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Abstract

It is known that thermal diffusivity, a, of several types of porous ceramic and refractory materials decreases with
decreasing gas pressure. However, a of several ceramics (e.g., magnesite refractories with porosity about 25%) measured
in vacuum by the monotonous heating exceeds the comparable data registered at atmospheric pressure. A similar effect
was found for thermal diffusivity of several insulating materials. However, for some porous ceramics this phenomenon
is absent or less prominent.

It had been known that several heterogeneous physico-chemical processes take place on pore surfaces of ceramic
materials. These processes include heterogeneous chemical reactions accompanied by emission of gaseous products. It
had been conjectured that these processes affect thermophysical properties of ceramic materials, especially during fast
heating or cooling.

In this paper we substantiate this conjecture. Namely, we develop a quantitative model for the apparent thermal
diffusivity, as measured by the nonstationary monotonous heating method. It takes into account the emission and
adsorption of the gas on the opposite pore sides along the temperature gradient, the diffusive gas motion inside the
pores and its removal from the pores due to the material gas permeability. The effect of these processes is shown to
produce an additional heat flux inside the pore or crack and, hence, to increase the measured thermal diffusivity.

In the presence of the passive gas, the rates of gas emission and its transport within the pore are significantly re-
duced, which leads to diminution of the effect of gas emission—adsorption on the heat transfer across the pore. Con-
sequently, we show that this leads to a situation (observed in experiment) where thermal diffusivity of a material
measured at high temperature in vacuum may exceed the comparable property at atmospheric pressure.

When the reaction terminates due to the full conversion of the available solid reactant, the additional heat flow due
to the gas emission and adsorption terminates, and the measured thermal diffusivity decreases. The rates of gas removal
and of chemical conversion depend on the amount of reactant available within the specimen and on the heating rate.
We show that as a result of this, the measured thermophysical properties depend on the material thermal history and
heating parameters, and, hence, cannot be regarded as true material properties.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Thermal conductivity, k, and thermal diffusivity, a,
of ceramic materials have been the focus of extensive
theoretical and experimental studies [1-7]. Typical ex-
perimental data on a of several dense magnesite and
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Fig. 1. Thermal diffusivity of the magnesite refractory M-91-1.
O, A, @: experimental data [8]; O, A: 10° Pa; @: 10?> Pa. Solid
lines: results of calculation, k, = k; + k. for the reaction (5).
Dashed lines: results of calculations, k, = k. 1,2: 10° Pa; 3,4:
10? Pa.

1N
[
1

\S]
T

—_
T

Thermal Diffusivity, 10°-m%/s
1

o
W

00
1 1 1 1 1 1 1

0 200 400 600 800 1000 1200 1400 1600

Temperature, °C

Fig. 2. Thermal diffusivity of the magnesite refractory MP-91-
1. O, A, [0: experimental data [8]; O, A: 10° Pa; [J: 10? Pa.
Solid lines: results of calculation, &, = k; + k. for the reaction
(5). Dashed lines: results of calculations, k, = k,. 1, 2: 10° Pa; 3,
4: 10 Pa.

monotonous heating method with a heating rate 1.5 x
10’ K/h.

One can observe several common features pertinent
to these data sets:

e at atmospheric pressure a decreases with tempera-
ture, T, according to the Eucken law [9];

e at low (e.g.,, room) temperature a significantly de-
creases with decreasing pressure, p. This apparently
is the result of transition from continuous to free-mo-
lecular regime of heat conduction through the gas in
macro- and microcracks [10];
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Fig. 3. Thermal diffusivity of the chrome-magnesite refractory
Radex BC. O, A: experimental data [8]; O: 10° Pa; A: 10 Pa.
Solid lines: results of calculation, k, = k, + k. for the reaction
(5). Dashed lines: results of calculations, k, = k,. 1, 2: 10° Pa; 3,
4: 10 Pa.
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Fig. 4. Experimental data on thermal diffusivity of the chrome—
magnesite refractory MCVP. O, A: experimental data [8]. O:
10% Pa; A: 10% Pa. Solid lines: results of calculation, k, = k, +
kye for the reaction (5). Dashed lines: results of calculations,
ky = ky. 1, 2: 10° Pa; 3, 4: 10? Pa.

Table 1

Physical properties of chrome-magnesite and magnesite re-
fractories

Trade Manufac- Density  Open Cold
name turer (kg/m®)  porosity crushing
(%) (MPa)
Radex BC  Radex 2960 16.3 51.0
MCVP “Magnesite” 3210 12.9 46.0
M-91-1 “Magnesite” 2570 26.7 48.2
MP-91-1 “Magnesite” 3010 16.7 93.7
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Table 2

Chemical composition of chrome-magnesite and magnesite refractories, % by mass
Trade name MgO CaO Cr,04 Al O3 SiO, Fe O3 MnO
Radex BC 75.85 2.31 10.35 2.17 1.69 7.15 0.35
MCVP 79.7 1.4 11.0 2.05 0.9 4.65 -
M-91-1 92.7 2.4 - 0.7 2.6 1.4 -
MP-91-1 91.4 2.8 - 1.1 2.5 2.0 -

e at low pressure a increases with 7, which can be
attributed to segregation—diffusion heat transfer
mechanism [11] or to change of the material micro-
structure due to the thermal expansion mismatch
[12,13];

e at high temperature a increases with decreasing pres-
sure. This phenomenon is not observed for thermal
conductivity of the same materials, measured by the
stationary method.

The last feature points out at the dependence of the
thermal conductivity and diffusivity of porous ceramics
upon the measurement method, specimen size, its ther-
mal history, heating regime, etc. In these circumstances
k and a cannot be viewed as true material properties.
Such phenomena are well known as occurring in humid
porous materials and plastics [14,15]. In refractories
these phenomena can be attributed to the influence of
the emission of gases into the pores and cracks as a re-
sult of chemical reactions and other heterogeneous
physico-chemical processes [3-6,16,17].

