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An analysis is made of the process of heat conduction during 
heating of bodies made of materials subject to thermal degradation. 
An example is given of the calculation and its experimental verifi- 
cation for the specific test conditions applicable to heating of a 
plate of glass-reinforced plastic. 

The o c c u r r e n c e  of t h e r m a l  d e g r a d a t i o n  in h e a t -  
s e n s i t i v e  p o l y m e r  bu i ld ing  m a t e r i a l s ,  a c c o m p a n i e d  
by  a b s o r p t i o n  of  hea t  and copious  e m i s s i o n  of  gas ,  
p r o m o t e s  i n c r e a s e d  t h e r m a l  s t ab i l i t y  dur ing  s t r o n g  
hea t ing .  Th is  p r o p e r t y  of  p o l y m e r s  i s  wide ly  used  in 
t echno logy  to c r e a t e  d i f f e ren t  k inds  of  h e a t - p r o t e c t i v e  
c o a t i n g s .  As  r e g a r d s  the  na tu r e  of  the  p r o c e s s e s  i n -  
volved,  hea t ing  of p o l y m e r s  above  the t e m p e r a t u r e  at  
which t h e r m a l  d e g r a d a t i o n  beg ins  c o r r e s p o n d s  in many  
ways  to d r y i n g  of  m o i s t  m a t e r i a l s .  Th is  p e r m i t s  the  
ca l cu l a t i on  of t e m p e r a t u r e  d i s t r i b u t i o n  in hea t  sh ie ld  
l a y e r s  by  the me thods  of  d ry ing  t h e o r y  [1]. 

t 

F ig .  1. T e m p e r a t u r e  d i s t r i -  
but ion in the s u r f a c e  l a y e r s  of  
p o l y m e r  m a t e r i a l  when hea ted  
above the t e m p e r a t u r e  a t  which 
t h e r m a l  d e g r a d a t i o n  b e g i n s .  

Let  us  examine  the condi t ion  of s u r f a c e  l a y e r s  of  a 
p l a t e  of  p o l y m e r  m a t e r i a l  when hea t  i s  suppl ied  to one 
of  i t s  s i de s ;  we sha l l  d i s t i ngu i sh  t h r e e  zones  in the  
hea ted  p la te ,  depending  on the t e m p e r a t u r e  (Fig .  1), 
In the zone of t e m p e r a t u r e s  not g r e a t e r  than that  at  
which t h e r m a l  d e g r a d a t i o n  beg ins  (zone 1), hea t  con-  
duct ion i s  d e s c r i b e d  by  the equat ion 

c y  .... k , x>.x .~ .  
c? -~ O x 

E n d o t h e r m i c  d e c o m p o s i t i o n  of  the  p o l y m e r  o c c u r s  
in zone 2, a c c o m p a n i e d  by  g a s i f i c a t i o n .  The gaseous  

p r o d u c t s  of t h e r m a l  d e c o m p o s i t i o n  m i g r a t e  t o w a r d  the 
hea ted  su r f ace ,  moving  a long the p o r e s  tha t  a r e  
f o r m e d .  Heat and m a s s  conduct ion in the  second  zone 
m a y  be d e s c r i b e d  by the s y s t e m  of equat ions :  

Ot i) ['; Ot ~ c) d y  

O~ 

Oy.a_. O , 0 y. 
aT = -&x q + - ~  ' x ,  < x < x . .  (1) 

The t h e r m o p h y s i c a l  coe f f i c i en t s  in (1) depend on 
t e m p e r a t u r e  and hea t ing  r a t e ,  s ince  the  p r o c e s s  of 
va po r i z a t i on ,  which d e t e r m i n e s  the t h e r m a l  conduc-  
t i v i ty  and o t h e r  t h e r m o p h y s i c a l  p r o p e r t i e s  of the m a -  
t e r i a l  be ing  decomposed ,  p r o c e e d s  in t i m e .  

