
H E A T  AND M A S S  T R A N S F E R  IN V I T R O P L A S T I C S  

V. M. Y u d i n  UDC 536.212.3 

Mathematical  models of heat t r ansmiss ion  in oriented vi t roplas t ics  a re  analyzed and 
methods of determining the p a r a m e t e r s  of these models a re  descr ibed .  

Reinforced  plast ics  consti tute heterogeneous  sys tems  consist ing of two basic  components (a po lymer  
b inder  and a f i l ler)  with markedly  different  thermophysica l  p roper t i e s  and of not the same physicochemical  
s tabi l i ty ,  which makes the i r  behavior  during heating ra the r  complex.  Depending on the t em p e ra tu r e  level ,  
the t r ansmiss ion  of heat in these  mater ia l s  is affected by different  physicochemical  p ro ce s se s  occur r ing  
in each and the heating p rocess  alone will be descr ibed  by different  sys tems  of equations. In this study 
the author will analyze,  r e f e r r i n g  to [1], the mathematical  models of the heat t r ansmiss ion  p roces s  in 
or iented  v i t roplas t ics  and will discuss p rob lems  in the determinat ion of the p a r a m e t e r s  of these models.  

1. Within the range of moderate  t empe ra tu r e s ,  where  nei ther  of the two basic components under -  
goes chemical  changes,  heat  is t ransmi t ted  through a v i t roplas t ic  by conduction only, and the p rocess  can 
be desc r ibed  by the equation of anisot ropic  heat  conduction for  a continuous medium with cer ta in  effective 
thermophys ica l  p rope r t i e s  which depend on the overa l l  mater ia l  s t ruc tu re  as well as on the volume con-  
tent  and the p roper t i e s  of the components:  

OT 0 ) .... 8T 0 {)~ OT ) , 0 ~zv (1) 
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When determining the effective p rope r t i e s ,  we will consider  the vi t roplas t ic  to consis t  of two basic 
components:  glass f iber and polymer  binder ,  with gaseous inclusion p resen t  e i ther  as a byproduct  of 
technological  p rocess  or  de l ibera te ly  injected into the mater ia l :  

ng - ,  np -',- m o = 1. (2) 

The densi ty  and the specif ic  heat of a v i t roplas t ic  a re ,  by vir tue of being sca la r  quanti t ies,  d e t e r -  
mined by the s imple weighted sum of the i r  r e spec t ive  values for the basic  components (the contribution 
of  the gaseous phase is v e r y  small  and, t he re fo re ,  d is regarded) :  

9 = nggg + nppp, (3) 
1 

C ~  - -  t 0 P (ngpgeg ,np, pep). (4) 

In o rde r  to de te rmine  the thermal  conductivity,  one must know the mater ia l  s t ruc tu re  Ithe d i s t r i -  
bution of its components).  We will, t he re fo re ,  f i r s t  consider  an individual unidirect ional ly re in fo rced  
l aye r  of v i t roplas t ic .  The thermal  conductivity in the direct ion of the r e in fo rcemen t  is a lso de te rmined  
by the sum of two t e rms :  the the rmal  conductivity of the glass f iber  and that of the porous binder:  

�9 %': = ) .  n -? }+p(1 - -  r,g). (5) 

The quantity [ p  can be calculated according to Odolevskii 's  formula  [2] with the the rmal  conductivity of 
a monolithic binder  and the poros i ty  m p =  m 0 / ( 1 - n g ) .  

F o r  the thermal  conductivity in a plane perpendicu la r  to the re in forc ing  f ibers ,  with the random 
distr ibution and the mutual or ienta t ion of these  f ibers  taken into account,  we have the following approxi -  
mation formula:  
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: t - - ,  (6) 

�9 ~ p - - -  [ng.-0,4])(1 + 

which has been v e r y  accura te  (maximum e r r o r  +3%) within the ranges  of p a r a m e t e r s  0.2 -<-< ng -< 0.7 and 
1 -< Xg/Xp -< 10. It has been assumed in the calculat ions that the f ibers  a re  c i r cu la r  in c ross  sect ion,  that 
s t ruc tu ra l ly  the mater ia l  consis ts  of squares  and hexagonal unit cells  a r r a y e d  at random and or iented 
a rb i t r a r i l y ,  and that the o c c u r r e n c e  of both types  of cell  s t ruc tu re s  is equiprobable,  with the volume con-  
tent  of the r e in fo rcemen t  mater ia l  dis t r ibuted normal ly  [3]. The effect ive thermal  conductivity of the unit 
cel ls  was calculated f rom the resu l t s  of numer ica l  solutions to respec t ive  heat  conduction p rob lems .  

