
TEMPERATURE F I E L D S  IN HEAT-PROTECTIVE MATERIALS 
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A solution of the heat  t r a n s f e r  equation for  po lymer  hea t -p ro tec t ive  m a t e r i a l s  is p re sen ted  
for  the case  where three  cha rac t e r i s t i c  zones a re  e s tab l i shed .  The calculat ion includes the 
var ia t ion  of the rmophys ica l  c h a r a c t e r i s t i c s  as a function of t e m p e r a t u r e  and po ros i t y  of the 
m a t e r i a l .  

In the p rac t i ca l  use  of hea t -p ro tec t ive  ma te r i a l s ,  conditions a re  possible  where  a cha r r ed  l aye r  p r o -  
duced by py ro lys i s  is maintained on the su r face .  Relat ive to such conditions, we cons ider  the following 
p rob lem on the d i spe r sa l  of heat  in m a t e r i a l s  based on unfilled, hardened polyes ter ,  epoxy, and phenolic 
r e s i n s .  

An infinite, t he rma l ly  insulated po l ymer  slab of thickness 6 at an init ial  t e m p e r a t u r e  T = T O = const  
is subjected to convective heating on one side by a gas flow, the t e m p e r a t u r e  of which va r i e s  with t ime in 
the following way, 

fo~ 0 ~ t  ~ t ,  T~ = a~t; 

for t 17 to T~ = a 3 = const, 

and the coefficient of heat t r a n s f e r  is a constant.  Through the a6tion of the high t e m p e r a t u r e  of the gas,  
t he rma l  decomposi t ion  of the m a t e r i a l  occurs  accompanied by the rma l  effects  and t h e  injection of d eco m-  
posi t ion products  into the externa l  flow. In these c i r cums tances ,  the the rmophys ica l  c h a r a c t e r i s t i c s  of the 
ma te r i a l  change. The t e m p e r a t u r e  distr ibution over  the thickness  of "the s lab is requi red .  

In the genera l  case ,  the p rob lem formula ted  can be r ep resen ted  as the d iss ipa t ion  of heat  in a t h r e e -  
layered body r ep re sen ted  by the s y s t e m  cha r r ed  l aye r  ( C L ) - p y r o l y s i s  zone ( P Z ) - u n d e c o m p o s e d  ma te r i a l  
(UM). 

The f i r s t  l ayer  (CL) is a porous  coke res idue  through which the pyro lys i s  products  diffuse into the 
ex te rna l  gas  flow. In this layer ,  the coking p r o c e s s  is comple te  (F = F0). The poros i ty  and densi ty  of the 
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Fig. 1. Py ro lys i s  cha rac t e r i s t i c s :  a, b) r e spec t ive ly  the d e -  
pendence of heat  capaci ty  ( J / k g - d e g )  and t he rma l  conductivity 
(W/m �9 deg) of py ro lys i s  products  on t empe ra tu r e ,  ~ (1-3) 
(open symbols)  f rom data in [3, 6], 1-2 (solid symbols)  f r o m  
data in [4, 5]): c) heat  of po lymer  fo rmat ion  ( J /kg)  as a func-  
tion of mo lecu l a r  weight (solid curve,  po lyes t e r  coating; dashed 
curve ,  epoxy coating; dot-dashed curve,  po lyes te r  coating).  
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mate r i a l  a re  constant over  the thickness and the thermal  conductivity, heat capacity,  and thermal  diffu- 
s ivi ty depend only on t empera tu re .  The coefficient  for  heat t r ans fe r  between the coke and the diffusing gas 
is assumed infinitely large.  It is fu r the r  assumed the p roces s  is not accompanied by mechanical  or  chem-  
ical  eros ion.  

The second layer  (PZ) is cha rac t e r i zed  by the rmal  decomposi t ion of the mate r i a l  which occurs  
throughout the ent i re  volume. Density, thermal  conductivity, heat capacity, and heat  of pyrolys is  depend 
o n t e m p e r a t u r e  and poros i ty  (degree of gasif icat ion of the mater ia l )  and vary  f rom the values at the C L - P Z  
boundary to the values at the PZ - U M  boundary.  

The third layer  (UM) is cha rac t e r i zed  by the fact that the laws of heat dissipat ion here  are s imi la r  
to the laws for  intact sol ids.  I n th i s  l aye r  the poros i ty  is equal to its initial value or  is ze ro ;  the densi ty 
of the mate r i a l  is constant,  and the thermal  conductivity, heat capacity, and the rmal  diffusivity are  only 
functions of t empera tu re .  

