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Abstract

In the present paper, the e�ects of viscous dissipation, the boundary condition assumptions, thermal dispersion, particle di-

ameters and the variable properties of oil on convection heat transfer are analyzed using a numerical model including thermal non-

equilibrium assumption. The results, which are compared with experimental data, show that the convection heat transfer in porous

media can be predicted numerically using the thermal non-equilibrium model with the ideal constant wall heat ¯ux boundary

condition. Viscous dissipation weakens the convection heat transfer from the ¯uid to the wall in the porous media. However, under

practical conditions the in¯uence of viscous dissipation on the convection heat transfer is small. The ¯uid temperature in the bottom

part of the channel is higher than in the core region of the channel when the lower plate is adiabatic due to the e�ect of viscous

dissipation. The variation of the thermal physical properties of oil has a profound in¯uence on the convection heat transfer co-

e�cient, which increases as the heat ¯ux increases. When the upper and lower plates are heated with the same heat ¯ux, the

convection heat transfer coe�cient on the upper plate surface is higher than when one side is heated and the other is insulated.

However, the di�erences caused by these two kinds of boundary conditions in porous media are less than that in an empty

channel. Ó 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Convection heat transfer in porous media has been exten-
sively investigated due to its many important engineering ap-
plications. From the point of view of the energy equation there
are two di�erent models in theoretical and numerical research:
local thermal equilibrium model and local thermal non-equi-
librium model. The local thermal equilibrium model assumes
that the solid-phase temperature is equal to the ¯uid temper-
ature, i.e., local thermal equilibrium between the ¯uid and the
solid-phases at any location in the porous media. This model
simpli®es theoretical and numerical research, but the as-
sumption of local thermal equilibrium between the ¯uid and
the solid-phases is inadequate for a number of problems. Al-
though the classical thermal non-equilibrium model (Schu-
mann model) was presented 70 years ago, only in recent years
more attention has been paid to the local thermal non-equi-
librium model and its use has increased in theoretical and
numerical research as deep-going understanding of the con-
vection heat transfer processes in porous media. Representa-
tive works include Carbonnel and Whitaker (1984), Vafai and

Sozen (1990), Quintard and Whitaker (1993), Quintard et al.
(1997), Quintard (1998), Amiri and Vafai (1994), Amiri et al.
(1995), Batsale et al. (1996), Jiang et al. (1996, 1999a), Kuz-
netsov (1997, 1998), Nield (1998), Hsieh and Lu (1998), Pet-
erson and Chang (1998), Martin et al. (1998), Spiga and
Morini (1999), and Lee and Vafai (1999), etc.

Quintard (1998) pointed out that when using two-equation
(or two-temperature) models several questions need to be
solved. For example, what is the relevance of this model with
respect to the pore-scale physical problem? How are the
macroscopic properties related to the pore-scale physical
properties of the system? Many of these questions have been
clari®ed in a series of articles during the last decade (Carbonnel
and Whitaker, 1984; Quintard and Whitaker, 1993; Batsale
et al., 1996; Quintard et al., 1997). Research has shown that the
two-equation model cannot handle high-frequency heat waves.
Several numerical experiments have been carried out to prove
its usefulness (Quintard and Whitaker, 1993). A general two-
temperature model dealing with local non-equilibrium heat
transfer in porous media was presented by Quintard (1998) by
adding the e�ect of interfacial thermal barriers and the heat
exchange ¯ux in the macroscopic equations was approximated
as a time convolution integral involving the temperature at the
boundary. However, the two-temperature model presented in
Quintard (1998) is not easily implemented. Moreover, ac-
cording to Quintard (1998), under some conditions (e.g., if the
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frequency of the ¯uid-phase temperature variations is small
enough so that a single heat wave enters the solid-phase) the
time convolution integral for the heat exchange ¯ux presented
by Quintard (1998) can be approximated by the volumetric
heat transfer coe�cient multiplied by the temperature di�er-
ence between the solid- and ¯uid-phases, which is the usual
expression for the two-equation model. Most cases consider
steady-state heat transfer processes, so that the usual two-
equation model is used widely.

Vafai and Sozen (1990), Amiri and Vafai (1994) and Amiri
et al. (1995) thoroughly investigated the forced convection heat
transfer in porous media using the thermal non-equilibrium
model. Their works analyzed the e�ects of non-Darcy ¯ow,
variable porosity, solid-to-¯uid thermal di�usivity ratio and
thermal dispersion. The e�ects of constant wall temperature
and constant wall heat ¯ux boundary conditions on the ther-
mal response of the bed were discussed by Amiri et al. (1995).
Jiang et al. (1996) used constant wall heat ¯ux boundary
conditions to investigate the e�ects of the local thermal non-
equilibrium, the thermal conductivity of the solid particles and
the particle diameter on the convection heat transfer. Jiang
et al. (1999a) considered thermal dispersion e�ects in glass
packed beds using both the local thermal equilibrium model
and the local thermal non-equilibrium model and found that
both numerical simulation results corresponded well with the
experimental results. However, in the case of water in metallic
porous media the numerical results using the local thermal
non-equilibrium model with consideration of the thermal dis-
persion e�ect corresponded well with the experimental results,
while the results predicted using the thermal equilibrium model
were signi®cantly di�erent.

