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The thermal conductivity, dfffusivity, and specific heat of fireclay 
ceramics have been investigated over a wide temperature range in 
various gases. A method of calculating the thermophysical properties 
of the materials is given, whose use is fully justified by experiment. 
A method is described of theoretically determining the thermophysieal 
properties of ceramics in various gases on the basis of investigations 
of these materials in air. 

Modern technology makes  wide use  of c e r a m i c s  for  
t he rma l  in su la t ion  over  a l a rge  t e m p e r a t u r e  range,  
in condi t ions  where  the t e m p e r a t u r e  of the s u r r o u n d -  
ing med ium va r i e s  sharply ,  in condi t ions  of t r a n s -  
p i ra t ion  cooling, etc. F i r e c l a y  c e r a m i c s  const i tu te  
about 40% of manufac tu red  r e f r a c t o r i e s  and it  i s  
n a t u r a l l y  impor t an t  to know thei r  the rmophs ica l  
p rope r t i e s  over  a wide t e m p e r a t u r e  range .  A n u m b e r  
of pape r s  have been devoted to a study of the inf luence  
on the effective t he rma l  conduct ivi ty  of c e r a m i c s  of 
such fac to rs  as chemica l  composi t ion  of the skele ta l  
ma te r i a l ,  porosi ty ,  t empera tu re ,  radia t ion,  con-  
vection and the heat  conduct ivi ty  of the gas in the 
po res .  Without l i s t ing  all the sources ,  we r e f e r  
to [1] which gives  a deta i led su rvey  of the l i t e r a t u r e  
on this topic, and also to [2, 3]. 

The p r e s e n t  paper  a t tempts  to ca lcula te  the t e m -  
p e r a t u r e  dependence  of the effective t h e r m a l  conduc-  
t iv i ty  of e e r a m i c s ,  and to compare  the va lues  obtained 
with expe r imen ta l  r e su l t s ,  on the bas i s  of publ ished 
fo rmulas ,  the known chemica l  composi t ion  of the 
ce ramic ,  the t e m p e r a t u r e  dependence of the t he r ma l  
conduet iv i t ies  of i ts  components ,  and the exper i -  
men ta l ly  de t e rmined  poros i ty .  

The m a t e r i a l  chosen for inves t iga t ion  was 75% 
f i r e c l ay ,  12.5 kaol in ,  12.0 Latna  clay,  and 0.5% 
w a t e r - g l a s s .  The f i r ec l ay  was obtained by f i r ing  
Latna  clay.  Data on the chemica l  composi t ion  of 
Latna  clay and Giukhov kaol in  a re  given in [4]. The 
bas i c  chemica l  cons t i tuen ts  of the c e r a m i c  a re  SiO2 
in the amorphous  phase and A12Oa in the c rys t a l l i ne .  
An ins ign i f i can t  por t ion  by volume of the mix tu re  
is Fe2Oa, TiO 2, and Ca(]). The calcula ted composi t ion  
of the c e r a m i c  skeleton (% by weight) is  as follows: 
SiO2u56.1 , A12Oa--40 , Fe203--1.1 , TIO2--2.1, CaD 
- -0 .7 .  On the bas i s  of l i t e r a t u r e  values  of the dens i ty  
of the above chemica l  compounds,  the following 
chemica l  compos i t ion  (volume %) of the c e r a m i c  
skele ton was de te rmined :  SiO2--64.5, A12Oa--32.8, 
Fe2Oa--0~ , TIO2--1.5 , CAO--0~ It is  a s sumed  in  
the l a t e r  ca lcu la t ions  that the c e r a m i c  skeleton con-  
s i s t s  of only two components ,  SiO~ and A12Oa. 

The poros i ty  was d e t e r m i n e d  as follows: a c e r -  
amic  s p e c i m e n  was kept  in a vacuum (1.33 N / m  a) 
for two days, and then the vesse l  with the s p e c i m e n  

was f i l led with benz ine .  The spec imen  was weighed 
before  and af ter  this p r o c e d u r e .  The open po ros i ty  
found f rom the weight  d i f fe rence  was 40%. 
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Fig. I. Values of thermal conductivity 

k (W/m �9 degree) of the ceramic and its 

components: i) experimental curve for 

SIO 2 [6, 9, i0] ; 2) experimental for 

A1203 [11, 12]; 3) calculated for ksk; 
4) and a) ca lcula ted  and e x p e r i m e n t a l  

values respec t ive ly ,  of Xef f in a i r  
(p = 0.993 �9 105 N/m2);  5) and b) ca l -  
culated and expe r imen ta l  values,  r e -  
spect ively ,  of keff in he l ium (p = 0.993 �9 