In zone 3, ad j acen t  to the  p la te  su r f ace ,  the  t h e r -  
m a l  d e g r a d a t i o n  p r o c e s s  t e r m i n a t e s ,  and t h e r e f o r e  
the  vo lume heat  s o u r c e s  c e a s e  to ac t .  The hea t  and 
m a s s  t r a n s f e r  equat ions  in th is  zone have  the  fo rm 

Ot 0 (), - -  (c.~ t,2 q'), . . . . . . . . .  _(!,& 0 
c ~" 0 ~ Ox Ox ] 

0 , : 0 . _  O 
q'; 0 < x <:: xl .  

0 ~ Ox 

The bounda ry  condi t ions  on the contac t  s u r f a c e s  b e -  
tween  ne ighbor ing  zones  a r e  as  fo l lows:  

when x :x , ,  6 (x, ~) =:: t. (x, ~), ql (x, ~) ---- q2 (x, ~), 

dll .... X._, dt--Z 

?'~ dx dx ' 

whenx =xt t., := t.j, q; (x, ~) = q~ (x, % ~.~dtK = 1..~ dt-2-'~ 
dx dx 

To so lve  the  c o m p o s i t e  equat ions  we make  use  of 
a n u m e r i c a l  method [2], with the  aid of which we wil l  
d e t e r m i n e  the t e m p e r a t u r e  d i s t r i b u t i o n  in a g l a s s -  
r e i n f o r c e d  t ex to l i t e  p la te  based  of ED-6 r e s i n .  

The condi t ions  of the p r o b l e m  a re :  a p la t e  8 m m  
th ick  with in i t i a l  t e m p e r a t u r e  20 ~ C iden t i ca l  o v e r  the  
whole t h i cknes s  of the p la te  i s  hea ted  f rom one s ide  
by m e a n s  of  a l iquid which s a t i s f i e s  the  condi t ion  Bi - -  
--. oo. Thus a cons tan t  t e m p e r a t u r e  of 600 ~ C i s  e s t a b -  
l i shed  on the p la te  s u r f a c e .  The oppos i t e  s u r f a c e  of 
the  p la te  i s  t h e r m a l l y  i n su l a t ed .  I t  i s  r e q u i r e d  to de -  
t e r m i n e  the t e m p e r a t u r e  f ie ld  in the p la te  40 sec  a f t e r  
the  s t a r t  of hea t ing .  The t h e r m o p h y s i c a l  p r o p e r t i e s  
of the  given p l a s t i c  in the  r ange  20-600  ~ C w e r e  d e -  
t e r m i n e d  e x p e r i m e n t a l l y  by the au thor  at  v a r i o u s  r a t e s  
of  t e m p e r a t u r e  i n c r e a s e  by  B a r s k i i ' s  method  [3, 4] 
and we re  p r e s e n t e d  in [5, 6] (F ig .  2). 



JOURNAL OF ENGINEERING PHYSICS 69 

We sha l l  s i m p l i f y  the  equat ions  of hea t  and m a s s  
t r a n s f e r  a s  app l i ed  to the  given hea t ing  cond i t i ons .  
F o r  epoxy  r e s i n  the  t e m p e r a t u r e  at  which t h e r m a l  
d e g r a d a t i o n  c e a s e s  i s  roughly  600 ~ C, and t h e r e  is  
t h e r e f o r e  no t h i r d  zone in the  given c a s e .  We note 
f u r t h e r  that  during e x p e r i m e n t a l  d e t e r m i n a t i o n  of 
hea t  c apac i t y ,  t h e r m a l  d e c o m p o s i t i o n  took p l ace  in 
the  c o u r s e  of  hea t ing  of the p o l y m e r ,  and the va lue s  
of  hea t  c a p a c i t y  found, d e t e r m i n e d  in th i s  way, t ake  
into account  the  t h e r m a l  e f fec t s  of the  c h e m i c a l  r e -  
a c t i o n s .  Th is  p e r m i t s  us  to combine  the  f i r s t  and 
subsequen t  t e r m s  of the  hea t  conduct ion  equat ion when 
so lv ing  (1), u s ing  the a p p a r e n t  (effect ive)  va lue  of 
hea t  c a p a c i t y  with a l l owance  for  the c h e m i c a l  r e a c -  
t i o n s .  

