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Axial Thermal Dispersion Conductivity
of Open-Cellular Porous Materials
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Nomenclature
¢,y = specific heat of fluid at constant pressure, J/kg K
D, = nominal cell diameter, 0.0254/pores per inch, m
G = incidentradiation, W/m?
g* = asymmetry factor of the scattering phase function
k = permeability, m?
ky, = axial thermal dispersion conductivity, W/mK
ke = effective conductivethermal conductivity, W/mK

k; = thermal conductivity of gas, W/mK

k, = total effective thermal conductivity, kec + k4o, W/mK
Nl = volume of gas at 273.15 K and 1.0133 bar

Pr = Prandtl number

qrs = irradiationon the upper surface
of a porous cylinder, W/m?

Re = Reynolds number defined by u,, psv/k/ 1t

T = temperature,K

Trx = -equivalentblackbody temperature, K

T, = mean temperature of the upper surface of a porous
cylinder, K

T, = inletair temperature, K

u, = mean gas velocity,m/s

w = dimensionless width of a strut with a square cross
section, % + cos[(%) cos 129 — 1) +4x /3]

z = axial coordinate, m

zo = lengthof a porous cylinder,m

B* = scaled extinction coefficient, m ™!

Y. = axial thermal dispersion coefficient for open-cell foams

vy = axial thermal dispersion coefficient for packed-sphere
systems

y, = radial thermal dispersion coefficient for open-cell foams

Received 4 February 2002; revision received 25 March 2002; accepted for
publication 25 March 2002. Copyright © 2002 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay
the $10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rose-
wood Drive, Danvers, MA 01923; include the code 0887-8722/02 $10.00 in
correspondence with the CCC.

*Professor, Department of Production Systems Engineering, Dannoharu
700; kamiuto@cc.oita-u.ac.jp. Senior Member AIAA.

T Graduate Student, Graduate School, Dannoharu 700.

vy} = radial thermal dispersion coefficient for packed-sphere
systems

iy = viscosity,Pa-s

m = ratio of the circumference to its diameter of a circle

py = density of fluid, kg/m?

py = hemispherical reflectivity of the surface of skeletons
consisting of an open-cell foam

o = Stefan-Boltzmann’s constant, W/(m2K*)

¢ = porosity

o* = scaledalbedo

Introduction

PEN-CELLULAR porous materials consisting of pentagonal

dodecahedron cells with open-cell walls have been widely
utilized as elements of radiators, catalytic converters, regenerative
heat exchangers, combustors, and so forth.!> With regard to ther-
mal design and operationof these facilities, fundamentalknowledge
of the heat transfer characteristics of this kind of porous medium
has been needed A few sets of heat transfer parameters are re-
quired in accord with the heat transfer model adopted: When local
thermal equilibrium between fluid and solid phases exists within a
medium and, hence, the one-temperature model is acceptable as a
heat transfer model, only the effective conductive thermal conduc-
tivity k. and axialthermal dispersionconductivitykg, are necessary,
whereas if the local thermal equilibrium assumption could not be
justified and, thus, the two-temperature model must be utilized, the
volumetric heat transfer coefficient %, is also required in addition
to the aforementioned parameters. In any case, both k.. and k4, are
indispensable to heat transfer models of an open-cellular porous
medium.

A number of experimentaland theoreticalstudies of k.. have been
made during recent decades, and, at present, there exists an accu-
rate theoretical model to predict k.. such as Schuetz-Glicksman’s
model,* but there has been no effort to determine the effective ther-
mal conductivity in the axial direction?

The purpose of the present Note is to remedy this deficiency.
To this end, the axial thermal dispersion conductivities of open-
cellular condierite-alumina porous materials are determined by an
inverse analysis of steady-state axial temperature profiles of the
open-cell foams, where radiant energy from infrared lamps flowed
countercurrently to the flow of fluid.

Experimental Apparatus and Procedures

The test section for measuring the axial temperature distributions
within a porous medium to estimate the axial total effective thermal
conductivity consists of a circular steel pipe 0.11 m in inner dia-
meter and 0.17 m in height, where an open-cellular cordierite-
alumina porous cylinder 0.1 m in diameter and 0.15 m in height
was concentrically placed. A gap between the porous cylinder and
the inner wall of the test pipe was filled with clay. The outer surface
of the steel pipe was insulated by 0.05-m-thick fiber insulation.

Nine type-K sheathed thermocouples of 0.0016-m diam were in-
serted through the pipe wall along the central axis of the cylinder
to provide information on the axial temperature distribution. In ad-
dition, four type-K sheathed thermocouples were settled along the
off-central axis, being 0.025 m apart from the central axis, to check
radial temperature uniformity within the porous cylinder. Several
type-T thermocouple elements were adhered on the upper and lower
surfaces of the cylinder (five for the upper surface and two for the
lower surface). Inlet air temperature was also measured by type-K
sheathed thermocouples.