When using the thermal non-equilibrium model, the treat-
ment of the boundary conditions of the energy equations is not
an insigni®cant matter (Amiri et al., 1995). Reasonable as-

sumptions for the boundary conditions are needed to obtain
correct numerical results. A number of papers have concerned
themselves with this problem, e.g. (Amiri et al., 1995; Jiang
et al., 1996, 1999a; Hsieh and Lu, 1998; Martin et al., 1998;
Lee and Vafai, 1999). For the case of constant wall heat ¯ux
there are four di�erent assumptions or treatment methods for
the boundary conditions of the energy equations. The main
di�erence between them is whether the ¯uid temperature is
equal to the solid-phase temperature on the wall. Amiri et al.
(1995) and Jiang et al. (1996, 1999a) found that the numerical
results assuming that the heat ¯ux transferred by solid particles
was equal to that transferred by the ¯uid on the wall for the
constant wall heat ¯ux boundary conditions agreed well with
experimental data. However, Hsieh and Lu (1998), Peterson
and Chang (1998), Martin et al. (1998) and Lee and Vafai
(1999) assumed that the ¯uid temperature was equal to the
solid-phase temperature on the wall for the constant heat ¯ux
boundary conditions. In the present paper, the reliability of the
various treatments of the constant wall heat ¯ux boundary
conditions will be analyzed by comparing numerical simula-
tion results with experimental data.

The e�ect of thermal dispersion on the forced convection
heat transfer in porous media is another important topic. It is
well known that the transverse thermal dispersion e�ect plays
an important role on forced convection heat transfer in porous
media. However, there are di�erent viewpoints on the e�ect of
longitudinal thermal dispersion on the convection heat trans-
fer. Recently, Kuwahara and Nakayama (1999) numerically
investigated the e�ect of the longitudinal thermal dispersion
coe�cient by considering a macroscopically uniform ¯ow
through a periodic model of square rods. The numerical results
agree well with the experimental data obtained by Fried and
Combarnous (1971) for the longitudinal dispersion coe�-
cients in packed beds. The results showed that the longitudinal

Notation

af ¯uid thermal di�usivity (m2=s)
cp ¯uid speci®c heat (J/(kg K))
C� constant in Eq. (12) (dimensionless)
dp particle diameter (m)
De equivalent diameter of the porous plate channel

(�2hW =�h� W �) (m)
F inertia coe�cient (dimensionless)
G mass ¯ow rate (kg/s)
h channel height (m)
hf ¯uid speci®c enthalpy (J/kg)
hx local heat transfer coe�cient (W=m2 K)
hsf heat transfer coe�cient between solid particles and

the ¯uid (W=m2 K)
hv volumetric heat transfer coe�cient between solid

particles and the ¯uid �W=m3 K�
K permeability of porous medium (m2)
L channel length (m)
Nusf Nusselt number for convection heat transfer

between solid particles and the ¯uid
(dimensionless)

p pressure (Pa)
Pe Peclet number ��RePr� (dimensionless)
Pr Prandtl number (dimensionless)
q heat ¯ux (W=m2)
Re Reynolds number (dimensionless)
T temperature (K)
up pore velocity in the x-direction (m/s)
Up pore velocity (��u2

p � v2
p�1=2

) (m/s)

j~V j Darcian velocity (��u2 � v2�1=2
) (m/s)

vp pore velocity in the y-direction (m/s)
W channel width (m)
x; y coordinates in the ¯ow region (m)

Greeks
k thermal conductivity (W/m K)
kd dispersive component of thermal conductivity

(W/m K)
kf ¯uid thermal conductivity (W/m K)
km stagnant e�ective thermal conductivity of ¯uid and

porous media (W/m K)
ks solid particles thermal conductivity (W/m K)
l ¯uid absolute viscosity (N s=m2)
le e�ective absolute viscosity (�lf ) (N s=m2)
q ¯uid density (kg=m3)
e porosity (dimensionless)
em mean porosity (dimensionless)
e1 porosity at channel center �� em=�1� 0:567dp=

h�1ÿ eÿ3h=dp��� [dimensionless] (Jiang et al., 1999a)

Subscripts
b bulk mean temperature
d dispersion
f ¯uid
p pore
s solid
0 heated section inlet
w wall
1 upper wall
2 lower wall
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dispersion is substantially higher than the transverse disper-
sion. However, according to Kuo and Tien (1988), Hunt and
Tien (1990), Hsu and Cheng (1990) and Sozen and Vafai
(1993), the longitudinal thermal dispersion e�ects can be ne-
glected without causing signi®cant errors in the heat transfer
results. The di�erent conclusions may depend on whether the
temperature gradient along the longitudinal direction is much
less than the transverse temperature gradient in the porous
channels when the heat is mainly transferred perpendicularly
from the wall to the ¯owing ¯uid. In the present paper, the
longitudinal di�usion and dispersion will be neglected. The
present authors are currently undertaking a new investigation
of the e�ect of the longitudinal thermal dispersion.

