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Results  of determinat ion of the t empera tu re  dependence of the the rma l  conductivity f rom 
thermoeouple  measurements  at two points at different depths in the mater ia l  a re  given. 

The high strength,  low bulk density,  and good hea t ' insu la t ing  proper t ies  of fiber g l a s s - r e in fo rced  
plast ics  have promoted their  wide application in engineering. This,  in turn,  has necessi ta ted an investi-  
gation of the thermophysica l  cha rac te r i s t i c s ,  par t icu lar ly  the thermal  conductivity, in a wide t empera tu re  
range.  The use of devices and apparatus for thermophysica l  measurements  based on c lass ica l  methods is 
l imited for mater ia l s  of this class  to 200-300~ since fiber g l a s s - r e in fo rced  plast ics  contain components 
which decompose and give off a ce r ta in  amount of gaseous products .  Hence, to determine the thermal  
conductivity we used a method based on a solution of the inverse  heat-conduct ion problem [1]. A p rog ram 
wri t ten for the M-220 computer  enabled us to p rocess  the numerous experimental  data and obtain s (T) r e -  
lationships for  severa l  composi t ions.  In the calculations we used unsteady tempera tu re  fields obtained on 
different appara tuses  employing d iverse  model specimens and gauges.  

The process ing  of the experimental  data revealed the main factors  affecting the e r r o r  of de te rmina-  
t ion of the t empera tu re  dependence of the the rmal  conductivity:  deviations of the bulk density and specific 
heat f rom the nominal values,  e r r o r s  in measurement  of the t empera tu re  fields, and e r r o r s  in de termina-  
t ion of the posit ion of the thermocouples .  The last  e r r o r  was the decisive one, since the e r r o r  in de te r -  
mining the posit ion f rom thermocouple  to thermocouple  could have different s igns.  This means that in ad- 
vancing f rom step to step of the pieeewise-constant  approximation of ;~ (T) the e r r o r  built up and could d is-  
to r t  not only the resul t ,  but a lso  the nature of the curve.  

Several  measures  enabled us to reduce the e r r o r  of the apparatus and the e r r o r  of determinat ion of 
the posit ion of the thermoeouples  in the mater ia l ,  but did not eliminate the main fault --  the possible build- 
up of the e r r o r .  

Ca r ry  et al. [2] made an analysis  of the e r r o r s  and al tered the posit ion of the thermoeouples  in the 
the rmal  model to obtain coincidence of the calculated s (T) curve with that measured  on labora tory  appara-  
tus .  In the case under d iscuss ion  this method was unsuitable because the actual nature of the curve was 
unknown to us beforehand.  

Bet ter  resul ts  a re  given by a modification of method [1] of determining thermal  conductivity. It 
consis ts  esser~ially in using the t empera tu re  field, measured  at two points at different depths in the ma-  
t e r i a l  (Fig. 1). The t empera tu re  dependence Tt(r) is used as a condition on the outer boundary, while 
T2(T) is used for compar i son  with the calculated t empera tu re s .  The whole range 0 -- rn  is divided into a 
se r i e s  of t ime intervals  0 -- r t ,  r t -- r 2 . . . . .  r i_ 1 --  r i . . . . .  Tn_ 1 -- r n. For  each instant r i the curve of 
T l (r) has a corresponding t empera tu re  Ti, which is the maximum for the considered interval  ri_ 1 --  r i. 
This is t rue  for a T (r) relat ionship whose derivat ive 8T/~r  is positive and does not change sign. For  the 
selected t ime intervals  there  a r e  corresponding well-defined t empera tu re  intervals  in which the the rmal  
conductivity is a ssumed  constant.  In the f i rs t  t empera tu re  iutervalAT t we ass ign to s an a rb i t r a ry  value 
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Fig. 1 ~ T e m p e r a t u r e  field in m a t e -  
r i a l :  1) su r f ace  t e m p e r a t u r e ;  2) t e m -  
p e r a t u r e  at a d is tance  of 2 m m  f r o m  
su r face ;  AT is the t ime  in terval ;  AT 
is  the t e m p e r a t u r e  in te rva l .  T is in 
~ r i s  i n  s e e .  