F ina l l y ,  a s  a n a l y s i s  shows,  a subs t an t i a l  s i m p l i -  
f i ca t ion  of  th i s  p r o b l e m  m a y  be d e r i v e d  f r o m  the fact  
tha t  the  e f fec t s  a c c o m p a n y i n g  gas  flow along the c h a n -  
ne l s  p r o v e  to have only  a s l igh t  in f luence  on the hea t  
conduc t ion  p r o c e s s  can be  neg lec t ed  in the c a l c u l a -  
ion.  Al lowing  for  t h e s e  s i m p l i f i c a t i o n s ,  and a l so  m a k -  
ing the usua l  a s s u m p t i o n s  of d r y i n g  theo ry ,  it  m a y  be 
c o n s i d e r e d  tha t  

ceff~" OT =-0;~- a~-" - 

Ot 
+ c~q" . - - -  

Ox 
(2) 

The l o s s  of  a c c u r a c y  in r e p l a c i n g  (1) by (2) does  not 
exceed  the e x p e r i m e n t a l  e r r o r  in d e t e r m i n i n g  the 
t h e r m o p h y s i e a l  p r o p e r t i e s .  
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Fig .  2. Dependence  of  the  t h e r m o p h y s i c a l  
p r o p e r t i e s  X, k c a l / m  �9 h r  �9 d e g r e e ,  and 
c% k c a l / m  3, of g l a s s - r e i n f o r c e d  t ex to l i t e  

on t e m p e r a t u r e  t, ~  

We sha l l  so lve  the  p r o b l e m  by a n u m e r i c a l  me thod .  
To th i s  end we r e p l a c e  the cont inuous  t e m p e r a t u r e  d i s -  
t r i bu t i on  by a s t e p w i s e  one, d e r i v e d  f r o m  t e m p e r a t u r e  
va lues  d e t e r m i n e d  f rom the f o r m u l a  

[ - t . ( t ~ . ~ - ' t ~ " . ~ ) ( t , . , _ , ~ . , : ) _  
t i k* l  " t i 'k-!- 2 . 
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F o r m u l a  (3) may  be s imp l i f i ed ,  us ing  the O s i d -  
Yushkov [2] e l e m e n t a r y  ba l ance  method,  which is  
based  on use  of the a u x i l i a r y  function 
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Fig .  3. D i s t r i b u t i o n  of t e m p e r a -  
t u r e ,  t ,  ~ in a p l a t e  of g l a s s -  
r e i n f o r c e d  t ex to l i t e  {h in m m ) .  

In th i s  c a s e  the  so lu t ion  m a y  be w r i t t e n  in f in i te  d i f -  

f e r e n c e s  a s  

ti. t~ + 1 : " ti. t~ - -  [Gi-  ~. t~ - -  2Gi. ~ + Gt ~ t. j~ -l-- 

- q' c., (t,.+~.~ t.,.)l (A x 2 cef f i.~ ~'i. k)-'.  

We sha l l  a s s u m e  that  the  condi t ion  for  c o n v e r g e n c e  
of the  so lu t ion  i s  the  s a m e  as  for  the  so lu t ion  without  
account  fo r  the t e r m  e x p r e s s i n g  the convec t ive  c o m -  
ponent  of  the  hea t  flux: 

h ~  "(. c ( t ) ,< . y  (t)~:,, A x-~ ~. (t) ...... 

fo r  a l l  va lue s  of t ,  s ince  the  p r e s e n c e  of th i s  t e r m  
l e a d s  to reduc t ion  of  the hea t  f luxes  (for g iven  hea t ing  
condi t ions)  and s m o o t h s  out f luc tua t ions  of  the  n u m e r -  
i ca l  so lu t ion .  

