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T H E  T E M P E R A T U R E  D E P E N D E N C E  OF TI IE  T H E R M A L  

C O N S T A N T S  OF C O M P O S I T E  P O L Y M E R  M A T E R I A L S  

V.  I .  S t r a k h o v ,  S.  I .  L e o n o v a ,  
a n d  A. N.  G a r a s h c h e n k o  

UDC 536.21 

We developed a method for determination of the thermal-conductivity temperature dependence 
of organic and fiberglass plastics at temperatures  up to 1000~ from thermocouple measure-  
merits by solving the inverse heat-conduction problem. 

In the region of temperatures  exceeding the minimum temperature  of thermal  decomposition of compo- 
site polymer mater ia ls ,  the macros t ructure  and the chemical composition of the material  change and the the r -  
mal effects of the physicochemical transformations appear. These factors depend crucially on the rate and 
conditions of heating and as a resul t ,  the traditional methods of measuring the thermal  constants [1] are large-  
ly inapplicable since these are  based on the solution of the heat equation without taking into account the features 
mentioned above. The determination of the thermal  constants in this temperature  region is made possible 
using the temperature  measurements  in heating conditions close to those occurring in real  situations by the 
method of the inverse heat-conduction problem (IHCP). 

The mathematical model describing the heat propagation in the composite polymer materials at high 
temperatures  should describe all relevant features of the process ,  and at the same time be sufficiently simple 
from the point of view of practical  applications. These requirements are satisfied by the heat equation written 
in the form 

F Ot 0 (. O~x ) Ot 
= + Ox 

F , :  ( I - -  D c~~ ~- po ( 1 - -  Kmc)Q -~t ; G ::  c I 

Xbd 

dx. 

(1) 

The majority of the physical parameters  appearing in the heat equation (1) (X, Kmc, f ,  Q, P0, 02, cl) can 
be determined by existing methods. To determine the specific heat c 2 and the thermal  conductivity X it is neces-  
sary to use IHCP. 
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Fig .  1. Layout of the  expe r imen ta l  appara tus :  1) gas  gene ra to r ,  2) s c r een ;  
3) roentgen photorecord ing  device;  4) sample ;  5) roentgen IRA-2D insta l la t ion.  

FI g. 2. T h e r m a l  conductivi ty k(t) of g l a s s - f i b e r  p las t i c  (1) and organic  p las t ic  
(2) vs  t e m p e r a t u r e  t .  

It follows f rom the ana lys i s  of the t h e r m a l  m a s s  t r a n s p o r t  in the composi te  p o l y m e r  m a t e r i a l s  that 
the t h e r m a l  conductivity and the specif ic  heat must  be cons idered  as functions of t e m p e r a t u r e  and the d e -  
g r e e  of decomposi t ion:  )~(t, X) and c2(t , • 

In many si tuat ions of p rac t i ca l  impor tance  the r a t e  of heating of the composi te  p o l y m e r  m a t e r i a l s  is 
suff icient ly fas t  and the degree  of t h e r m a l  decomposi t ion  depends only weakly on the ra te  of heating [2]. 
In these  cases  one may with sufficient  a ccu racy  a s s u m e  that }, and c 2 depend only on t e m p e r a t u r e .  This  
s impl i f i e s  IHCP cons iderab ly .  

The s i m p l e s t  solution of IHCP and the mos t  useful  in expe r imen ta l  applicat ion is  the t h e r m a l  scheme:  
an infinite plate  f r o m  the m a t e r i a l  in quest ion,  with conditions of the f i r s t  kind on the "hot" and "cold" s u r -  
f aces .  The boundary conditions of the heat equation of this s cheme  have the fo rm 

t (x, O) = to (x); 1 (0, "0 = Uo ('0; t (6, "0 - u ,  ('0. (2) 

The IHCP for  de te rmin ing  the t h e r m a l  constants  is  t he re fo re  formula ted  in this si tuation as follows: 
We obtain the t ime  dependence of the t e m p e r a t u r e  at the su r face  of the plate u0(v), and the t e m p e r a t u r e s  at 
s e v e r a l  points through the th ickness  ui(v). We need to de t e rmine  those functions },(t) and c2(t) fo r  which the 
t e m p e r a t u r e  behavior  in the i n t e r i o r  of the pla te ,  calculated f rom Eqs .  (1) and (2), r ep roduces  in the 
bes t  way the exper imen ta l ly  m e a s u r e d  va lues .  