Similar models for transverse thermal dispersion were pre-
sented in Yagi et al. (1960), Wakao and Kaguei (1982), Hunt
and Tien (1988), Kuo and Tien (1988), Hsu and Cheng (1990),
Masuoka and Takatsu (1996) and Kuwahara et al. (1996). The
coe�cients presented in these models, however, vary by as
much as thirty folds. Jiang et al. (1999a) used experimental
data (Jiang et al., 1999b) to develop a modi®ed thermal dis-
persion conductivity model in which the coe�cient is not
constant. This paper analyzes whether the decrease of the co-
e�cient in the thermal dispersion conductivity model as the
velocity increases is a result of viscous dissipation.

Bejan (1984) derived a model of viscous dissipation for
Darcy ¯ow in saturated porous media. Fand et al. (1986) ex-
perimentally investigated the free convection heat transfer
from a horizontal cylinder embedded in a porous medium
which is saturated by water or silicon oil. An appreciable
change in the heat transfer rate was observed due to the vis-
cous dissipation in the Darcy ¯ow region with silicon oil as the
saturated ¯uid. Murthy and Singh (1997, 1998) studied the
e�ect of viscous dissipation on non-Darcy natural or mixed
convection in porous media with and without the thermal
dispersion e�ect. Their results showed that viscous dissipation
caused a signi®cant decrease in the heat transfer rate. It was
also observed that the dissipation e�ect increased as the ther-
mal dispersion parameter increased and the viscous dissipation
decreased the heat transfer rate in both aiding and opposing
¯ows. The e�ects of thermal dispersion and the e�ect of vis-
cous dissipation on the heat transfer rate were studied using
non-dimensional parameters (e.g., Gebhart number Gex �
gbx=cp) by Murthy and Singh (1997, 1998). However, the
values of Gex used in Murthy and Singh (1997, 1998) are dif-
®cult to realize. For example, for cp � 1005 J=kg K and b �
3� 10ÿ3 Kÿ1;Gex � 0:1 means x � 3418 m! In addition, only
the local thermal equilibrium model was used in Fand et al.
(1986) and Murthy and Singh (1997, 1998).

The present paper investigates the e�ects of viscous dissi-
pation, appropriate boundary conditions, thermal dispersion,
particle diameters and the variable properties of oil on the
convection heat transfer in porous media using numerical
model including thermal non-equilibrium. The numerical re-
sults are compared with experimental data.

2. Theoretical analysis and physical±mathematical model

In order to compare the numerical results with the experi-
mental data in Jiang et al. (1999b), the physical model in the
present paper is similar to the test section in Jiang et al.
(1999b). The physical model and the coordinate system are
shown in Fig. 1. The analysis assumes that the porous media is
homogeneous and isotropic. The upper plate of the channel
receives a constant heat ¯ux, qw1, while the lower plate is either
adiabatic or heated with a constant heat ¯ux, qw2 . An adia-
batic section was placed before the heated section. Fluid ¯ow
entered the channel with a uniform velocity, u0, and constant

temperature, Tf0. The ¯uid ¯ow is single-phase and two-
dimensional, steady, and non-Darcian. The longitudinal
conduction in the ¯uid and the pressure variation in the
y-direction are assumed to be negligible according to Kuo and
Tien (1988), Hsu and Cheng (1990), Sozen and Vafai (1993),
etc.

The steady-state, two-dimensional governing equations for
single-phase ¯uid ¯ow in an isotropic, homogeneous porous
medium based on the Brinkman±Darcy±Forchheimer model
with consideration of variable properties and variable porosity
can be written in the following form:

o�qfeup�
ox

� o�qfevp�
oy

� 0; �1�

o�qfeupup�
ox

� o�qfevpup�
oy

� ÿ o�ep�
ox
ÿ e2 lf

K
up ÿ e3 qf F����

K
p jUpjup

� o
oy

ele

oup

oy

� �
; �2�

Z h

0

qfeup dy � q0u0h: �3�

The corresponding velocity boundary conditions are:

y � 0; up � vp � 0;

y � h; up � vp � 0:

The energy equations for the ¯uid- and solid-phases using the
thermal non-equilibrium model with longitudinal thermal
conduction in the solid-phase and without viscous dissipation
were presented in Jiang et al. (1999a). The mechanism of vis-
cous dissipation is the conversion of work required to sustain
the motion of a real ¯uid into heat by the action of viscosity. In
porous media, the contact surface between the ¯uid and the
solid particles is very large, so the work required to sustain the
¯uid motion increases dramatically. Therefore, the e�ect of
viscous dissipation increases. Bejan (1984) pointed out that the
dissipation term in porous media equals the mechanical power
needed to extrude the viscous ¯uid through the pore. Ac-
cording to Bejan (1984), Fand et al. (1986) and Murthy and
Singh (1997, 1998), the ¯uid-phase and solid-phase energy
equations with consideration of thermal dispersion, viscous
dissipation, variable porosity and variable properties, while
neglecting the longitudinal thermal conduction of the solid
particles, are:

