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Effective Thermal Conductivity of Monolithic and Porous Catalyst

Supports by the Moment Technique
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Canan Cabbar
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The axial and radial effective thermal conductivities of a monolithic ceramic catalyst support and of porous
alumina pellets were measured using the moment technique. At 180 °C, radial and axial thermal
diffusivities were determined as 9.3 x 1073 and 11.1 x 1073 cm®s~!, respectively. Having pores being
filled with hydrogen, the corresponding thermal conductivity values are 0.43 and 0.52 Wm K™},
respectively. Experimental results obtained between 110 and 180 °C indicated a negligibly small
dependence of effective thermal conductivities on temperature. A proposed model which included the
geometrical parameters of the monolith and the thermal conductivity ratio of the ceramic catalyst support
to gas was shown to give excellent agreement with experimental results. Thermal conductivities of
alumina pellets having bidisperse pore structures were also measured using this dynamic procedure.
Experimental effective thermal conductivity values ranged between 0.043 and 0.120 W-m 1K~ for pellets

having porosities between 0.79 and 0.57, respectively.

Introduction

A significant temperature difference may develop be-
tween the interior and the external surfaces of porous
catalyst pellets due to heat effects of reactions. One of the
earlier studies on the effect of temperature gradients on
the effectiveness factor is of Tinkler and Metzner (). The
relative importance of temperature and concentration
gradients in a porous catalyst pellet was extensively
studied in the literature (2, 3), and a general criterion was
proposed to test the relative significance of such effects.

The temperature distribution in catalytic monoliths,
which were used for controlling automobile emissions, are
also significant. These temperature variations and tran-
sients have a direct effect on automobile emission levels
4, 5).

There are few published data for the thermal conductiv-
ity of porous catalysts. Most of the effective thermal
conductivity values reported for porous catalysts are in the
range of 1072t0 1 Wm LK1 (6-11).

In this study, the dynamic technique which was previ-
ously introduced by Dogu et al. (10, 11) was used to
measure the radial and axial effective thermal conductivi-
ties of monolithic catalyst supports as well as the effective
thermal conductivities of alumina pellets having different
porosities.

Experimental Section

Method and Procedure. In the dynamic technique
used in this work a cylindrical solid sample with unknown
thermal conductivity (monolithic catalyst support or alu-
mina pellets) was placed in the single pellet conduction cell.
Details of the cell and the technique were reported else-
where (10, 11). A bell-shaped temperature—time curve was
generated at the upper surface of the sample by initiating
an exothermic reaction in the upper chamber of the cell.
For this purpose a cylindrical Pt—Al;O; catalyst pellet was
placed on top of the sample with unknown thermal
conductivity (Figure 1).
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Figure 1. Schematic diagram of the experimental system.

In order to minimize radial temperature variations and
to have good contact of the unknown sample with the Pt—
Al;Oj5 catalyst pellet, these two pellets were pressed into a
single cylindrical Teflon mold. The diameter of the cylin-
drical specimen is 14.5 mm, and the thickness of the wall
of the Teflon mold is 1.6 mm. The Pt—Al;O3 pellet placed
in the upper zone of this Teflon mold acts as a heat source.
Hydrogen gas streams passed over both end faces of the
two-zone cylindrical pellet holder. A pulse of oxygen (6%
O, in Hj) was injected into the hydrogen stream flowing
over the upper face. The oxygen tracer reacted with
hydrogen within the upper active zone, and the energy
liberated due to reaction in this zone was conducted
through the solid sample placed in the lower zone of the
unit. The upper surface of the lower chamber (cavity) of
the cell is totally exposed to the lower surface of the
specimen. In order to eliminate any possible effect of axial
conduction through the Teflon mold, the cell was designed
in such a way that the Teflon mold was not exposed to
either the upper chamber or the lower chamber of the cell
(10, 11). Bell-shaped temperature—time curves were mea-
sured at the lower end face and at the interface of the solid
sample with the Pt—Al;0; catalyst pellet (Figure 1). A
typical figure showing the variation of the temperature
with respect to time at both of the temperature stations is
given in Figure 2. In these measurements good contact of
the thermocouples with the specimen is important. It was

© 1995 American Chemical Society
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Figure 2. Typical temperature—time curves measured at both
end faces of the specimen: (a) bottom face, (b) top face.

shown in the literature (10) that the ratio of areas under
the curves (zeroth moment ratio) and time delay (first
absolute moment difference) of these two bell-shaped
curves can be used to evaluate the thermal diffusivity of
the sample. For this purpose a single pellet moment
technique was used (10, 11). This technique was originally
proposed for the analysis of diffusion and adsorption in
porous solids (15, 16). The advantages and limitations of
the technique are discussed in refs 15 and 16.