F o r  a sheet  of v i t roplas t ic  whose thickness is 5 and which consists  of n l aye r s  with equal contents 
but d i f ferent  or ientat ions of glass f ibers ,  the components of the thermal  conductivity t ensor  a r e  defined 
as follows: 

n 

T c~ Oj, 

Z, vv = Xw_ (~,M --X ~) 

. 1 (~,,u 

8j cos~ O j, 
(7) /-----l 

n 
8j 

~ )  ~ E ~ sin 20j, 
/ '=1 

Z.zz = ~-, ~.~z = Zr162 = ~ = ~ ,  = O, 

where  0j denotes the angle between the f iber  or ientat ion in the j - th  l ayer  and the  Ox axis.  

2. A the rma l  breakdown of the binder ,  which occurs  when a vi t roplas t ic  is heated to high t e m p e r a -  
t u r e s ,  causes  significant changes in the heat t r ansmiss ion  p rocess .  Chemical  react ions  during the b r eak -  
down a re  accompanied by thermal  effects  which cause  a redis t r ibut ion of heat  sources  and heat sinks in the 
ma te r i a l ,  the power of those being de termined  by the decomposit ion p rocess .  The gaseous products  gene r -  
ated by such a decomposi t ion begin to flow through the s imultaneously forming pores  and, as a resu l t ,  
heat  is now t ransmi t t ed  through the mater ia l  also by convection. The change in the chemical  composition 
as well  as the format ion of po res  in the  binder  have the effect  of a l ter ing the thermophys ica l  p roper t i e s  
of the mater ia l .  

The  sys tem of equations descr ib ing the heat  t r ansmiss ion  through re in forced  plast ics  during the 
decomposit ion of the binder  must,  if the said effects a r e  taken into account,  include an equation of chemi -  
cal  kinetics in the decomposi t ion p r o c e s s ,  equations of mass ,  energy,  and momentum conservat ion,  and 
also an equation of s ta te  for  the gaseous phase.  

The the rmal  breakdown of po lymers  is a complex multistage p roces s  which, according to the theory  
of complex chemical  reac t ions ,  can be desc r ibed  by an overa l l  kinetic equation. This kinetic equation 
must  r e f e r  to the equil ibr ium s ta te ,  which for  po lymers  is cha rac te r i zed  by a t he rmograv ime t r t c  decom-  
position curve Ptg(T) represen t ing  the var ia t ion in po lymer  densi ty  as a ftmction of the t em p e ra tu r e  during 
i so thermal  heating. Such a t h e r m o g r a v i m e t r i c  curve  is shown in Fig. 1 for  phenolformaldehyde reso l .  

The  Arrhenius  equation of kinet ics ,  genera l ized  on the basis of the Ptg(T) re la t ion,  will be writ ten 
a s  

( 2 t <  .0pp_= [--Bt~o P-P-- g(T) exp - - - ~  at pp>P.tg(T), (8) 

Ot t 0 at pp.~ Ptg (T), 

where  B, n,  and &E a r e  universa l  kinetic p a r a m e t e r s  of the proceSs (reaction ra te  coeff icient ,  react ion 
o r d e r ,  and activation energy,  respect ively)  genera l ly  depending on the t em p e ra tu r e  and on t h e e x t e n t  of 
b inder  decompos ition ~ = (Pp0- Pp) / (Pp0-  Ppc). 

Assuming that the solid and the gas a r e  at the same t em p e ra tu r e  at eve ry  point in the body, we can 
de te rmine  the quasis teady gas flow and the drag  on the basis of Zhukovskii 's  hypothesis  

K 
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1. Thermograv imet r i c  curve  of phenolformaldehyfle resol  binder decomposit ion.  

2. Variation in the densi ty of phenolformaldehyde resol  binder during heating at 
the ra te  d T / d t  = 10 d e g / s e c  (numbers re fe r  to respec t ive  tests) :  t ime t (sec); t e m -  
pera ture  T (~ 

and, d isregarding the kinetic energy of the gaseous phase as well as the work of p r e s s u r e  and friction 
forces  along with a few other t e rms  whose effect on the thermal s tate of the mater ia l  is negligible, we 
obtain the following equations of energy,  mass ,  and momentum conservation:  

c(T, ~1) P OT =div(~,(T, ~l) grad T)--div (9GSI~cGT) --  AH (T, ~1) np 0pp (9) 
Ot Ot ' 

div(o sV) -,'-- np 0pp _ 0, (10) 
Ot 

c 
grad (~p) @ m ~(T) sV = O, (11) 

K 

where  

9 = P0 - -  np~l (9p0-- Ppc); 

m = m o + n p  PP0--PP-. 
9p0 

The sys tem is closed by the equation of s ta te  for the gaseous phase 

R 

System (8)-(12), with given initial and boundary conditions for a given shape of the body, de termines  
the t empera tu re  field, the binder burnout,  the p r e s s u r e ,  the density, and the mass  flow rate  of the de-  
composit ion products  in the mater ia l .  

