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An investigation of variants within the porous media transport models is presented in
work. Four major categories in modeling the transport processes through porous m
namely constant porosity, variable porosity, thermal dispersion, and local thermal
equilibrium, are analyzed in detail. The main objective of the current study is to com
these variances in models for each of the four categories and establish conditions le
to convergence or divergence among different models. To analyze the effects of va
within these transport models, a systematic reduction and sensitivity investigatio
each of these four aspects is presented. The effects of the Darcy number, inertia p
eter, Reynolds number, porosity, particle diameter, and the fluid-to-solid conduc
ratio on the variances within each of the four areas are analyzed. It is shown tha
some cases the variances within different models have a negligible effect on the r
while for some cases the variations can become significant. In general, the variances
a more pronounced effect on the velocity field and a substantially smaller effect o
temperature field and Nusselt number distribution.@S0022-1481~00!02602-5#
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1 Introduction
Modeling of the non-Darcian transport through porous me

has been the subject of various recent studies due to the incre
need for a better understanding of the associated transport
cesses. This interest stems from the numerous practical app
tions which can be modeled or can be approximated as trans
through porous media such as thermal insulation, packed bed
exchangers, drying technology, catalytic reactors, petroleum
dustries, geothermal systems, and electronic cooling. The wor
Vafai and Tien@1# presented and characterized the boundary
inertial effects in forced convective flow through a porous m
dium. Later, Vafai and Tien@2# investigated the boundary an
inertial effects on convective mass transfer in porous media. V
and Kim @3# used the Brinkman-Forcheimer-extended Dar
model to obtain a closed-form analytical solution for fully deve
oped flow in a porous channel subject to constant heat flux bou
ary conditions. Hadim@4# performed a numerical study to analyz
steady forced convection in a channel filled or partially filled w
a porous medium and containing discrete heat sources. Kav
@5# studied the flow through a constant porosity medium boun
by isothermal parallel plates using the Brinkman-extended fl
model and constant matrix porosity. Lauriat and Vafai@6# pre-
sented a comprehensive study of forced convective heat tran
in porous media through a channel or over a flat plate.

Other research works consider various problems of the flow
heat transfer through a constant porosity medium~Beckerman and
Viskanta @7#, Kim and Choi @8#, Kladias and Prasad@9#, Nield
et al. @10#, Sung et al.@11#, You and Chang@12,13#, Neale and
Nader @14#, Poulikakos and Kazmierczak@15#, Kim et al. @16#,
Chen and Vafai@17#, Nakayama et al.@18#, Hong et al.@19#, Ka-
viany @20#, Kuznetsov@21#, Lan and Khodadadi@22#, Nakayama
et al.@23#, Ould-Amer et al.@24#, Vafai and Kim@25,26#!. A syn-
thesis of various aspects of modeling of transport processe
porous media was given in Tien and Vafai@27#. Recent mono-
graphs in which some aspects of transport in porous media w
discussed have been presented by Kaviany@28# and Nield and
Bejan @29#.

A number of experimental and theoretical studies have sho
that variation of porosity near a solid boundary has a signific
effect on the velocity fields in packed beds resulting in an app
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ciable flow maldistribution, which appears as a sharp peak n
the solid boundary and decreases to nearly a constant value a
center of the bed. This phenomenon is known as the channe
effect. Vafai@30,31# and Vafai et al.@32# investigated analytically
and experimentally the channeling effect on an external for
convective flow and heat transfer. Poulikakos and Renken@33#
presented a numerical study of the variable porosity effects
channel bounded by two isothermal parallel plates and in a ci
lar pipe. A number of investigations have considered the effec
variable porosity on fluid flow and heat transfer in porous me
~Renken and Poulikakos@34#, Hunt and Tien@35,36#, and Hsiao
et al. @37#!.

It is well documented in the literature that the effect of therm
dispersion is essential for a number of applications in the trans
processes through porous media. As such, a number of inves
tions have considered the effects of both thermal dispersion
variable porosity~Hunt and Tien@35,36#, Hsiao et al.@37#, Hong
et al. @38#, Chen@39–41#, David et al.@42#, Hsu and Cheng@43#,
Cheng et al.@44#, Fu et al. @45#, and Chen et al.@46#!. On the
other hand, some other investigations considered only the effe
thermal dispersion~Jang and Chen@47#, Hunt and Tien@35,36#,
and Hong and Tien@48#!. Cheng and Hsu@49# analyzed the wall
effect of the thermal dispersion process in the forced convec
flow through an annular packed-sphere bed. Cheng and Zhu@50#
studied the effects of radial thermal dispersion on fully develop
forced convection in cylindrical packed tubes. Later, Cheng a
Vortemeyer@51# studied the effect of transverse thermal disp
sion on fully developed forced convection in packed beds. Va
and Amiri @52# have shown that the effect of longitudinal dispe
sion is insignificant for Pe.10. Their results show that the effec
of transverse dispersion is much more important than the long
dinal dispersion.

The assumption of local thermal equilibrium~LTE! is widely
used in analyzing transport processes through porous me
However, this assumption is not valid for some applications wh
a substantial temperature difference exists between the solid p
and the fluid phase. Amiri and Vafai@53# and Amiri et al.@54#
employed a fully general model for the momentum equation an
two-phase model for the energy equation, including axial a
transverse thermal dispersion to investigate forced convection
channel. They presented detailed error maps for assessing th
portance of various simplifying assumptions that are commo
used. In addition, Amiri and Vafai@55# presented a comprehen
sive numerical study for the problem of transient incompress
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flow through a packed bed including inertia and boundary effe
in the momentum equation and the effects of thermal disper
and local thermal nonequilibrium~LTNE! in the energy equation
Hwang et al.@56# investigated the non-Darcian forced convecti
taking into account the effects of boundary, inertia, and transv
thermal dispersion. Dixon and Cresswell@57# investigated the
problem of LTNE between the fluid and solid phases and obtai
a correlation for the fluid-to-solid heat transfer coefficients. Ku
netsov@58# presented an analytical solution for the simplified ve
sion of LTNE in a parallel plate channel subject to constant h
flux boundary conditions.

