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Media
Characteristics of momentum and energy transport for free surface flows through po
media are explored in this study. Effects of variable porosity and an impermeable bo
ary on the free surface front are analyzed. In addition, effects of thermal dispersion
local thermal nonequilibrium (LTNE) are also analyzed. Pertinent parameters suc
porosity, Darcy number, inertia parameter, Reynolds number, particle diameter, and s
to-fluid conductivity ratio are used to investigate the significance of the above ment
effects. Results show that considering the effect of variable porosity is significant o
the neighborhood of the solid boundary. The range of parameters which enhanc
dispersion and LTNE effects are prescribed. Finally, it is shown that adding the effe
thermal dispersion to LTNE increases the sensitivity of LTNE between the two ph
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1 Introduction
Incompressible free surface fluid flow in porous media has b

the subject of many studies in the last few decades because
importance in many applications such as geophysics, die fill
metal processing, agricultural and industrial water distribution,
recovery techniques, and injection molding. One of the earl
studies in this field was performed by Muskat@1# who considered
a one-dimensional Darcy’s flow model to analyze the linear
croachment of two fluids in a narrow channel. Recently, an a
lytical solution for linear encroachment in two immiscible fluid
in a porous medium was presented in Srinivasan and Vafai@2#.
They obtained a closed form solution, for the temporal free s
face fluid front, that accounts for boundary and inertia effec
Their results show that for higher permeabilities Muskat’s mo
underestimates the total time needed for the encroaching flu
reach the end of the channel. Furthermore, they show that im
menting their analytical solution is essential for cases of low m
bility ratios.

Later on, Chen and Vafai@3# investigated the free surface tran
port through porous media numerically using the Marker and C
method. They extended the study of Srinivasan and Vafai@2# to
include free surface energy transport in their investigation. A
other study performed by Chen and Vafai@4# considered interfa-
cial tension effects on the free surface transport in porous me
Their results show that surface tension can be neglected for
Reynolds number flows.

Additional effects such as variable porosity, thermal dispers
and LTNE have been shown to be quite significant for a num
of practical situations and were not studied in the earlier rela
works @1–4#. Vafai @5,6# and Vafai et al.@7# investigated analyti-
cally and experimentally the effect of variable porosity on flu
flow and heat transfer in porous media. It has been shown tha
channeling effect can be significant at the neighborhood of s
boundaries. Several other studies considered the effect of the
dispersion in porous media such as Amiri and Vafai@8#, Hwang
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et al.@9#. It is found that ignoring the effect of thermal dispersio
might lead to inaccurate predictions of heat transfer for so
practical applications. The assumption of local thermal equi
rium between the solid and fluid phases is not valid for so
engineering applications where temperature discrepancies
between the phases. LTNE in porous media has been investig
by many researchers such as Lee and Vafai@10#, Quintard and
Whitaker @11# and Quintard et al.@12#. Quintard and Whitaker
@13# analyzed the mass flux boundary condition at a moving flu
fluid interface. Their analysis suggests a mass jump condition
a singular surface at the moving boundary which depends on
concentration at the interface. Recently, the same authors@14#
have considered the problem of dissolution of an immobile ph
caused by mass transfer to a second phase which genera
moving free surface between the two phases. In@13,14#, a general
shape of the free surface front is used in the analysis to derive
volume averaged governing equations and boundary conditi
However, it is practically reasonable to assume a flat free sur
at the interface of the two phases. Therefore, the main objectiv
this study is to investigate the effects of variable porosity, therm
dispersion and LTNE on the free surface fluid flow and heat tra
fer through porous media.

2 Analysis
Geometry and Physical properties are chosen to be simila

those given in previous related studies@2,3# for the purpose of
comparison. Description of the system under consideration
shown in Fig. 1. The volume-averaged governing equations
given as@15# follows:

Continuity Equation.

¹•^V&50 (1)

Momentum Equation.

r f

«
^~V¹!V&52

m f

K
^V&2

r fF«

AK
@^V&^V&#J1

m f

«
¹2^V&2¹^P& f

(2)
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Fluid Phase and Solid Phase Energy Equations†8‡.

^r f&
fcf^V&¹^Tf&

f5¹~kf eff¹^Tf&
f !1hs fas f~^Ts&

s2^Tf&
f !