When a ceramic material is heated (as in measure-
ments of thermal diffusivity) several chemical reactions
may occur on the pore surfaces. Some of these reactions
are usually accompanied by emission and adsorption of
the impurities into and from the gas phase. Consider the
processes of gas emission from a surface layer of a solid
A into the pore (see Fig. 5), as well as the reverse pro-

gas emission
gas G

gas ads<§:on

Fig. 5. Schematic of gas emission in the pore.

cesses of gas adsorption according to the following re-
action:

Asolid - Bsolid + Ggas - emission, (1)

Bgotia + Ggas — Asolia — adsorption. (2)

Substituting solid A for CaCO;, solid B for CaO, and
gas G for CO,, the following example reaction can be
considered:

CaCOs; i 2 CaOgotig + CO; gas, (3)

In the reaction (4) below A, B and G are substituted
for MgCO;, MgO and CO,, and the reaction (5) they are
substituted for Fe,Os, Fe30y4, and O,, respectively:

MgCO; g 2 MgOgiq + CO2 gus, (4)
6Fe20;3 soiia 2 4Fe304 solia + Oz gas- (5)

The above reactions are likely to occur in many types
of industrial refractories, including the magnesite and
chrome-magnesite refractories, which normally contain
a definite amount of impurities, such as CaO, Fe,0s,
and others (refer to Table 2).

On the hotter (upper in Fig. 5) side of the pore the
emissive (solid to gas) flux of the component G is greater
than the adsorptive flux. On the cooler (lower) pore side
the opposite is true. This causes a net flux of G to pass
from the gas phase into the pore surface, where it un-
dergoes adsorption process. Since the opposite sides of
the pores (along the direction of the temperature gra-
dient) have different temperatures, the saturation pres-
sures of the active gases in these points are different. This
leads to intrapore transport of the impurities G. This
process is accompanied by a concomitant heat flux
across the pore, which contributes to the total heat
transferred through the material [5,16,18,19]. Part of the
emitted gas may be removed from the pore due to
pumping out (e.g., into the vacuum chamber) via small
capillaries, shown in Fig. 5. The pores may contain a
passive gas (e.g., air, He, Ar, N;), the amount of which is
determined by the pressure in the vacuum chamber. This
gas may affect the rates of reactions (1)—(5). The pres-
ence of passive gas in pores diminishes the influence of
the gas emission mechanism on heat transfer, which
leads to a decrease of the measured thermal conductivity
with increasing pressure at high temperatures.
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The described effect is significant in several magnesite
and chrome-magnesite refractories (M-91-1, Radex BC,
MCVP), and also in some insulating materials (OFL-54)
[8] during the heating of the specimens. However, it is
less pronounced and even absent for many porous ce-
ramics, including Radex E and MCV refractories [8].
Note that k& of porous ceramics measured by the sta-
tionary method at low gas pressures never exceeds the
comparable data at atmospheric pressure.

Thermophysical properties of refractories in the
presence of gas emission have not been investigated. In
the present work we develop a model which allows to
calculate the effective thermal conductivity of refracto-
ries, accounting for the gas emission—adsorption phe-
nomenon.

2. Heat transfer due to gas emission in pores

Consider a homogeneous ceramic material sur-
rounding a single pore, wherein an external macroscopic
temperature gradient is imposed (Fig. 5). The pore is
filled by a mixture of a passive gas (for example, N,) and
an active gas (for example, CO,, O,), emitted from and
adsorbed by certain areas of the pore surface, which will
be called the “reaction sites”, or ‘“‘active surfaces”, s,.
The part of the pore surface, which is impermeable for
the gases and non-reacting, is called “the passive sur-
face”, so. The pressure of the gas mixture, p, is uniform
throughout the pore. The average partial pressure of the
active gas, p,, does not exceed the equilibrium pressure,
corresponding to the average pore temperature, 7y. The
active gas may leave the pore via the orifices, s,,. The
average partial pressure of the passive gas in the pore is
equal to the pressure of the same gas in the vacuum
chamber, so that it does not leave the pore. The molar
fraction of the active gas within a mixture, x = p,/p, is
generally a function of position within the pore. The
equilibrium pressure, p.q, of the active gas at the tem-
perature, T, of the reaction spots on the hotter side of
the pore is higher than the partial active gas pressure, p,,
at the adjacent point within the gas. This leads to the
emission of the active gas at the rate [8,20]:

. Peq(T) — Pa
 /2nM,RT e (©)

where M, is the molecular mass of the gas, f is a con-
densation coefficient, and x is a correction coefficient,
dependent on the mode of reflection from the surface.
The equilibrium pressure corresponding to the temper-
ature of the reaction sites at the cold side of the pore is
less than the partial active gas pressure at the adjacent
point within the pore. This leads to the gas adsorption at
a rate, also described by Eq. (6). The gas emission is
accompanied by heat adsorption and gas adsorption is

accompanied by heat release with the resulting effect
being a net heat transferred across the pore. In addition
to this heat flux heat is also transferred by conduction in
the bulk phase, exterior to the pore, and within the pore.

The process described above is nonstationary. The
chemical composition of the specimen changes with time
as a result of the chemical reaction. However, the
characteristic time 7 of the microscale temperature field
change in the vicinity of a single pore is much shorter
than the characteristic time of the change of the speci-
men chemical composition. Therefore the temperature
field can be assumed to be quasi-stationary. Below we
derive a set of equations and boundary conditions for
calculation of the microscale temperature field. This set
of equations is explicitly solved in the case of spherical
pore in Section 3. The influence of the temporal change
of the material chemical composition and of the thermal
regime on the resulting microscale temperature field is
analyzed at the end of Section 3.

