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Results are shown of an experimental study concerning the thermophysical characteristics 
of multilayer specimens made from various grades of capacitor paper. 

The thermophysica[ properties of composite multilayer systems such as capacitor-type dielectrics 
ar% generally, functions of many variables. It is important not only to establish the entire complex of 
these characteristics at certain complete defined conditions but also to reveal the dependence of the ther- 
mophysical properties on such determining factors as the density of the capacitor paper, the degree of its 
compression, its temperature, and its moisture content. 

An experimental study was made using multilayer specimens of the foIiowillg grades of capacitor 
paper: Terox C-08, Terox C-I, Silcon-I, and KOH-II (the sheet thicknesses and the densities of the capaci- 
tor paper are listed in Table i). 

The basic principles of the method and the test procedure with the specially built apparatus have 
been described in detail in [i]. 

It is to be noted here that the apparatus has made it possible to determine in a single test the ther- 
mal diffusivity and the thermal conductivity of a capacitor-type dielectric in the direction perpendicular 
to the material layers under given test conditions, and also to examine the material over a rather wide and 
practically important range of temperatures (I0-160~ as well as compression factor (0.8-i.0). 

The advantages of this setup included also the relative simplicity of the measuring instruments and 
the short testing time, the small size and the easy preparation of specimens, and the facilities for deter- 
mining the thermophysical characteristics of a capacitor-type dielectric at various moisture contents in 
the material. 

The tests have shown that the value of the compression factor has an appreciable effect, with other 
conditions unchanged, on the effective thermal conductivity of a capacitor-type dielectric. Indeed, accord- 
ing to Fig. i, even a small change in the compression factor is followed by a change in thermal conductivity 
X: namely, a change in K causes a large decrease in effective thermal conductivity. Moreover, X = f(K) 
is a power-law relation for all tested grades of capacitor paper. It is characteristic that, as the tests have 
revealed, this functional relation is (within the range K = 0.3-i.0) almost independent of the temperature 
and the moisture content. 

The thermal conductivity of multilayer capacitor paper increases rapidly with a higher compression 
factor, because the contact between sheets in a stack improves and the amount of air contained between 
them decreases. 

The results of this experimental study, which has yielded a functional relation between the thermo- 
physical properties of multilayer capacitor paper and the moisture content in the material, are shown in 
Figs. 2 and 3. The tests were performed according to a special procedure, by first plotting the nominal 
"drying curve" for a control specimen clamped between "coolers" [i]. 

The initial moisture content in the material was determined by sampling and analyzing for moisture 
content, by both the distillation and the Fischer method. In some tests the specimens were first dried in a 
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Fig. 1. Effective thermal  conductivity k of a capaci tor- type di-  
e lect r ic  as a function of the compress ion  factor  K, at t = 20~ 
1) Terox C-I  with u = 0.096 kg /kg ;  2) Silcon-I with u = 0.098 kg 
/kg ;  3) KOH-II with u = 0:003 kg /kg ;  4) Terox C-08 with u 
= 0.093 kg/kg .  

Fig. 2. Effective thermal  conductivity ~ as a function of the 
moisture content u in capacitor  paper, at t = 20~ and K = 1: 
1) Silcon-I; 2) Terox C-I; 3) KOH-II; 4) Terox C-08. 

t 6  

t /  

vacuum oven down to the required moisture level, and then quickly placed in the clamp of the test appara- 
tus. In order to reduce the errors arising from likely variations in the moisture content during a test, 
the exposed end surfaces of specimens were moisture insulated with epoxy resin. The moisture in capaci- 
tor paper was varied during this test series from 0.09-0.1 kg/kg (corresponding to equilibrium moisture 
in a capacitor-type dielectric under room conditions) down to 0.002-0.003 kg/kg; the compression factor 
was assumed constant and equal to unity. 

The studies have shown that the effective thermal conductivity of all grades of capaci tor  paper de-  
c reases  with decreasing moisture  content in the material .  This is so because the thermal  conductivity of 
the solid phase in a cellulose s t ructure  is much lower than that of water  and, moreover ,  dehydration of 
the mater ia l  is followed by the entrance of air, whose thermal  conductivity is even lower, into the pores 
in the place of water.  

According to Fig. 2, the relat ion X = f(u) is l inear for  all grades  of mater ia l  tested here and it can 
be expressed more explicitly as follows: 

= ~c(1 + 5u), 

with Xc denoting the thermal  conductivity of a mult i layer  s tack of dry  capaci tor  paper and 5 denoting the 
increment  of thermal  conductivity during a change in the moisture content by 1 kg /kg  dry  material .  

At a given compress ion  factor,  the magnitude of ~c depends on the grade of capaci tor  paper and on the 
temperature  of the material .  The tests have shown that changing the temperature  does not affect the r e l a -  
tion ~ = f(u) and the magnitude of 5 is determined only by the physicochemical  as well as the s t ructural  
propert ies  of the system.  