The equat ion for  the flux de ns i t y  of  the  p r o d u c t s  of  
t h e r m a l  de c ompos i t i on  m a y  be w r i t t e n  in f in i te  d i f f e r -  
ences  a s  fol lows:  

A q ' : - :  :~Y ,At_ h x + ~ ' ,  (4) 
At ._AT 

where  e '  r e d u c e s  to a quan t i ty  a s  s m a l l  a s  d e s i r e d  
when the p a r t i t i o n  i n t e r v a l s  AT and Ax a r e  r e d u c e d .  
F o r  conven ience  of  c a r r y i n g  out the  ca l cu la t ion ,  (4) 
m a y  be  w r i t t e n  as  fo l lows:  

A q i =  Y ( t i ~ t ' ~ ) - Y ( t i ' t ~ )  l i+l - - t iA"  A x .  ( 5 )  

l ,  .. i , k  - -  I t . t :  AT 

The quant i ty  Aq i i s  d e t e r m i n e d  with the  a id  of  (5) 
f rom the g r aphs  of t h e r m a l  de c ompos i t i on  k i n e t i c s  
T = 7(t) a~ a fmmtion of hea t ing  r a t e  [6], 

The m a s s  f lux dens i ty  at  an a r b i t r a r y  s ec t i on  i s  
d e t e r m i n e d  f r o m  the f o r m u l a  

h 

q~-.-: V. aq~. (6) 
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Fig. 4. Schematic of the instrument for experimental  
verification of the calculated heat conduction process :  
1) body of t ray  with fused metal;  2) specimen; 3) ther -  
mocouples; 4) recorder ;  5) variable voltage supply to 

instrument.  
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220 V 
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The values q~ obtained according to (6) arc  substituted 
in (3). 

In car ry ing  out calculations with accotmt for var i -  
ation of the thermophysical  propert ies  with heating 
rate for each time interval, it is necessary  to find 
the derivative of temperature  with respect  to t ime. 
The existence of limiting values of the thermophysical 
proper t ies  ~x~ith regard to heating rate (or, as is as -  
sumed in the terminology of molecular  physics, the 
existence of "instantaneous values of the thermophysi-  
cal constants ~ [7]) facilitates the calculation of the 
heat conduction process .  As the calculation shows, for 
given conditions the values of heating rate are suffi- 
ciently large for the limiting values of the thermo-  
physical propert ies  of the material  [5] to be used. hi 
Fig. 3 the temperature  distribution is presented for 
a plate, calculated according to (3). The figure shows 
also experimental points obtained in heating a speci-  
men of g lass- re inforced textolite of given size with 
the aid of fused tin in a special dish (Fig. 4). The co- 
efficient of heat t r ans fe r  from the metal to the speci-  
men, determined from Mikheev's formula, was ~ = 
= 2220 kca l /m 2 �9 hr  �9 degree (Bi = 355). Thus we may 
take the surface temperature  to be 600 ~ C with a high 
degree of accuracy (the e r r o r  does not exceed 4 ~ C). 

weight of gas; Qcr--heat  of chemical reaction of ther-  
mal decomposition; q ' - -gas  mass flow density; ti, k -  
tempcrature  in i- th layer at t ime k; e ' - - e r r o r  in con- 
verting to finite differences; t s - -sur face  temperature;  
tbd-- temperature at begilming of decomposition; ted-- 
temperature  at end of decomposition; q--heat flux sup- 
plied; qe--conveetive component of heat flux at plate. 
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NOTATION 

c, % },--coefficients depending on temperature;  
c2, t2, ~2 - h e a t  capacity, temperature,  and specific 
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