Four 250-W infrared lamps were used to heat the upper surface
of the porous cylinder radiatively and to form an axial temperature
gradient within the porous medium. The amount of radiant energy
from the infrared lamps was measured on the upper surface of the
porous cylinder using a still-type water calorimeter that consists
of a 0.1-m-inner diameter and 0.0015-m-thick Bakelite disk with
0.003-m-highrimand 1.3 x 107> m thick polyethylenefilm and that
contains 0.025 kg of water. The relative uncertainity in measuring
the irradiation was estimated to be +4%.
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Table 1 Physical characteristics of examined porous media

Nominal
Porosity  cell size  Permeability Forschheimer
Material ¢ D,, m K, m? coefficient F

Cordierite-alumina 20  0.877 1.27x 1073 1.18 x 1078 0.287
Cordierite-alumina 13 0.830 1.95x 1073 2.64x 1078 0.216
Cordierite-alumina 06  0.813 4.23x 1073 8.93x 1078 0.252

Air at room temperature flowed upward through the test section:
The directionof flow and heat are, therefore,oppositeto one another.
After the infrared lamps were switched on, it took about 60-90 min
to attain the steady state of the temperature inside the test section.
The voltageof the infrared lamps was regulated manually to keep the
surfacetemperatureof the specimenat about320 K. The temperature
variations within the upper surface were found to be from %1.1 to
+5.7 K. The flow rate was varied from 200 to 800 (N1/min).

In the experiment, three kinds of the cordierite-alumina porous
material, whose physical characteristicsare summarizedin Table 1,
were examined. The chemical compositions of the tested porous
materials are Al,O03/54 wt%, Si0,/37 wt%, MgO/6 wt%, and the
others/3 wt%.

Data Reduction Procedures

To determine the axial thermal dispersion conductivity, we
must perform an inverse analysis of the one-temperature or two-
temperature energy equationsbecause kg, is involved in these equa-
tions as parameter. Under the present experimental conditions, the
local thermal equilibrium assumption may be justified because, as
shown later, the equivalent blackbody temperature of the infrared
lamps used is relatively low, and, simultaneously, the extinction
coefficient’ of the open-cellularporousmaterialsis large: 364.2m™!
for the 20 foam, 295.9 m~! for the 13 foam, and 145.9 m~! for the
06 foam.

For this reason, we utilized the following one-temperatureenergy
equation:

dr d’T
PrCpfim (d_z) = k'(d_zz) - B (1l =)o T~ G) (1)

The boundary conditions to Eq. (1) are

z=0:T =T,, z2=120:T =T, 2)

Because Eq. (1) involves the incident radiation G, the intensity of
radiation field within a medium must also be specified.
Nevertheless, because only the incident radiation and radiative
heat flux were necessary for the present analysis, we solved the P,
equation® with respectto G instead of the exactequation of transfer:

de *2 * K~k
— -3 -1 —-0'g")G
dz?

=121 -0 — 0*g)o T* 3)

subject to the following boundary conditions:

2 dG
=0:G0)= 1= *(] — ot o* el - 4
z =0:G(0) {3/[ﬂ (1—w*g )]}(dZ )ZO 40T,

2 dG
7 =20:G(20) + {g/[ﬂ*(l - w*g*)]} (d_z)o = 4aT1§

@)

where g* is the asymmetry factor of the scattering phase function
of a diffuse sphere, that is, —%. Tk is an equivalentblackbody tem-
perature of the infrared lamps and was evaluated from

Ty = (QRS/U)O'25 %)

In the present study, Tk was found to vary from 600 to 770 K.

The scaled radiative properties’ were evaluated using the follow-
ing expressions:

o (1) 6/m)3w? + (4w/ V7)1 - w) )

4 1 —w)D oot =en (6

where py is given by the following expression for cordierite-
alumina porous materials’:

pr = 0.698 +0.26 (T /1000) 7)

Note that, in Egs. (1) and (3), only &, is an unknown parameter
and should be estimated from a measured axial temperature distri-
bution 7'(z) for a given flow rate and given irradiation. To this end,
Marquard’s method® was used. After Eqgs. (1) and (3) together with
the boundary conditions(2) and (4) were rewritten in dimensionless
forms, the dimensionless governing equations were solved numeri-
cally using a finite difference method. An optimum value of k, was
determined to minimize a sum of squares of the residuals between
predicted and measured temperatures at prescribed axial locations.
In the actual computation, the porous region was divided into 148
equally spaced increments.

To check the accuracy of the numerical analyses, 296 equally
spaced increments were also adopted in some cases, and the ob-
tained results were compared with the present ones: The compari-
son showed that the present results are 0.4% greater than the more
exact ones at worst.