(3)

05¹~ks eff¹^Ts&
s!2hs fas f~^Ts&

s2^Tf&
f ! (4)

The fluid-to-solid heat transfer coefficient and the specific surf
area are expressed as@8#

hs f5
kf

dp
F211.1Pr1/3S r fudp

m f
D 0.6G (5)

Fig. 1 Schematic diagram of the free surface front and the
corresponding coordinate system

Fig. 2 Comparison between the present results and the nu-
merical results in Chen and Vafai †3‡: „a… temporal free surface
distribution using constant Darcy number; and „b… temperature
contours for Re kÄ5.72Ã10À4, DaÄ1.0Ã10À6 at tÄ0.5 s
390 Õ Vol. 126, JUNE 2004
ce

as f5
6~12«!

dp
(6)

Effective conductivities of both phases are defined as

kf eff5«kf (7)

ks eff5~12«!ks (8)

When effects of thermal dispersion are present, axial and lat
effective conductivities of the fluid phase can be represented
spectively, as@8#

~kf eff!x5F«10.5PrS r fudp

m D Gkf (9)

~kf eff!y5F«10.1PrS r fudp

m D Gkf (10)

Furthermore, when variation of porosity near the impermea
boundaries is present, porosity, permeability and the geome
function F may be expressed as@5,6#

«5«`F11b expS 2cy

dp
D G (11)

K5
«3dp

2

150~12«!
(12)

Fig. 3 Progress of the interfacial front for „a… constant poros-
ity category with Da Ä1.0Ã10À6, «Ä0.8, LÄ10.0, and ReÄ100;
and „b… variable porosity category with «`Ä0.45, bÄ0.98, c
Ä2.0, ReÄ100, and d P ÕHÄ0.05
Transactions of the ASME
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A150«3
(13)

Results are presented in terms of the average Nusselt num
(Nuf andNus). Local Nusselt numbers for both phases are@8#

Nuf52
4H

^Tf&w
f 2^Tf&m

f S ]^Tf&
f

]y D
y50

(14)

Nus52
4H

^Ts&w
s 2^Ts&m

s S ]^Ts&
s

]y D
y50

(15)

where^Tf&m
f and ^Ts&m

s are the volume averaged mean fluid a
solid temperatures, respectively.

As mentioned earlier, boundary and initial conditions are tak
exactly similar to previous studies@2,3#.

Initial Condition.

At t50, u5v50, and T5T` (16)

Boundary Conditions.

At x50, p5pe , v50, T5Te (17)

At x5x0 , p5p` ,
]u

]x
50, 2keff

]T

]x
5h~T2T`!

(18)

Fig. 4 Effect of Darcy number for the constant porosity cat-
egory using LÄ10.0, ReÄ100 and «Ä0.8 on „a… the temporal
free surface front; and „b… the total time to reach the channel
exit „tmax…
Journal of Heat Transfer
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At y50,2H, u5v50, T5Tw (19)

It is possible to compare the present numerical results to
modified analytical solution given in@3#. The modified analytical
solution in @3# is presented in terms of the driven fluid physic
properties. However, it is more appropriate to express the solu
in terms of the encroaching fluid physical properties. Also,
order to compare the numerical results to the analytical results
assumed that the viscosity of the driven fluid is smaller for t
comparison than the viscosity of the encroaching fluid. As su
the modified analytical solution is re-written in a simpler form

x0

L
5

2v1AFv1~12v!S xi

L D G2

1~12v!
2K2Dp

«m2L2
t

~12v!
(20)

The above equation, Eq.~20!, is only a rearranged format of th
solution given in@3# and the new mobility ratio~v! is the inverse
of the one defined in@3#. The present mobility ratio, which is
assumed to have a very small value, is defined as

v5
m1

m2
(21)

Based on the appearance of Eq.~20!, we also define a dimension
less time~t! as

t5gt (22)

where

Fig. 5 Effect of Inertia parameter for the constant porosity cat-
egory using «Ä0.8, DaÄ1.0Ã10À6 and ReÄ100: „a… On the tem-
poral free surface front; and „b… On the total time to reach the
channel exit „tmax…
JUNE 2004, Vol. 126 Õ 391
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«m2L2
(23)

In the above equation, the pressure difference is calculated
cording to the relation given in Vafai and Kim@16#. Permeability
is related to the Darcy number for the constant porosity categ
while it can be calculated using Eq.~12! for the variable porosity
category. Water is considered as the encroaching fluid in
present study.

3 Numerical Solution
Variable grids in they-direction and constant grids in th

x-direction were implemented in the prediction of the flow a
temperature fields. Mesh refinements in the vicinity of the f
surface front were also applied. This procedure is called inter
capturing technique~ICT!. It is similar to the one given in Shari
and Wiberg@17#. However, the finite difference method is used
the present study instead of the finite element method used in@17#.
ICT eliminates the need for interpolations and extrapolations
the process of predicting the velocity and temperature fields. S
all the nodes coincide with the free surface, the two coupled
ergy equations are solved using the alternating direction imp
~ADI ! method. An iterative solution is required since the two e
ergy equations are coupled.