In proport ion to the heating in the mater ia l ,  all three  types of zones are  establ ished and they g rad-  
ually t r a n s f o r m  f rom one to the o ther .  

Heat t r ans fe r  then reduces  to a solution of the equation 

c T)p(T) OTot ago [ ~(T) ~ ] = A  OT--T-Og ..... B (1) 

under the conditions 

r(O, g) = T O = const, Fp7= O, mg= O, ~--=- g = O; (2) 

OY irv=o= " [T~ - T" (t)]; a - - a  ~ l _ ~ a 0 7 c ~ )  ; (3) 

OT ! 
2~ (T) -~-g i,=o= O. (4) 

The quantities 13 and A, which cha rac t e r i ze  the volume heat sources  during decomposi t ion and heat -  
ing of pyro lys i s  products,  a re  calculated f rom 

for 

for 

Thermophys ica l  cha rac t e r i s t i c s  a re  de te rmined"f rom exist ing 
fo rmed  exper iments  and calculat ions.  

Layer  of Undecomposed Mater ia l .  The studies of V. 8. 
the majo r i ty  of po lymers  the var ia t ion  of thermal  conductivity 

)~UM = aa -{.,- bat I. 
aUM -- a,~ - -  bsT ] 

T > T : ,  O < F e z < F  o 

S = r (r ,  rpz) ,h~; (5) 

A = m (r, 6z)c : (6) 
V..'. V~ rpz=O,  A = B = O .  (7) 

published data and through special ly  pe r -  

Bil '  and N. D. Avtokratova [1] show that for  
and thermal  diffusivity is of a l inear  na ture .  

(8) 

Charred  Layer .  The densi ty of the cha r r ed  layer ,  under the condition the coke res idue is dis tr ibuted 
un i formly  over  the ent i re  l ayer  and the volume of the mate r i a l  is unchanged during coking, is given by 

P C L :  PK( I - -  ~CL'~; ~CL= t - -  P UM K. (9~ 
9K 

Assuming the contribution of the coke and the gaseous pyrolys is  products  to thermal  conductivity and heat 
capaci ty  is propor t ional  to the i r  volume content, we find 

~CL = ~I<( I -- ~ + ~ C L ]  
c a  = cK(1 - -  ~CL) + Cgec~i ( f0)  

The  thermal  conductivity and heat capaci ty  of monolithic coke was de termined  f rom the data in [2] in 
accordance  with the following approximate  relat ions:  

for  300 - -T  _< 1000~ 

CK: 3.10.10-7T 2 - 8.15.10-~T-}- 1.02; (11) 
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TABLE 1 

[ ~ I~ ~-~.1 
~ ~!~.4 ' 

0 0 0 "'~ 0 

I 

1210 "[ PN-I 443 0,354 
 o-0 - 

R-21 588 

�9 Value of Arrhenius constants at T. ~K 

i t " I " ] ! ' 

L o, o 1 ,,oo o,22o 
0,350 1 _2,70 0,324 0,900] 64,3 0,300 1 218 

-- --. ] 1,0751 1 5.10 ~ 0,780 1 744 0,470 I ll0 

f o r  300 ~ T _ 700~ 

s  1.78.10-6T ~ - -  2.72.10:aT -}- 2.36; (1 2) 

a n d k  K = 1.3 fo r  T > 700~ 

The  t h e r m a l  conduc t iv i ty  and hea t  c a p a c i t y  fo r  the p roduc t s  of p y r o l y s i s  w e r e  ca lcu la t ed  f r o m  the 
equa t ions  fo r  m i x t u r e s  of g a s e s .  The  c o m p o s i t i o n  of the g a s e s  in the p y r o l y s i s  p r o d u c t s  f r o m  epoxy,  po ly -  
e s t e r ,  and p h e n o l f o r m a l d e h y d e  r e s i n s  and t he i r  weight  r a t i o  in the m i x t u r e  w e r e  t aken  f r o m  [1, 3 -6 ] .  
Va lues  of Xg i and Cg i w e r e  d e t e r m i n e d  f r o m  handbook da ta  or  f r o m  the M i s n a r  r e l a t i o n s  [7]. Ca lcu la t ed  
r e s u l t s  fo r  X g  and eg a r e  shown in Fig .  1. Ana ly s i s  ind ica tes  that  the t h e r m a l  conduc t iv i ty  and hea t  
c a p a c i t y  of g a s e o u s  p y r o l y s i s  p roduc t s  in the t e m p e r a t u r e  r ange  300-1200~ can  be r e p r e s e n t e d  as func-  
t ions  of t e m p e r a t u r e  in the fol lowing way: 

}~g = 1.33.10-~T-- 0.03, 

Cg = a6T"- - -  b6T - - Q. 