The moments of the bell-shaped temperature—time
curves were determined from

T-T,

mn=‘/:°( -

[s]

)t" dt (D

where;mn is defined as the nth moment. In this expression
T, is the oven temperature. The temperature (T) was
measured at both end faces of the specimen to evaluate
the moments at the bottom and top (mob, m1b, Mot, M1t).

The following expressions were derived in our previous
work (10, 11) for the ratio of zeroth moments and the
difference of first absolute moments:

Mop\ 1
(Tn;) = 1T, @
C(ma) _(ma\ _(12\(1+ (UBXAL/R)
ol o) Sl ol Rl N SIS

where
a, = ke/Qé (4)

In this expressions L corresponds to the pellet length, 2
is the heat transfer coefficient at the bottom face of the
pellet, and k. is the effective thermal conductivity of the
specimen. The Biot number (hL/k.) was then determined
from the ratio of zeroth moments using eq 2, and thermal
diffusivity a. was evaluated from the difference of first
absolute moments using eq 3. Both of the moment expres-
sions used in the analysis (eqs 2 and 3) are normalized
expressions. In eq 2 the zeroth moment at the bottom (mob)
is normalized with respect to the zeroth moment at the top
(mod), and in eq 3 first moments measured at the top and
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Figure 3. Schematic representation of a monolith.

bottom faces of the pellet are normalized with respect to
the corresponding zeroth moments. In this technique
absolute calibration of the temperature measurements is
not necessary for the evaluation of the moments.

The conduction cell containing the two-zone pellet holder
was placed in a constant temperature oven, and pulse
response experiments were conducted at different temper-
atures. The experimental values of the zeroth and first
moments were evaluated by the numerical integration of
eq 1, taking n = 0 and n = 1 using the bell-shaped
temperature—time curves obtained at z = 0 and z = L.
Since the tails of these temperature—time curves were not
long, possible errors in the evaluation of the moments due
to the tailing of these curves were very small. The
experiments were repeated at different flow rates of the
lower carrier gas stream.

Materials. Inthe preparation of the platinum—alumina
catalyst pellet, AloO; powder was impregnated by chloro-
platinic acid solution. This powder was dried in a vacuum
oven at 120 °C, heated to 550 °C for 5 h, and reduced in a
hydrogen atmosphere. This powder (0.5% Pt on alumina)
was pressed into the cylindrical mold, and a pellet 0.32 cm
in length was prepared.

The ceramic monolith used in this work was obtained
from Corning. It was cut into desired dimensions, and
cylindrical samples were prepared for both radial and axial
thermal conductivity measurements. For the measure-
ments of axial effective thermal conductivity, the specimen
was placed in the cell in such a way that the channels of
the monolith were parallel to the heat flow direction. On
the other hand, for the evaluation of the radial effective
thermal conductivity, the specimen was prepared in such
a way that the channels of the monolith were normal to
the axial heat flow direction in the cell. Geometric
parameters of the sample (Figure 3) were determined by
microscopic examination. Physical properties and the
geometric parameters of the monolith used are summarized
in Table 1. The open frontal area fraction of the monolith
used in this work is 0.75. A similar monolithic support
was used in the work of Leclerc and Schweich (5). Further
information about physical properties of such monoliths is
reported in the literature (¢, 12).

For the experiments conducted with alumina pellets,
pellets were prepared by compacting microporous Al,O4
powder into the cylindrical mold at different pressures.
Physical properties of the alumina pellets used in this study
are given in Table 2. As shown in Figure 4 all the pore
size distribution curves, determined by a Quantachrome
mercury intrusion porosimeter, coincided for pores smaller
than 3.5 x 1072 um in radius. The volume of these pores
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Table 1. Physical Properties and the Dimensions of
Monolithic Samples Used

number of cells per cm? 62

open frontal area (void fraction, €,) 0.75
apparent density 0.44 giem™3
wall thickness? (d) 0.0178 cm
cell size® ({ — d) 0.1092 cm

R =(d/l) 0.14

specific heat of the ceramic material (C) (5) 1.05 J.g~ LKt
sample length (radial conduction experiments) 0.526 cm
sample length (axial conduction experiments) 0.580 cm

@ See Figure 3.