o�qfeuphf�
ox

� o�qfemphf�
oy

� o
oy

kfe� kd

cpf

ohf

oy

� �
� e2lf

K
u2

p

� e3qf F����
K
p jUpju2

p � hv�Ts ÿ Tf�; �4�

Fig. 1. Schematic diagram of the physical system.
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o
oy

ks�1
�

ÿ e� oTs

oy

�
ÿ hv�Ts ÿ Tf� � 0: �5�

There are four di�erent methods for treating the boundary
conditions for the energy equations in the case of constant wall
heat ¯ux:
· Amiri et al. (1995) and Jiang et al. (1996, 1999a)

qw � ÿkfw�oTf=oy�w � ÿks�oTs=oy�w: �6�
· Martin et al. (1998)

qw � ÿ�ekf � �1ÿ e�ks�w�oT=oy�w; Tws � Twf : �7�
· Lee and Vafai (1999)

qw � ÿewkfw�oTf=oy�w ÿ �1ÿ ew�ks�oTs=oy�w;
Tws � Twf : �8�

The other possible method is

qw � ÿkm�oT=oy�w; Tws � Twf : �9�
The parameters used in Eqs. (1)±(9) were obtained from Dixon
and Cresswell (1979),Vafai (1984), Hunt and Tien (1988), Hsu
and Cheng (1990) and Achenbach (1995).

K � d2
pe

3 150�1
�.

ÿ e�2
�
; F � 1:75

��������
150
p

e3=2
� �.

;

e � e1 1
ÿ � 1:7eÿ6y=dp

� �06 y6 h=2�;

e � e1 1
ÿ � 1:7eÿ6�hÿy�=dp

� �h=26 y6 h�;

km

kf

� �1ÿ
�����������
1ÿ e
p

� � 2
�����������
1ÿ e
p

1ÿ rB
�1ÿ r�B
�1ÿ rB�2 ln

1

rB

� �"
�10�

ÿ B� 1

2
ÿ Bÿ 1

1ÿ rB

#
;

B � 1:25 �1� ÿ e�=e�10=9
; r � kf=ks; hv � hsf � 6�1ÿ e�=dp;

Nusf � hsf dpkf � 1:18Re0:58
ÿ �4
h

� 0:23Re0:75
h

ÿ �4
i1=4

;

(Achenbach, 1995),

1

hsf

� dp

Nusfkf

� dp

bks

;

Nusf � 0:255

e
Pr1=3Re2=3; b � 10;

(Dixon and Cresswell, 1979),

Re � equpdp=l; Reh � Re=�1ÿ e�:
For Re� 10, Hsu and Cheng (1990) presented the following
thermal dispersion conductivity model:

kd � 0:04kf

1ÿ e
e
j~V jdp

af

� 0:04kf

1ÿ e
e

Pe: �11�

For Re� 10, the thermal dispersion conductivity can be cal-
culated according to Hsu and Cheng (1990):

kd � C�kf

1ÿ e
e2

j~V j2d2
p

a2
f

� C�kf

1ÿ e
e2

Pe2: �12�

Jiang et al. (1999a) presented the following modi®ed thermal
dispersion conductivity model for water in porous media:

kd � C�qcp�f dp

�����������������
u2

p � vp2

q
�1ÿ e�;

C � 1:042�qf cpf
dpup�1ÿ em��ÿ0:8282

0 :
�13�

where, the coe�cient C is a dimensionless value but is a
function of the value of �qf cpf

dpup�1ÿ em��0 when all of the
parameters use standard metric units. Eq. (13) corresponds
well to the di�erent thermal dispersion models that use various
constants for di�erent cases. The numerical simulation results
using Eq. (13) correspond well to the experimental data (Jiang
et al., 1999a). Therefore, Eq. (13) is a more comprehensive
model than the usual thermal dispersion model with constant
C.

3. Numerical method

The governing equations were solved numerically using the
®nite di�erence method. Using the appropriate dimensionless
parameters, Eqs. (1)±(5) and the boundary conditions were
®rst transformed into dimensionless form. Then the dimen-
sionless governing equations were discretized using control
volume integration. The governing equations are parabolic in
the x-direction. Therefore, Eqs. (1)±(5) can be solved by
marching in the downstream direction. A similar numerical
method can be found in Jiang et al. (1996). The no-slip
boundary conditions and the variable porosity resulted in
steep velocity gradients near the wall. Calculations with var-
ious numbers of elements (e.g., 202� 52; 202� 102; and
202� 202) showed that for an adequate grid point distribu-
tion, the numerical results do not depend on the number of
grid points. Therefore, a non-uniform grid was employed with
102 grid points normal to the wall and 202 grid points in the
axial direction. The property values used in the calculations
were determined by second-order interpolation relative to
enthalpy.

The local heat transfer coe�cient on the upper wall was
evaluated as

hx � qw

Tfw�x� ÿ Tfb�x� : �14�

4. Results and discussion

The size of the porous plate channel was L � 58 mm, h � 5
mm, and W � 80 mm. The numerical simulation used three
di�erent particle materials: glass beads, stainless steel and
bronze. The thermal conductivities of these materials are
0.744, 16.4 and 75.35 W/m K, respectively. The particle di-
ameters in the numerical calculations were 0.5, 0.428, 0.1 and
0.05 mm.