(13) 

(14) 

P y r o l y s i s  Zone. The  t h e r m a l  conduc t iv i ty  and hea t  c apac i t y  of the p y r o l y s i s  zone,  in the c a s e  of 
l i n e a r  dependence  on po ros i t y ,  a r e  ca l cu l a t ed  f r o m  

~'pz:: }'UM {T~) PPZ-- P c a  ._ },cL(T~ ) 9UM-- P:PZ 
PUM~-- 9CL 9UM-- PCL 

(15) 
CPZ= cpz(Tr ) 9PZ-- PCL ... CcL(T? ) PUM-- pPZ. 

PUM-- PCL PUM-- OCL 

The density of the material in the pyrolysis zone as a function of temperature and time of heating varies in 
a c c o r d a n c e  with the A r r h e n i u s  law [8] 

dppz __ K.PUM~ ,oPZ--PCL n. ( 1 6 )  
dt ~ PUM 

I n t e g r a t i n g  Eq ,  (16), we find: 

f o r  n = 1 
t 

o ( 1 7 )  

f o r  n # I ,  
t I 

l - - n  . . . .  

t o  

The  m a s s  r a t e  of gas  f o r m a t i o n  p e r  unit  a r e a  of the p o l y m e r ,  on the b a s i s  of m a s s  ba lance ,  
(we neg lec t  the m a s s  of gas  in the p o r e s  of the CL and IrZ) 

�9 @ * t Kg u r rpz) 2 

In E q s .  (16)-(19), the coef f i c ien t  fo r  the r a t e  of gas  f o r m a t i o n  is  g iven  by 

T~ 

K e = Kgoe f~ Rfr 'a~ 

(18) 

is  def ined  as 

(19) 

( 2 o )  
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Fig. 2: T e m p e r a t u r e  field (u = ( T - T 0 ) / T 0 )  over  coating th ick-  
ne s s  5 (mm) at var ious  t imes:  a) po lyes t e r  coating PN-1,  b) 
epoxy coating ED-6,  c) phenolic coating R-21 ; ve r t i ca l ly  hatched 
region is c h a r r e d  layer ,  hor izonta l ly  hatched region is py ro lys i s  
zone, and unhatched region is undecomposed m a t e r i a l ;  dashed 
curve  is t e m p e r a t u r e  profi le  for  constant  the rmophys ica l  p r o p e r -  
t ies .  

Values  of the Ar rhen ius  constants  E, Kg o and n for  each type of hea t -p ro t ec t ive  m a t e r i a l  were  d e t e r -  
mined expe r imen ta l ly .  Fo r  this purpose ,  p o l y m e r  s amp le s  were  annealed in an SUOL 0.15.0.6/12M e lec -  
t r i c  muff le  m i c r o a n a l y s i s  furnace at a constant  t e m p e r a t u r e  of the heated su r f ace .  Loss  of po lyme r  weight 
was r eco rded  for  var ious  annealing t e m p e r a t u r e s  and t imes ,  and curves  F = f(T, t) were  cons t ruc ted .  To 
analyze the resu l tan t  expe r imen ta l  data, Eq.  (19) was used in which the in tegra l  was calculated f rom the 
mean  value 

;n~.~ = K,, .~ (F,, - -  F~)% e-EFRr% (21) 

where  Kms = r s m 0 K c L s / F t K g s .  To  calcula te  r s ,  we used the equation [9] 

F~ = K~,~ (F,, - -  F~)"s, (22) 

where  the subsc r ip t  s indicates  the value of a p a r a m e t e r  at the ave rage  t e m p e r a t u r e  in the pyro lys i s  zone. 