Assuming steady state, the temperature field in the
bulk and within the pore is described by the Laplace
equation:

V2T = 0. (7

The temperature field far from the pore is charac-
terized by a constant gradient, G:

T—Ty+Gor, |l — o, ®)

where Tj is the average temperature in the pore.

The temperature is continuous across the pore, and
so is the normal heat flux component across the passive
portion of the pore surface:

v [kh(VT)solid - kg(vT)gas} =0, réeso, (9)

where k, and k, are the thermal conductivities of the
bulk and the gas filling the pore, respectively, and v
denotes the unit normal to the surface, directed into the
bulk (Fig. 5). The jump of the normal heat flux com-
ponent at the active sites of the surface is proportional to
the emission/adsorption rate:

V[V T) i = Ke(VT) | = =AHw-j. s, (10)

where AH, is the enthalpy of reaction and j is the flux of
the active gas molecules.

If the orifices are sufficiently small, then the gas is
removed from the pores in the Knudsen regime. The
passive gas pressure in the vacuum chamber and in the
channel pores is assumed to be equal to the average
partial pressure of the passive gas within the pores.
Thus, no net outflow of the passive gas takes place, and
it is stagnant.

Consider now the transport of the active gas within
the pore. The active gas is emitted from the reactive sites
on the hotter side of the pore, diffuses through the
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stagnant passive gas; then it is adsorbed on the reactive
sites on the cooler side of the pore, and partly removed
via the orifices. We assume continuous diffusion regime
of the active gas inside the pore, that is, Kn < 1, where
Kn is the Knudsen number, equal to the ratio between
the mean free path of the gas molecule and the pore size.
Then the molar flux of the active gas is [21]

__pr D
~ RT1-—x

_prD _
Vx =22 Vin(l ), (11)

where D is the coefficient of diffusion of the active gas
through the passive gas, and R is a universal gas con-
stant. The mass continuity gives V - j = 0, or, neglecting
the effect of the small temperature variation, one obtains
from (11)

V2In(l —x) = 0. (12)

The condition of non-permeability of the passive
portions of the pore surface for the gas molecules takes
the form:

Vin(l —=x) =0, rE€Eso. (13)

The molecular outflow rate of the gas via the orifices
is [22]
. PD pa - poul
outJ V= >Sout5;-V" In(1 — = Fiv
Sout J + ¥ = Sout v Vin(l —x) BT
re Souty (14)

where p,,: denotes the pressure of the active gas in
channel pore, which is normally zero, and F is the hy-
draulic conductance of the orifice [22]. We assume that
several orifices are distributed on the pore surface, with
cumulative area sou. Eq. (14) relates the diffusive flux of
the active species at the orifices spots of the pore surface
to the flow rate of the these species from the pore via the
orifices. This flow rate depends on the driving pressure
difference and the hydraulic conductance, F. If the ori-
fice is small, so that the Knudsen number based on
the orifice diameter is large, the flow of the gas out
of the pore takes place in a free-molecular regime, so
that the collisions of the gas molecules with the tube
walls are more frequent that the mutual collisions be-
tween the gas molecules. For a molecular flow through a
small orifice in series with a short tube with a circular
cross-section with diameter ¢, and length /, (where d;
and /, are of the same order of magnitude) we have [22]

nd®> | RT AN
F=—t [ (14220 | 1
4 2nMg( +8dt) (15)

The boundary condition on the active spots is similar
to Eq. (6):

pD pcq(i) DPa
— . 1 1 - = - a- 1
v-Vin( x) 2, P, res (16)

The equilibrium pressure of the active gas at tem-
perature 7 may be found from the Arrhenius-like
equation [23]:

pcq(T)=cheXp(f§;;e), (17)

where P, is a reaction-dependent pre-exponential factor,
which weakly depends on temperature [23], and AH, is
an average (over the temperature interval) reaction heat
release. This expression may be linearized in the vicinity
of the temperature 7; by neglecting the dependence of
Peq on T [24]:

(18)

Pa(T) NPeq(To)<1 AT T°>,

R T2

Note that, if the dependence of p., on temperature is
very strong, the temperature in the denominator of both
sides of Eq. (16) can be considered constant and equal to
Ty. This approximation is justified as long as AH./RT >>
1 [24].

The set of Egs. (7)-(18) can be solved for any specific
pore geometry and distribution of the reactive sites on
its surface to obtain the temperature field within and
near the pore. This field is affected by the gas emission—
adsorption process, which, as we show below, can lead
to intensification of heat transfer across the pore.

3. Solution for spherical pores

In this section the set of Egs. (7)-(18) is solved for a
spherical pore (see Fig. 6) to obtain the temperature field
in the vicinity of pores, which is affected by the emis-
sion—adsorption processes.

Consider Eqs. (7)—(18) for a spherical pore (see Fig. 6)
of radius r,. Assume that the reactive sites are uniformly

Fig. 6. Gas emission in spherical pore.
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distributed over the entire surface, and they cover the
fraction S, of the pore surface area. As such the reactive
sites’ area is s, = Sa4nr§. Assume that the surface of the
spherical pore is uniformly covered by small orifices, so
that the conductance per unit area of the pore surface
is f(RTy /21tMg)l/ *, where fis the hydraulic conductance
of the orifice per unit pore surface, so that F = f4nr?,
where F is defined by Eq. (15). Consider a small portion
of the surface, containing orifices. The average normal
flux of the active gas can be calculated combining Egs.
(13), (14) and (16):

._pD .
v-j= 0v Vin(l —x)
a © 73
_ P PalT) g o /b,

2nM,RT, * 2nM,RT,
g g

a 721 - Fe T
_ Pt PO —Pa(T) o P (19)
2nMGRT,

where

S
PrcSa

is a parameter, determining the ratio between the flux of
the active gas out of the pore to the gas adsorptive flux.