Four major categories in modeling the transport proces
through porous media are analyzed in detail in this work. Th
four categories are related to transport aspects for constant p
ity, variable porosity, thermal dispersion, and LTNE. As suc
many different pertinent research works are systematically a
lyzed in the present investigation. For each category, a numbe
research works are found to be relevant to the present inves
tion. In all the above-mentioned investigations, variants of Dar
Forchheimer, and Brinkman terms in the momentum equation
well as variants of thermal dispersion terms and the LTNE p
sentations were utilized. The main objective of the present wor
to investigate and compare variances in models for each of
four categories and establish conditions leading to convergenc
divergence among different models.

2 Problem Formulation
To analyze the four major categories in modeling the transp

processes through porous media, a fundamental configura
shown in Fig. 1 is selected. This configuration consists of a p
allel plate channel with constant heat fluxqw or constant wall
temperatureTw . The height and the width of the channel are 2H
andL, respectively. The velocity of the upstream flow isuc and its
temperature isTe . This configuration allows an investigation o
all the major aspects described earlier. The main assumption
this investigation are summarized as follows:

1 The flow is steady and incompressible.
2 The properties of the porous medium and the fluid are

tropic and homogeneous.
3 The thermophysical properties of the fluid and the poro

matrix are assumed to be constant.
4 Only the effect of transverse thermal dispersion is includ

i.e., the effect of longitudinal dispersion is neglected. This
justified in light of the analysis by Amiri and Vafai@53#.

The governing equations for the present investigation assum
fully developed conditions, can be written as given in Vafai@30#,
Vafai and Kim @3#, and Amiri and Vafai@53#:

„a… Momentum Equation.

r f

«
^~V•¹!V&52

m

K
^V&2

r fF«

AK
@^V&•^V&#J1

m

«
¹2^V&2¹^P&

(1)

Fig. 1 Schematic diagram of the problem and the correspond-
ing coordinate systems
304 Õ Vol. 122, MAY 2000
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For variable porosity case, the permeability of the porous med
K and the geometric functionF can be represented as in Ergu
@59# and Vafai@30,31#:

K5
«3dP

2

150~12«!2 (2)

F5
1.75

A150«3
(3)

According to Benenati and Brosilow@60# and Vafai@30,31#, the
porosity distribution throughout the porous medium can be p
sented by the following equation:

«5«`F11b expS 2cy

dp
D G . (4)

„b… Energy Equation.

~rCP! f^V&•¹^T&5¹•Fkeff

«
•¹^T&G (5)

For thermal dispersion~Amiri and Vafai @53# and Amiri et al.
@54#!

keff5ko1kd (6)

whereko is the stagnant thermal conductivity andkd is the dis-
persion conductivity.

For LTNE, two separate energy equations are required~Vafai
and Amiri @52#, Amiri and Vafai @53#, and Amiri et al.@54#!:

Fluid-Phase Energy Equation.

~rCP! f^V&•¹^Tf&5¹•$kf eff •¹^Tf&%1hs fas f~^Ts&2^Tf&!
(7)

Solid-Phase Energy Equation.

05¹•$ks eff •¹^Ts&%2hs fas f~^Ts&2^Tf&! (8)

where

kf eff5«kf (9)

and

ks eff5~12«!ks . (10)

3 Problem Setup and Validation
An implicit method was used to solve the fully developed v

locity field. The nonlinear term~Forchheimer term! was linearized
by using the prior iteration values of the velocity. Convergen
was considered to have been achieved when the absolute
between two successive iterations was less than 1026. The suc-
cessive over relaxation method~SOR! was used to accelerate th
convergence rate. The energy equation was solved by applyi
central differencing for the diffusion term and upwind differen
ing for the convection term.

Numerical investigations were performed using different nu
ber of grid points to assess and ascertain grid independence re
for the field variables. It was found that any increase beyond a
given by 50031000 results in less than 0.2 percent change in
results. The local Nusselt number distribution was found usin
three point differencing. Due to symmetry considerations, the
lution is found for the upper half of the channel for the consta
porosity category and for the lower half of the channel for t
other three categories.

4 Results and Discussion
The numerical results for the constant porosity category w

compared with the exact solution given by Vafai and Kim@3# as
shown in Fig. 2, and an excellent agreement was found. The
curacy of the simulation of the variable porosity effects we
Transactions of the ASME
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Fig. 2 Comparisons between the numerical results of the present study and the analytical
solutions of Vafai and Kim †3‡ and Vafai †30‡. The constant porosity category †«Ä0.9, LÄ100,
DaÄ0.001 and ReÄ100‡. The variable porosity category †dp ÕdxÄÀ1493, d pÄ0.008, bÄ0.98,
cÄ2.0, and «`Ä0.5‡.
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was
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checked against the analytical solution given in Vafai@30# and are
presented in Fig. 2. An excellent agreement was found betw
the numerical results and the analytical solution given in Va
@30#. In what follows, the results for each category are presen
separately. Figure 1 describes the coordinate system and s
matic of the fundamental configuration for the case of cons
porosity as well as the fundamental configuration for the ot