Table 2. Physical Properties of the Alumina Pellets
Used in This Work

pellet no. total porosity e €2

apparent density (g /(gem™3)

1 0.79 0.22 0.56
2 0.76 0.24 0.62
3 0.71 0.31 0.76
4 0.57 0.42 1.10
5 0.55 0.43 1.15

@ ¢; corresponds to pores smaller than 3.5 x 1073 ym in radius.
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Figure 4. Pore size distributions of the alumina pellets. (—) pellet
5, € = 0.55, (- - -) pellet 4, ¢ = 0.57, (---) pellet 3, ¢ = 0.71, (+++

pellet 2, € = 0.76, (- - -) pellet 1, ¢ = 0.79.

did not change within the compacting pressure range of
this work. We defined these pores as micropores. With
this definition of micropores, /1 — €, values were found
to be essentially constant for all the pellets. This ratio
corresponds to the porosity of microporous grains, and its
value is about 0.51 for all the pellets used in this work. As
shown in Figure 4, pellets with total porosities of 0.79 and
0.76 have very similar pore size distributions up to a pore
radius of 4 x 1072 um. Pores larger than this value were
easily compressed during pelleting. Pores with radii
between 3.5 x 1072 and 4 x 10~2 um might be considered
as mesopores.

Results and Discussion

Experimental Results for the Radial Thermal Con-
ductivity of the Monolith. The ratio of zeroth moments
of the bell-shaped temperature—time curves obtained at
the bottom and top of the monolith in the experiments
conducted for the measurement of radial effective thermal
conductivity are shown in Figure 5. Data reported in this
figure showed that at four different temperatures between
110 and 180 °C zeroth moment ratio values were indepen-
dent of the flow rate and temperature. The mean values,
standard deviation of the ratio of zeroth moments, standard
error, and 95% confidence values are given in Table 3. The
Biot number values were then determined from eq 2 and
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Figure 5. Zeroth moment ratio for radial heat conduction in the
monolith (L = 0.526 cm): (x)T=110°C,(0)T=140°C,(A) T =
160 °C, (v) T = 180 °C.

also reported in Table 3. First moment data corresponding
to the same set of experiments are given in Figure 6. The
mean values, standard deviation, standard error, and 95%
confidence values of the first moment difference, Au;, are
also reported in Table 3. The values of effective thermal
diffusivities evaluated from eq 3 at different temperatures
showed negligible dependence on temperature (Table 3).
Note that the void space of the monolith was filled with
hydrogen in these experiments. Neglecting the heat capac-
ity of gas in the pores as compared to the heat capacity of
the solid and using the specific heat of the ceramic catalyst
support € = 1.05 Jig~*K-! (5) and the apparent density
value reported in Table 1, the effective radial thermal
conductivity was determined, and the values are reported
in Table 3.

Modeling of Conduction in the Monolith. Radial
heat conduction through a monolith can be expressed as a
summation of two parallel heat flux terms, one through
the solid phase and the other a series, a heat flux term
through the gas and solid phases (Figure 2). Following this
idea and using Fourier’s law (13) for heat conduction in
solid and gas phases, the following relations can be written
for the radial heat flux in a monolith:

dT
qr= krd _q1+q2 (5)

|y (—da
9= [ks(d+(l—d))+
(@ - d)

1
(R/ks+(1—R)/k)d+ (-a

]——- (6)

where
R =d/l 7

In this equation k, and k; correspond to the thermal
conductivities of the gas and solid phases, respectively. The
geometric parameters d (wall thickness) and [ (cell size)
are shown in Figure 3. By the rearrangement of eqs 5—7
the following relation was obtained for the effective radial
conductivity in the monolith:

R\ 1-R)
(k_g)_ZR+R/Z+(1 iy ®
where
Z =kyk, 9)



Journal of Chemical and Engineering Data, Vol. 40, No. 4, 1995 728
Table 3. Results Obtained with the Monolith for Heat Conduction in the Radial Direction (Void Space Filled with