The boundary conditions (9) and (10) are combined
and transformed to the form

V- {kb(VT)solid - kg(vT)gas]

_ 7AHcPa — Peq(7) B
\/2nM,RT;

because the jump of the normal heat flux component
takes place on the reactive sites only.

The trial solution of Egs. (7) and (12) subject to
boundary conditions (8), (19) and (20) written for the
temperature field is

KSa, F=Tp (20)

7 ky — kg — k,
T(r,0) =T, — Q2 0 8
(r,0) 0 p + Grcos +G2kb+kg+kpc
;
X ﬁcose, "=, (21)
3ky
Tr,)=TH— Q4+ G———— 0
(r,0) =T + 2kb+kg+kpercos ,
r<rp, (22)

where the constants Q and k. are to be determined be-
low. Solution (21) and (22) satisfies condition of conti-
nuity of the temperature across the pore surface and the
boundary condition (8). We look for solution of the gas
diffusion equation (12) in the form

pa(r,0) =p— (p—pa)exp(—Gereos ), r<r,, (23)

where p, is the average pressure of active gas inside the
pore, to be determined below, and ¢ is a yet unknown
constant. If » =0, exp(—Gercosf) =1, and p, =p—
(p — Pa)1 = pa. The total pressure is p = p, + p,, Where
Py is the average pressure of the passive gas inside the
pore, determined by the passive gas pressure inside the
vacuum chamber. After linearization of the exponential
function for small values of the argument we obtain the
following expression for the active gas pressure:

Pa = Pa + PpGereosl, r<rp. (24)

This linearization is valid if the variation of the active
gas pressure within the pore is small compared to the
passive gas pressure. This linearized expression is used in
right-hand sides of Egs. (19) and (20).

Applying boundary conditions (19) and (20), we
obtain the constants of the solution (21), (22) and (24):

1 1\
ke = —+ ) , 25
P < kpe() kped ( )
where
KSy AH? Dego?
Kpeo = W’ (26)
RT5 +/2nM,RT;
: (pp + ﬁa>Peq0D AHez 7
ped — I—)pRz T(; I ( )
_ AHe rppeq()f RTO (28)
RT, (1 +0o+ akpeo/kb) 2nM,’
e (29)

- 1 4’0'4’0'/(})0()//%7

where peqo = peq(To)-

Upon setting kp. = 0 and Q = 0 the solution (21) and
(22) reduces to the temperature field in an infinite me-
dium with spherical inclusion with thermal conductivity
ke, embodied into external temperature gradient, G.

4. Effective thermal conductivity and diffusivity

In this section we use the solution for temperature
field obtained in the previous section to calculate the
effective thermal conductivity of the porous ceramic
material in the presence of gas emission and adsorption.
To this goal we apply the method of Maxwell [25] gen-
eralized to the circumstances where heat is released due
to surface reactions on the pore surface.

Consider a spherical inclusion of radius r; and ther-
mal conductivity k& within an infinite medium with
thermal conductivity k,, embodied in an external tem-
perature gradient, G. In the measurements of k by the
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stationary method this uniform temperature gradient is
imposed on the entire specimen. In the monotonous
heating method G results from the nonstationary nature
of the temperature field prevailing within the specimen.
In this case G is not uniform but rather depends on
position and is inter alia affected by the heating rate and
the mere thermal conductivity. However, on the length
scale comparable to several interpore distances and on
the time scale of order © G may be considered constant
and uniform. A uniform volumetric heat source of
power ¢; (arising due to intrapore gas emission) acts
inside the inclusion. Solving the Poisson equation for the
temperature field subject to the conditions of the conti-
nuity of the temperature and the heat flux on the me-
dium-inclusion interface, one obtains the following
expression for the temperature field outside the inclu-
sion:

kb — ki T 3

PR
4qi;

4+ G 0+ G - 0
3kbr+ rcost + Yo+ ke 2 cos 0,

T(}", 9) = T() +
(30)

which in the case ¢; =0 reduces to the well-known
Maxwell’s solution [25].

Replace now an inclusion with a spherical region of
radius #, containing N, randomly distributed pores with
radius rp, so that their volumetric fraction ¢ :Nprg /
7} < 1. The pores are assumed to be far from one an-
other, so that the distortion of temperature field, caused
by one pore, is independent of the presence of other
pores. The material outside this spherical region is free
of pores. This spherical region represents the porous
material. Consider the temperature field far from the
spherical region. For r > r; the temperature field can be
obtained as a superposition of the contributions (21) of
the N, pores with an origin at the center of the spherical
region. The resulting temperature field has the form

T(r,0) = Ty — Npgz%p + Greos 0+ N,G

Ky — kg — kpe rg
—_— = = 0 31
X ot ko Tk cos 0, (31)

which upon expressing N, via porosity can be recast in
the form (30) by setting

Zkb + kp + ZS(kp — kb)

ke = ki = ki , 32
i ® Dk + ky — &(ky — ko) (32
where k, = kg + kpe, kpe 1s given by Eq. (25), and

) 3kpQ

Gi=—e" 2 (33)

p

Expression (32) is the well-known Maxwell formula
[25] for the effective thermal conductivity of a material
with a small volume fraction of spherical inclusions
having conductivity, different from that of the matrix.

The inclusion conductivity is here replaced by the arti-
ficial “pore phase conductivity”, k,, which includes
thermal conductivity of the gas, filling the pore, k,, and
the contribution of the gas emission mechanism, k..