We shal l  use the d i rec t  method for  the solution of this p rob lem.  The possible  solution instabi l i ty  
which can take place as a consequence of the mentioned i n c o r r e c t  formulat ion of IHCP p rob lem is r emoved  
thanks to na tura l  regulat ing p rope r t i e s  of the a lgor i thm and to the appropr ia te  choice of the p a r a m e t e r s  [3]. 
The d i rec t - so lu t ion  methods of the IHCP a r e  based on the scheme  which g ives ,  subject  to the imposed  con -  
s t ra in t s ,  t h e b e s t  approx imat ion  of t e m p e r a t u r e s  which a r e  calculated f rom a d i roo t -hea t ing  p r o b l e m  and 
m e a s u r e d  exper imen ta l ly  [4]. This approach  makes  it  poss ib le  to obtain a s table solut ion,  even taking into 
account  the unavoidable e r r o r s  in the input data and in the in t e rmed ia te  calculat ions.  The choice of the best  
solution is obtained by the method [5] using the express ion  

o =  --A. 

Approximat ing the functions ~(t) and c2(t) by l inear  or  cubic spl ines  reduces  the p rob lem to finding 
the min imum of a function of K independent va r i ab l e s .  
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TO find the m i n i m um  of the functional (3) we used a method of random s e a r c h  which uses  the i n f o r m a -  
tion about the min imum function obtained during the s e a r c h  and has a f a s t e r  convergence  and s imple  a lgo-  
r i thm.  

A p r e l i m i n a r y  invest igat ion of the solution a lgor i thm of the IHCP was ca r r i ed  out by analyzing the 
solut ions of model  p r o b l e m s .  In this  ana lys i s  we es tab l i shed  the following resu l t .  F o r  the s a m e  boundary 
conditions and the s a m e  number  of va r i ab l e s  the convergence  of the p roce s s  is  worse  and the length of the 
calculat ion longer  in the case  of s imul taneous  de te rmina t ion  of X(t) and c2(t) than when determining only },(t). 

F o r  a s imp le  function },(t) (quadratic parabola)  the convergence of the p roce s s  is  the s a m e  when ap-  
p rox imat ing  the function by cubic or  l inea r  sp l ines .  In the case  of a m o r e  compl ica ted function ( th i rd-order  
polynomial)  the approx imat ion  by cubic spl ines  gives  a somewhat  be t te r  resu l t .  The length of the ca lcu la -  
t ion,  however ,  is  longer  when using the cubic sp l ines .  In addition we note that  the convergence is  improved  
when the boundary momen t s  of the spl ine a r e  included in the opt imized p a r a m e t e r s .  By this the length of 
the calculat ion is  i nc reased  s t i l l  fu r the r .  

F o r  the methods above the opt imum number  of approximat ion  in te rva l s  l ies  between 2 and 5, the 
s m a l l e r  n u m b e r  r e f e r r i n g  to the approximat ion  by cubic sp l ines .  

The expe r imen ta l  t e m p e r a t u r e  f ie lds  in composi te  p o l y m e r  m a t e r i a l s  n e c e s s a r y  for  the calculat ion 
of the t h e r m a l  constants  by the IHCP were  worked out taking into account  the formulat ion of the p rob lem 
and the p r e l i m i n a r y  invest igat ion of the solution a lgor i thm.  

1. The expe r imen t  has to r e p r o d u c e  with sufficient a ccu racy  the t h e r m a l  scheme  of the "infinite 
plate  with the conditions of the f i r s t  kind on the hot and cold s u r f a c e s . "  

2. The heating conditions of the spec imen  at a r b i t r a r y  heating r eg imes  have to be appropr ia te  for  
the t h e r m a l  f low towards  the su r f ace  of the spec imen  (convective flow is  the best ) ,  for  the ra te  of heating 
and fo r  the p r e s s u r e  of the sur rounding  med ium.  

3. The t h e r m a l  flow inside the spec imen  has to be uni form and perpend icu la r  to the heated sur face .  

4. The f i l t ra t ion  of the volat i le  t h e r m a l - d e c o m p o s i t i o n  products  has to be ca r r i ed  out in the d i r e c -  
t ion pe rpend icu la r  to the heated su r f ace  and the outflow of the volat i le  products  must  not be impeded.  

