
TABLE 4. Expe r imen ta l  Data on C2D 6 T h e r m a l  Conductivity 
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663 
709 
716 

1.  

2. 
3. 
4. 

L I T E R A T U R E  C I T E D  

N. B. Vargaf t ik ,  N. A. Vanicheva ,  and L. V. Yaknsh,  Inzh. -F iz .  Zh.,  25, No. 2 (1973). 
N. B. V a r g a f t i k a n d N .  A. Vanicheva,  Inzh . -F iZ .  Zh.,  27, No. 2 (1974). 
N. B. V a r g a f t i k a n d N .  A. Vanicheva ,  I n z h . - F i z .  Zh. ,  32, No. 3 (1977). 
N. B. Vargaf t ik ,  Tab le s  on the The rm op hys i ca l  P r o p e r t i e s  of Liquids and G a s e s ,  Hals ted  P r e s s  (1975). 

T H E R M A L  C O N D U C T I V I T Y '  O F  C A R B O N  B L A C K  

P .  E .  K h i z h n y a k ,  A .  V .  C h e c h e t k i n ,  
a n d  A .  P .  G l y b i n  

UDC 536.21 

Expe r imen ta l  data a re  p resen ted  on the effect ive  t h e r m a l  conductivity of carbon black in pa r t i c l e  
s i zes  f r o m  0.1 to 0.5 m m  in an a i r  medium over  the t e m p e r a t u r e  range 350-475~ under  p r e s -  
s u r e s  of 0.04 to 0.42 MPa. 

Var ious  branches  of industry make  wide use of t e chn i ca l -g r ade  ca rbon  black as a technological  ingredient ,  
t h e r ma l  insu la tor ,  t he rmos tab l e  m a t e r i a l ,  etc.  The carbon b lack  used in the t i re  industry is in the f o r m  of 
po lyd i spe r sed  granules  0.2-3.0 m m  in s i z e ,  which a r e  f o rmed  in granula tors  f r o m  amorphous  carbon black 
by the addition of a binder  solution of m o l a s s e s  in w a t e r  us ing 3% m o l a s s e s  by weight. The granules  a r e  then 
dr ied at  t e m p e r a t u r e s  on the o r d e r  of 350-500~ In this and cer ta in  o ther  p r o c e s s e s ,  in calculat ing hea t -  
t r a n s f e r  p r o c e s s e s  it is n e c e s s a r y  to know the effect ive  t h e r m a l  conductivity coefficient  of such carbon black 
pa r t i c l e s .  In [1-3] some informat ion is provided on the t h e r m a l  conductivity of l amp black,  but these  data 
r e f e r  to other  brands  of carbon b lack  and were  obtained in di f ferent  gaseous media .  

The p r e s e n t  study made use  of the s ta t ionary  compara t ive  method of de te rmin ing  t h e r m a l  p r o p e r t i e s  
of m a t e r i a l s  in an inorganic  plane l a y e r ,  desc r ibed  in [4, 5], fo r  de te rmina t ion  of the t h e r m a l  conductivity 
of type PM-15 carbon black.  

Using this method,  the carbon b lack  to be studied was f i r s t  mi l led  into a powderl ike  s ta te  and p r e s s e d  
into the f o r m  of a re la t ive ly  thin c i r cu l a r  p la te ,  with th ickness  l ess  than 0.1 m m  d i a m e t e r .  The p la tes  were  
produced between two r e f e r e n c e  spec imens  by pour ing carbon b lack  on the top of the lower  spec imen ,  which 
was bounded by a co rk  r ing  sl ipped over  its upper  par t .  The poured powder was leveled by light taps  on the 
r e f e r e n c e  spec imen  and a second r e f e r e n c e  spec imen  p laced  on top of it within the co rk  ring. Slight p r e s s u r e  
with s imul taneous  twist ing of the r e f e r ence  spec imens  toge ther  provided a final equalizat ion of the carbon 
black l aye r  height. The t r a n s f e r  p a r a m e t e r s  of the co rk  r ing  a re  approx imate ly  the s ame  as those of the 
carbon b lack  studied,  so  that  the r ing  was mainta ined in p lace  fo r  al ! expe r imen t s  as mechan ica l  protect ion 
and an aid in e l iminat ing  t h e r m a l  flux loss  through the l a t e r a l  su r face  into the sur rounding  medium.  The 
height of the r e f e r e n c e  spec imens  toge ther  with the carbon b lack  l aye r  was m e a s u r e d  by a m i c r o m e t e r  to an 
accuracy  of ~0.01 ram. The ba r - t ype  expe r imen ta l  appara tus  with beam landing s y s t e m  used in the p r e s e n t  
s tudies was desc r ibed  in detai l  in [6]. 
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Fig. 1. Effect ive  t h e r m a l  conductivity of carbon black v e r s u s  t e m p e r a -  
t u r e ,  pa r t i c l e  s i ze ,  and bulk densi ty:  1) d m = 0.1 ram,  p = 295 kg/m3; 2) 
0.5, 310. ~t, W/re .  deg K; T ,  ~ 

Fig.  2. Effect ive  t h e r m a l  conductivity of carbon black with 0 .5- ram p a r t i -  
cle s ize  and bulk densi ty  of 310 kg/m 3 v e r s u s  c o m p r e s s i v e  loading: 1) 0.04 
MPa;  2) 0.18; 3) 0.30; 4) 0.42. 

