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RELATIONSHIP OF GAS PHASE MASS TRANSFER TO
THERMAL CONDUCTIVITY OF REFRACTORIES

E. Ya. Litovskii, F, S, Kaplan, UDC 536.21
and A, V., Klimovich

The problem of change in thermal resistance of pores and microcracks in refractories with oc-
currence of heterogeneous reactions and formation of gas with diffusion product transfer in the
temperature gradient field is analyzed. '

It has been demonstrated previously [1-3] that thermal resistance of the microcracks which have a marked
influence on effective thermal conductivity and diffusivity of ceramies, refractories, and other porous ma-
terials is related to, among other factors, the intensity of mass-transfer processes in the gas phase. Such a
process develops in microcavities filled by gas in the presence of a temperature gradient and is caused by the
temperature dependence of equilibrium pressure of the gaseous products formed by heterogeneous chemical
reactions and phase transformations., In this case the effective thermal conductivity of the microcracks must
be supplemented by a term related to mass transfer:

. 6
}\'=Z]iHi vk (1)

where jj is the molar flow of the i-th gaseous component, Hj, its enthalpy; &, gap thickness; AT, temperature
change.

In [3] expressions were obtained for the effective mass flow and effective thermal conductivity of a micro-
crack for free-molecular (Knudsen) gas flow (AKn). Such a regime is realized at high rarefactions in narrow
gaps. However, it follows from analysis of the structure of many refractories that they contain a significant
quantity of coarse pores and cracks, where at pressures of 10?~10° N/m? gas product transfer is accomplished
basically due to diffusion. The effective thermal conductivity of a microcrack in the diffusion regime AP is de-
termined by the temperature and thermodynamic properties of the system, and in contrast to the parameter
AKn it is dependent on thediffusion coefficients of the molecules, their concentrations, the total gas pressure
p, and the relationship between the flows jj. In the simplest case of a binary mixture consisting of an "active"
substance, i.e., one which liberates gas during a heterogeneous reaction or phase transition, and a "passive"
gas, i.e., one not participating in these processes, the expression for AD has the form

PP, (AHP

AP = .
T p—p, RT3 ? )

where D ~ p~! is the binary diffusion coefficient; pA ~ exp (-AH/RT) is the pressure of active gas; AH, thermal
effect of the process; R, gas constant; T =vT,T, (T; and T, are temperatures of hot and cold surfaces).

Equation (2) was obtained by solution of the diffusion equation in a plane-parallel gap with consideration
of the Stefan flow [4], assuming the process occurs in equilibrium and that AT « T, It is analogous to the ex-
pression for thermal conductivity of a chemically reacting gas mixture of [5], differing only by the factor py/
p—pp produced by the Stefan mass flow.
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Fig, 1. Effective gap thermal conductivity AP W/m - °K (1-3, 5-7) and
equilibrium pressure pa N/m? (4, 8) versus temperature T, °K for follow-
ing reactions on gap walls, CaCO,p == CaOrp + CO,q, (1-4) and 2Fe, Oy =
4FeOp + O,T (5-8). Pressure of passive gas (nitrogen): 1.3+ 10° N/m? (1,
5); 1.3 10* N/m? (2, 6); curves 3 angl 7 calculated for case where total gas
pressure p = pA +Dp(N)) = 10° N/m".

Fig. 2. Thermal diffusivity of lightweight refractory ShLB-0.6 versus
temperature for nitrogen pressures of 10° N/m? (1); 8- 10? N/m? (2); and
1.3-2:10% N/m? (3); a - 10° m?/sec; T, °K.

Figure 1 shows the temperature dependence of the quantity AD as calculated by Eq. (2) for reactions on
the gap walls which are characteristic of real refractories. The values of AH and pp were calculated from
the thermodynamic data of [6], and the D values were obtained from [7]. Analysis of the function AD= £(T)
shows a significant growth in effective thermal conductivity of microcracks and pores (and, consequently, of
the material itself) with increase in temperature, which is related to the exponential dependence of pa (T). At
the same time, the reduction in passive gas pressure pp should be accompanied by an increase in thermal con-
ductivity of the material since AD ~ pA/pp. Suchaneffecthas been observed experimentally in studies of the
thermal properties of refractories containing many coarse pores. As an example, Fig. 2 shows thermal- .
diffusivity measurements performed on the lightweight refractory ShL.B-0.6,* The apparent density of the ma-
terial was 0.56 g/cm®, open porosity, 77.9%; mean pore size, 0.3-1.0 mm; Fe,O; content, about 1,6% Thermal
diffusivity was determined by monotonic heating of planar specimens 90 X 90 X 26 mm, with temperature mea-
sured by VR 5/20 thermocouples and a heating rate of 20°/min, The experimental apparatus and peculiarities
of the method used were described in [8]. Curves 2 and 3 were obtained for pressures of ~10° N/m? and ~ 10?
N/m? (at temperatures above 1000°K), which correspond to free path lengths of ~1072 mm and ~107! mm, i.e.,
even at the lowest experimental pressures the diffusion regime of gas flow is realized in the material pores.
Results of repeated measurements for the high-temperature portion of the curves differed by 3-5%, which lies
within the limits of the method's error,

The experimental data of Fig. 2 may be explained as follows, At low temperatures where the active gas
pressure is low, the decrease in total pressure p must be accompanied by increase in thermal resistance of
the pores and microcracks and a corresponding drop in effective thermal conductivity of the material (Fig. 2,
curves 1-3 in the range 500-800°K) [9]. Further temperature increases lead to an abrupt rise in pa, so that
the contribution of AP to total thermal conductivity of the gas-filled cavities proves to be significant. This
contribution is all the more noticeable, the lower the pressure of the passive gas (see Fig. 1j. Thus, the
more rapid temperature increase of effective thermal conductivity of ceramics upon rarefaction is explained
(Fig. 2 at temperatures above 900°K), Here, as in the Knudsen regime of gas flow [3], the thermal conduc~
tivity of the evacuated material approaches that at atmospheric pressure with increase in temperature (curves
2, 3) and even exceeds it somewhat (curve 2), It is necessary, however, to consider the possibility of intense
removal of gaseous products from the volume of the coarse-pored material into the space surrounding the
specimen, which will be accelerated with decrease in pressure in the vacuum chamber. If the rate of active
gas removal exceeds its formation rate, then the quantity ps, and with it, AD will decrease, which is evidently
the cause of the form of the high-temperature portion of curve 3 in Fig. 2.

*Ya. A. Landa and N. A. Puchkevich participated in the measurements,



It should be stressed 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
£q. (2) and the reactions considered. In fact, upon decomposition of Fe,O; the thermal conductivity of the pores
should reach that of the solid phase at a temperature of ~1600°K, while for CaCO; decomposition this should
occur as low as 800-1000°K, while under real conditions even at higher temperatures the thermal conductivity
of porous compositions at pressures of 10°-10° N/m? 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-
aries 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 pp in the material pores to be significantly lower than
follows from thermodynamic calculations for pure substances. In addifion we must keep in view the possibility
referred 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 liberated, and the change in specimen structure in the temperature gradient field,

It is important to note that the mechanisms of heat and mass transfer considered here are not specific.
The relationships proposed in the present study and in [3] may be used for calculation of contact thermal resis-
tances at the boundary of any solid material in the presence of sorption—desorption, evaporation—condensa-
tion, heterogeneous chemical reactions, etc.
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