�9 10 a N/m2). 
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Experiments to determine the thermophysical 

properties in the temperature range 80~ ~ K were 
carried out by the method described in [6], and in 

the temperature range 500~ ~ K by the method 

described in [7]. The low-temperature equipment 

was a cryostat comprising a vacuum system, an 

adiabatic calorimeter, and automatic equipment for 

measuring and controlling the temperature over a 

wide range�9 This enabled experiments to be conducted 
in gases (helium, air, and freon 12) at normal and 

reduced density (to 0.133 N/m2). The specimens 

examined were in rod form (L = 130 ram, d = 40 ram), 

were  su r rounded  by an adiabat ic  shell ,  cooled by 
liquid ni t rogen,  and then heated by a cons tan t  power 
source .  Specimen t e m p e r a t u r e  was m e a s u r e d  by 
means  of c o p p e r - e o n s t a n t a n  the rmoeoup les .  Dur ing  
heat ing of the s p e c i m e n  (the t ime to c a r r y  out the 
e x p e r i m e n t  in the t e m p e r a t u r e  range  80~ ~ K was 
5 - 7  hr), a de t e r mi na t i on  was made of the t e m p e r a t u r e  
dependence of the the rmophys ica l  p r o p e r t i e s  of the 
tes t  m a t e r i a l  every  3 - 5  ~ i . e . ,  up to 80-100 inde-  
pendent  values of a, X, and c were  obtained in the 
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Calcula ted  and E x p e r i m e n t a l  Values  of k as  a Funct ion  
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above temperature range. The error in determining 
the thermophyslcal properties was 5%. 

The high-temperature equipment was an oven with 
Silit heaters in which the cylindrical specimen (L - 
= 110 turn, d - 30 turn) was placed, with a constant- 
power heating source along its axis. In the quasi- 
steady heating regime, when the temperature of the 
surrounding medium was varied at constant rate, 
the effective thermal dlffusivity of the ceramic was 
determined by measuring the temperature differ- 
ences between two points along the radius of the 
cylinder using chromel-alurnel thermocouples, with 
the axial heater off, while the effective thermal con- 
ductivlty was determined by measuring the temper- 
ature difference between the same two points, but 
with the heater on, at a recorded power level. The 
error in determining a was 5%, and X--8%. 

The effective thermal conductivity was calculated 
as follows. The conductivity of the ceramic skeleton 
was determined using the Maxwell-Euken relation, 
applied to a two-component system in which the 
particles of the phase smaller by volume are dis- 
persed in a continuous medium [2, 3]: 

x , k -  Xc ] + 2 V d ( l  - -  ~ /~d) / (2~ : /Xd§  ])  (1 )  
1 - -  V d ( I  - -  )~c/),d)/(2kc/~ d -I- 1) 

To ca lcu la te  the e f fec t ive  t he rma l  conduct ivi ty  of 
the c e r a m i c ,  the method used  was that developed by 
Dul 'nev  fo r  de t e rmina t ion  of the e f fec t ive  t he rma l  

conduct iv i ty  of a two-componen t  s y s t e m  with c o m -  
munica t ing  p o r e s .  The author  de r ived  the fol lowing 
equat ion [5] f r o m  a n a l y s i s  of the mode l :  

keff (5) ( ' " "  
_- 2 + ~  1 - -  + , (2) 

~, ,k - L  l - -  h /L  ( l - - , )  

which was a lso  used to ca lcu la te  the e f fec t ive  t he rm a l  
conduct ivi ty  of f i r e c l a y  c e r a m i c .  

It is known that heat  t r a n s f e r  in the po res  of the 
m a t e r i a l  under  the act ion of a t e m p e r a t u r e  g rad ien t  
may a r i s e  f r o m  radia t ion  f rom the wal l s  of the pores ,  
and conduction and convect ion in the po re  gas .  De-- 
pending upon the g e o m e t r i c a l  pore  size,  and the mean 

f r e e  path of the gas mo lecu l e s  in the pores ,  e i t he r  
heat  t r a n s f e r  by conduction and convec t ive  c i rcu la t ion  
of the gas in the po re s  o r  m o l e c u l a r - v i s c o u s  gas 