In accordance  with Eqs .  (21) and (22) and also the resu l tan t  expe r imen ta l  cu rves  F s = f(Ts,  t), the 
reac t ion  order ,  the nominal  act ivat ion energy  for  the rmo-ox ida t ive  destruct ion,  and the coefficient  for  the 
ra te  of gas fo rmat ion  were  de te rmined  f rom:  

l d In F,  ! d In Kg,  . 
,,~ = ]d ln~UoZr~: )  r; E, = R d(i/r,---3' 

~: = 1 : K . ~  = t / t .  In F~ = . F  o - -  F,  ," n 4:1 : K,,~o = F~ --(I - -  (F~ ' 

KgcL- K~, e - - E s / R T s  " 

�9 (23) 

We then de te rmined  the heat  of pyro lys i s ,  which for  a high mo lecu la r -we igh t  chemica l  compound is 
equal to the d i f ference  between i ts  heat  of fo rmat ion  and the heats  of fo rmat ion  of the solid and gaseous  
phases ,  i .e.,  

i 

(24) 
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Fig. 3. Var ia t ionof  pyro lys i s  zone th ickness  ~--~ (mm)with t ime (sec); a) PN-1;  b) ED-6; c) R-21; 1) 
= 400, 6 = 0.5 mm;  2) 2000 and 0.5 mm;  3) 10,000 and 0.5 mm;  4) 400 and 2 ram; 5) 400 and i ram; 

6) 2000 and 2 mm.  

Fig. 4. Var ia t ion of t h e r m o p h y s i c a l c h a r a o t e r i s t i c s  over  coating thickness  at var ious  t imes :  a) 
PN-1 po lyes t e r  coating; b) ED-6  epoxy coating; c) R-21 phenolic coating. Hatched a r e a s  c o r r e s -  
pond to those in F ig .  2. Solid curve  is p, dot -dashed curve  is cp, and dashed curve  is ~; p in kg 
/ m  3, co in J / m  ~ . deg, and ~ in W / m - d o g .  

4~ 

The heat  of format ion  of the coke res idue AH~: as a function of t e m p e r a t u r e  was taken f r o m  [5]. The poly-  
m e r h e a t  of fo rmat ion  AH f was calculated analyt ical ly .  In this case,  we used the recommenda t ion  of [10] 
aecord ing to  which the heat  of format ion  of a complex chemical  compound of the type ABCD can be d e t e r -  
mIned f rom the energ ies  of bonds of the i - th  type and the heats  of fo rmat ion  of the gas a toms produced by 
complete  decomposi t ion  of the compound, i .e. ,  

~H~ = - ~  ,,h, -! ]~AH~ (25) 
i i 

where  ~ A H ~ a  j is the sum of the heats  of fo rmat ion  of the gas a toms;  v i is the number  of bonds of the i - th  
J 

type; h i is the bond energy  for  the i - th  type. Data  on bond energ ies  needed for  th+ calculat ions was taken 
f rom [11-13]. Calculated resu l t s  for  the heats  of fo rmat ion  are  given In Fig. 1 for  the po lymer s  Con- 
s ide red .  

The heat  of fo rmat ion  for  the gaseous  mix tu re  of pyro lys i s  products ,  ZAH~., was de te rmined  f r o m  
! 

the const i tut ion of the gaseous  decomposi t ion  products  and the heats  of fo rmat ion  of the components  making 
up the gas  mix ture .  In this case ,  values  of ZkI-I~[_ were  taken e i ther  f r o m  handbooks or  were  calculated by 
the group equation method [13]. 

Because  the value of T s is exper imenta l ly  undeterminable ,  the calculat ion of ns, Es ,  and Kg0s was 
c a r r i e d  out by means  of success ive  approximat ion .  In the ze ro th  approximation,  the value of the t e m -  
pe r a tu r e  at the su r face  of the sample ,  Tw, was taken as the value of T s .  Values of the Arrhen ius  constants  
obtained f r o m  Eqs .  (23) for  the zeroth  approximat ion  were  then used for  calculat ion of the t e m p e r a t u r e  
prof i le  in the sample  by solution of Eq. (1) under  the conditions (2) and a boundary condition of the f i r s t  
kind at the externa l  boundary.  The calculated t e m p e r a t u r e  prof i le  in the pyro lys i s  zone was then averaged  
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o v e r  its th ickness  and a new value Tsl  de te rmined  which was then used for  a de te rmina t ion  of the con-  
s tan ts  n s , E s ,  and KgCL~in a f i r s t  approx imat ion  f r o m  the s ame  equations.  A sa t i s f ac to ry  accu racy  was 
achievedl for  t~e calcu[at i0ns in 4-6 approximat ions .  A check on the convergence  of the method of s u c c e s -  
s ive  approx imat ions  was r ea l i zed  through the t ime for  comple te  decomposi t ion  of the s amp le .  Resultant  
va lues  of the kinetic constants  ave raged  for  four t e m p e r a t u r e  ranges  a re  given in Tab le  1. 