Table 1 Relationship between various models and the perti-
nent literature

Model References

C1 Vafai and Tien@1,2#, Vafai and Kim @3#, Kaviany @5#,
Lauriat and Vafai @6#, Hong et al. @19#, Kaviany @20#,
Kuznetsov@21#, Lan and Khodadadi@22#, Nakayama et al.
@23#, Ould-Amer et al.@24#, Vafai and Kim@25,26#

C2 Kim et al.@16#, Chen and Vafai@17#, Nakayama et al.@18#
C3 Hadim @4#, Beckermann and Viskanta@7#, Kim and Choi

@8#, Kladias and Prasad@9#, Nield et al. @10#, Sung et al.
@11#, You and Chang@12,13#, Neale and Nader@14#,
Poulikakos and Kazmierczak@15#

V1 Vafai @30#, Vafai @31#, Vafai et al. @32#, Vafai and Amiri
@52#, Amiri and Vafai @53#, Amiri et al. @54#, Amiri and
Vafai @55#

V2 Lauriat and Vafai@6#, Poulikakos and Renken@33#, Renken
and Poulikakos@34#

V3 Hunt and Tien@36#, Hong et al.@38#, Chen@39–41#, Cheng
et al. @44#, Chen et al.@46#

V4 Hsiao et al.@37#, David et al.@42#, Hsu and Cheng@43#, Fu
et al. @45#

D1 Hong et al.@38#, Hong and Tien@48#, Vafai and Amiri@52#,
Amiri and Vafai @53#, Amiri et al. @54#, Amiri and Vafai
@55#

D2 Chen@39–41#, David et al.@42#, Hsu and Cheng@43#, Jang
and Chen@47#

D3 Hsu and Cheng@43#, Cheng et al.@44#, Fu et al.@45#, Vafai
and Amiri @52#, Hwang et al.@56#

D4 Chen et al.@46#
D5 Hunt and Tien@35,36#
E1 Vafai and Amiri @52#, Amiri and Vafai @53#, Amiri et al.

@54#, Amiri and Vafai @55#
E2 Hwang et al.@56#
E3 Dixon and Cresswell@57#
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Table 2 Different models of constant porosity

Model Darcy Forchheimer Brinkman

C1**
m

K
u r

F«

AK
u2

m

«
¹2u

C2
m

K
u r

F

AK
u2

m

«
¹2u

C3*
m

K
u r

F

AK
u2

m¹2u

*References@14# and@15# did not include the Forchheimer term. In comparisons,
properly concentrate on the difference with other models, a Forchheimer term
used within each of the categories.
** This model was used in the exact solution of Vafai and Kim@3#.

Table 3 Different models of variable porosity „modified
models …

Model Darcy Forchheimer Brinkman

V1 m
150~12«!2

«3dp
2 u r

1.75~12«!

«2dp
u2

m

«
¹2u

V2* m
150~12«!2

«3dp
2 u r

1.75~12«!

«3dp
u2

m¹2u

V3* m
150~12«!2

«3dp
2 u r

1.75~12«!

«3dp
u2

m

«
¹2u

V4 m
150~12«!2

«2dp
2 u r

1.75~12«!

«2dp
u2

m¹2u

* In these models, the Darcy’s term constant was changed from 175 into 150 fo
purpose of comparison.
MAY 2000, Vol. 122 Õ 305
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Table 4 Different models of transverse thermal dispersion

Model Dispersion Conductivity Notes

D1 grCPUdp
g50.1
g50.2

D2 g
12«

«
rCPUdp

g50.04

g50.02

D3 grCPUdpS12expS2y

wHDD g50.17, w51.5
g50.12, w51.0
g50.3, w53.5

g50.375, w51.5

D4 0.01
12«

«2 rCPUdp

D5 0.025rCPUAK

Table 5 Different models of the fluid to solid heat transfer co-
efficient and the fluid to solid specific area

Model hs f as f Notes

E1
kf~211.1Pr1/3Re0.6!

dp

6~12«!

dp

E2

0.004S dV

dp
D S kf

dp
DPr0.33Re1.35

20.346~12«!«2

dp

Re,75

1.064S kf

dp
DPr0.33Re0.59

Re.350

E3* F dp«

0.2555Pr1/3Re2/3kf
1

dp

10ks
G21 6~12«!

dp

* In this model,as f was taken similar to model E1 for the purpose of comparis
wheredV54«/as f .
pro-
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three cases namely variable porosity, thermal dispersion
LTNE. A very large body of research works were analyzed a
categorized for each of these areas.

The pertinent works within each area resulting in a true va
ance were selected within each category. The association betw
various models and the pertinent literature is given in Table
This comprehensive analysis resulted in Tables 2, 3, 4, and 5
each of the presented categories. In the discussion of the res
the concentration is placed directly on the variances and me
nisms involved in creating these variances within each categ
The physics of the two fundamental configurations conside
here have been analyzed in detail in Vafai and Kim@3# and Amiri
et al. @54# and will not be considered here.

4.1 Constant Porosity. Table 2 shows three variant mode
related to this category. Again, the corresponding referen
which form the variant models for this category as well as ot
categories are given in Table 1. The velocity and tempera
profiles of the three different models are produced by solving
momentum and energy equations for the fundamental config
tion shown in Fig. 1. As a result of using different variants of t
Forchheimer and Brinkman terms in the momentum equation,
resultant velocity profiles for these models are expected to
different and consequently the heat transfer rate will also di
since the solution of the energy equation depends on the solu
of the momentum equation.