Numerical  values of 5 obtained by an evaluation of test  data for  the model mater ia l  (with K = 1) are 
shown in Table 1. According to these data, the increment  of thermal conductivity 5 decreases  with higher 
density of the capaci tor  paper. In other words,  a change in the mois ture  content affects the thermal  con- 
ductivity k more  in the case of a mult i layer  capaci tor- type dielectr ic  whose density is low. A s imi lar  
= f(u) applies to organic mater ia ls  with a fibrous s t ructure  [2, 3, 4]. 

According to Fig. 3, the thermal  diffusivity of a mult i layer  capaci tor- type dielectr ic  increases  
smoothly with decreasing mois ture  content over i t s  entire test  range. Such an a = f(u) relat ion is governed 
by the moisture-dependence of all the factors  making up the thermal  diffusivity (X, c, and p). Thus, one 
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T A B L E  1. T h e r m o p h y s i c a l  C h a r a c t e r i s t i c s  of a M u l t i l a y e r  C a p a c i -  

Name of the capaci- 
tor paper 

tor-Type Dielectric 

D ~ ~ :  
p, g/ ]aess, 
cm ~ IP 

Terox C-08 
Terox C- 1 
Silcon-I 
KOH-II 

0,795 9,6 
0,998 9,9 
1,01 10,1 
1,23 9,8 

(Ks--I) @ (K=l) 

2,75 0,01.10 -3 
2,32 0,1.10 -3 
2,18 0,1.10 -3 
2,05 0,045.10 -3 

,. ~ (K : : t )~g .  ~  

0,085 1220 

0,098 1200 
0,101 1220 

0,137 1320 

2,9.103 
3,0.103 
3,0.i0 ~ 
2,9.103 

Q.fO 7 

~,o 

0.8" ' 0  

G . ~  7 

* I x - - 3  

io - - 2  a - - 4  

~oe 4oo ~oe ~ae u 

Fig .  3. E f f ec t i ve  t h e r m a l  d i f f u s i v i t y  of 
a c a p a c i t o r - t y p e  d i e l e c t r i c  a as  a func -  
t ion  of the m o i s t u r e  con ten t  u in  the  m a -  
t e r i a l ,  a t t = 2 0 ~  a n d K = l ;  1) T e r o x  
C- I ;  2) S i l c o n - I ;  3) KOH-II ;  4) T e r o x  
C-08.  

m u s t  c o n s i d e r  h e r e  tha t  the d e n s i t y  of a c a p a c i t o r - t y p e  d i -  
e l e c t r i c  d e c r e a s e s  s o m e w h a t  d u r i n g  d ry ing .  As to the s p e c i f i c  
hea t ,  i t  a l s o  d e c r e a s e s  d u r i n g  d e h y d r a t i o n ,  i n a s m u c h  as  the 
s p e c i f i c  hea t  of d r y  c e l l u l o s e  i s  a p p r o x i m a t e l y  one th i rd  the 
s p e c i f i c  hea t  of w a t e r .  

D e s p i t e  the r e d u c e d  t h e r m a l  c onduc t i v i t y  of s p e c i m e n s ,  
t h e r e f o r e ,  i t  is  qui te  p r o b a b l e  that  the t h e r m a l  d i f f u s i v i t y  of the 
m a t e r i a l  w i l l  i n c r e a s e  wi th  d e c r e a s i n g  m o i s t u r e  con ten t  (in the 
c o n s i d e r e d  r a n g e  of v a r i a t i o n  of u) be cause  of the s i m u l t a n e o u s  
even  l a r g e r  d e c r e a s e  in  the s p e c i f i c  hea t  p e r  vo lume  of m a t e r i a l .  

An e v a l u a t i o n  of t e s t  d a t a  has  r e v e a l e d  the  fo l lowing  
r e l a t i o n  be tw e e n  the s p e c i f i c  hea t  of m u l t i l a y e r  c a p a c i t o r -  
p a p e r  s p e c i m e n s  and t h e i r  m o i s t u r e  content .  The s p e c i f i c  
hea t  c was  c a l c u l a t e d  a c c o r d i n g  to 

X 
c (1) 

aP 

The r e l a t i o n  c = f(u) a p p e a r s  l i n e a r  fo r  a l l  t e s t e d  m a t e r i a l s  o v e r  the 10-160~ t e m p e r a t u r e  r a n g e ,  wi th  the 
t e s t  po in ts  d i s t r i b u t e d  on the f a m i l y  of c u r v e s  

c : -  c o + nu, (2) 

c o denot ing  the s p e c i f i c  hea t  of d r y  c a p a c i t o r  p a p e r  and n denot ing  an e m p i r i c a l  c o e f f i c i e n t s .  Va lues  of c o 
and n a r e  g iven  in  Tab le  1. 

C a l c u l a t i o n s  have shown a c l o s e  a g r e e m e n t  be tween  the t e s t  v a l u e s  of n and those  b a s e d  on the s u p e r -  
p o s i t i o n  equa t ion .  