Thus all the data requi red  fo r  the solution of the s y s t e m  (1)-(3) was obtained. 

Solution of the heating p rob lem in a hea t -p ro t ec t i ve  coating and analys is  of the expe r imen t  were  done 
on a compute r .  F o r  this purpose ,  an impl ic i t  d i f ference  approx imat ion  scheme  was used for  Eqs .  (1), (3), 
and (4). The approximat ing  equations and r e c u r s i o n  re la t ions  take the fo rm:  

u~ - u Y  ~ k (v~+i/2)(u~+, - v l )  - k (u~-~n)(u~ - uLO 
c (U3 h~ 

h ~ A(Ui_~n) ~--U~ , h �9 -~-B (U~) E (U~--U~) (26) 

( i = - - l ,  O, 1, . . . ,  N); 

~h + ), (Uo) + k (U_I) . 2<zU~h 
x~ = - -  ~ h  - -  k ( U o )  - -  k ( u _ 0  ' g o  = ~ h  - -  ~. ( U o )  k ( U _ ~ ) '  

x~+~ = {k (U~+u2) + 1~2hA (Ut+l/2) E (U~ - -  Ut) } {L (U~+I/2) + k (U~-I/2)+ 1/2h [A (Ut+i/2) - -  A (Ui-i/z)] E (U i - -  U 0 

h2 
+ c (U~) - -  [L (Ui-L'2) - -  1~2hA (U~-1/2) E (U i -  U;)] xi}"l; 

T 

i~ + c(U~) h2 U~ -~ [k (U~_~/2) - -  A (Ui_~/~) E (U~ --  U~)] y~ }. { L (U~+~/~) + l lZhA (U~+ /2) E (U~ --U~) }-x x~ W+~ = ' h"B(U~)E(U~-- U~) 
T 

( i = 0 ,  1 . . . . .  N - - I ) ;  

YN �9 U ~. = x~+~U~+~ + y~+~ ( i = N - - 1 ,  - -1) ,  
U~ = 1 - -  Xv 

where  

E (Ui __U~) = Ji ~ for Ui < U ;, 
for U~ >/U~; 

h - -  6 U - -  T - - T ~  
J 

N T o 

The s t rong  dependence of t he rmophys i ca l  c h a r a c t e r i s t i c s  on t e m p e r a t u r e  imposes  a l imi ta t ion on the choice 
of r 0" < 0.01 see) .  This  makes  it poss ib le  to l inea r ize  Eq.  (26) and to ca lcula te  the va r i ab le  coeff icients  
f r o m  the preceding  t ime s tep .  

The calculat ions were  p e r f o r m e d  for  a broad range  of the h e a t - c a r r i e r  coeff icient  a 0 (from 400 to 
10,000 W / m  2.deg) and of the hea t -p ro t ec t ive  m a t e r i a l  th ickness  ( f rom 0.5 to 2 mm) .  Specific r e su l t s  of 
the ca lcula t ions  a re  shown in Figs.  2-5.  

F igure  2 shows curves  for  the t e m p e r a t u r e  over  the thickness  of the m a t e r i a l  at var ious  t imes  for  
po lyes t e r ,  epoxy, and phenolic coat ings .  It is c l e a r  that  the chemica l  na ture  of the m a t e r i a l ,  its t h e r m o -  
phys ica l  c h a r a c t e r i s t i c s ,  t he rm a l  s tabil i ty,  and capaci ty  for  gas fo rmat ion  play an impor tant  role  in the 
fo rma t ion  of the t e m p e r a t u r e  f ield.  In m a t e r i a l s  with lower coking number s  and coeff icients  of t he rma l  
conductivi ty (polyes te r  and epoxy coatings),  the t e m p e r a t u r e  prof i le  is s t e e p e r .  However ,  despi te  l ess  in-  
tense  heating,  the e f fec t iveness  of such coat ings is Iess  than that for  phenolics because  of low the rma l  
s tabi l i ty .  