In the one-dimensional  case with an impermeable  cold surface ,  sys tem i8)-(t2) splits into two s y s -  
t ems  of equations: 

OT O /~ ,T OT \ 0 o sV T app i c(T, ~I)P -~-=-~-z  l . t ,  ~ l ) ~ - z ) - - ~ z ( ,  ~ c~ )--AHnp-~,  

OPp [ - -B9.  ofP-P---Ptg~nexp(-- AE ~ at 9p>Ptg(T), 1:. 

0t = {  0 p \ PPo ] \ RT ] at pp~-Ptg(T), { 

o (,ojv)+n ~ =0  I 
0-7- P at J 

~-~-(~p) m ~ sV = O, + 
K 

R 
P =  MG 

(13) 

(14) 
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of which the  f i r s t  one is independent and d e s c r i b e s  the t he rma l  s ta te  of the m a t e r i a l ,  while the second one 
d e t e r m i n e s  the hydrodynamic  p a r a m e t e r s  p and PG but depends on the solution to the f i r s t  one. 

3. In o r d e r  to apply the s y s t e m  of equations to p rac t i ca l  c a s e s ,  it is n e c e s s a r y  to know the values  
of its coeff ic ients  r ep re sen t ing  the p a r a m e t e r s  of the ma te r i a l .  Some of these  p a r a m e t e r s  (for example ,  

and c at modera t e  t e m p e r a t u r e s )  a r e  e i ther  known, or  can be found by known methods based  on an ex-  
pe r imen ta l  s tudy of p r o c e s s e s  under  conditions where  the descr ib ing  equations have solutions in c losed 
f o r m ,  and a subsequent  ext rapola t ion  of the thus obtained p a r a m e t e r  values  to o ther  p r o c e s s  modes and 
conditions.  The de te rmina t ion  of o ther  p r o c e s s  p a r a m e t e r s  r equ i r e s  new methods based on t e s t s  p e r -  
taining to the p r o c e s s  under a r b i t r a r y  (and thus a lso  actual  operating) conditions and a subsequent  solution 
of r e v e r s e  p r o b l e m s .  

Taking into account  these  r e q u i r e m e n t s ,  p r ec i s e ly ,  methods have been developed for  de te rmin ing  the 
kinet ic  p a r a m e t e r s  of the t h e r m a l  breakdown p r o c e s s  in po lymer  b inders  and for  de termining  the t h e r m o -  
phys ica l  p r o p e r t i e s  of a v i t rop las t i c  heated  to high t e m p e r a t u r e s .  

The method of de te rmin ing  the t h e r m a l  breakdown p a r a m e t e r s  is based  on the use of t e s t  data p e r -  
taining to weight changes in thin (5 < 0.5 ram) v i t rop las t ic  spec imens  during t r ans i en t  heating.  If the t e m -  
p e r a t u r e  function is known and if Eq. (8) is a s s u m e d  to desc r ibe  the t h e r m a l  breakdown of the b inder ,  then 
the theo re t i ca l  weight change in a spec imen  can be calculated and, consequently,  the p rob l em becomes  one 
of de te rmin ing  the kinet ic  p a r a m e t e r s  B, n, and &E on the bas i s  of the mos t  accu ra t e  cor re la t ion  between 
the es tab l i shed  oJ (t) function and the  t e s t  curve  we(t). 

With the s tandard  deviat ion as  the m e a s u r e  of the p rox imi ty  between the calculated and the tes ted  
w(t) re la t ion ,  and with the r e s u l t s  of K exper imen t s  under var ious  conditions cons idered  h e r e  so as to 
e l imina te  r andom m e a s u r e m e n t  e r r o r s  and to cove r  the en t i re  range  of p r o c e s s  modes ,  we obtain the fol -  
lowing equation: 

= m i .  (15) 

the solution to which,  within l imi t s  based  on t he rmochemica l  considera t ions  

B01)>0 ,  n(T, q ) > 0 ,  hE(T, 0 ) > 0  (16) 

will de t e rmine  the sought kinetic p a r a m e t e r s  B, n, and AE. 