5. The m e a s u r i n g  s y s t e m  mus t  make  it  poss ib le  to m e a s u r e  the t e m p e r a t u r e  as a function of t ime  
in the i n t e r io r  points of the spec imen  with accuracy  not worse  than the required  accu racy  fo r  the d e t e r m i n a -  
tion of the t e m p e r a t u r e  dependence of the t h e r m a l  constants .  

6. The s epa ra t i ons  between the t e m p e r a t u r e  s enso r s  mus t  be m e a s u r e d  with sufficient a ccu racy  
dur ing the whole heating p r o c e s s .  

The expe r imen ta l  inves t iga t ions  of the t e m p e r a t u r e  f ields in fiat  composi te  p o l y m e r  m a t e r i a l  s a mp le s  
were  conducted by heating them f r o m  one side by the s t r e a m  of h igh - t empe ra tu r e  burning products  in the 
expe r imen ta l  s e t - u p  shown in Fig.  1. The expe r imen ta l  s e t -up  is  notable for  the following reason:  By us -  
ing suff icient ly th ick s am p l e s ,  whose ou te r  su r face  r e m a i n s  cold during the exper imen t  and whose heate~ 
su r f ace  is  fixed by means  of a pe r fo ra t ed  plate f r o m  a h e a t - r e s i s t a n t  me ta l ,  i t  i s  poss ib le  to min imize  the 
movemen t  of the t he rmocoup le s  during the heating p r o c e s s .  The x - r a y  su rvey  of the spec imen  p e r f o r m e d  
by means  of the IRA-2D appara tus  i n c r e a s e s  the accu racy  and re l iabi l i ty  of the t e m p e r a t u r e - f i e l d  m e a s u r e -  
ments  in the spec imen .  We used an e lec t r i ca l ly  heated s t a i n l e s s - s t e e l  plate as the sou rce  of heating.  

F o r  the spec imen  we used a typical  compos i t e  po lymer  m a t e r i a l  widely used in l a r g e - s c a l e  cons t ruc -  
t ions:  f i be rg l a s s  f rom modif ied epoxy r e s in  re in fo rced  by a f ibe rg la s s  fabr ic  and an organic  p las t ic  f rom 
an epoxy r e s in  re in fo rced  by a h igh-s t reng th  th read .  The physica l  p a r a m e t e r s  appear ing  in equation (1) 
were  de t e rmined  in the following way. The m a s s  concentra t ion  of the solid res idue  in the t h e r m a l  deco m-  
posi t ion products  and the degree  of complet ion of the p r o c e s s  were  de te rmined  exper imenta l ly  by means  
of a t h e r m o g r a v i m e t r i e  ana lys i s  at heating r a t e s  c lose  to those  used in the expe r imen ta l  de terminat ion  of 
the  t e m p e r a t u r e  f ie lds .  The ini t ial  densi ty  of the m a t e r i a l  and the ins tantaneous density of the solid r e s i -  
due were  found exper imenta l ly  until the solid res idue  was reduced to f r a g m e n t s .  The instantaneous po ros -  
i t y  was found f r o m  the deg ree  of t h e r m a l  decompos i t ion ,  density of the solid r e s i dues  and f r o m t h e  re la t ive  
de format ion  which were  found exper imen ta l ly .  The specif ic  heat of the volat i le  t h e r m a l - d e c o m p o s i t i o n  
products  and the spec i f ic  heat of the solid res idue  were  calculated f r o m  the s ta te  and speci f ic  heats  of the 
components .  The ca lor i f ic  effect  of the t h e r m a l  decomposi t ion  was ca lcula ted  f r o m  the fo rmat ion  t e m p e r -  
a tu res  of the ini t ia l  r e s i n  and of the t h e r m a l - d e c o m p o s i t i o n  produc ts .  
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The t h e r m a l  conductivity as  a function of t e m p e r a t u r e ,  calculated by the methods  desc r ibed  above,  is  
shown in Fig.  2. The compar i son  of these  t h e r m a l  conductivi t ies  with those  de te rmined  for  the s a m e  m a t e -  
r i a l s  by mouotonie h e ~ i n g  at t e m p e r a t u r e s  below the t h e r m a l  decomposi t ion  region showed a reasolmble  a g r e e -  
ment .  