f r o m  which we ca lcula te  the t e m p e r a t u r e  cu rve  T2(r} in the 
cor responding  t i m e  in t e rva l  0 - -  r I .  The  t e m p e r a t u r e  is de-  
t e r m i n e d  f r o m  the solut ion of the nonl inear  d i f fe ren t ia l  equa- 
t ion of unsteady heat  conduction. The devia t ion of the ca lcu-  
la ted curve  f r o m  the expe r imen ta l  curve  is e s t ima ted  f r o m  
the r o o t - m e a n - s q u a r e  e r r o r ,  ca lcula ted f r o m  the fo rmula  

~ / ' ~  (T, ca. - -  T,exp)2 
] ~  I lC 

m 

where  m = rj  exp/ATcalc ;  T] calc  and T] exp a r e  the ca lcula ted  
and m e a s u r e d  t e m p e r a t u r e s  at  t ime  r j .  By vary ing  the value 
of ~ in the f i r s t  i n t e rva l  and calculat ing the values  of the  e r r o r  
for each of them,  we cons t ruc t  the re la t ionship  ~ = f(hl) .  F r o m  
the min imum r o o t - m e a n - s q u a r e  e r r o r  we find the op t imum 
value of the t h e r m a l  conductivity Xl opt in the in te rva l  ~T  1 
(Fig. t ) .  

P roceeding  to the second in te rva l  AT 2 we use  a tw o - s t ep  
(T) re la t ionship  in the calcula t ion:  the f i r s t  s tep is  the d e t e r -  

mined constant op t imum value,  and the second is the a r b i t r a r y  
;~2 in the in te rva l  AT 2. F r o m  the min imum deviat ion of this 
curve  T2(r), but in the in te rva l  0 --  r 2, we calculate  the opti-  
m u m  value of h2- Finding hopt in the th i rd  and subsequent  
in te rva l s  in a s i m i l a r  ~-ay, we obtain a p iecewise -cons tan t  

(T) re la t ionship  in the cons ide red  range .  

An example  of the r econs t ruc t i on  of /\ (T) by the proposed  method is shown in Fig.  2. The continuous 
line is the actual  t e m p e r a t u r e  dependence of the t h e r m a l  conductivity and the dashed line is the r e c o n s t r u c -  
t ion. In the ca lcula t ion  we used one approx imat ion .  The t ime  used  on the M-220 compute r  was 15 rain. 

The  p roposed  method is s u p e r i o r  to  the preceding  method in that  the e r r o r  in de te rmina t ion  of the 
pos i t ion  of the the rmocoup les  is  constant  in pass ing  f r o m  one t e m p e r a t u r e  in t e rva l  to  ano ther .  As a 
resu l t ,  the re la t ionsh ip  A (r)  can have  an  equidistant  shift of d i f ferent  s ign,  d e m a r c a t i n g  a " co r r i do r "  of 
t h e r m a l  Conductivity va lues .  By es t ima t ing  the e r r o r s  of the pa r t i cu l a r  method of adjust ing and checking 
the pos i t ion  of the the rmocoup les  it is easy  to es tab l i sh  the l imi ts  of devia t ion  of /~ (T) de te rmined  by the 
p roposed  method.  

The developed p r o g r a m  has been  checked over  two y e a r s  in the p r o c e s s i n g  of uns teady t e m p e r a t u r e  
fields obtained on rad ia t ion  and gasdynamic  a p p a r a t u s e s .  Some r e su l t s  of the invest igat ions a r e  given in 
Fig.  3. Constant values  of Pc were  used in the calculat ions.  