The quantity k. is composed of ko and kyeq (see Eq.
(25)). The first of them, ke, is determined by the max-
imal rate of the gas emission from the pore surface but is
independent of the transport of the active gas within the
pore. In the case of very fast diffusion or in the case of
absence of passive gas kpe < kpea, and kpe = kpeo. The
second quantity, namely, kyq is the limit of k;, in the case
of very slow diffusion, kyeo > kpea. In the intermediate
case, when both ko and k,q contribute to k,, the latter
quantity never exceeds the least of k.o and kpeq, which is
seen from Eq. (25).

Both kyeo and kpeq are proportional to the square of
the enthalpy of reaction and to the equilibrium pressure.
Since pq significantly increases with temperature, so do
kpeo and kpeq, and, as a result, k.. kpeo does not depend on
the gas pressure within the pore. The parameter kpeq is
inversely proportional to the passive gas pressure. For-
mally, kp.q appears to depend on the gas removal rate via
the dependence of the average active gas pressure upon
the parameter o (see Eq. (29)). However, the diffusivity
of active gas, D, is inversely proportional to the total gas
pressure [22]. Therefore, the product (p, + p.)D, is in-
dependent of the total gas pressure and of the average
active gas pressure, and so is the parameter kp.q. It can
be concluded that, as long as the reaction takes place,
the contribution of gas emission mechanism to the pore
phase conductivity does not depend upon the gas re-
moval rate.

Expression (32) for effective thermal conductivity
calculation contains the bulk conductivity, k. If the heat
barrier resistances (HBR) within the material are negli-
gible, this quantity is equal to the thermal conductivity
of bulk solid, k,,. However, apart from the pores, the
industrial ceramic materials, such as magnesite and
chrome-magnesite refractories, contain networks of
micro- and macrocracks. These discontinuities do not
significantly contribute to the total material porosity.
However, they form resistances to the heat flux which
strongly modify the effective thermal conductivity. The
reduction of k, due to the network of micro- and mac-
rocracks is taken into account by the heat barrier pa-
rameter M in the form [10]:

ky = kosM (4, Re,), (34)

where ks is the thermal conductivity of the bulk solid.
The function M depending on the material microstruc-
ture and the effective thermal conductivity of the cracks
is given in [10]. This function may be significantly below
unity even at small material porosity. The parameter 4
is the relative contact area of micro- and macrocracks
and
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0/ke  kis O
Ry = =2 35
L/kbs kcr L ( )

Here k.. denotes the apparent thermal conductivity of
the microcrack, which is, similar to pore conductivity, a
sum of the conductivity of gas filling the microcrack and
the contribution of the gas emission mechanism:

1 1\
ker = kerg + kere = kerg + (@ + m) , (36)
where ke, is the thermal conductivity of gas, filling the
crack.

The parameters ke and keq are calculated by Egs.
(26) and (27) with r, replaced by /2, where J is the
microcrack thickness.

The effective thermal diffusivity is calculated as
kegr/ pc, where p is a material density and c is its specific
heat.

5. Evaluation of the duration of gas emission in pores

Below we analyze the duration of reaction in pores as
affected by the heating regime (stationary or monoto-
nous heating), amount of solid reactant in pores, their
hydraulic conductance and reaction parameters. During
the reaction period the reactive processes exert an in-
fluence on the measured values of thermal diffusivity.
When the reactions terminate, thermal diffusivity (con-
ductivity) re-gains its value, prevailing in nonreactive
materials. To show this, observe that with the extinction
of the solid reactant one obtains kp. =0 and 2 =0 in
expressions (21) and (22) for the temperature field, and it
reduces to the comparable expressions inside and
around a spherical inclusion of conductivity k.

Consider a spherical pore within a ceramic material
heated monotonously beginning from ¢=0, with a
constant rate, b. The average temperature in the vicin-
ity of the pore at time 7 may be thus described as
Ty(t) = Ty(0) + bt. Derive an expression for the molar
amount (number of moles) of the reactant on the surface
of one pore as a function of time, n,(¢). Assume that at
the beginning of the process this amount is 7n,(0). The
active gas is released as a result of certain chemical re-
action and removed from the pore at the instantaneous
rate

Jou = 417, ) T (37)

V2TMRT,

The net removal of the gas from the pore is associ-
ated with the heat absorbed as a result of the chemical
reaction. This is characterized by a heat sink at the pore
surface of the power

Qp = _AHeJout~ (38)

When the active gas is continuously removed from
the pore, the available amount of the reactant decreases
with the rate determined by the heating rate b. The
number of moles of the solid reactant on the pore sur-
face at an instant ¢ is

1v To (1)
=n(0) — - — /T Jout(T)dT, (39)

where v, and v, are the stoichiometric coefficients of the
solid reactant and gaseous product in the reaction
equation.

Estimate the amount of solid reactant converted to
the moment when the material temperature in the pore
vicinity reaches a current value 7;(¢). The outflow rate of
the gaseous products from the pore does not exceed the
limiting outflow rate, say J,,, which would take place if
the partial pressure of the active gas within the pore were
equal to the equilibrium pressure of this gas at the given
temperature:

fpeq(TO)
P /2nM,RT,

fPe < AHe)
=4m? —=9__exp | — . 40
"p \/2nM,RT, P RTy (40)

Neglecting the Tj-dependence of P, calculate the upper
limit of the amount of solid reactant which had been
converted until the time moment ¢, when the tempera-
ture reaches Tp:

. 1 v, 2 fPecl [AH, [¢ exp
Anl(t) = b vg4 2, /( dC
8} v, fPy | AH,
_ p'r eq e 1/2 _ 1
b vy R \|2nM, [C exp(—¢7)

JOUt(TO) <Jout( ) 4TW

¢
+ VRt (41)
£(0)
where ¢ = £(¢) is the time-dependent function,
. DR
= 42
S=Am (42)

and erf is the error function. Estimates show that for all
relevant temperatures ¢ < 1. If the heating begins from
the room temperature, and the reaction occurs at suffi-
ciently high temperatures, the integral in expression (41)
may be substituted by &/? exp(—¢&7h.