The exis tence  of l imi t s  (16) and the nonl inear i ty  of functional (15) make the s e a r c h  for  minimizing the 
functions B(~), n(T, ~), a n d A E ( T ,  77) difficult.  Expres s ing  the functions in the fo rm of s e r i e s  will make the 
t a sk  e a s i e r ,  reducing it to a minimiza t ion  of functional (15) with r e s p e c t  to a finite number  of p a r a m e t e r s  
( s e r i e s  coeff ic ients) .  The s e a r c h  for the min imum is conducted by the method of s t e epes t  descents  [4] with 
a subsequent  i nc rease  in the n u m b e r  of  p a r a m e t e r s ,  and is t e rmina ted  as soon as the value of/x e i ther  
l i e s  within the e r r o r  l imi t s  of  m eas u red  data (weight of a specimen)  or  ceases  to d e c r e a s e  with succeeding 
approx imat ions  Iwith added s e r i e s  t e rm s ) .  

In accordance  with this p rocedu re ,  the author has exper imented  with the t he rma l  breakdown of 
phenolformaldehyde reso l  b inder  (Fig. 2). The t e s t s  were  p e r f o r m e d  with a spec i a l -pu rpose  h igh-sens i t ive  
t he rmoba lance  at  heat ing r a t e s  of 1, 3, 5, and 10 d e g / s e c  (a total  of 15 tes t s ) .  

In de te rmin ing  the kinetic p a r a m e t e r s  it was a s sumed  that  B = exp (b) and that  

1 
b=~ah~ lh ;  n=cons t ;  A E =  X d , ' - T - 7 "  (17) 

h p 

The o rde r  of the approximat ing  polynomials  was taken succes s ive ly  equal to h = p  = 0, 1, 2, 3. The ca l -  
culations w e r e  made on a model M-20 digital  compute r .  As a r e su l t ,  the following express ions  were  ob-  
ta ined for  the kinetic p a r a m e t e r s  with p = h  = 1: 

B = exp(15.5 5.1 ~1) 1 ( 4 T ) - -  ; n =  0,81; - - = A E  19430-- 48, -105 OK. (18) 
S~C R , 

The s tandard  deviation of ~(t) va lues  calcula ted f r o m  the t e s t  data  was 2% for  the en t i re  t e s t  s e r i e s ;  the 
m a x i m u m  s tandard  deviat ien in a s ingle t e s t  was 3.1%. A fur ther  r e f inement  of these  express ions  is not  
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Fig. 3. Var ia t ion in the dens i ty  of phenol formaldehyde  r e so l  binder  during s t ep -  
wise  heating: 1) t e s t  curve;  2) curve  according  to Eq. (8); 3) calculat ion with ptg(T) 
d i s regarded ;  4) t e m p e r a t u r e - t i m e  curve  (t, sec; T, ~ 

Fig. 4. Heat ing modes:  1) t e m p e r a t u r e  of heated spec imen  sur face ;  2) t e m p e r a -  
tu re  at the cen te r  of the spec imen;  3) t e m p e r a t u r e  of copper  plate .  T e m p e r a t u r e  
T (~ t ime  t (sec).  

worthwhile  and would be inappropr ia te ,  inasmuch as the at tained a c c u r a c y  of data fitting is within the a c -  
c u r a c y  l imi t s  of m e a s u r e m e n t s  and introducing h i g h e r - o r d e r  approx imat ing  polynomials  will not improve  
it s ignif icant ly  (A = 1.929 with p = h = 2). Such a c lose  a g r e e m e n t  between calcula ted and m e a s u r e d  values 
leads  one to the conclusion that  the p roposed  descr ip t ion  of t h e r m a l  breakdown in po lymer  b inders  does 
c o r r e c t l y  r e f l ec t  the laws governing that  p r o c e s s .  Additional conf i rmat ion  is provided by the r e su l t s  of 
compound heating tes t s  (Fig. 3). 