flow accompanied  by e f fec t ive  s l ip  r e l a t i v e  to the 
po re  wal ls  may p redomina te .  Analys i s  of the cu rve  
of pore  d i s t r ibu t ion  with d i a m e t e r  in the f i r e c l a y  
c e r a m i c  inves t iga ted  showed that the dominant  po re  
d i a m e t e r s  a r e  2 - 5  ~. If the r ad ia t ive  t he rma l  con-  
duct ivi ty  is de t e rm ined  for  these  d i a m e t e r s  accord ing  
to the fo rm u la  [1] 

kr = 2e 'CT~ d, (3) 

where  d is the po re  d i ame te r ,  i t  is not hard  to v e r i -  
fy that i t  is a f rac t ion  of a p e r c e n t  of the conduct ivi ty  
of the gas  in the po re s  of the m a t e r i a l  in the 
en t i r e  t e m p e r a t u r e  range inves t iga ted .  F o r  these  
po re  d i a m e t e r s  and the c o m p a r a t i v e l y  sma l l  t e m p e r -  
a tu re  g rad ien t s  occur ing  in the m a t e r i a l  dur ing the 
expe r imen t s ,  we may neglect ,  to an a c c u r a c y  p e r -  
m i s s i b l e  for  eng inee r ing  ca lculaUons ,  the ef fec ts  of 
convec t ive  c i rcu la t ion  of the gas in the po re s  [1], and 
to d e t e r m i n e  the hea t  t r a n s f e r  in the po res  of the 
c e r a m i c  we may use tabulated values of the the rmal  
conduct ivi ty  of va r ious  gases ,  given in [8], al lowing 
fo r  p r e s s u r e .  

Let  us now turn to a r e a l  and in t e r e s t i ng  point 
s t e m m i n g  f r o m  the ana lys i s  of (2). It is evident  that 

if the value of kef f of the ma te r i a l  is de t e rmined  ex-  
pe r imen ta l l y ,  for  example ,  in a i r ,  then, knowing the 
poros i ty  of the ma te r i a l ,  we may find f rom (2) the 

t he rm a l  conduct ivi ty  of the ske le ton  of the porous  
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m a t e r i a l .  F r o m  knowledge of ksk  and k for  any o the r  
gas  in the p o r e s  of the m a t e r i a l ,  we may  ca l cu l a t e  
keff  in the a t m o s p h e r e  of this  gas .  It should be pointed 
out that mos t  equ ipment  used  fo r  d e t e r m i n a t i o n  of 
t h e r m o p h y s i c a l  p r o p e r t i e s  in the t e m p e r a t u r e  r ange  
400~ ~ K is not p rov ided  with a vacuum sys t e m,  
and t h e r e f o r e  should not be used  for  i nves t iga t ions  in 
va r ious  gaseous  med ia .  Ca lcu la t ions  of this  type may  
c o n s i d e r a b l y  extend inves t i ga t i ons  of the t h e r m o p h y s i -  
cal  p r o p e r t i e s  of porous  m a t e r i a l s  used  in a t m o s p h e r e s  
o the r  than a i r .  If, in addit ion,  we know the t e m p e r a -  
ture  dependence  of the spec i f i c  heat  of the m a t e r i a l  
o r  i t s  t h e r m a l  d i f fus iv i ty  i n  a i r ,  then the fo rego ing  
r ea son ing  is a l so  valid for  d e t e r m i n i n g  the t e m p e r a -  
tu re  dependence  of the ef fec t ive  d i f fus iv i ty  of the 
porous  m a t e r i a l  in an a t m o s p h e r e  of d i f f e ren t  g a s e s .  
In o the r  words ,  by e x p e r i m e n t a l l y  finding the t emp-  
e r a t u r e  dependences  of t h e r m a l  conduct iv i ty  and 
spec i f i c  hea t  (or  d i f fus iv i ty)  of a po rous  m a t e r i a l  in 
a i r ,  knowing i t s  po ros i ty ,  we can ca lcu la te  the 
t e m p e r a t u r e  dependence  of h e f  t and aef f  in any 
o t h e r  gas .  Ca lcu la t ions  and c o r r e s p o n d i n g  e x p e r i -  
ments  conf i rm this conc lus ion .  