Define the nondimensional parameter

Any (1)
n.(0)’

z= (43)

characterizing the converted portion of solid reactant in
the limiting situation, where the partial pressure of the
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active gas within the pore is equal to the equilibrium
pressure. Now we evaluate the initial amount of the
reactant on the surface of a single pore. Assume that all
the initially available reactant is evenly distributed on
the surfaces of pores all of uniform radius r,. The mole
number of the reactant per unit mass of the material is
Xmr(0)/M;, where x,,,(0) is the initial mass fraction of the
available reactant in the material and M., is the reactant
molar mass. The number of pores per unit mass of the
material is 3¢/(4p,nr7), where p, is the material density.
Then the initial amount of the reactant on the surface of
a single pore can be expressed by:

_ xmr(o)pb 4TEI’133 )

m(0) =" 2 (44)
Then
L SRy AT ooy
b ve Rxpe(0)pyrp \/ 21M,
= 1& exp(=¢7), (45)
where
oLy 3efPgM, AH, (46)

=% Vg Rxenr(0)pyrp \[ 210M,

is a nondimensional criterion characterizing the gas
emission kinetics.

The parameter Z/y is plotted in Fig. 7 versus the
nondimensional temperature ¢. For & = 0 the parameter
Z is also zero. The white triangles denote the points at
which the reaction terminates for a given value of the
parameter y. These points corresponds to the nondi-
mensional temperature values & = £, (y), for which Z

10-10
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'_f'\
)
S 10-20 |-
><
R
Q
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2
N 30
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Fig. 7. Reacted portion of solid reactant in a limiting case,
where the partial pressure of active gas within the pore is equal
to the equilibrium pressure. The triangles denote the tempera-
ture at which the reaction terminates for given y.

equals to unity. For a fixed ¢ parameter Z increases with
increasing y, until ¢ reaches a value of £, which for
homogeneous heating can serve as a nondimensional
duration of reaction (corresponding to the temperature
Tomax and the time #0x = [Tomax — 10(0)]/b), at which the
reaction terminates. Clearly &, decreases with in-
creasing y. This may be seen in Fig. 8, depicting actually
the dependence of the reaction time (or upper temper-
ature limit, at which the reaction takes place) on the
various parameters embodied in y.

Estimate Tymax Within a pore with radius , = 5 pum,
nondimensional conductance f = 107! (F ~ 107" m?/
s), in a chrome-magnesite refractory MCVP (see Tables
1 and 2), heated at the rate 20 K/min. We assume
that the reaction of decomposition of hematite takes
place on the pores surfaces, following Eq. (5). In this
case y =3.5x 10", and &, = 3.5 x 1072, which for
reaction (5) is equivalent to Ty, = 2000 K.

If several kinds of pores are present within the ma-
terial, which differ in size and in hydraulic conductance,
Eq. (39) is valid for each kind of pores, with ¢ denoting
the porosity, associated with the given kind of pores.
The reaction will first stop for the group of pores, for
which the parameter Z defined in Eq. (43), and, hence,
the parameter y, defined in Eq. (46), are maximal,
namely, in the pores with large hydraulic conductance
and smaller radius.

Consider now thermal conductivity measurement by
the stationary method of the material in which reactive
gas emission processes may take place. Normally a
specimen of a characteristic size / is heated from room
temperature to a given temperature level, say, 7, = 1500
°C where k is measured by applying a small temperature
gradient. Denote by #, the time period in which the
specimen reaches the temperature 7;. Clearly during ¢,
the gas emission process occurs, which effect is to reduce
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Fig. 8. Duration of gas emission in pores vs gas emission ki-

netic parameter.
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the amount of the reactant present. If by the moment
of measurement the reaction has not yet terminated,
this measurement is affected by this gas emission. On
the other hand, if by the time ¢, all the reactant is
converted, the measurement of k will give the true value
of thermal conductivity (independent of the reactive
process).

The treatment given below is aimed to estimate the
time required for termination of gas emission in the
conditions of heating up to T, required by the stationary
method. Normally this heating is characterized by tem-
perature growth during which temperature exponen-
tially approaches T,. To facilitate the estimates we will
approximate this exponential process by two straight
lines (see Fig. 9), one denoting the monotonous heating
during the time period #, = #?/a,i.e. 0 < t < t;,, and the
time period #, < ¢ <, where the specimen’s tempera-
ture (for the purpose of calculation of the gas emission
contribution) may be considered constant. The diminu-
tion of reactant during the first time period, 0 < ¢ < £,
may be estimated as specified above (for the nonsta-
tionary measurement method).

Denote by xn,(#,) the amount of reactant available
in the material at ¢ = f,. In the following we estimate
the amount of reactant consumed during the period
tn < t < tn, Where the material temperature is (approx-
imately) constant. For a spherical pore of radius 7, at
average temperature T, the upper limit of the amount of
solid reactant converted from the time moment ¢ = f;,
until the time moment ¢ = t,, = t;, + fy 18

* }Y *
Anr,st (t) = V_r‘]oul,st ( TO)ZSI
g

v t
_ —r4TC}"2 chq st

ve P \/2nMRT,

exp(—i];:), (47)

o

Fig. 9. Temperature evolution during measurement of k by
stationary method.

and the limiting value of the converted portion of the
solid reaction in this case is characterized by the pa-
rameter

~Anp (1)

T,st

n;(tin)
v 3efPgMy(t — t)
Ve \/2nMyAH Xt (£in) o7
= & P exp(=&"), (48)
where
Ve 3efPgMy(t — tin)

X =
a Ve \/20MgAH X (in) PTp

is the nondimensional time elapsed from the beginning
of the stationary regime. The full conversion of the re-
actant corresponds to Z = 1. The full conversion non-
dimensional time period,

_ Vi 38.fP€qutsl,mux (50)

Fma = M A ot (0) pyry

where fymax 1S the full conversion time beginning from
the starting moment of the monotonous heating phase,
is plotted in Fig. 10 versus the nondimensional temper-
ature ¢. It is clearly seen that this time rapidly decreases
with increasing temperature. For example, in the re-
fractory material MCVP for the parameters listed in the
previous example the full conversion time is about 150 h
at 1300 °C and about 8 min at 1700 °C. This time is to be
compared with ¢, which for stationary measurement is
normally about several hours [26].