The numerical results were checked in numerous ways to
verify the reliability of the physical±mathematical model, the
solution procedures and the numerical simulation program. A
detailed description of the simulation veri®cation can be found
in Jiang et al. (1999a). The velocity pro®les and the fully de-
veloped temperature pro®le are compared with the analytical
solution of Vafai and Kim (1989, 1995) in that paper, along
with a comparison of the friction factors predicted by the
numerical calculation and measured experimentally.

4.1. E�ect of boundary condition method on the calculated
convection heat transfer

The thermal non-equilibrium model was used with the
di�erent boundary condition methods (Eqs. (6)±(9)) and the
thermal dispersion conductivity calculated by Eq. (13) to nu-
merically predict the local convection heat transfer coe�cients
in a porous plate channel ®lled with glass or bronze particles.
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Comparison of the results with the experimental data in Jiang
et al. (1999b), Fig. 2(a), shows that for the glass bead bed the
numerical simulation results for all four boundary condition
methods (Eqs. (6)±(9)) are very close and correspond well to
the experimental results if the larger experimental errors in the
inlet section are taken into account. The results are essentially
the same because the thermal conductivities of water and the
glass beads are very similar; therefore, the ¯uid and the solid-
phases are very near local thermal equilibrium at any location
in the porous media. The di�erent assumptions for the energy
equation boundary conditions have little in¯uence on the nu-
merical results.

For the porous plate channel ®lled with bronze particles,
Fig. 2(b), use of the constant wall heat ¯ux assumption for the
boundary conditions, Eq. (6), results in simulation results that
correspond well to the experimental data. When the energy
equation boundary conditions given in Eq. (7) is used, the
numerical results are much higher than the experimental data,
because Eq. (7) over predicts the e�ective thermal conductivity
(e.g., for ew � 0:94, ks � 75:35 W/m K, kf � 0:6 W/m K,
�ekf � �1ÿ e�ks�w � 5:09 W/m K). However, when the energy
equation boundary conditions given in Eq. (9) is used, the
numerical results are lower than the experimental data, be-
cause the e�ective thermal conductivity calculated by Eq. (10)
is too small (e.g., for ew � 0:94, ks � 75:35 W/m K, kf � 0:6 W/
m K, km � 0:7 W/m K according to Eq. (10)). At the present
time, the conditions given in Eq. (8) are the most popular
method for treating the constant heat ¯ux boundary condition,
as shown in Hsieh and Lu (1998), Peterson and Chang (1998),
Martin et al. (1998) and Lee and Vafai (1999). Hsieh and Lu
(1998) used Eq. (8) for the heating surface boundary condition,
but used �oTf=oy�w � �oTs=oy�w � 0 for the adiabatic surface.

Therefore, the ¯uid temperature and the solid particle tem-
perature at the adiabatic wall are not equal, which contradicts
their assumption that at the wall the solid particle temperature
is equal to the ¯uid temperature. The theoretical basis for Eq.
(8) is that the actual heated wall in the experiments has a ®nite
thickness and the ¯uid temperature and solid particle tem-
perature at adjacent locations on the wall are equal due to the
thermal conduction in the wall. The heat ¯ux from the wall is
then transferred concurrently by the ¯uid- and the solid-phase.
Therefore, regardless of whether qw1 6� 0 or qw2 � 0, Eq. (8)
should result in equal ¯uid- and solid-phase temperatures at
the wall. The boundary condition treatment used by Hsieh and
Lu (1998) is a mixture of Eq. (6) and (8). However, with the
boundary conditions given by Eq. (8), the numerical results in
this paper are much higher than the experimental data,
Fig. 2(b).

From a completely rigorous point of view, for constant wall
heat ¯ux boundary conditions in the experiments with ®nite
wall thickness, the heat ¯uxes transferred by the ¯uid and the
solid-phases at adjacent locations are unequal. The ¯uid and
the solid-phase temperatures at adjacent locations are also
unequal. Therefore, the condition given in Eq. (8) implies that
the local thermal equilibrium condition is imposed on all lo-
cations on the wall. Kenning and Yan (1995) investigated pool
boiling of water in an open tank with an immersed thin (0.13
mm thick), electrically heated stainless steel plate using liquid±
crystal thermography in combination with high-speed video
recording. They found that for the constant wall heat ¯ux
boundary condition, the heated wall temperature at the nu-
cleation sites di�ered from the heated wall temperature of the
surrounding regions. The measurements con®rmed the im-
portance of variations in wall temperature for the removal of
heat by bubbles and the activity of nucleation sites. Kenning
and Yan (1995) concluded that models in which uniform wall
temperature is assumed cannot represent the fundamental
physics of boiling. Their results have some implications for our
problem. For very thin heated walls, the ¯uid- and solid-phase
temperatures at the wall will di�er for porous media with large
thermal conductivity di�erence between the ¯uid and the solid
particles.