A comprehensive study is performed to show the variatio
between the three different models by comparing the correspo
ing differences in velocity, temperature, and local Nusselt num
distributions. The pertinent controlling parameters used for t
category are porosity, inertia parameter, Darcy number, and R
nolds number. Figures 3–10 present a synthesis of variants fo
models utilized within this category. The variations between
three variant models are found to be more visible in the veloc
profiles which are shown in Figs. 3, 5, 7, and 9. The three mod
have an insignificant effect on the variations for the temperat
and Nusselt number distributions as can be seen in Figs. 3–10
such, the velocity profiles are used for comparing the three var
models within this category. The results reveal that the ine
parameter, porosity and the Darcy number have more a

n,
Fig. 3 Effect of porosity variations on velocity and temperature distributions for the constant
porosity category †LÄ10, DaÄ10À4 and ReHÄ100‡; „a… «Ä0.3, „b… «Ä0.99
Transactions of the ASME
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Fig. 4 Effect of porosity variations on Nusselt number distributions for the constant
porosity category †LÄ10, DaÄ10À4, and ReHÄ100‡; „a… «Ä0.3, „b… «Ä0.99
h

t

for
od-
1 and
e.,
ame
the
nounced effect on the convergence and the divergence of t
models from each other even though the overall variations
relatively very small.

For the case of Darcy numbers corresponding to almost
practical applications, the three models are found to result in
locity and temperature fields which are quite close to each o
nsfer
ese
are

all
ve-
her

for a given porosity or inertia parameter. Figure 5 shows that
a higher inertia parameter, the velocity profiles for the three m
els become closer to each other. It can be seen that models C
C2 become identical when the fluid inertia is negligible, i.
L50. This occurs because models C1 and C2 have the s
Darcy and Brinkman terms which makes them the same when
Fig. 5 Effect of the inertia parameter on velocity and temperature distributions for the constant porosity category
†«Ä0.6, DaÄ10À4, and ReHÄ100‡; „a… LÄ0, „b… LÄ100
MAY 2000, Vol. 122 Õ 307
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Fig. 6 Effect of the inertia parameter on Nusselt number distributions for the constant porosity
category †«Ä0.6, DaÄ10À4, and ReHÄ100‡; „a… LÄ0, „b… LÄ100

Fig. 7 Effect of Darcy number variations on velocity and temperature distributions for the con-
stant porosity category †«Ä0.6, LÄ10, and ReHÄ100‡; „a… DaÄ10À6, „b… DaÄ10À3
22, MAY 2000 Transactions of the ASME
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Fig. 8 Effect of Darcy number variations on Nusselt number distributions for the constant
porosity category †«Ä0.6, LÄ10, and ReHÄ100‡; „a… DaÄ10À6, „b… DaÄ10À3
i

d

n in
arcy,
all

um
um
Forchheimer term is ignored. It is relevant to mention that for h
inertia parameter, the Forchheimer terms for models C2 and
are of the same order of magnitude as the Forchheimer term
model C1, while for low inertia parameters, the difference b
comes more significant. It can be seen that for the case when
porosity of the porous medium approaches unity, the three mo
Transfer
gh
C3
for

e-
the
els

presented in Table 2 overlap and become identical as show
Figs. 3–4. This happens because the presentations of the D
Forchheimer, and Brinkman terms approach the same limit for
the three models when the porosity approaches unity.

It is clear that model C3 results in the thinnest moment
boundary layer while model C1 results in the thickest moment
Fig. 9 Effect of Reynolds Number variations on velocity and temperature distributions for the constant porosity
category †«Ä0.6, LÄ10, and DaÄ10À4

‡; „a… ReHÄ10, „b… ReHÄ1000
MAY 2000, Vol. 122 Õ 309
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Fig. 10 Effect of Reynolds Number variations on Nusselt number distributions for the constant porosity cat-
egory †«Ä0.6, LÄ10, and DaÄ10À4

‡; „a… ReHÄ10, „b… ReHÄ1000
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boundary layer. This can be explained by first realizing that
Darcy terms are the same for the three variant models. Nex
should be noted that models C2 and C3 have similar Forchhe
terms; models C1 and C2 have similar Brinkman terms, wh
models C1 and C3 have different Forchheimer and Brinkm
terms. Therefore, model C2 should fall in between the two ot
models as can be seen in Figs. 3–10. The reason that mode
has the thinnest momentum boundary layer can be explaine
terms of its Brinkman term formation which results in a smal
effective viscosity and a reduction in the shear stress between
fluid layers. On the other hand, model C1 has a smaller Forch
imer term which translates into less inertia than the other
models and as a result, the overall velocities of this model will
smaller. Therefore, the velocity profile for model C3 will appe
as the upper bound; the velocity profile for model C1 will be t
lower bound while model C2 will be in between for any conditio

Figures 3, 5, 7, and 9 show the velocity and temperature p
files for this category. It is clear that using different models ha
substantially less impact on the temperature fields. Likewise,
Nusselt number profiles, as shown in Figs. 4, 6, 8, and 10 re
that the three models result in very close agreements.

4.2 Variable Porosity. Four variant models have bee
found in literature for variable porosity media category as sho
in Table 3. It can be seen that models V2 and V3 have the s
Darcy and Forchheimer terms while the only difference betw
them is the presentation of the Brinkman terms. Models V1 a
V4 have the same Forchheimer term, models V1 and V3 have
same Brinkman term while models V1, V2, and V3 have the sa
formation for the Darcy term. The pertinent parameters in t
category are similar to those used by Vafai@30#. These parameter
are the pressure gradient, the particle diameter, the freest
porosity, and the constantsb andc in Eq. ~4!. Models V2 and V3
Vol. 122, MAY 2000
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are closer to each other due to their similar representations fo
Darcy and Forchheimer terms. On the other hand, models V1
V4 are closer to each other due to similar Forchheimer ter
Figures 11–16 describe a synthesis of variants for the mo
utilized within the variable porosity category. Velocity profile
temperature profiles, and Nusselt number profiles for this categ
are all shown in Figs. 11–16.