Below we use the results of the analysis of reaction
time performed in this section to estimate the influence
of the measurement method and of the thermal history

V4

5—1/2 exp(_é—l)

(49)
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Fig. 10. Nondimensional time of full conversion of solid reac-
tant in stationary regime.
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of material on the thermal conductivity (measured by
stationary vs monotonous heating method).

k measured by the monotonous heating method de-
pends upon the thermal history of the specimen via the
initial mass fraction of the solid reactant, x,.(0). Sup-
pose, for example, that a MCVP specimen with
f =107 r, =5 pm is heated in vacuum with the rate
b =20 K/min over 2000 °C. Then, from Eq. (45) one
can estimate that at 7, = 1500 °C (¢ = 74 min) Z =
0.0194 < 1, and hence the apparent thermal diffusivity is
affected by gas emission—adsorption, which accompanies
the reaction of decomposition of hematite, Fe,O;. The
value of a.y, as calculated by Eqgs. (32) and (34) with £,
and k., calculated by Egs. (25) and (36), is 7.5 x 107 m?/
s. At temperature about 2000 °C Z = 1, and the reaction
process terminates. After cooling the specimen back to
the room temperature the new value of x,,.(0) is zero.
For the next heating y = oo regardless of the heating
rate. As a result, the calculated value of a.p (with
kpe = kere = 0) is 5.5 x 1077 m?/s, or about 27% less than
the value obtained during the first heating, which clearly
indicates on the dependence of the apparent thermal
diffusivity on the thermal history of the specimen.

Consider now two identical refractory specimens
with the same initial contents of Fe,0;, corresponding
to the chemical composition listed in Table 2. Both are
monotonously heated at low pressure (100 Pa), one with
the rate 20 K/min, and the second with the rate 0.2 K/
min. We have shown that for the first specimen y =
3.5 x 10", and hence aer = 7.5 x 1077 m?/s at 1500 °C.
For the second specimen y = 3.5 x 10, and &, =
0.0304, Tymax = 1466 °C, and at 1500 °C thermal diffu-
sivity is unaffected by the gas emission and adsorption,
and agr = 5.5 x 1077 m?/s. This clearly exemplifies the
effect of the heating rate on the thermal diffusivity mea-
surements.

To further stress the above, suppose that the thermal
conductivity of a third specimen is measured in vacuum
at 1500 °C (¢ = 0.0310) by the stationary method, as-
suming the same initial contents of hematite. Estimate
the time at which the full conversion of the reactant
occurs, i.e. Z equals to unity. From Eq. (48) we find that
Z =1 corresponds t0 g max = 1.74 X 1013, Or fymax =
2.36 h. If the sample is kept at 1500 °C for about 3
hours, as normally accepted for measurements by the
stationary method [26], the final measured value of k is
unaffected by the gas emission mechanism. The mea-
sured value will be k. = 2.30 W/mK, or aer = 5.5 %
10-7 m?/s. This example illustrates the dependence of the
registered values of thermophysical properties on the
method of measurement in the presence of heteroge-
neous physico-chemical processes.

Since k and a depend on heating/cooling history of
the specimens, on the measurement method and on the
heating rate during the measurements by the monoto-
nous heating method, they, generally, may not be re-

garded as true material properties. Below we indicate the
situations, where these quantities still may be regarded
as properties of the material itself.

After heating the material, characterized by param-
eters used in the above examples, with the rate 20 K/min
over 2000 °C or keeping it at 1500 °C during about 3
hours in vacuum the solid reactant is completely con-
verted, and the reaction of the type (5) does not occur
during the subsequent material heatings. As a result, the
measured thermophysical properties do not depend
upon the heating regime during the testings and do not
depend upon the history of heatings (except for the
initial heating, during which the reactant has been con-
verted). Then k and a are true material properties.

Another situation in which k and a are true proper-
ties, is when f#yn.x significantly exceeds the time of
measurements and the time during which the material is
supposed to operate at temperature 7.

6. Results and discussion

We test the model developed in the previous sec-
tion against thermal diffusivities of the magnesite and
chrome-magnesite refractories, measured by the method
of monotonous heating [10], which together with the
results of calculations by Eq. (32) are depicted in Figs.
1-4. The chemical composition of these materials is lis-
ted in Table 2.

Analysis of the materials chemical composition using
the tables of thermochemical properties of the compo-
nents allows determination of the reactions which are
most probable on the pores and cracks surfaces. Reac-
tions (3) and (4) are probable at temperatures below 900
°C. The reaction (5) is the most probable at more ele-
vated temperatures (above 1100 °C). This suggestion is
confirmed by the thermogravimetrical investigation of
the MP-91-1 magnesite refractory [8], revealing two low
peaks, corresponding to the emission of CO, at 600 °C
and 800 °C and one peak of much greater intensity,
corresponding to the emission of O, at 1200 °C. Reactions
(3) and (4) are characterized by relatively low enthalpies
of reaction and do not affect the thermal diffusivity.