Laminar convection heat transfer in tubes or channels with
the constant wall heat ¯ux boundary condition di�ers from
that with the constant wall temperature boundary condition.
Although the wall temperature di�erence, DTw, at a small
longitudinal step Dx, may be small, DTw is not zero. Since
DTw � 0 will lead to Tw � constant. Therefore, although the
di�erence between the ¯uid and solid particle temperatures at
the wall in porous media may be small, Tws � Twf as given in
Eqs. (7)±(9) may not be reliable.

Eq. (6) assumes that the heat ¯uxes transferred separately
by the ¯uid and the solid-phases are equal to the wall heat ¯ux.
When the heated wall is very thin, this assumption may be
reasonable and might be considered as an ideal boundary
condition. In experimental research, the constant wall heat ¯ux
boundary condition is often realized using electrical heating.
The ¯uid temperature may be very close to the solid particle
temperature at the wall due to thermal conduction in the wall,
so the experimental boundary conditions di�er from the ideal
boundary conditions given in Eq. (6). However, comparison of
the simulation results using the boundary conditions in Eq. (6)
with the experimental results shows that the convection heat
transfer in porous media can be predicted numerically using
the ideal boundary conditions (Eq. (6)). This conclusion
should be further veri®ed by comparing numerical results with
more experimental data. The rest of this paper uses the
boundary conditions given in Eq. (6). The thermal dispersion
conductivity will be calculated using Eq. (13) if not otherwise
stated.

Fig. 2. Comparison of measured convection heat transfer coe�cients

with numerically simulated values for di�erent boundary condition

assumptions: (a) water±glass packed bed, dp � 0:428 mm, em � 0:366,

ks � 0:744 W/m K; 1; 2; 3; 4, �
� G � 0:03455 kg/s; 10; 20; 30; 40,
��� G � 0:1108 kg/s; (b) water±bronze packed bed, dp � 0:428 mm,

em � 0:365, ks � 75:35 W/m K; 1; 2; 3; 4, �
� G � 0:0542 kg=s;

10; 20; 30; 40, ��� G � 0:1266 kg/s. Assumptions of boundary condition:

curves 1 and 10 used Eq. (6); 2; 20 ± Eq. (9); 3; 30 ± Eq. (7); 4; 40 ± Eq. (8);

�
;�� experimental data in Jiang et al. (1999b).
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4.2. E�ect of viscous dissipation on convection heat transfer in
porous media

Jiang et al. (1999a) found that the coe�cient in the thermal
dispersion conductivity model decreases as the velocity in-
creases (Eq. (13)). In porous media, the contact surface be-
tween the ¯uid and the solid particles is very large; therefore,
the e�ect of viscous dissipation increases. This invites the
question of whether the decrease of the coe�cient in the
thermal dispersion conductivity model, Eq. (13), can be as-
cribed to viscous dissipation? The experimental results in Jiang
et al. (1999b) are compared with the simulation results for
convection heat transfer in water with stainless steel or bronze
porous media with or without consideration of viscous dissi-
pation in Fig. 3. The results show that the e�ect of viscous
dissipation is negligible for the given conditions. The numeri-
cal results with the thermal dispersion conductivity calculated
using Eq. (13) correspond well to the experimental results.
However, the numerical results with the thermal dispersion
conductivity calculated using Eq. (11) are much higher than
the experimental results, while the in¯uence of viscous dissi-
pation is also very small. Therefore, the decrease of the coef-
®cient in the thermal dispersion conductivity model, Eq. (13),
was not caused by viscous dissipation.

It is shown from the energy equation, Eq. (4), that the e�ect
of viscous dissipation increases as the velocity or viscosity in-
creases or the particle diameter decreases. The e�ect of viscous
dissipation on the heat transfer rate was studied by Murthy
and Singh (1997, 1998) using the non-dimensional Gebhart
number, Gex � gbx=cp . However, Gex � 0:1 in Murthy and
Singh (1997, 1998) is impractical (as mentioned above, for
cp � 1005 J/kg K and b � 3� 10ÿ3 Kÿ1;Gex � 0:1 means
x � 3418 m!). The present paper studies the e�ect of viscous
dissipation for more practical values of the dimensional pa-
rameters.

The in¯uence of viscous dissipation on the convection heat
transfer in water with glass beads or bronze particles with
small particle diameters and high velocities is presented in
Fig. 4. The physical model is identical to that of the test section
in Jiang et al. (1999b), i.e., L � 58 mm, h � 5 mm, and W � 80
mm. For qu � 1250 kg=m2 s the pressure drop for dp � 0:1
mm is 31 MPa and that for dp � 0:05 mm is 80 MPa. This is an
extreme condition which is di�cult to realize, but even for such
conditions, the in¯uence of viscous dissipation on the con-
vection heat transfer of water in porous media is small
(<0.3%). In addition, the results in Fig. 4(a) shows that for the
glass beads porous channel with water as the working ¯uid, the
convection heat transfer coe�cient increases as the particle
diameter increases; whereas for the bronze particles porous
channel with water as the working ¯uid, the convection heat
transfer coe�cient increases as the particle diameter decreases
(Fig. 4(b)). These results are identical to previous research by
Jiang et al. (1996, 1999b). The opposing trends result from the
competing factors of the mixing e�ects (or thermal dispersion)
and the decreased contact surface area between particles as the
particle diameter increases. Detailed analysis of the e�ect of
particle diameter on the convection heat transfer can be found
in Jiang et al. (1996, 1999b). A criterion for judging the vari-
ation of the convection heat transfer coe�cient with dp was
presented in Jiang et al. (1999b).