R e s u l t s  of the e x p e r i m e n t a l  s tudy  c o n c e r n i n g  the e f f ec t  of t e m p e r a t u r e  on the e f f ec t ive  t h e r m a l  con -  
d u c t i v i t y  of a c a p a c i t o r - t y p e  d i e l e c t r i c  (with K = 1) a r e  shown in F i g .  4.  In o r d e r  to e l i m i n a t e  the e f f ec t  
of m o i s t u r e  con ten t  on the  t r e n d  of the X = f(t) c h a r a c t e r i s t i c  h e r e ,  the t e s t  r e s u l t s  w e r e  e v a l u a t e d  in  t e r m s  
of the r e f e r r e d  e f f ec t ive  t h e r m a l  conduc t iv i t y  k c = X/(1 + 6u) as  a func t ion  of the t e m p e r a t u r e .  One m a y  
conc lude  f r o m  the g r a p h  that ,  a t  v a r i o u s  d e n s i t i e s  of the c a p a c i t o r  p a p e r ,  Xc = f(t) i s  l i n e a r  o v e r  the r a t h e r  
wide  !0 -160~  t e m p e r a t u r e  r a n g e .  The i n c r e a s e  in the t h e r m a l  c onduc t i v i t y  of m u l t i l a y e r  c a p a c i t o r  p a p e r  
wi th  i n c r e a s i n g  t e m p e r a t u r e  i s  due to the c o r r e s p o n d i n g  change  in  the m o l e c u l a r  t h e r m a l  conduc t iv i t y  of 
a l l  c o m p o n e n t s  ( ce l lu lo se ,  w a t e r ,  and a i r )  in th i s  m u t t i p h a s e  s y s t e m ,  a l s o  due to the h i g h e r  f r a c t i o n  of 
r a d i a t i v e  p e r  to ta l  hea t  t r a n s f e r .  The t e s t  d a t a  in  F ig .  4 w e r e  e v a l u a t e d  in  t e r m s  of the r e l a t i o n  

~'c = ~o + ~t, (3) 

wi th  X ~ denot ing  the e f f ec t ive  t h e r m a l  condu c t i v i t y  of a d r y  m u l t i l a y e r  c a p a c i t o r - t y p e  d i e l e c t r i c  a t  t = 0~ 
r denot ing  an e m p i r i c a l  f a c t o r  c h a r a c t e r i z i n g  the g r a d e  of p a p e r  and n u m e r i c a l l y  equa l  to the s lope  of the 
k c = f(t) l i ne s  wi th  r e s p e c t  to the t - a x i s .  N u m e r i c a l  v a l u e s  of k ~ and r a r e  g iven  in  Tab le  1. 

It i s  to be noted that  the v a l u e s  of r a r e  the s a m e  h e r e  f o r  c a p a c i t o r  p a p e r  g r a d e s  S i l c o n - I  and T e r o x  
C - I  but  on ly  about  haf t  as  high f o r  KOH-II  and T e r o x  C-08 p a p e r .  This  can  be e x p l a i n e d  by  ~ be ing  a func t ion  
of m a n y  f a c t o r s ,  wh ich  inc lude  the m a t e r i a l  d e n s i t y  and s t r u c t u r e ,  the  p o r e  s i z e ,  the a r r a n g e m e n t  of c e l -  
l u l o s e  f i b e r s ,  the c h e m i c a l  c o m p o s i t i o n  of the m a t e r i a l ,  e tc .  In the f ina l  a n a l y s i s ,  a l l  t he se  f a c t o r s  d e t e r -  
m i n e  how the t e m p e r a t u r e  wi l l  a f f ec t  the b a s i c  m o d e s  of hea t  t r a n s f e r  in  the s tud i ed  m a t e r i a l s .  
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Fig. 4. Relation Xc = f(t) with K = 1: 1) Terox C-I; 2) 
Silcon-I; 3) KOH-II; 4) Terox C-08. 
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It appears from Table 1 that a higher density of the capacitor paper, with all other conditions un- 
changed, results in a higher effective thermal conductivity, 

Thus, the universal equation for the effective thermal conductivity of a multi:layer capacitor-type di- 
electr ic  as a function of the temperature and the moisture content (with K = 1 ) i s  

:= (~o + ~t) (1 q- 6u). (4) 

In conclusion, we note that the results of our study concerning the effect of compression on the ther-  
mal conductivity of a capacitor-type dielectric and also :the calculated values of the effective thermal con- 
ductivity of multilayer grade KOH-II capacitor paper agree closely with the data published ear l ie r  by other 
authors [5, 6]. 

X 
K 
U 

P 
C 

tg 

t 

N O T A T I O N  

is the effective thermal conductivity, W / m .  deg; 
is the compression factor; 
is the moisture content, kg/kg; 
is the density of capacitor-type dielectric, kg/m3; 
is the specific heat, J / k g .  deg; 
is the thermal diffusivity, m2/sec;  
is the temperature,  ~ 

1. 

2. 

3. 

4. 
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