The methodology of de te rmin 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 v i t rop las t i c s  is based  on the use 
of t e s t  data  per ta in ing  to t e m p e r a t u r e  var ia t ions  a c r o s s  the spec imen  th ickness  dur ing t r a n s i e n t  heating. 
The t e m p e r a t u r e  readings  at  the su r f aces  s e r v e  as the boundary condit ions,  while the t e m p e r a t u r e s  at 
in ternal  points a r e  used for  ca lcula t ing the minimizing quadrat ic  functional of d i f fe rences  between c a l -  
culated and m e a s u r e d  t e m p e r a t u r e s  at  these  points .  The d i f fe rences  a r e  ca lcula ted  r e l a t ive  to the t e m -  
p e r a t u r e  leve l ,  by solving the equation of heat  conduction or  the s y s t e m  of Eqs.  (13). The  t he rmophys i ca l  
p r o p e r t i e s  as functions of the ma te r i a l  s t a te  va r i ab l e s  a r e  sought in t e r m s  of a p p r o p r i a t e  s e r i e s .  This  
p r o c e d u r e  is v e r y  p rac t i ca l ,  because it r equ i r e s  no spec ia l  ma themat i ca l  tools and makes  t h e  exper imen ta l  
ana lys is  much s i m p l e r ,  a l so  because  - and this  is m o s t  impor tan t  - it makes  feas ib le  the de te rmina t ion  
of these  c h a r a c t e r i s t i c s  while chemica l  r eac t ions  occur  in the m a t e r i a l  and conventional methods of ana l -  
ys is fail .  

In accordance  with this p rocedure ,  the spec i f i c  heat  and the t h e r m a l  conduct ivi ty  pe rpend icu la r  to 
re in forc ing  f ibers  we re  de t e rmined  for  the g rade  AG-4S v i t rop las t i c .  Since for  a unique solution of the 
p r o b l e m  with a s imul taneous  de te rmina t ion  of X • and c a r e  needed additional condit ions,  hence the m e a -  
s u r e m e n t s  were  made on flat  s p e c i m e n s ,  each with a c a l o r i m e t e r i n g  copper  plate bonded by means  of a 
hea t  r e s i s t a n t  adhesive to the su r face  opposi te  the heated  one. These  spec imens  were  now heated by t h e r -  
mal  radiat ion in such manner  as to make  the su r f ace  t e m p e r a t u r e  v a r y  l I nea r l y  f i r s t  up to 453~ and then, 
a f t e r  let t ing the heat  d i s t r ibu te  ove r  the en t i re  spec imen ,  up to 953~ (Fig. 4). 

A combined evaluation of four expe r imen t s  has yielded for the 273-453~ t e m p e r a t u r e  range  

:s177 =0.515W/m.deg, a = 985 i/kg. deg, 

with a s t andard  deviation A = 2.3OK. These  values a r e  c lose  to the ave r ages  obtained for  this  t e m p e r a -  
tu re  range  by conventional methods .  

Within the 453-953~ t e m p e r a t u r e  range,  when t h e r m a l  breakdown of the b inder  occu r s ,  we have 

~.• = 0.515 [1 ~- 0.0006@--453)] (1 - -  0.39~l)W/m.deg, 

c = 985 [1 + 0 .0014@--453)--0 .1  rllj/kg.,deg, 
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with A = 20OK. These X• ~) and c(T, 77) relations conform to known physical concepts, 

The thermal  conductivity parallel to reinforcing fibers X II can be determined by the same method; 
this was not done here  because of the unavailability of specimens. 

x, y, z 

t 

P 

Opt 
otg 
C 

x 

xU 
k-L 

P 
rig, np 
m 

s 

0 
6 
O" 

B 
n 

R 

O0 
AIt 
M 

Rd 
V 
K 
g 

r 

N O T A T I O N  

are the space coordinates; 
~s the time; 
LS the density; 
~s the density of coke residue; 
m the thermogravimetr ic  density of polymer; 
~s the specific heat; 
~s the thermal conductivity; 
~s the thermal conductivity of porous polymer; 

is t he the rma l  conductivity parallel to reinforcing fibers; 
is the thermal conductivity in a plane perpendicular to reinforcing fibers; 
is the pressure ;  
are the volume content of glass fiber and of polymer binder, respectively; 
~s the porosity; 
LS the clearance; 
LS the angle; 
Ls the thickness; 
Ls the parameter  of the distribution law; 
is the reaction rate coefficient; 
~s the reaction order;  
m the tmiversal gas constant; 
is the density of gas; 
is the thermal effect; 
is the molecular weight; 
is the extent of decomposition; 
is the drag force; 
is the velocity; 
is the gas permeability; 
is the acceleration of gravity; 
is the dynamic Viscosity; 
is the weight; 
is the duration (time} of test. 

S u b s c r i p t s  

p denotes the polymer; 
g denotes the glass fiber; 
G denotes the gas; 
0 denotes the initial condition. 

1. 
2. 
3. 
4. 
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