In order to further study the e�ect of viscous dissipation,
the present paper considers the convection heat transfer for
lubrication oil (No. 14) in porous media. The Reynolds
number based on the particle diameter, Re, may be less than 10
due to the high viscosity of the oil. The thermal dispersion
conductivity should be calculated using Eq. (12) according to
Hsu and Cheng (1990); however, the value of the coe�cient C�

in Eq. (12) was not given in Hsu and Cheng (1990). The nu-
merical results for the convection heat transfer of lubrication
oil in glass porous media with consideration of thermal dis-
persion for C� � 10ÿ7 or 10ÿ8 are presented in Fig. 5. The
numerically predicted convection heat transfer coe�cients of
lubrication oil in porous media without consideration of

Fig. 3. Numerically simulated local heat transfer coe�cients with (±±±)

or without (± ± ±) consideration of viscous dissipation and measured

data for (a) stainless steel or (b) bronze packed beds. �
;�;j� ex-

perimental data in Jiang et al. (1999b); dp � 0:428 mm; em � 0:365;

qw2 � 0; (a) G (kg/s); 1, �
� 0.031; 2; 3, �j� 0.1006; kd: 1; 2 ± Eq. (13);

3 ± Eq. (11); (b) G (kg/s): 1, �
� 0.0721; 2, ��� 0.0973; 3; 4, �j� 0.1964;

kd: 1; 2; 3 ± Eq. (13); 4 ± Eq. (11).

Fig. 4. E�ects of viscous dissipation and particle diameter on the local

heat transfer coe�cient: (a) water±glass beads; (b) water±bronze par-

ticles �±±±� with viscous dissipation; (± ± ±) without viscous dissipation;

1ÿdp�0:1 mm; qu�1250 kg=m2 s; em�0:366; qw1�7:71�104 W=m2;

qw2�0; 2ÿdp�0:05 mm; qu�1250 kg=m2 s; em�0:366; qw1�1�
105 W=m2; qw2�0:
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thermal dispersion or with consideration of thermal dispersion
calculated using Eq. (13) are also presented in this ®gure. As a
reference, the numerical results for convection heat transfer of
water in porous media are also presented in Fig. 5. As shown
in Fig. 5, the thermal dispersion signi®cantly a�ects the con-
vection heat transfer. The numerical results using Eq. (13) are
close to those predicted using Eq. (12) with C� � 10ÿ7. As the
value of the coe�cient C� in Eq. (12) was not veri®ed experi-
mentally, the thermal dispersion conductivity in the following
calculation will still use Eq. (13).

The numerically predicted convection heat transfer coe�-
cients of lubrication oil in glass (Fig. 6(a)) or bronze (Fig. 6(b))
porous media with and without consideration of viscous dis-
sipation are presented in Fig. 6. For the same physical region
used earlier, when qu � 1250 kg=m2 s and dp � 0:1 mm the
pressure drop is 3691 MPa. For such conditions, the viscous
dissipation has some in¯uence on the convection heat transfer
(<2.2%). As mentioned by Murthy and Singh (1997, 1998),
viscous dissipation reduces the convection heat transfer from
the ¯uid to the wall in porous media. The results in Fig. 6 again
show that the convection heat transfer coe�cient increases as
the particle diameter decreases when the thermal conductivity
of the ¯uid is much less than the thermal conductivity of the
solid particles. Comparing Fig. 6(a) with (b) shows that the
convection heat transfer coe�cients for lubrication oil in
bronze packed beds are slightly higher than for lubrication oil
in glass packed beds for the same conditions, but the di�er-
ences are small. The results are similar because the lubrication
oil viscosity is very large while the thermal conductivity is
small (much less than the thermal conductivity of the parti-
cles). For, Tf � 20°C; dp � 0:5 mm and qu � 1250 kg=m2 s the
Reynolds number is very small (Redp

� 1:7). As a result, the
convection heat transfer between the lubrication oil and par-
ticles and the wall in porous media is fairly low and is the main
thermal resistance, which dominates the overall heat transfer
coe�cient. Therefore, the e�ect of di�erent solid particles on
the overall heat transfer coe�cient is not strong.

Fig. 7 presents the temperature distribution for lubrication
oil in a glass bead bed with and without consideration of vis-
cous dissipation. The ¯uid temperature with viscous dissipa-
tion is higher than the ¯uid temperature without viscous
dissipation. For the conditions in Fig. 7, the maximum dif-
ference between them is 0:1°C. The ¯uid temperature on the
bottom part of the channel is higher than in the core region of
the channel when the lower plate is adiabatic due to the e�ect
of viscous dissipation because the heat from the viscous dis-
sipation heats the ¯uid on the bottom part of the channel. The

viscous dissipation plays a role analogous to an internal heat
source.