It has been shown in the literature~Vafai @30#! that an increase
in the pressure gradient increases the centerline velocity and
creases the dimensionless velocity which is the ratio of the ac
velocity to the centerline velocity. Also, an increase in the pr
sure gradient has been shown to form a thinner thermal boun
layer which leads to a higher Nusselt number. Figure 11 shows
effect of the pressure gradient on these four models for the v
able porosity category. It can be seen that increasing the pres
gradient results in a closer agreement between models V1 and
Increasing the particle diameter causes the channeling effect t
more pronounced due to a reduction in fluid flow resistance n
the solid boundary. These higher velocities increase the conve
energy and form a thinner thermal boundary layer which lead
higher values of Nusselt number~Vafai @30#!. The effect of the
particle diameter on the nature of the four models can be see
Fig. 12. It can be seen that an increase in the particle diam
causes a better agreement between models V1 and V4. The
perature profiles given in Fig. 12 show that an increase in
particle diameter results in closer agreement between all
models for the variable porosity category. This is due to the
velopment of a thinner boundary layer which, in effect, masks
the variants within these four models.

Increasing the porosity causes the Darcy and Forchhei
terms within these models to approach the same limiting for
Figure 13 shows that an increase in the freestream porosity re
Transactions of the ASME
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Fig. 11 Effect of pressure gradient on velocity, temperature and Nusselt number distributions for the
variable porosity category †d pÄ0.008, bÄ0.98, cÄ2.0, «`Ä0.5‡; „a… dp ÕdxÄ746, „b… dp ÕdxÄ2985
a

els.

e
ed in
nt,

t, the
in a better agreement between these four models. That is,
overall difference between these four models diminishes as
freestream porosity increases. The effects of the constantsb andc
were discussed in Vafai@30#. It was found that an increase inb
boosts the porosity near the walls while an increase inc causes
more rapid decaying in the porosity resulting in a faster appro
towards the freestream porosity value. Since increasingb and de-
creasingc increases the overall porosity, this effect is similar
Heat Transfer
the
the

ch

to

increasing the freestream porosity. Therefore, increasingb and
decreasingc creates a better agreement between these mod
Figure 14 shows the effect of the constantc while Fig. 15 shows
the effect of the constantb on the velocity profiles. A worse-cas
scenario for the divergence between these models is present
Fig. 16 by combining the effects of a lower pressure gradie
lower freestream porosity, and smallerb and largerc, all of which
enlarge the divergence between these four models. In contras
Fig. 12 Effect of particle diameter on velocity, temperature, and Nusselt number distribu-
tions for the variable porosity category †dp ÕdxÄ1493, bÄ0.98, cÄ2.0, «`Ä0.5‡; „a… d p
Ä0.004, „b… d pÄ0.016
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Fig. 13 Effect of freestream porosity on velocity, temperature, and Nusselt number distribu-
tions for the variable porosity category †dp ÕdxÄ1493, d pÄ0.008, bÄ0.98, cÄ2.0‡; „a… «`

Ä0.4, „b… «`Ä0.45
n

e

to
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ger
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dels
ls.
effects of a higher pressure gradient, larger particle diame
higher freestream porosity, largerb and smallerc, create a closer
agreement between these four models, as seen in Fig. 16.

In general, models V2 and V3 result in velocity distributio
which are quite close to each other except at the peak where
has a higher peak than model V3. This happens because mod
, MAY 2000
ter,

s
V2
l V2

has a lower effective viscosity than model V3 which translates
a lower resistance to fluid flow and consequently a higher peak
general, models V1 and V4 are more similar and result in a lar
freestream velocity when compared to models V2 and V3. T
occurs because the Forchheimer term for the V2 and V3 mo
are larger than the corresponding one in the V1 and V4 mode
Fig. 14 Effect of constant c on velocity, temperature, and Nusselt number distributions for the vari-
able porosity category †dp ÕdxÄ1493, d pÄ0.008, bÄ0.98, «`Ä0.5‡; „a… cÄ1.0, „b… cÄ5.0
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Fig. 15 Effect of constant b on velocity, temperature, and Nusselt number distributions for the
variable porosity category †dp ÕdxÄ1493, d pÄ0.008, cÄ2.0, «`Ä0.5‡; „a… bÄ0.2, „b… bÄ0.6

Fig. 16 Velocity, temperature, and Nusselt number distributions for the variable porosity
category „a… dp ÕdxÄ746, d pÄ0.008, bÄ0.2, cÄ5.0, «`Ä0.4; „b… dp ÕdxÄ2985, d pÄ0.016, b
Ä0.98, cÄ1.0, «`Ä0.5
y
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4.3 Thermal Dispersion. The effect of thermal dispersion
has been studied by a number of researchers in the past few
and has been shown to enhance the heat transfer process.
studies have tried to correlate the experimental data to a form
tion for the thermal dispersion conductivity or diffusivity. A de
tailed analysis of the research works in this area reveals the e
t Transfer
ears
hese