The requirement that the variation of velocity and temperat
distributions is less than 1026 between any two consecutive itera
tions is employed as the criterion for convergence. Numerical

Fig. 6 Effect of Reynolds number for the constant porosity
category using «Ä0.8, DaÄ1.0Ã10À6 and LÄ10.0: „a… the tem-
poral free surface front; and „b… the total time to reach the chan-
nel exit „tmax…
392 Õ Vol. 126, JUNE 2004
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periments were performed to assure grid independent result
grid size of 2013501 was found to provide grid independent r
sults. Due to the presence of symmetry and in order to sav
considerable amount of CPU time, numerical computations w
performed for the lower half of the physical domain.

In order to verify the accuracy of the present numerical resu
comparisons with previous analytical and numerical results
presented in Fig. 2. Figure 2~a! shows comparison between th
present numerical results and the modified analytical solution,
ing a mobility ratio value of zero~v50!, for the free surface front
position. Inputs used to generate Fig. 2~a! were taken to be the
same as the ones given in~Fig. 4 of Chen and Vafai@3#!. The same
is done in Fig. 2~b! which displays the comparison between t
current numerical temperature distributions and previous co
sponding results in Chen and Vafai@3#. Excellent agreement is
found between the present numerical results and results give
Chen and Vafai@3#. Note that the analytical solution given in@2#
has been revised by Vafai and Alazmi@18#. They identified some
typos in the analytical solution@2# and formulated a modified
accurate analytical solution for the problem of linear encroa
ment in two immiscible fluid systems in a porous medium.

Numerical accuracy for results of velocity, temperature and
average Nusselt number~Nu! was assessed by varying the co
vergence criteria and the mesh size of the computational dom
Changing the convergence criterion from the utilized value
1026 to 1028 always results in a deviation less than 0.5%, 0.2
and 0.1% in velocity, temperature and Nu results respectively.
the other hand, mesh refinements of 40131001 are found to cause

Fig. 7 Effect of Reynolds number for the variable porosity cat-
egory using «`Ä0.45, bÄ0.98, cÄ2.0, and d P ÕHÄ0.05 on „a…
the temporal free surface front; and „b… the total time to reach
the channel exit „tmax…
Transactions of the ASME
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the results of velocity, temperature and Nu to deviate from th
of the utilized mesh size of 2013501 by less than 0.8%, 0.3%
and 0.2%, respectively.

4 Results and Discussion
To show the effect of utilizing the constant porosity assum

tion, results for both constant and variable porosity will be d
cussed here. Figure 3~a! shows the progress of the interfacial fro
using constant porosity as a function of time while Fig. 3~b!
shows the same using variable porosity. For both cases the flo
assumed to have the same initial position. However, the deve
ment of the variable porosity flow is different than the one us
constant porosity. It is evident that the effect of variable poros
which is the case for a number of engineering applications
more prominent in the neighborhood of the solid boundary. T
phenomenon is called the channeling effect which was discu
in detail in @5–6# and will not be discussed here. Our goal here
to analyze the effects of pertinent parameters such as poro
Darcy number and Reynolds number on the residence time,tmax,
for the encroaching fluid under both constant and variable po
ity conditions.

4.1 Constant Porosity. For the constant porosity categor
the reference value of dimensionless timet is based on the choice
of intermediate values for the pertinent parameters. These r
ence values are 0.8 for the porosity, 1026 for the Darcy number,
100 for the Reynolds number and 10 for the inertia parameter.
a wide range of Darcy number values, 10210 to 1026 in the

Fig. 8 Effect of particle diameter for the variable porosity cat-
egory using «`Ä0.45, bÄ0.98, cÄ2.0, and ReÄ100 on „a… the
temporal free surface front; and „b… the total time to reach the
channel exit „tmax…
Journal of Heat Transfer
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present study, it is found that the requiredtmax to reach the end of
the channel is almost the same. However, higher Darcy num
allow the fluid to reach the end of the channel in a shorter time
shown in Fig. 4. Effect of inertia parameter~L! on the temporal
free surface front location is displayed in Fig. 5. It is found th
the inertia parameter has less influence on the results when o
parameters are fixed. The inertia parameter andtmax show an in-
versely linear proportional relation as shown in Fig. 5~b!. As ex-
pected, Reynolds number has the most significant effect on
progress of the free surface front. Its effect is shown in Fig
where higher Reynolds numbers require significantly shorter t
for the fluid to reach the end of the channel.

