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R E L A T I O N S H I P  O F  GAS P H A S E  MAS S  T R A N S F E R  T O  

T H E R M A L  C O N D U C T I V I T Y  O F  R E F R A C T O R I E S  

E .  Y a .  L i t o v s k i i ,  F .  S. K a p l a n ,  
a n d  A.  V. K l i m o v i c h  

UDC 536.21 

The problem of change in the rmal  res i s tance  of pores  and mic roc racks  in r e f r a c t o r i e s  with oc -  
c u r r e nc e  of heterogeneous  reac t ions  and format ion of gas with diffusion product  t r ans fe r  in the 
t e mpe ra tu r e  gradient  field is analyzed. 

It  has been demons t ra ted  previously  [1-3] that thermal  res i s tance  of the m ic ro c r ack s  which have a marked  
influence on effect ive the rma l  conductivity and diffusivity of ce ramics ,  r e f r a c t o r i e s ,  and other  porous ma-  
t e r ia l s  is re la ted  to,  among other  f ac to r s ,  the intensity of m a s s - t r a n s f e r  p roces se s  in the gas phase. Such a 
p roces s  develops in mic rocav i t i e s  fil led by gas in the p resence  of a t empera tu re  gradient  and is caused by the 
t empera tu re  dependence of equi l ibr ium p re s su re  of the gaseous products  formed by heterogeneous chemical  
react ions  and phase t ransformat ions .  In this case the effective thermal  conductivity of the mic roc racks  must  
be supplemented by a t e r m  re la ted  to mass  t r ans f e r .  

8 
~" = ~-'  ] ' H i  "A-T- - '  (1) 

i 

where Ji is the mola r  flow of the i- th gaseous component,  Hi, its enthalpy; 5, gap thickness;  ~ T ,  t empera tu re  
change. 

in [3] express ions  were  obtained for  the effective mass  flow and effect ive thermal  conductivity of a m i c r o -  
c r ack  for  f r e e - m o l e c u l a r  (Knudsen) gas flow (xKn). Such a reg ime is rea l ized  at high ra re fac t ions  in nar row 
gaps. However ,  it follows f rom analysis  of the s t ruc ture  of many r e f r a c t o r i e s  that they contain a significant 
quantity of coarse  pores  and c racks ,  where  at p r e s s u r e s  of 102-105 N/m 2 gas product  t r ans fe r  is accomplished 
basical ly due to diffusion. The effective the rmal  conductivity of a m i c r o c r a c k  in the diffusion regime X D is de-  
t e rmined  by the t empera tu re  and thermodynamic  proper t i es  of the sys tem,  and in cont ras t  to the p a r a m e t e r  
kKn it is depender~ on the diffusion coeff ic ients  of the molecu les ,  t h e i r  concentra t ions ,  the total gas p r e s su re  
p, and the re la t ionship between the flows Ji. In the s imples t  case of a binary mixture  consist ing of an "act ive" 
substance,  i .e . ,  one which l ibera tes  gas during a heterogeneous react ion or  phase t rans i t ion,  and a "pass ive"  
gas,  i ,e . ,  one not par t ic ipat ing in these p r o c e s s e s ,  the express ion  for  k D has the fo rm 

~D PPA . (AH) 2 
P - -  PA R ~ T  ~ ~ (2) 

where  D ~ p_t is the binary diffusion coefficient;  PA ~ exp (--AH/RT) is the p r e s su re  of active gas; AH, the rmal  
effect  of the p rocess ;  R, gas constant;  T = V~IT 2 (T1 and T 2 are  t empera tu re s  of hot and cold surfaces}. 