Hydrogen)
t/°C 110 140 160 180
zeroth moment ratio (mean values) (mop/mo,) 0.537 0.551 0.550 0.544
zeroth moment ratio standard deviation 18.7 x 1073 8.3 x 1073 2.8 x 1073 16.5 x 10-3
zeroth moment ratio standard error 7.1 x 1073 2.9 x 1073 1.1 x 1073 5.8 x 1073
zeroth moment ratio 95% confidence 13.9 x 1073 5.8 x 1073 2.1 x 1073 11.4 x 1073
Biot number (hL/k;) 0.862 0.815 0.818 0.838
first moment difference Ay, (s) (mean values) 10.36 10.21 10.51 10.30
first moment difference standard deviation 0.56 0.51 0.52 0.30
first moment difference standard error 0.19 0.18 0.20 0.11
first moment difference 95% confidence 0.37 0.35 0.39 0.20
radial thermal diffusivity/(cm2s~1) 9.2 x 1073 9.5 x 1073 9.2 x 1073 9.3 x 1078
radial effective thermal conductivity &/(W-m~1-K™1) 0.43 0.44 043 0.43
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Figure 6. First moment difference for radial heat conduction in
the monolith (L = 0.526 cm): (x) T =110 °C, (C) T = 140 °C, (a)
T =160 °C, (v) T = 180 °C.

In the case of axial heat conduction, the heat flux may
again be expressed as a summation of two parallel heat
flux terms, one in the solid phase and the other in the gas
phase:

41 — d)d/2) + @2)») ar
. 12 3, (10

The following expression was then obtained for the effective
thermal conductivity in the axial direction:

k, 2 2
(F)=(1_R) +Z(2R — R (11)
g

For the monolith used in this study the value of R is 0.14.
Using the experimental values of &, reported in Table 3,
the thermal conductivity of the ceramic material (k) was
determined from eq 8 and listed in Table 4. In this
calculation the thermal conductivity of the gas phase
(hydrogen in this work) was estimated from the Eucken
expression

kg = (C, + (5/0RYu/M) (12)

where the gas viscosity may be obtained from the Chap-
man—Enskong relation (13):

u=2.6693 x 10°(MT)"*o*Q,) (13)

Experimental Results for Axial Thermal Conduc-
tivity of the Monolith. The ratios of zeroth moments
obtained in axial conduction experiments conducted with
the monolith are shown in Figure 7. Using the data
reported in this figure, the Biot numbers were determined.

Lower stream flow rote, F/cmds"!

Figure 7. Zeroth moment ratio for axial heat conduction in the
monolith (L = 0.58 cm): (x) T = 160 °C, (C) T = 180 °C.

Table 4. Thermal Conductivity of the Ceramic material,
ks, from Radial Heat Conduction Experiments with the
Monolith (Void Space Filled with Hydrogen)

t/°C 110 140 160 180
radial effective thermal 043 044 043 043
conductivity k/(W-m~LK-1)
gas phase (hydrogen)
thermal conductivity/(W:m~1K~1)
thermal conductivity of the solid 161 157 146 1.42
(ceramic) phase of the
monolith/(W-m~1K~!) (using eq 8)

0.209 0.220 0.226 0.232
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Figure 8. First moment difference for axial heat conduction in
the monolith (L = 0.58 cm): (x) T = 160 °C, (O) T = 180 °C.

First moment results for the corresponding experiments
conducted at 160 and 180 °C are given in Figure 8. Using
these data and following the procedure outlined for the
radial thermal conductivity experiments, axial effective
thermal conductivity values of the monolith were experi-
mentally determined. Axial thermal conductivities were
also predicted from the model expression (eq 11). Experi-
mental and predicted values are both given in Table 5. The
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Table 5. Experimental and Predicted (Eq 7) Axial
Effective Thermal Conductivity Values of the Monolith
(Hydrogen Gas Fills the Void Space)

t/°C 160 180

zeroth moment ratio (mean values)  0.429 0.435

zeroth moment ratio standard 11.4 x 1073 5.9 x 1073
deviation

zeroth moment ratio standard error 3.8 x 1073 2.7 x 1073

zeroth moment ratio 95% confidence 7.4 x 1073 5.2 x 1073

first moment difference Au; (s) 9.45 9.42
(mean values)

first moment difference standard 0.26 0.41
deviation

first moment difference standard 0.09 0.18
error

First moment difference 95% 0.17 0.35
confidence

experimental values of axial thermal 11.0 x 1073 11.1 x 1073
diffusivity/(cm%s™1)

experimental values of axial thermal 0.51 0.52
conductivity k./(W-m~+K~1)

model prediction of £,/(W-m~LK-1) 0.55 0.54
(eq 11)

Table 6. Radial and Axial Thermal Conductivities of the
Monolith at 180 °C (Nitrogen Being the Gas Filling the
Void Space) (Calculated and Published Values)

0.034 Wem~1K™1

gas thermal conductivity kg (nitrogen)

solid thermal conductivity ks 1.42 Wm~ LK1

radial effective thermal conductivity k. 0.23 Wem~LK™!
(predicted by eq 8)

radial thermal conductivity reported in the 0.25 Wm~LK™1
literature (5)

axial effective thermal conductivity k. 0.39 Wemn~LK-!