4.3. E�ect of variable properties of oil and heat ¯ux on
convection heat transfer

The thermal physical properties of oil vary sharply with
temperature. The in¯uence of the heat ¯ux from the upper
plate surface on the local convection heat transfer coe�cient is
presented in Fig. 8 with consideration of the variable physical
properties. The variation of the thermal physical properties of
oil has a profound in¯uence on the convection heat transfer
coe�cient, which increases as the heat ¯ux increases since the
viscosity of the oil decreases sharply as the temperature rises,
consequently intensifying the convection. At the same time,
with increasing temperature the oil speci®c heat increases

Fig. 6. E�ects of viscous dissipation and particle diameter on the local

heat transfer coe�cient: (a) lubrication oil±glass beads; (b) lubrication

oil ± bronze particles �±±±� with consideration of viscous dissipation;

(± ± ±) without consideration of viscous dissipation; qw1�1�105 W=m2;

qw2� 0; em� 0:366; 1ÿdp� 0:5 mm; qu� 250 kg=m2 s; 2ÿdp� 0:5 mm;

qu�1250 kg=m2 s; 3ÿdp� 0:1 mm; qu� 1250 kg=m2 s .

Fig. 7. Temperature distribution in lubrication oil with and without

consideration of viscous dissipation in glass beads porous media at

x=De � 5:99; dp � 0:5 mm, qu � 1250 kg=m2 s, qw1 � 105 W=m
2
,

qw2 � 0; �±±±� with viscous dissipation e�ect; (± ± ±) without viscous

dissipation e�ect.

Fig. 5. E�ect of thermal dispersion on heat transfer in porous media

dp � 0:5 mm, em � 0:366, qu � 1250 kg=m2 s; 1 ± water±glass beads;

2; 20; 200 ± lubrication oil ± glass beads; (± ± ±) without consideration of

thermal dispersion; �±±±� with consideration of thermal dispersion; 1; 2
± kd using model in Eq. (13); 20 ± kd using Cheng's model, Eq. (12) with

C� � 10ÿ7 and 200 ± kd using Cheng's model, Eq. (12) with C� � 10ÿ8.
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slightly, although the thermal conductivity and the oil density
decrease a little. Therefore, the variation of the thermal
physical properties of oil must be included in numerical and
experimental research.

The in¯uence of the heat ¯ux from the lower plate surface
on the convection heat transfer at the upper plate surface is
presented in Fig. 9. The convection heat transfer coe�cient on
the upper plate surface when the upper and the lower plates
have the same heat ¯ux is higher than that when one side is
heated and the other is adiabatic. However, the di�erence
between them is smaller than the di�erence which occurs in an
empty channel (without porous media). Kays and Crawford
(1993) found that for fully developed laminar ¯ow the con-
vection heat transfer coe�cient on the heated plate surface
when both plates have the same heat ¯ux is 52.9% larger than
when one side is heated and the other is adiabatic. The dif-
ference decreases as the Reynolds number increases. As shown
in Fig. 9, the convection heat transfer on the heated surface in
porous media mainly depends on the ¯ow and heat transfer
conditions in the near wall region due to the intensive mixing
of the ¯uid in the porous media. The in¯uence of the ¯ow and
heat transfer conditions near the other wall region is weaker
than in the case of the empty channel.

5. Conclusion

(1) The present paper numerically studies the in¯uence of
various assumptions for the energy equation boundary con-
ditions in the thermal non-equilibrium model on the numeri-
cally predicted convection heat transfer by comparing with

experimental data. The convection heat transfer coe�cients in
porous media predicted using the thermal non-equilibrium
model with the ideal constant wall heat ¯ux boundary condi-
tion (Eq. (6)) presented by Amiri et al. (1995) and Jiang et al.
(1996, 1999a) are shown to correspond well to the experi-
mental results for both high-thermal conductivity and low
thermal conductivity porous media.

(2) The e�ect of viscous dissipation on the convection heat
transfer in porous media is investigated numerically using the
thermal non-equilibrium model. Viscous dissipation reduces
the convection heat transfer on the wall in porous media.
However, for most practical conditions viscous dissipation has
little in¯uence on the convection heat transfer. The ¯uid
temperature when viscous dissipation is considered is higher
than the ¯uid temperature without consideration of viscous
dissipation. The ¯uid temperature on the bottom part of the
channel is higher than in the core region of the channel when
the lower plate is adiabatic due to the e�ect of viscous dissi-
pation.

(3) The variation of the thermal physical properties of oil
has a profound in¯uence on the convection heat transfer co-
e�cient, which increases as the heat ¯ux increases.

(4) The convection heat transfer coe�cient on the upper
plate surface when the upper and lower plates with the same
heat ¯ux is higher than that when one side is heated and the
other is adiabatic. However, the di�erence between them is
smaller than for an empty channel (without porous media).
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