The behavior of thermal diffusivity at low pressure
(10?> Pa) qualitatively differs from that at atmospheric
pressure in the full range of temperatures. The value of
a(pam) decreases monotonically with temperature for all
of the considered data sets (see Figs. 1-4). In contrast,
the value of @ at 10> Pa monotonically increases with
temperature in the range 200-1000 °C (Figs. 1 and 4) for
the magnesite refractory M-91-1 and chrome-magnesite
refractory MCVP. In the same temperature range the
low pressure value of a of the magnesite refractory MP-
91-1 initially decrease with temperature, though much
more slowly than its atmospheric pressure counter-
part, and then increases slightly (Fig. 2). The thermal
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Table 3

Parameters for calculating a.; or magnesite and chrome-magnesite refractories, accounting for gas emission mechanism
Trade name 7p (um) S, 1./ B (100 Pa) Bx (10° Pa)

. 2pMy

Radex BC 5.0 3.0 x 1072 10710 1.0 0.09
MCVP 5.0 1.0 x 1072 10710 1.0 0.09
M-91-1 5.0 0.1 10710 0.8 0.04
MP-91-1 5.0 2.0 x 1072 10710 1.0 0.05

diffusivity of the chrome-magnesite refractory Radex 1.4

BC at low pressure slightly decreases in this temperature
range, but still much more slowly than at the atmo-
spheric pressure (Fig. 3). The behavior of low pressure
thermal diffusivity of the above refractories in the tem-
perature range 200-1000 °C is governed by the change of
the geometric parameters of HBR upon heating [13,27],
which manisfest itself in reduction of the sizes of mi-
crocrack and associated contact resistances. The thermal
diffusivity at low pressure in the temperature range
11001500 °C exceeds the data collected at atmospheric
pressure. This effect cannot be attributed to the micro-
structural changes.

The effective thermal diffusivity is calculated by Egs.
(32) and (34), where k. is calculated by Eq. (25) with the
pore radius assumed to be 5 um, and k. was calculated
by Eq. (36). The microgeometrical parameters are cal-
culated according to the model described in [13,27]. The
thermodynamic parameters of chemical reaction, p.q and
AH,, were taken from [23] for emission of oxygen as a
result of decomposition of hematite, Fe, O3, according to
the reaction (5). Another data used are listed in Table 3.
The solid lines depict the results of calculations, ac-
counting for the gas emission and adsorption. The da-
shed lines depict the calculated a.; curves without
accounting for the gas emission mechanism. These re-
sults differ significantly from one another. One can see
that the described effect can be attributed to the influ-
ence of the gas emission mechanism on heat transfer in
porous ceramics.

Fig. 11 depicts the aer(p)/aesr(pam) ratio for the
MCVP refractory for temperatures above 900 °C for
different heating rates. The circles denote the experi-
mental data collected by the monotonous heating
method with the heating rate » = 0.429 K/s. The curve 1
is calculated or the same heating rate. Curves 2 and 3
correspond to the slower heating rates (5 x 1072 and
5 x 1073 K/s, respectively), and the dashed line corre-
sponds to the results of calculations without accounting
for gas emission. At each time moment current amounts
of reactant, n® (¢) and n{"(¢) for pores and cracks, re-
spectively, are calculated by Eq. (39) with chﬁz(T) and
Jéffl)(T) given by Eq. (37). The integral at the right-hand
side in Eq. (39) is evaluated numerically. The thermal
diffusivities are calculated by Egs. (50), (32) and (34).
For n{P)(¢) > 0 the pore conductivity is k, = kg + kpe With

a(p)a(pam)

0.6 1 1 1 1 1 1 1
900 1000 1100 1200 1300 1400 1500 1600 1700

Temperature, °C

Fig. 11. Ratio of the thermal diffusivity of MCVP at pressure
p = 100 Pa to the thermal diffusivity measured at atmospheric
pressure. O: experiment, monotonous heating method, b =
0.429 K/s [8]; Solid lines: results of calculation with account for
emission of O, as a result of the reaction (5). 1 — b = 0.429 K/s
(experimental heating rate), 2—b=5x 102 K/s, 3—bh=5x
1073 K/s.

kye calculated by Eq. (25), and for n{®(¢) > 0 k is cal-
culated by Eq. (36). When n{P (¢) becomes zero, k, = kg,
and when n(*(¢) becomes zero, kg = ke One can see
that the effect of gas emission stops due to full conver-
sion of the solid reactant at temperature 1600 °C for
heating rate 5 x 107> K/s and at about 1450 °C for
heating rate 5 x 1073 K/s.

Fig. 11 presents three curves, depicting different be-
havior of the apparent thermal diffusivity of the same
specimen measured at different heating regimes. These
results illustrate the influence of the heating rate on a.
Specifically, for the heating rate » = 0.429 K/s the ratio
a(p)/a(pam) increases in the temperature range from
900 °C to over 1600 °C, whereas for the heating rates
b=5x10"% K/s and b=5x 10" K/s this ratio
abruptly decreases at about 1600 °C and about 1450 °C,
respectively.

7. Conclusions

A model describing the influence of gas emission on
heat transfer in porous ceramics is developed. This
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model takes into account the emission and adsorption of
gases as a result of surface chemical reactions, the dif-
fusion of active gas in the passive gas and the gas re-
moval from the pore.

The results of calculation of a.y accounting for gas
emission mechanism satisfactorily correlate the experi-
mental data.

It is shown that the rate of gas removal from the pore
does not affect the contribution of gas emission to the
effective thermal diffusivity of material, as long as the
quantity of reactant is sufficiently large as determined by
parameter y (see Eq. (46)). For stationary measurements
the registered value of k may be regarded as material
property if the amount of the reactant is so large that
tm < tymax (see Fig. 10). On the other hand, for small
amount of the available reactant k& depends on the
method of measurement.
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