te r  was de t e rmined  by means  of d i f fe ren t ia l  
C h r o m e l -  Copel t he rmoeoup le s .  

The expe r imen t a l  ins ta l l a t ion  was des igned so as to provide  for  l a t e r a l  heat  influx. The subs tan t ia l  
length of the model  (700 mm) and the good insulat ion of the ends of the muffle chamber  reduced the end 
boundary effects  to the minimum. The t e s t s  were  pe r fo rmed  as soon as a s t e a d y - s t a t e  t e m p e r a t u r e  and 
hea t - f low d i s t r ibu t ion  was aehieved in the muffle chamber ,  with the t e m p e r a t u r e  of the outside side sur face  
s table .  The t e s t s  d i f fered  f rom eaeh other  in the t e m p e r a t u r e  speci f ied  for  the side sur face  (the m e a s u r e -  
ments  were  p e r f o r m e d  for  a t e m p e r a t u r e  range of 600-1200~ for  the side sur face  on the outside),  as well  
as in the fo rm of the heat  insulat ion.  The expe r imen t s  were  pe r fo rmed  with two corffigurations of the l a t e r a l  
c r o s s  sect ion of the heat  insulat ion,  with a geome t r i c  p a r a m e t e r  h/l = 0.1, and with the t h e r m a l  conduct ivi ty  
va ry ing  in the range  N e = 15-80. 

In the f i r s t  s tage of the inves t iga t ion  we used phos pha t oc e r a m ope r l i t e  p la tes  S = 8 mm (X = 0.087 
+ 15 �9 10 -5 t W / r e .  deg) as the heat  insulat ion,  which s imula ted  the ini t ial  s tage of the heat ing,  co r r e spond ing  
to the condit ions 

~ T~ __ To 
R%T~ 

On the basis of the data for the distribution of the heat flows, which we derived in the first stage of 
the investigation, we chose a heat-insulation profile which provided for a constant heat flow through the 
width of the insulat ion,  i .e . ,  

qx  = qa : COTISt. 

The measurement results for the temperatures and heat flows, as well as the relative values for qc 

= const, grouped for the separate horizontal planes setting the temperature distributions through the width 
of the extended surface and the heat installation, are given in Tables 1-3, 
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TABLE 1, T e m p e r a t u r e  Distr ibut ion through the Width of the Ex-  
tended Surface 

~ o  f~o 
E d  

T, ~ 
O 

T, ~ 
O 

T, ~ 

0,054 

849 
0,985 

057 
0,976 

224 
J 

0,982 

Distance from the measurement point to the base, Y 

0,597 1,000 0,234 

753 
0,873 

926 
0,855 

959 
0,850 

0,414 

698 
0,808 

845 ' 
0,780 

967 
0,776 

0,505 

690 
0,800 

839 
0,775 

957 
0,768 

700 
0,810 

853 
0,83 

972 
0,780 

0,777 

758 
0,878 

933 
0,862 

066 
0,855 

0,946 

856 
0,992 

072 
0,990 

236 
0,990 

863 
1,00 

083 
1,000 

247 
1,000 

TABLE 2. T e m p e r a t u r e  D i s t r i b u t i o n  th rough the Width of the Heat 
In su l a t i on  

Distance from the measurement point to the base, X 
~ U  

~ [ 
~ 0,066 0,233 0,414 0,500 0,692 0,767 0,950 1,000 

T,  ~ 

O 
T, ~ 

O 
T, ~ 

O 

804 
0,932 

I010 
0,932 

1173 
0,940 

TABLI 3. 