On the otherhand, the uncertainityin using type-Kthermocouples
was £0.4%, and the uncertainity in wire integrity was estimated
to be 10% at worst; thus, the resultant uncertainity in measuring
temperatures was £10.4%. Consequently, the accuracy of both the
experimental and numerical method was within 10.8%.

Once k, (=ke. + kq,) is determined as a function of u,,, the ax-
ial thermal dispersion coefficient y, can be obtained by a regres-
sion analysis, because, by analogy with the expression for the lat-
eral thermal dispersion conductivity, the axial thermal dispersion
conductivity k4, may be written as

kgo = Iofcpf\/Z Yallm (8)

Moreover, note that, if the effect of radiation is negligible, then

Eq. (1) becomes
dr dar
PrCprlm (d_z) :kl(d_zz) 9

which yields the following analytical solution:
T(z) = Toexp(pscprtimz/k;) (10)
For z close to zg, Eq. (10) can be approximated by'°
balT(2) — Tol = —(05Cppthm [ ki) (20 — 2) (11

This means that, when the effect of radiation can be disregarded,
ln[T (z) — T,] becomes a linear function of (zy — z).

Results and Discussion

Typical examples of the axial temperature profiles within
cordierite-alumina porous media are shown in Fig. 1, where the
solid lines indicate the temperature profiles determined by the in-
verse analysis, whereas the broken lines indicate least-squares fit
of Eq. (11) to measured data of the temperature at several loca-
tions ranging from zo — z = 0.009 to 0.025 m. The measured axial
temperature distributions, 7 (z) — Ty, decrease with an increase in
Zo — 2z and are asymptotic to zero. Equation (11) well approximates
the experimental data, which means that the effect of radiation is
comparatively weak. Some discrepancies occur between the exact
inverted results and the experimental ones, but note that the exact
inversion was performed using measured temperature data over the
entire region of a porous medium.



480 J. THERMOPHYSICS, VOL. 16, NO. 3: TECHNICAL NOTES

50 -
5 Cordierite-Alumina
i 1.0 #20(9=0.877)
I 2.0 #13(=0830)
3.24806(9=0813)
10 | @
[ N
Fig. 1 Examplesof experi- f; |
mentally observed axial % N e
temperature distributions T [ \‘\ o2
within cordierite-alumina + G Ny,
open-cellular porous mate- 1.0 2 3 R
rials. :_ Q=800(Nllmin)“\ \ ,
B\ A}
I —:inverted ) N
r results A 2 \
| ---:least- 3
squares fit
0.1 | I T S TR N W N B BN
0 0.02 004
Zo-2Z (m)
1000

| Cordierite-Alumina

800F ©O#20(¢=0.877)

L 013 (9=0830)
600F A%06(¢-0813) g, %668 il
& a T
z

0 5 10 15 20
RePr

Fig. 2 Variationsin the dimensionless axial total effective thermal con-
ductivity against Peclet number.

Results fork, / k ; are shownin Fig. 2 vs the Peclet number defined
by RePr. As seen from Fig. 2, k,/k; is well approximated by a
linear function of RePr and, therefore,use of Eq. (12) is completely
justified:

ki/k; = kee/ks + yaRePr (12)

Values of y, can be evaluated using a least-squares method, and
determined values of y, were found to be 36.4 for the 06 foam, 66.8
for the 13 foam, and 78.8 for the 20 foam. The obtained results of
y, for the 13 and 20 foams are well approximated by the following
expression:

Ya = 139.91/] (1 — ¢)] (13)

This formulamay be applicableto open-cellularfoams with nominal
cell diameters smaller than about 0.002 m.

Comparison with the radial thermal dispersion coefficient
¥.(=0.0877/| o (1 — ¢)|) reveals that the obtained axial thermal

dispersion coefficient is about 1600 times greater than the radial
one, although the expression for y, was obtained using the experi-
mentally determinedradial thermal dispersioncoefficients of fibrous
media with the porosity greater than 0.94 and should be carefully
treated in extrapolating it to the porous media with the porosity
less than about 0.9 (Ref. 2). In addition, because the axial thermal
dispersion coefficient of a packed-spheresystem y* is given by

ya* — 11772(1 _ ¢)3.6247/¢1.5 (14)

theny, is 181 times greaterthan y* at = 0.8 and 1857 times greater
than y at ¢ =0.9. This may be attributableto that an open-cellular
porous material has a three-dimensional reticulated structure, and,
thus, quite strong mixing of fluid occurs within voids, and then
the well-stirred fluid is extruded to the neighboring voids through
open-cell walls.

Conclusions

The axial thermal dispersion coefficients of open-cellular
cordierite-alumina foams, y,, were originally determined by the
inverse analysis of steady-state axial temperature profiles within the
porous media. It is found that y, is much greater than the previously
reported radial thermal dispersion coefficients of open-cell foams
and packed beds and the known axial thermal dispersioncoefficients
of packed beds.
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