ula-
-
xis-

tence of five pertinent models as displayed in Table 4. The pre
section considers the effects of using these five variant models
the transverse thermal dispersion conductivity on the trans
processes in porous media. For this category, a constant por
assumption was invoked since the variable porosity category
analyzed earlier.
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Fig. 17 Effect of porosity variations on temperature and Nusselt number distributions for the
thermal dispersion category †«Ä1Õ3.5, LÄ10, DaÄ10À4, RepÄ100, and d pÄ0.008‡
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D1,
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Figures 17–24 present the effect of variations within the m
els utilized for the thermal dispersion category. Models D1 a
D2 will be identical when the porosity equals 1/3.5 while mod
D1 and D4 will be identical when the porosity equals 0.27. Mo
over, models D2 and D4 will be the same if the porosity of t
porous medium is 0.25 as indicated in Fig. 19. In the pres
investigation,g50.1 was used for model D1,g50.04 was used
for model D2, andg50.17 and w51.5 were used for model D3. I
is easier to observe the differences between models D1, D2,
D4. However, models D3 and D5 have different structures req
, MAY 2000
d-
nd
ls
e-
e

ent

and
ir-

ing a more careful set of comparisons. A comprehensive num
cal study was performed to analyze the variances between the
cited models.

The effects of porosity, inertia parameter, Darcy number, R
nolds number, and the particle diameter on the variances wi
the thermal dispersion category are best illustrated in terms
their effects on the temperature and the local Nusselt number
files. Changing the porosity has a significant effect on models
D2, and D4, while changing the Darcy number has a greater
pact on model D5 since the permeability is directly a function
Fig. 18 Effect of porosity variations on temperature and Nusselt number distributions for the
thermal dispersion category †«Ä0.27, LÄ10, DaÄ10À4, RepÄ100, and d pÄ0.008‡
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Fig. 19 Effect of porosity variations on temperature and Nusselt number distributions for the thermal
dispersion category †«Ä0.25, LÄ10, DaÄ10À4, RepÄ100, and d pÄ0.008‡
t
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en
the Darcy number. In general, model D3 has the thinnest ther
boundary layer while model D1 has the thickest boundary lay
Figures 17–20 show the effect of porosity on the tempera
profiles and the Nusselt number profiles for the five dispers
models. It can be seen that models D1, D2, and D4 are affecte
changing the porosity while the effect of porosity on models
and D5 is insignificant. The effect of the inertia parameterL is
shown in Fig. 21, it can be seen that an increase in the ine
parameter causes a reduction in the disparity between the
eat Transfer
mal
er.
ure
ion
d by

3

rtia
five

models without changing the orders. This happens because
inertia parameter affects the velocity distribution and con
quently affects the temperature and Nusselt number profiles. S
a velocity term appears in the expressions for the dispersion
ductivity in all the five models, a change in the inertia parame
has an effect of the same order on the thermal dispersion for a
the five variant models.

As mentioned above, the Darcy number has a significant ef
on model D5. This effect is shown in Fig. 22. Also, it can be se
Fig. 20 Effect of porosity variations on temperature and Nusselt number distributions for the
thermal dispersion category †LÄ10, DaÄ10À4, RepÄ100, and d pÄ0.008‡; „a… «Ä0.6, „b… «Ä0.9
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Fig. 21 Effect of inertia parameter variations on temperature and Nusselt number distributions for
the thermal dispersion category †«Ä0.6, DaÄ10À4, RepÄ100, and d pÄ0.008‡; „a… LÄ0, „b… LÄ100

Fig. 22 Effect of Darcy number variations on temperature and Nusselt number distributions for the ther-
mal dispersion category †«Ä0.6, LÄ10, RepÄ100, and d pÄ0.008‡; „a… DaÄ10À7, „b… DaÄ10À3
l. 122, MAY 2000 Transactions of the ASME
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Fig. 23 Effect of Reynolds number variations on temperature and Nusselt number distributions for the
thermal dispersion category †«Ä0.6, LÄ10, DaÄ10À6, and d pÄ0.008‡; „a… RepÄ10, „b… RepÄ1000
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that an increase in the Darcy number, which is equivalent to
increase in the permeability, increases the thermal dispersion
ductivity of model D5. The effect of increasing the Reynol
number on the thickness of the thermal boundary layers is sh
in Fig. 23. Figure 23 shows the effect of Reynolds number on
Nusselt number distribution for the five dispersion models. It c
be seen that at low Reynolds numbers model D3 establishes
Heat Transfer
an
on-
s
wn

the
an
the

lower bound for the heat transfer rate, while models D1 and
establish the upper bound. However, at high Reynolds numb
models D1 and D2 establish the lower bound for the heat tran
rates. Finally, the effect of the particle diameter is found to
significant only for the first four models. This is due to the a
pearance of the particle diameter in the expressions for the t
mal dispersion conductivity for these models. It can be seen fr
Fig. 24 Effect of particle diameter variations on temperature and Nusselt number
distributions for the thermal dispersion category «Ä0.6, LÄ10, DaÄ10À6, and Rep
Ä100; „a… d pÄ0.004, „b… d pÄ0.016
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Fig. 24 that model D5 is almost unaffected by changing
particle diameter while the other four models are significan
affected. Increasing the particle diameter enhances the the
dispersion conductivity and consequently increases the heat t
fer rate by causing a formation of a thinner thermal bound
layer.

4.4 Local Thermal Nonequilibrium. Table 5 shows three
variant models for the fluid to solid heat transfer coefficienths f
and for the specific surface area of the packed bedas f , corre-
sponding to the pertinent investigations in the LTNE area. T
effects of porosity, inertia parameter, Darcy number, Reyno
number, particle diameter, and ratio of fluid-to-solid conducti
ties on temperature and Nusselt number profiles for the mo
shown in Table 5 are analyzed.