T2, ~ 

863 
1083 
1247 

706 
0,818 

890 
0,820 

032 
0,830 

643 
0,745 

808 
0,746 

938 
0,752 

635 
0,736 

783 
0,723 

915 
0,735 

645 
0,747 

794 
0,733 

928 
0,745 

705 819 
0,817 J 0,950 

916 11034 
0,847 0,956 

1053 1187 
0,846 0,952 

C a l o r i m e t e r  H e a t - F l o w  Values  Q, W / C a l o r i m e t e r  

Calorimeter number 

194 
253 
345 

198 
253 
339 

192 
266 
356 

196 
251 
353 

198 
261 
355 

863 
1,000 

1083 
1,000 

1247 

1,000 

qc 

0,202 
0,108 
0,084 

On the b a s i s  of e x p e r i m e n t a l  data,  u s ing  the method of a p p r o x i m a t e  h a r m o n i c  a n a l y s i s  [4], we de r i ved  
the r e l a t i o n s h i p  d e s c r i b i n g  the n a t u r e  of the d i s t r i b u t i o n  for  the r e l a t i v e  t e m p e r a t u r e s  th rough the width of 
the extended su r f ace  and the heat  i n su l a t i on :  

Oy = 1 - - A O  U sin~g, 

A@y is the d i f f e r ence  be tween  the r e l a t i v e  t e m p e r a t u r e s  through the extended su r face ,  be tween  i ts  ba se  and 
axis  of s y m m e t r y ;  

@~ = 1 - -AO~ sinax, 

A@ x is  the m a x i m u m  d i f f e r ence  in  the r e l a t i v e  t e m p e r a t u r e  th rough  t he  width of the heat  insu la t ion .  

In the heat  t r e a t m e n t  of c e r a m i c  m a t e r i a l s  the va lue  of A| x is a c r i t e r i o n  which d e t e r m i n e s  t he i r  i n -  
t e g r i t y  and s t r a i g h t n e s s ;  i ts  v a l u e s  a r e  known for  spec i f ic  t e m p e r a t u r e  i n t e r v a l s  on the h e a t - t r e a t m e n t  
cu rve  [51. 

We in t roduce  the r e l a t i o n s h i p s  de r i ved  for  @y and @x into the s y s t e m  of i n t eg rod t f f e r en t i a l  equa t ions  
for  coo rd ina t e  va lues  of Y = 0,5 and X = 0.5 (the r e l a t i o n s h i p s  for  | and | a r e  va l id  for  all  va lues  of the 
coo rd ina t e s  X and Y f r o m  ze ro  to one, but th i s  subs t i t u t i on  s i m p l i f i e s  the sys t em) ,  and as a r e s u l t  we d e r i v e  
a s y s t e m  of n o n l i n e a r  a l g e b r a i c  equa t ions  of the fo l lowing fo rm:  

(1 --AO~sinzcX) 4 (1 - -  AOu) 4 a;~AOY = 1 - -  0.5 + 2 z 
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1 

- = 0.5 + ~ ( ~ ] 2  (1 - -  AQu sin ~Y) 4 ] 3/2dg-(1-AOx)4' 

whose solution is shown by the nom ogram  in Fig.  4. 

Determining  the values  of qe f r o m  the nomogram,  we find the opt imum heating ra t e  

= ~oT~q~ 
17r163 

T 
| 

A| 

qx 

qx 

h 

6 
l 
X 

Y 
x,Y 

R 

ao 
m 

c 

N O T A T I O N  

is the absolute t e m p e r a t u r e ;  
is the d imens ion less  t empera tu re ;  
is the t e m p e r a t u r e  d i f ference  through the width of the surface;  
,s the power of the internal  heat  consumption; 
is the re la t ive  power of the internal  heat  consumption; 
is the heating rate;  
is the base  height; 
,s the th ickness  of the extended surface;  
~s the length of the extended surface;  
~s the coordinate  along the sur face  of the mater ia l ;  
ts the coordinate  along the extended surface;  
a re  d imens ion less  coordinates ;  
is the angle factor ;  
is the heat  r e s i s t a n c e  of the mater ia l ;  
is the radia t ion constant  for  a per fec t  b lack  body; 
is the m a s s  of the mater ia l ;  
is the heat  capaci ty  of the ma te r i a l .  

Symbols 

1 ,2  
X 

Y 
0 

denote the numbers  of the base  sur faces ;  
is the sur face  of the mater ia l ;  
denotes the extended surface;  
denotes the midplane of the mate r ia l .  
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