The cu rves  shown in Fig. 3 c h a r a c t e r i z e  the ra te  of i nc r ea se  in PZ thickness  with t ime .  It is c l ea r  
the py ro lys i s  zone has  a tendency to i nc rea se  with an i nc r ea se  in the h e a t - t r a n s f e r  coeff icient  and a de-  
c r e a s e  in the coating th ickness .  The d e c r e a s e  in PZ th ickness  for  l a rge  hea t= t r ans fe r  coeff ic ients  is a s s o -  
ciated with the e m e r g e n c e  of the coordinate  ~ at the opposite face of the coating.  An intense r i se  in I='Z 
th ickness  is obse rved  when the py ro lys i s  zone is located nea r  the boundary of the coating.  Within the m a -  
te rial ,  the C L--t:rZ and PZ --UM boundar ies  move at app rox ima te ly  the s a m e  veloci ty .  In this case ,  the th ick-  
ness  of the PZ is comparab l e  to the th icknesses  of the CL and UM, which points to the inadmiss ib i l i ty  in the 
ca lcula t ions  of a reduct ion of the P-Z at the pyro lys i s  f ront .  
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Fig .  5. Effect  of py ro lys i s -p roduc t  injection on hea t -  
t r ans Ie rcoe f f i c i en t :  1, 2, 3) ~ =1000, 3000, and 
5000, 5 = 0.5 m m ;  4-7) oz = 500~ 1000, 3000,  and 
5000, 5 = 1 m m ;  8-11) oz = 500, 1000, 3000, and 5000, 
5 = 2 ram;  t in see,  a and ~o in W / m  2.deg.  

Varia t ion of the the rmophys ica l  c h a r a c t e r i s t i c s  of the m a t e r i a l s  over  the thickness  of the coating is 
shown in Fig. 4. An analys is  of the curves  indicates that the the rmophys ica l  cha r ac t e r i s t i c s  in the pyro ly -  
s is  zone and the c h a r r e d  layer  va ry  cons iderab ly  with the var ia t ion  being nonmonotonic and depending 
s t rongly  on the cu r r en t  decomposi t ion p a r a m e t e r s .  

Injection of pyro lys i s  products  into the ex te rna l  flow leads to a significant reduction in the coefficient  
of heat t r a n s f e r  (Fig. 5). Fo r  example ,  the reduct ion in o~ ~ reaches  13-42% for  a po lyes t e r  coating. 

To  compa re  the r e su l t s  with calcula t ions  for  constant  the rmophys ica l  cha r ac t e r i s t i c s ,  a spec ia l  
study was made which showed the fa i lure  to allow for  their  var iabi l i ty  leads to cons iderable  e r r o r .  The 
e r r o r  in calculat ion of the t e m p e r a t u r e  with constant values  for  k, c, a, and p and without including in- 
ject ion ( ~  = 0) and the heat  of pyro lys i s  (r = 0) is 60-70~c. Fu r the rmore ,  m e r e l y  the assumpt ion  r = 0 
leads to an e r r o r  of 6~8~c in t e m p e r a t u r e  values  and to an inc rease  in the char r ing  ra te  up to 30~c. 

N O T A T I O N  

t 

Y 

T 

C 

a 

r 
m 

ill* 

P 
r 

kg 

n 

E 
R 

AH 
ai, bi, 
ci 

is the t ime;  
is the cur ren t  coordinate;  
a re  the boundar ies  of cha r r ed  l aye r  and region of pyro lys i s ,  r espec t ive ly ;  
is the t empe ra tu r e ;  
is the t he rm a l  conductivity;  
is the heat  capaci ty;  
is the t he rm a l  diffusivity;  
is the re la t ive  f rac t ion  of m a t e r i a l  conver ted  into gas;  
is the volume ra te  of gas  genera t ion;  
is the su r face  ra te  of gas  genera t ion;  
is the densi ty;  
is the heat  of pyro lys i s ;  
is the coefficient  of gas genera t ion  ra te ;  
is the poros i ty ;  
is the reac t ion  o rde r ;  
is the act ivat ion energy;  
is  the gas constant;  
is the pre -exponent ;  

is the heat  o f  generat ion;  

a re  the constants ;  
is  the coefficient  allowing for  the nature  of gas flow around a po lymer  plate:  for  l amina r  boundary 
l aye r  77 -- 0.6-0.8;  for  turbulent  boundary l aye r  ~ = 0.4-0.5;  
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U 

h 
T 

is the dimensionless temperature; 
is the coordinate step; 

i s  the time step. 

S u b s c r i p t s  

CL 
I>Z 
UM 

g 
0 
K 

is the charred layer; 
is the pyrolysis zone; 
is the undeeomposed material;  
is the external medium; 
is the gas of pyrolysis; 
is the limit value; 
is the coke. 
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