Equation (2} was obtained by solution of the diffusion equation in a p lane-para l le l  gap with considerat ion 
of the Stefan flow [4], assuming the p roces s  occurs  in equi l ibr ium and that AT << T. It is analogous to the ex-  
p ress ion  for  the rmal  conductivity of a chemical ly  react ing gas mixture  of [5], differing only by the fac tor  PA/ 
P - P A  produced by the Stefan mass  flow. 
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Fig.  1. Effect ive  gap t h e r m a l  conductivity X D W / m .  ~ (1-3, 5-7) and 
equi l ibr ium p r e s s u r e  PA N/m2 (4, 8) v e r s u s  t e m p e r a t u r e  T ,  ~ fo r  follow= 
ing reac t ions  on gap wal l s ,  CaC q~ ~- CaO T + CO2w (1-4) and 2F%O~m 

- -  - - -  3 - 2  v -  4FeO T + O2T (5-8). P r e s s u r e  of pas s ive  gas (nitrogen): 1,3" 10 N/m (1, 
5); 1.3" 104 N/m 2 (2, 6); cu rves  3 an~ 7 calcula ted for  case  where  total  gas 
p r e s s u r e  p = PA + pp(N~) = 105 N / m .  

Fig. 2. T h e r m a l  diffusivity of l ightweight r e f r a c t o r y  ShLB-0.6 v e r s u s  
t e m p e r a t u r e  for  n i t rogen p r e s s u r e s  of 10 ~ N/m 2 (1); 8.102 N/m 2 (2); and 
1.3-2.102 N/m 2 (3); a .  l0  G m2/sec ;  T, ~ 

F igure  1 shows the t e m p e r a t u r e  dependence of the quantity X D as calculated by Eq. (2) for  r eac t ions  on 
the gap walls  which a re  c h a r a c t e r i s t i c  of r ea l  r e f r a c t o r i e s .  The values  of &H and PA were  calculated f r o m  
the t he rmodynamic  data of [6], and the D va lues  we re  obtained f r o m  [7]. Analys i s  of the function ~D = f(T) 
shows a s ignif icant  growth in effect ive  t h e r m a l  conductivity of m i c r o c r a c k s  and po re s  (and, consequent ly ,  of 
the m a t e r i a l  i tself) with i nc r ea s e  in t e m p e r a t u r e ,  which is  r e l a t ed  to the exponential  dependence of PA(T). At  
the s a m e  t ime ,  the reduct ion in pas s ive  gas p r e s s u r e  pp should be accompanied  by an inc rease  in t h e r m a l  con-  
ductivity of the m a t e r i a l  s ince X D ~ PA/Pp. Such an effect  has been obse rved  expe r imen ta l ly  in s tudies  of the 
t h e r m a l  p r o p e r t i e s  of r e f r a c t o r i e s  containing many  coa r se  po re s .  As an example ,  Fig. 2 shows t h e r m a l -  
dfffusivity m e a s u r e m e n t s  p e r f o r m e d  on the lightweight r e f r a c t o r y  ShLB-0.6.  * The apparen t  densi ty of the m a -  
t e r i a l  was  0.56 g /cm 3, open po ros i ty ,  77.9%; mean  pore  s i ze ,  0.3-1.0 ram;  Fe203 content,  about 1.6~a T h e r m a l  
diffusivity was de t e rmined  by monotonic heat ing of p lanar  spec imens  90 • 90 • 26 ram,  with t e m p e r a t u r e  m e a -  
sured  by VR 5/20 the rmocoup les  and a heat ing ra t e  of 20~ The expe r imen ta l  appara tus  and pecu l i a r i t i e s  
of the method used  were  desc r ibed  in [8]. Curves  2 and 3 were  obtained for  p r e s s u r e s  of ~103 N/m 2 and ~ 102 
lq/m 2 (at t e m p e r a t u r e s  above 1000~ which c o r r e s p o n d  to  f r ee  pa th  lengths of '~10 -2 m m  and ~10 - t  r am,  i . e . ,  
even at the lowes t  expe r imen ta l  p r e s s u r e s  the diffusion r e g i m e  of gas flow is r ea l i zed  in the m a t e r i a l  p o r e s .  
Resu l t s  of r epea ted  m e a s u r e m e n t s  fo r  the h i g h - t e m p e r a t u r e  por t ion of the curves  di f fered by 3-5%, which l ies  
within the l imi t s  of the m e t hod ' s  e r r o r .  