The effect ive  t h e r m a l  conductivity of the carbon b lack  was de te rmined  in I - r a m - t h i c k  l aye r s .  It was 
found in the course  of the e x p e r i m e n t s  that  l a y e r s  of g r e a t e r  th ickness  had a s ignif icant  t h e r m a l  r e s i s t ance  
which s t rongly  reduced  the d i rec ted  t h e r m a l  flux through the m a t e r i a l  t e s ted ,  and thus inc reased  sy s t emic  
e r r o r  to unacceptable  leve ls ,  It  is for  this r ea son  that  in [1] the t h e r m a l  conductivity of l amp black was d e t e r -  
mined by the tube method at  t e m p e r a t u r e s  of 450-1100~K only fo r  an intertube l aye r  th ickness  of the o rde r  of 
2 ram.  The m a x i m u m  re la t ive  e r r o r  in our  e x p e r i m e n t s  reached  17.5%. 

In the h e a t - t r a n s f e r  theory  [7] by t h e r m a l  conductivity we unders tand mo lecu l a r  t r a n s f e r  of hea t  in a 
continuous med ium ,  produced by a t e m p e r a t u r e  gradient ,  without considera t ion of heat  t r a n s f e r  by diffusion 
of m a t e r i a l .  The t h e r m a l  conductivity coeff icient  of porous  and d i spe r sed  m a t e r i a l s  depends to a significant 
degree  on the i r  volume densi ty and the t he rmophys i ca l  p r o p e r t i e s  of the media  which fill  the i r  cavi t ies  and 
po re s .  Such a dependence is par t i a l ly  explained by the fac t  that  the t he rma l  conductivity of the fil l ing media  
d i f fers  s ignif icantly f r o m  the t h e r m a l  conductivity of the solid component  of a given m a t e r i a l  [8]. 

PM-15 carbon b lack  is a d i s p e r s e d  and porous  ma te r i a l .  Consider ing  this fac t ,  by the effect ive t h e r m a l  
conductivity of the ca rbon  b lack  we mus t  unders tand a value equal to the t h e r m a l  conductivity of some homo-  
geneous body, through which,  given identical  d imens ions  and t e m p e r a t u r e s  on the boundar ies ,  there  p a s s e s  the 
s a m e  quantity of hea t  as  p a s s e s  through the given carbon black.  

The r e su l t s  of the expe r imen t s  p e r f o r m e d  a r e  shown in Figs .  1 and 2. The fi l l ing medium was a i r  at  
no rma l  a t m o s p h e r i c  p r e s s u r e .  Curves  1 and 2 (Fig. 1) show the dependence of t h e r m a l  conductivity on t e m -  
p e r a t u r e ,  pa r t i c l e  s i ze ,  and bulk densi ty fo r  a loading of 0.04 MPa. As is evident  f r o m  these cu rves ,  the 
effect ive  t h e r m a l  conductivity i n c r e a s e s  with i nc rea se  in t e m p e r a t u r e ,  pa r t i c l e  s i ze ,  and bulk density.  We 
wil l  cons ider  each of these  f ac to r s  in m o r e  detai l .  

The i nc r ea s e  in conductivity with inc reas ing  t e m p e r a t u r e  occu r s  mainly  because  of an inc rease  in the 
t h e r m a l  conductivity of the a i r  f i l l ing the po re s  and cavi t ies .  It is known f r o m  [9] that  with an inc rease  in a i r  
t e m p e r a t u r e  f r o m  100~ to the range  350-450~ the effect ive t h e r m a l  conductivity i n c r e a s e s  by 24%. The 
effect ive t h e r m a l  conductivity of the carbon black studied inc reased  over  this t e m p e r a t u r e  range by an ave rage  
of 22%. The i nc rea sed  t h e r m a l  conductivity over  this t e m p e r a t u r e  range  is a lso  due to a growth in s ize  of 
the in te rpa r t i c l e  contact  spots  and an i nc rea se  in the radiant  component.  However ,  accord ing  to the data of 
[1], the contr ibution of the radiant  component  a t  t e m p e r a t u r e s  below 750~ is insignificant.  