N O T A T I O N  

r ,  t ime;  x, th ickness  coordinate;  6, s ample  th ickness ;  Xbd, i s o t h e r m a l  coordinate  of the beginning of 
decompos i t ion ,  t(x,  7), calculated t e m p e r a t u r e  field in the" spec imen;  u(x, T), exper imen ta l ly  de te rmined  t e m -  
p e r a t u r e  field in the spec imen;  t0(x), i n i t i a l t e m p e r a t u r e  prof i le  in the spec imen;  X degree  of t h e r m a l  decompo-  
sition; P0, ini t ial  densi ty  of the ma te r i a l ;  /32, instantaneous densi ty  of the solid res idue;  cl( t) ,  specif ic  heat of 
the volat i le  t h e r m a l - d e c o m p o s i t i o n  products ;  c 2 (t) and X(t), spec i f ic  heat and t h e r m a l  conductivity of the m a t e -  
r ia l ;  Kmc ,  m a s s  concentra t ion of the sol id res idue  in the t h e r m a l  decomposi t ion products ;  Q, ca lor i f ic  effect  
of t h e r m a l  decomposi t ion  at  the t e m p e r a t u r e  of decomposi t ion;  At r o o t - m e a n - s q u a r e  e r r o r  of the t e m p e r a t u r e  
m e a s u r e m e n t s ;  f ,  poros i ty  of the coke; 7*, durat ion of the t h e r m a l  t r e a t m e n t .  Indices:  k = 1, 2t �9 . . ,  K is 
number  of the approx imat ion  in te rva l ,  and i = 0, 1, 2, . . . ,  I i s  the number  of the point through the th ickness .  
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A .  V .  T i t o v  a n d  Y u .  A .  S o l o d y a n n i k o v  

T H E R M A L  

UDC 536.223 

We desc r ibe  a method and the expe r imen ta l  s e t -up  for  a comprehens ive  de te rmina t ion  
of t h e r m a l  constants .  The method is  applied to re inforced  composi te  m a t e r i a l s .  

In the cu r r e n t  technology the re  is some  in t e re s t  in composi te  m a t e r i a l s  re inforced  by meta l l i c  inc!usions 
in the f o r m  of a foil o r  wire .  In some c a s e s ,  a contact  zone is  fo rmed  between the composi te  m a t e r i a l  and the 
inclusion which is different  f r o m  the re inforc ing  m a t e r i a l .  

To find the t h e r m a l  conductivity of such a s y s t e m  it  is  n e c e s s a r y  to know the t h e r m a l  constants  of the 
ini t ial  m a t e r i a l s  and of the contact  zone. The p r o p e r t i e s  of the ini t ial  m a t e r i a l s  a r e  often known fa:irly r e l i -  
ably; to de te rmine  the p r o p e r t i e s  of the contact  zone by the usual  m e t h o d s ,  however ,  is  usual ly difficult be-  
cause  the th ickness  of the zone is  sma l l  and i ts  separa t ion  is  p rac t i ca l ly  imposs ib le .  

P h y s i c a l  B a s i s  o f  t h e  M e t h o d  

In the p re sen t  combined method of de te rmina t ion  of the t h e r m a l  constants  of nonmetal l ic  m a t e r i a l s  we 
used as  a s o u r c e  of heat and as the t e m p e r a t u r e  s e n s o r  a sma l l  s t r i p  of meta l l i c  foil or  a s m a l l - d i a m e t e r  wire  
f r o m  a luminum,  copper ,  o r  s i lve r .  F o r  the above-ment ioned  composi te  m a t e r i a l s  this e lement  can be the 
me ta l  inclusion.  

The method is  ba sed  on the combinat ion of the method of r egu l a r  t h e r m a l  r eg ime  of the third tdnd [1] and 
of the ey l ind r i ea l -p robeme thod  [2]. This  makes  it  poss ib le  to de t e rmine  in one exper iment  the coefficients  of 
t h e r m a l  ac t iv i ty ,  t h e r m a l  diffusivi ty,  and t h e r m a l  conductivity.  T h e  exper imen t  is in te rna l ly  cons is tent  since 
f r o m  any two of the coeff icients  it  is poss ib le  to find the th i rd .  

Sc i en t i f i c -Resea rch  Inst i tute  of Engineer ing P r o b l e m s  at the N. l~. Bauman Technica l  Insti tute of Higher  
Learn ing ,  Moscow. Trans la t ed  f r o m  Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol.  33, No. 6, pp. 1052-1057, D e c e m -  
be r ,  1977. Original  a r t i c l e  submit ted April  5, 1977. 
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