Effects of porosity, inertia parameter, Darcy number, Reyno
number, particle diameter, and solid-to-fluid thermal conductiv
318 Õ Vol. 122, MAY 2000
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changes on variances among these models are shown in
25–31. Porosity is expected to have an effect on the tempera
distribution since a porosity term appears inas f for all the three
models. Figure 25 shows the effect of porosity on the tempera
distributions as well as the Nusselt number distributions for t
category. The higher the porosity the smaller the variances am
the three models. At low porosities models E2 and E3 are clo
to each other. It is clear from the temperature profiles that
effect of the inertia parameter has an insignificant effect on
order of the thermal boundary layer for these models. Howeve
lower inertia parameter results in a closer agreement among
three models. Figure 26 shows the effect of the inertia param
on the Nusselt number profiles. It is also found that the Da
number also has an insignificant effect on the results. Howe
higher Darcy numbers cause slightly closer agreement among
models as seen in Fig. 27.
Fig. 25 Effect of porosity variations on temperature and Nusselt number distributions for the
LTNE category †LÄ10, DaÄ10À4, RePÄ100, d PÄ0.008, k s Õk fÄ25‡; „a… «Ä0.3, „b… «Ä0.6
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Fig. 26 Effect of inertia parameter variations on temperature and Nusselt number distributions
for the LTNE category †«Ä0.6, DaÄ10À4, RePÄ100, d PÄ0.008, k s Õk fÄ25‡; „a… LÄ0, „b… LÄ100
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The Reynolds number is found to have a substantial effec
the variances among the three models. For higher Reynolds n
bers the temperature profiles as well as Nusselt number dist
tions for the three models become closer to each other as show
Fig. 28. The particle diameter appears in the expressions forhs f
andas f within all of the three models. Therefore, the effect of t
particle diameter is expected to be critical. Smaller particle dia
eters encourage the LTE in models E1 and E3 while minimiz
the variances among the three models. Larger particle diam
enhance the LTNE in models E1 and E3 while increasing
variances among the three models as seen in Fig. 29.

It should be noted that the thermal conductivities of the so
and fluid appear in the relationship forhs f for model E3 while
only the fluid phase conductivity appears in thehs f equation for
t Transfer
on
um-
ibu-
n in

e
m-
ng
ters

the

lid

models E1 and E2. As such, the solid to fluid thermal conductiv
ratio will have a significant effect on the variances among
three models. As seen in Fig. 30, a lower conductivity ratio e
hances the LTE and reduces the variances among the three
els. Figure 31 demonstrates two extreme conditions. In Fig. 31~a!,
all of the three models tend to be in local thermal equilibrium w
very little variances among them, thus resulting in almost a sin
temperature profile. On the other hand, Fig. 31~b! shows condi-
tions under which the LTNE as well as variances among the th
models are substantially enhanced.

Recent investigations have made it possible to look at so
additional physical effects regarding the thermal nonequilibriu
As such the works by Lee and Vafai@61# and Kuznetsov
@62,58,63# can be cited. For example, in Kuznetsov@62–63# it
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Fig. 27 Effect of Darcy number variations on temperature and Nusselt number distributions for the LTNE
category †«Ä0.6, LÄ10, RePÄ100, d PÄ0.008, k s Õk fÄ25‡; „a… DaÄ10À8

„b… DaÄ10À3
was shown that the temperature difference between the fluid
solid phases in forced convection flow through porous packed
forms a wave whose amplitude is decreasing while propaga
downstream.

A useful set of correlations for conversion of different mode
within each category is provided as follows.

NuC250.9998 NuC110.23«21.173L0.2812Da0.5357ReH
0.0636 (11)

NuC350.0002 NuC110.3664«21.2582Da0.45ReH
0.1788 (12)
l. 122, MAY 2000
and
bed
ting
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NuV2523.92711.2366 NuV1S dp

dxD
20.0041051

3dp
0.0092769~«`!0.1534b0.0348c20.0218 (13)

NuV3524.644711.2441 NuV1S dp

dxD
20.005978

3dp
0.0058872~«`!0.1621b0.0363c20.0228 (14)
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Fig. 28 Effect of Reynolds number variations on temperature and Nusselt number distributions for the
LTNE category †«Ä0.6, LÄ10, DaÄ10À4, d PÄ0.008, k s Õk fÄ25‡; „a… RePÄ10, „b… RePÄ1000
NuV454.735810.9921 NuV1S dp

dxD
0.0125

3dp
0.0152~«`!0.0578b0.0253c20.01 (15)

NuD254.812610.9898~4.81321NuD1!
0.9983

10.9581«0.0634L1.0442Da0.7976Rep
1.2389dp

0.9967NuD1
1.0593 (16)
Heat Transfer
NuD3529.536910.3445«0.2447~61.42491L!0.1497Da20.1152

3Rep
0.511dp

20.2456NuD1
0.2314 (17)

NuD4545.846710.8801 NuD1
0.998310.721«20.3152L0.8653

3Da0.7076Rep
1.3521dp

1.05NuD1
1.0548 (18)
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Fig. 29 Effect of particle diameter variations on temperature and Nusselt number distributions for the
LTNE category †«Ä0.6, LÄ10, DaÄ10À4, RePÄ100, k s Õk fÄ25‡; „a… d PÄ0.004, „b… d PÄ0.016
NuD55271.219510.137«0.2971~389.02531L!0.4933

3Da20.0354Rep
0.3744dp

20.3873NuD1
0.2098 (19)