Relat ionship 1 was calcula ted for  a f iber  g l a s s - r e i n f o r c e d  p las t i c  with a phenol formaldehyde  binder .  
The t h e r m a l  conductivity of the m a t e r i a l ,  as  for  a l l  amorphous  subs tances ,  i nc rea sed  up to the t e m p e r a -  
tu re  a t  which the b inder  began  to  decompose .  At 250-300~ however ,  the p r o c e s s  slowed down, and the 
t h e r m a l  conductivity then began  to  d e c r e a s e .  The r e a s o n  for this  is the i n c r e a s e  in poros i ty  of the m a t e -  
r i a l  due to decompos i t ion  of the b inder .  A fu r the r  i nc r ea se  in t e m p e r a t u r e  aga in  led to a fu r the r ,  and 
ve ry  substant ia l ,  i n c r e a s e  in the t h e r m a l  conductivity.  This  can be a t t r ibuted  to the i nc r ea se  in t h e r m a l  
conductivity of the f r a m e w o r k  of the m a t e r i a l  and to  the e v e r - i n c r e a s i n g  r ad ia t ive  heat  t r a n s f e r  in the 
p o r e s .  

Rela t ionship  2 was obtained for  a f iber  g l a s s - r e i n f o r c e d  p las t ic  with an  a lumophosphate  b inder .  
Curve  2, which is o therwise  s i m i l a r  to curve  1, shows an i n c r e a s e  in t h e r m a l  conductivity of the f iber  
g l a s s - r e i n f o r c e d  p las t ic  with the a lumophosphate  binder  in the in te rva l  250-600~ which can be a t t r ibuted 
to  the exo the rmic  effect  accompanying  heat ing.  Relat ionships  3 and 4 were  ca lcula ted  for  f iber  g l a s s -  
r e in fo rced  p las t i cs  based  on epoxy r e s i n  and s i l icon  rubbe r ,  r e spec t ive ly .  In the i n t e rva l  0-200~ the 
t h e r m a l  conductivity of the e p o x y - r e s i n  m a t e r i a l  i n c r e a s e s ,  while that  of the r u b b e r  m a t e r i a l  d e c r e a s e s .  
Fu r the r  i n c r e a s e  in t e m p e r a t u r e  leads to  an equal reduct ion  of the t h e r m a l  conductivity of both m a t e r i a l s  
due to the a lmos t  comple te  decompos i t ion  of the b inder .  For  c o m p a r i s o n  Fig. 3 shows the t h e r m a l  con- 
ductivi ty of the initial  quar tz  cloth m e a s u r e d  at no rma l  t e m p e r a t u r e .  The  rap id  i n c r e a s e  in t h e r m a l  con- 
ductivi ty at t e m p e r a t u r e s  above 700~ is due not only to rad ia t ive  heat  t r a n s f e r ,  but a l so  to  an  apprec iab le  
i n c r e a s e  in the densi ty  of the m a t e r i a l  due to deposi t ion of pyro ly t ic  ca rbon  in i ts  po res  and channels .  
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Fig. 2 Fig. 3 
Fig. 2. 1) Actual ;~ (T) relationship; 2) relationship reconstructed 
from temperature  field shown in Fig. 1. AT is the temperature  in- 
terval;  T i s i n ~  s 1 7 6  

Fig. 3. Temperature  dependence of thermal  conductivity of fiber 
glass-reinforced plastics : 1) with phenol-formaldehyde binder; 2) 
with alumophosphate binder; 3) with epoxy binder; 4) with rubber 
binder; 5) glass cloth without binder. T is in ~ k is in W/m.  ~ 

The decomposition of most fiber glass-reinforced plastics is accompanied by the re lease  of a small 
amount of gaseous products and, hence, in the processing of the experimental data we used a program con- 
raining the solution of the ordinary Fourier  heat conduction equation. The application of a complex method 
which takes into account mass t ransfer  in the substance and chemical reactions of different kind would not 
present  any difficulty. There is no need for this, however, since the advantage of this method of deter-  
mination of the thermophysical propert ies over classical methods (steady, monotonic heating, etc.) lies 
in the fact that it uses the same physicomathematical model of unsteady heating as the direct problem. In 
other words, the accuracy of determination is equal to the accuracy of calculation of the temperature 
field (depth of heating). 

NOTATION 

k, thermal  conductivity; c, specific heat; p, density; 
0 re fe r s  to the initial value; i re fe rs  to the number of point; 

T, temperature  in ~ r ,  t ime. 
opt re fe rs  to the optimum value. 

Subscripts: 

1. 
2. 
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