As is wel l  known, the effect ive  t h e r m a l  conductivity of d i spe r sed  and porous  m a t e r i a l s  depends to a 
ce r ta in  degree  on the s ize  and f o r m  of the po res  and cavi t ies  [8, 10]. A f rac t ion  of the po res  and cavi t ies  

m a y  be closed vo l um es ,  while the o ther  por t ion  may  in te rconnec t ,  f o rming  open channels.  Heat  t r a n s f e r  
in such m a t e r i a l s  is produced by a number  of phenomena.  Within the pa r t i c l e s  and at points of d i r ec t  contact 
t r a n s f e r  occu r s  by conductivity. In the a i r  med ium of the pores  and cavi t ies ,  t r a n s f e r  occurs  because  of both 
conductivity and radiat ion.  With i nc rea se  in pore  and cavity s ize  the contribution of radiant  heat  t r a n s f e r  in-  
c r e a s e s  [8]. The cav i t ies  between pa r t i c l e s  inc rease  in s ize  with inc rease  in the s ize of the pa r t i c l e s  t h e m -  
se lves ,  and with c o a r s e r  p a r t i c l e s  the d i rec t  contact  a rea  between pa r t i c l e s  is l a r g e r  than with fine pa r t i c l e s .  
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This eventually leads to a reduction in contact the rmal  r e s i s t ance ,  and thus,  an increase  in effective thermal  
conductivity. 

Di rec t  determinat ion of the bulk density of the carbon black revealed  that with an increase  in mean pa r t i -  
cle s ize f rom 0.1 to 0.5 mm the density increased  f rom 295 to 310 kg/m 3. F ro m  this it can be concluded that 
the cause of the inc rease  in effective the rma l  conductivity of the PM-15 carbon black with inc rease  in bulk 
density is the same as the reason  for  inc rease  with inc rease  in par t ic le  s ize (curve 2, Fig. 1). 

In [10] a graph was presen ted  of the cor re la t ion  between mean par t ic le  size of a d i spersed  mate r ia l  and 
poros i ty  in the f r ee ly  poured state.  The carbon black studied with par t ic le  s izes  of 0.1 and 0.5 mm had a 
poros i ty  of 0.6 and 0.5, respect ive ly .  It should be noted that the exper imenta l  values of carbon black poros i ty  
fi t  sa t i s fac tor i ly  within the sca t te r ing  zone of the graph r e f e r r e d  to,  confirming its re l iabi l i ty  and universal i ty .  

F igure  2 p resen t s  exper imenta l  curves  of the var ia t ion of the rma l  conductivity with loading. Af ter  pour -  
ing on the r e f e r e nce  specimen face the carbon black was packed by percuss ion  of a metal l ic  rod on the spec i -  
men. A single blow did not always ensure  a repeatable  stable packing of all the powder par t ic les .  Only a 
slight additional loading of some 0.04 MPa produced a s t ab le  configuration. 

It is evident f rom Fig. 2 that subsequent increase  in loading by stages by a total fac tor  of more'  than 10 
t imes  (from 0.04 to 0.42 MPa) led to an increase  in effective the rma l  conductivity by 70% on the average.  
The degree  to which conductivity depends on t empera tu re  dec rea se s  somewhat at heavy loading (curves 2-4) 
because of a dec rease  in the volume of pores  and cavit ies.  It is cha rac t e r i s t i c  that a re la t ively  significant 
inc rease  in effect ive the rmal  condu,ctivity occurs  only in the initial range of p r e s s u r e  increase  f rom 0.04 to 
0.18 MPa (curves 1 and 2). Evidently within this range the par t ic le  packing r eaches  a cer ta in  stable value,  
af ter  which, with loading increase  up to 0.42 MPa the the rmal  conductivity inc reases  only insignificantly. 
Repeated m e a su r emen t  of the carbon black density a f te r  p ress ing  showed an insignificant increase  in this 
pa r ame te r .  Thus ,  the density of the mate r ia l  with 0 .5-mm par t ic le  size increased  f rom 310 to 380 kg/m 3. 

Thus ,  the effect ive coefficient  of the rmal  conductivity of d i spersed  carbon black with par t ic le  d imen-  
sions f rom 0.1 to 0.5 mm in the t empera tu re  range f rom 350 to 475~ at a loading of 0.04 MPa l ies  within 
the range 0.2-0.3 W/m.  deg K. With increase  in t empera tu re  f rom 350 to 475~ the conductivity inc reases  
by ~22%, while with increase  in par t ic le  size by a fac tor  of five (from 0.1 to 0.5 mm) with other  conditions 
maintained the same,  it i nc reases  by 25%. Increase  in compress ive  loading f rom 0.04 to 0.18 MPa inc reases  
the effective the rma l  conductivity coefficient  by 40-70%. Fu r the r  increase  in loading up to 0.42 MPa produces 
a re la t ively  insignificant inc rease  in conductivity. With increase  in compress ive  loading the t empera tu re  
dependence of the the rma l  conductivity becomes weaker.  
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