NuE2f52.426211.2043~NuE1f !
0.815210.7792«0.2.2892L0.0485

3Da0.1749Rep
0.1567dp

20.0531S ks

kf
D 20.4402

~NuE1f !
1.268 (20)
122, MAY 2000
NuE3f5277.564210.2554~NuE1f !
1.1645

181.2051«0.5343~0.35761L!0.0139Da20.0201

3Rep
0.1605dp

0.0328S ks

kf
D 20.0019348

(21)
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Fig. 30 Effect of solid-to-fluid thermal conductivity ratio variations on temperature and Nusselt number
distributions for the LTNE category †«Ä0.6, LÄ10, DaÄ10À4, RePÄ100, d PÄ0.008‡; „a… k s Õk fÄ5, „b…
k s Õk fÄ50
NuE2s5210.536211.7505~NuE1s!
0.8054

10.0515«1.469Da0.0187Rep
20.3453

3dp
0.6346S ks

kf
D 0.3848

~NuE1s!
2.2807 (22)
Heat Transfer
NuE2s529.56610.7751~NuE1s!
0.9753128.018«1.6719

3~0.04631L!0.0154Da20.011Rep
0.7615dp

21.1829S ks

kf
D 20.6435

3~NuE1s!
21.5 (23)
MAY 2000, Vol. 122 Õ 323



324 Õ Vo
Fig. 31 Temperature and Nusselt number distributions for the LTNE category; „a… «Ä0.9, LÄ0, Da
Ä10À3, RePÄ1000, d PÄ0.004, k s Õk fÄ5, „b… «Ä0.3, LÄ100, DaÄ10À8, RePÄ100, d PÄ0.016, k s Õk fÄ50
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Equations~11! and~12! convert the results from models C2 an
C3 to model C1 for the constant porosity category. Equati
~13!, ~14! and ~15! convert the results from models V2, V3, an
V4 to model V1 for the variable porosity category. Equatio
~16!, ~17!, ~18!, and~19! convert the results from models D2, D3
D4, and D5 to model D1 for the thermal dispersion catego
Finally, Eqs.~20!, ~21!, ~22!, and ~23! convert the results from
models E2 and E3 to model E1 for the local thermal nonequi
rium category.
l. 122, MAY 2000
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5 Conclusions

A comprehensive comparative study of the models for transp
processes through a porous medium was performed. Four m
categories namely constant porosity, variable porosity, ther
dispersion, and local thermal nonequilibrium were analyzed
detail. The main objective of the present study was to analyze
variances among these models within each category. The re
of this investigation systematically quantify and characterize
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effects of the pertinent controlling parameters on the varian
among different models. It is shown that for some cases the v
ances within different models have a negligible effect on the
sults, while for some cases the variations can become signific
In general, the variances have a more pronounced effect on
velocity field and a substantially smaller effect on the tempera
field and Nusselt number distribution.

The variants among models for the constant porosity and
variable porosity categories are generally small and are an
pated to be well within experimental uncertainties. As such, th
models can be considered to have negligible variances amo
them. On the other hand, the variants among models for the t
mal dispersion category are found to be more pronounced.
small porosities, models D1, D2, and D4 are close to each o
while for large porosities, models D2, D3, D4, and D5 are close
each other. For small inertia parameters, model D1 and D4
found to be close to each other while for large inertia paramet
models D1 and D5 are closer to each other. For low Reyno
numbers, models D3 and D5 are close to each other. For s
particle diameters, models D1, D4, and D5 are found to be clo
to each other. Finally, the variants among models for the lo
thermal nonequilibrium category are not substantial and are g
erally more pronounced within the entry region and well with
experimental uncertainties. However, model E1 differs from m
els E2 and E3 for the cases of small porosities and low Reyn
numbers. It should be noted that a detailed analysis of diffe
types of interfacial conditions between a porous medium an
fluid layer was also recently investigated by Alazmi and Va
@64#.

Nomenclature

as f 5 specific surface area of the packed bed, m21

b, c 5 porosity variation parameters, Eq.~4!
Cp 5 specific heat at constant pressure, J kg21 K21

dp 5 particle diameter, m
dv 5 parameter defined in Table 5
Da 5 Darcy number,K/H2

F 5 geometric function defined in Eq.~3!
hs f 5 fluid-to-solid heat transfer coefficient, W m22 K21

H 5 half the height of the packed bed, m
k 5 thermal conductivity, W m21 K21

K 5 permeability, m2

L 5 length of the packed bed, m
Nu 5 local Nusselt number,hDh /keff
Nu 5 average Nusselt number
Pe 5 Peclet number,ucdp /a f
Pr 5 Prandtl number,m CP f /kf

ReH 5 Reynolds number,ucH/n
Rep 5 particle Reynolds number,ucdp /n

T 5 temperature, K
u 5 velocity in x-direction, m s21

U 5 nondimensional velocity,u/uc
x, y 5 Cartesian coordinates, m

X, Y 5 nondimensional coordinates,x/H andy/H

Greek Symbols

a 5 thermal diffusivity, m2 s21

g 5 dispersion coefficient parameter
« 5 porosity
L 5 inertia parameter,«3/2Fu`H/n f
m 5 kinematics viscosity, kg m21 s21

n 5 dynamic viscosity, m2 s21

u 5 dimensionless temperature, (Tw2T)/(Tw2Te)
Q 5 dimensionless temperature,h(Tw2T)/qw

Subscripts

c 5 convective component
d 5 dispersion
e 5 inlet
Journal of Heat Transfer
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eff 5 effective property
f 5 fluid
s 5 solid

w 5 wall
` 5 freestream
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