E x p e r i m e n t a l  and ca l cu l a t ed  va lues  of the t h e r m a l  
conduct iv i ty  of the components  of the c e r a m i c ,  and 
of i ts  e f fec t ive  t h e r m a l  conduct iv i ty  in va r ious  g a s e s  
a r e  given in the tab le .  It may  be seen that  the c a l -  
cula ted  va lues  of keff  a r e  somewha t  g r e a t e r  than the 
expe r imen ta l~  As pointed out in [2], f i r e c l a y  c e r a m i c s  
have ma in ly  communica t i ng  (open) p o r e s .  Addi t iona l  
ca l cu la t ions  c a r r i e d  out us ing  spec i f i c  weights  and 
volume r a t i o s  of the components  ind ica te  that  t he re  
a r e  about  4% of c losed  p o r e s .  The p r e s e n c e  of these  
po re s ,  of course ,  l owers  the ef fec t ive  t h e r m a l  con-  
duct iv i ty  of the c e r a m i c .  

It should be noted a lso  that the g r e a t e s t  d i v e r -  
gence of the ca lcu la t ed  va lues  of ~-eff f rom the ex-  
p e r i m e n t a l  da t a  is  t yp ica l ly  for  F r e o n  12, i . e . ,  a 
gas  whose m o l e c u l a r  mean f r ee  path (T= 0~ p) is 
l e s s  than that  of a i r  (l = 0.06 p), and even m o r e  so 
for  he l ium {T = 0.2 I~). F r o m  [13] we may  suppose  
that for  f reon 12 and te some extent  for  a i r ,  t he re  is 
a d i r e c t e d  flow of gas  in the c e r a m i c ,  a r i s i n g  f rom 
the p r e s s u r e  g rad ien t ,  g e n e r a t e d  by the t e m p e r a t u r e  
grad ien t ,  which a l so  r e d u c e s  (by up to 10%) the ef-  
fec t ive  t h e r m a l  conduct iv i ty  of the c e r a m i c  in an 
a t m o s p h e r e  of these  g a s e s .  

E x p e r i m e n t a l  cu rves  a r e  given in F ig .  1 for  the 
t e m p e r a t u r e  dependence  of t h e r m a l  conduc t iv i t i e s  of 
the components ,  as  a r e  the ca l cu la t ed  curve  of 
e f fec t ive  conduct iv i ty  of the c e r a m i c  in a i r  and ex-  
p e r i m e n t a l  da t a  (points)  for  the c e r a m i c  in a i r .  A 
ca l cu la t ed  curve  is  a l so  shown for  the ef fec t ive  
t h e r m a l  conduct iv i ty  of the c e r a m i c  in hel ium,  con-  
s t r u c t e d  on the b a s i s  of e x p e r i m e n t s  in a i r  at  t e m p -  
e r a t u r e s  of 400~ ~ K. This  shows good a g r e e -  
men t  with e x p e r i m e n t a l  da t a  obta ined in he l ium at 
t e m p e r a t u r e  80~ ~ K. 

The e x p e r i m e n t a l  da t a  (Fig .  2) on ef fec t ive  t h e r m a l  
d i f fus iv i ty  of the c e r a m i c  in he l ium in the t e m p e r a -  
ture  r ange  100~ ~ K show good a g r e e m e n t  with the 

ca l cu l a t ed  curve  cons t ruc t ed  f rom e x p e r i m e n t a l  da ta  
on the spec i f i c  hea t  of the c e r a m i c  in the t e m p e r a t u r e  
r ange  80~ ~ K and f rom ca l cu la t ed  da t a  on i ts  
e f fec t ive  t h e r m a l  conduct iv i ty  in he l ium.  
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Fig.  2. Values  of ef fec t ive  t h e r m a l  d i f fus iv i ty  
a (m2/sec)  and spec i f i c  hea t  c ( J / k g .  degree)  of 
f i r e c l a y  c e r a m i c :  1 ) e x p e r i m e n t a l  value of keff  
in a i r ;  2) e x p e r i m e n t a l  value of c; 3) and a) c a l -  
cula ted  and e x p e r i m e n t a l  va lues  of neff in he l ium.  

NOTATION 

heft) e f fec t ive  t h e r m a l  conduct iv i ty  of porous  m a -  
t e r i a l ;  ksk) t h e r m a l  conduct iv i ty  of ske le ton ;  kc) t h e r -  
ma l  conduct iv i ty  of continuous phase  of ske l e ton ;  kd) 
t h e r m a l  conduct iv i ty  of d i s p e r s e d  phase  of ske le ton ;  
Vd) volume f r a c t i o n s  of d i s p e r s e  phase  of ske l e ton ;  
P) volume po ros i ty ,  h / L , ~ f ( P )  [ 5 ] ; c )  S t e f a n - B o l t z -  
mann cons tan t ;  T) abso lu te  t e m p e r a t u r e ,  ~ d) po re  
d i a m e t e r  ; a) t h e r m a l  d i f fus iv i ty .  
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