(predicted by eq 11)
axial effective thermal conductivity reported 0.38 Wem™1K-!
in the literature (5)

mean values, standard deviation, standard error, and 95%
confidence values of both zeroth moment ratios and first
moment differences corresponding to axial conduction
experiments are also given in this table.

Some typical values of k2, and k. are reported by Leclerc
and Schweich (5). In order to make a comparison of these
values with the model predictions of this work, axial and
radial effective thermal conductivity values were calcu-
lated, with nitrogen filling the void space of the monolith,
using eqs 11 and 8, respectively. In this calculation the &
value reported in Table 4 was used. These predicted
thermal conductivities and the thermal conductivities
reported by Leclerc and Schweich are given in Table 6.
Results shown in Tables 5 and 6 indicate that eqs 8 and
11 can be successfully used in the prediction of radial and
axial effective thermal conductivities of the monolith.

Effective Thermal Conductivity of Alumina Pellets.
Effective thermal conductivities of alumina pellets of
different porosities were measured using the same proce-
dure. Experiments were conducted in a hydrogen atmo-
sphere at 110 °C. The ratio of zeroth moments and
difference of first absolute moments are given in Figures
9 and 10, respectively. Effective thermal diffusivities
evaluated from these data by use of eqs 2 and 3 are
reported in Table 7. Variation of thermal diffusivity with
porosity is due to an increase of both thermal conductivity
and density with a decrease in porosity. These two effects
first cause a slight decrease in thermal diffusivity with a
decrease in porosity. On the other hand, for very dense
pellets an increase of effective thermal conductivity with
a decrease in porosity becomes more significant and
thermal diffusivity also increases. Using the density values
reported in Table 2 and the specific heat of alumina € =
0.90 J-g~“K"1, thermal conducitivities of the pellets were
determined from eq 4, and the values are reported in Table
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Figure 9. Zeroth moment ratio for conduction in alumina pellets

(L =0.24 cm, T =110 °C): (x) pellet 1, (O) pellet 2, (») pellet 3,
(v) pellet 4, (a) pellet 5.
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Figure 10. First moment difference for conduction in alumina

pellets (L = 0.24, T'= 110 °C): (x) pellet 1, (O) pellet 2, (a) pellet
3, (v) pellet 4, (a) pellet 5.

Table 7. Thermal Conductivities of Alumina Pellets (T =
110 °C, Void Volume Filled by Hydrogen, L = 0.24 cm)

pellet no. € 10%0/(cms™1) ko/(Wm~1K™1)
1 0.79 8.79 0.044
2 0.76 8.45 0.047
3 0.71 7.53 0.052
4 0.57 12.43 0.120
5 0.55 11.18 0.116

7. These values are in good agreement with the previously
published effective thermal conductivities of porous cata-
lysts (10, 14). Effective thermal conductivity values of
porous alumina pellets were found to be smaller than the
effective thermal conductivity of the monolith. The contact
resistance between the grains of pressed alumina pellets
is expected to have a significant contribution to the overall
conduction resistance in porous pellets.

Results of this work showed that the moment technique
used here is a very effective procedure for the precise
evaluation of effective diffusivity and the thermal conduc-
tivity of porous catalysts and monoliths. The technique
might as well be used for any solid sample. It was also
shown that the model expressions derived for radial and
axial thermal conductivities of a monolith may be success-
fully used in the prediction of these values.
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Notation

a pore radius

Cp molar heat capacity of the fluid

C specific heat

d wall thickness of the monolith (see Figure 3)

h heat transfer coefficient

ke effective thermal conductivity

k. effective radial thermal conductivity of the
monolith

kg thermal conductivity of the gas

ks thermal conductivity of the solid

k, effective axial thermal conductivity of the
monolith

l cell dimension (Figure 3)

L pellet length

mn nth moment defined by eq 1

mob zeroth moment at the bottom of the sample

moyt zeroth moment at the top of the sample

M molecular weight

q- radial heat flux

q: axial heat flux

R dil

R, universal gas constant

t time

T temperature

T, oven temperature

z axial direction

Z kykg

Greek Letters
€ porosity

€ microporosity

O
M1

U
Ay

o

effective thermal diffusivity

first absolute moment

gas viscosity

difference of first absolute moments
Lennard-Jones parameter
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