The expe r imen ta l  data of Fig. 2 may  be explained as follows. At low t e m p e r a t u r e s  where  the ac t ive  gas 
p r e s s u r e  is low, the d e c r e a s e  in to ta l  p r e s s u r e  p m u s t  be accompanied  by inc rease  in t h e r m a l  r e s i s t a n c e  of 
the po res  and m i c r o c r a c k s  and a co r respond ing  drop in effect ive  t h e r m a l  conductivity of the m a t e r i a l  (Fig. 2, 
curves  1-3 in the range  500-800~ [9]. Fu r the r  t e m u e r a t u r e  i n c r e a s e s  lead to an abrupt  r i s e  in PA, so that  

D the contr ibution of k to total  t h e r m a l  conductivity of the gas - f i l l ed  cavi t ies  p roves  to be signif icant .  This  
contr ibution is all  the m o r e  not iceable ,  the lower  the p r e s s u r e  of the pass ive  gas (see Fig. 1). Thus ,  the 
m o r e  rapid  t e m p e r a t u r e  i nc r ea s e  of effect ive t h e r m a l  conductivity of c e r a m i c s  upon r a r e f a c t i o n  is explained 
(Fig. 2 at  t e m p e r a t u r e s  above 900~ Here~ as in the Knudsen r e g i m e  of gas flow [3], the t h e r m a l  conduc-  
t ivity of the evacuated  m a t e r i a l  approaches  that  at  a t m o s p h e r i c  p r e s s u r e  with i nc rea se  in t e m p e r a t u r e  (curves 
2, 3) and even exceeds  it somewhat  (curve 2). It  is n e c e s s a r y ,  however ,  to cons ider  the poss ib i l i ty  of intense 
r e m o v a l  of gaseous  products  f r o m  the volume of the c o a r s e - p o r e d  m a t e r i a l  into the space surrounding the 
spec imen ,  which will  be acce l e r a t ed  with d e c r e a s e  in p r e s s u r e  in the vacuum chamber .  If the ra te  of act ive 
gas r emova l  exceeds  its fo rmat ion  r a t e ,  then the quantity PA, and with it ,  kD will  d e c r e a s e ,  which is evidently 
the cause of the f o r m  of the h i g h - t e m p e r a t u r e  por t ion  of curve 3 in Fig. 2. 

*Ya. A. Landa and N. A. l~achkevich par t i c ipa ted  in the m e a s u r e m e n t s .  
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It should be s t ressed that in the general case the growth of thermal diffusivity of real  materials  does not 
correspond not to such an intense increase in thermal conductivity of pores and microcracks  as follows from 
Eq. (2) and the reactions considered. In fact,  upon decomposition of Fe203 the thermal conductivity of the pores 
should reach that of the solid phase at a temperature  of ~1600~ while for  CaCO 3 decomposition this should 
occur as low as 800-1000~ while under real  conditions even at higher temperatures  the thermal conductivity 
of porous compositions at p ressures  of 10~-105 N/m 2 is still significantly lower. This may possibly be related 
to the fact that the materials  participating in the heterogeneous reaction segregate themselves on grain bound- 
ar ies  and interphase surfaces,  so that as a rule they are in a dilute state and rarely comprise a separate phase 
(solid or liquid) [10]. This fact  then causes the pressure  PA in the material  pores to be significantly lower than 
follows from thermodynamic calculations for pure substances. In addition we must keep in view the possibility 
r e fe r red  to above of intense removal of the gaseous products into the space surrounding the specimen. For a 
quantitative calculation it will evidently be necessary to study the kinetics of specimen degasification, the com- 
position of the gas l iberated, and the change in specimen structure in the temperature gradient field. 

It is important to note that the mechanisms of heat and mass t ransfer  considered here are not specific. 
The relationships proposed in the present  study and in [3] may be used for calculation of contact thermal r e s i s -  
tances at the boundary of any solid mater ia l  in the presence of sorpt ion-desorpt ion,  evaporat ion-condensa-  
tion, heterogeneous chemical react ions,  etc. 
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