Fig. 9 Temporal dimensionless temperature profiles including
thermal dispersion effects, «Ä0.8, DaÄ10À6, ReÄ100, LÄ10,
kÄ15.0, and d P ÕHÄ0.05: „a… tÄ0.25, „b… tÄ0.5, and „c… tÄtmax
JUNE 2004, Vol. 126 Õ 393
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4.2 Variable Porosity. For the variable porosity category
the reference value of dimensionless timet is also based on the
choice of intermediate values for the pertinent parameters. T
reference values are 0.45 for the free stream porosity, 100 for
Reynolds number, and 0.05 for ratio of particle diameter to ch
nel height. As mentioned earlier, permeability, Darcy number,
geometric function~F! and pressure gradient depend on the cho
of the pertinent parameters for the variable porosity category.
found that parameters~b! and ~c! in Eq. ~11! affect the velocity

Fig. 10 Temporal dimensionless temperature profiles exclud-
ing thermal dispersion effects, «Ä0.8, DaÄ10À6, ReÄ100,
LÄ10, kÄ15.0, and d P ÕHÄ0.05: „a… tÄ0.25, „b… tÄ0.5, and „c…
tÄtmax
394 Õ Vol. 126, JUNE 2004
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profile but have insignificant effect on the location of the fr
surface front. Typical values for parameters~b! and ~c! are as-
sumed based on a previous study@5#.

Results of the effect of the Reynolds number in Fig. 7 for t
variable porosity category and for the constant porosity categ
given in Fig. 6 reveal that the general behavior of the relat
between the free surface position and Reynolds number is
affected by introducing the effect of variable porosity. Partic
diameter appears in the expressions for the variable porosity~Eq.
11! and the permeability expression~Eq. 12!. It is found that

Fig. 11 Effect of porosity for the thermal dispersion category
using Da Ä10À6, ReÄ100, LÄ10, kÄ15.0, and d P ÕHÄ0.05 on „a…
dimensionless temperature profiles using «Ä0.7, „b… dimen-
sionless temperature profiles using «Ä0.9, and „c… total Nusselt
number
Transactions of the ASME
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changing the particle diameter has an insignificant effect on
results. However, the influence of changing the particle diam
on the permeability is more significant. Particle diameter affe
the value of Darcy number through the definition of permeabil
Therefore, it is reasonable to compare the results of Fig. 8 for
particle diameter and the ones in Fig. 4 for the effects of variati
in the Darcy number. The effect of Darcy number in Fig. 4 for t
constant porosity category is more pronounced than the effec
variations in the particle diameter given in Fig. 8 for the variab
porosity category.

Fig. 12 Effect of Darcy number for the thermal dispersion cat-
egory using «Ä0.8, ReÄ100, LÄ10, kÄ15.0, and d P ÕHÄ0.05 on
„a… dimensionless temperature profiles using Da Ä10À4, „b… di-
mensionless temperature profiles using Da Ä10À8, and „c… total
Nusselt number
Journal of Heat Transfer
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4.3 Thermal Dispersion. The effect of thermal dispersion
on the thermal characteristics of the free surface are analyze
this section. Thermal equilibrium between the two phases is
sumed. Introducing the effect of thermal dispersion in the ene
equation in general favors conduction over convection. In ot
words, supplementing dispersion effects to the energy equa
gives thermal conduction more dominance. This can be seen
comparing the temporal dimensionless temperature profiles
Figs. 9 and 10. Figure 9 illustrates the development of the te
perature field with time with thermal dispersion effects includ

Fig. 13 Effect of Reynolds number for the thermal dispersion
category using «Ä0.8 DaÄ10À6, LÄ10, kÄ15.0, and d P ÕH
Ä0.05 on „a… dimensionless temperature profiles using Re Ä50,
„b… dimensionless temperature profiles using Re Ä150, and „c…
total Nusselt number
JUNE 2004, Vol. 126 Õ 395
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while Fig. 10 shows the same with thermal dispersion effects
cluded while all other input parameters are kept the same.
found that the total time taken to reach the end of the chann
the same for both cases.

Temperature contours and average Nusselt number curve
different values of porosity are shown in Fig. 11. It can be se
that higher porosity allows further thermal penetration of the
croaching fluid into the channel. Also, higher porosities result
higher Nusselt numbers as shown in Fig. 11~c!. In addition, the
difference between the two Nusselt numbers~with and without

Fig. 14 Effect of particle diameter for the thermal dispersion
category using «Ä0.8 DaÄ10À6, ReÄ100, LÄ10, and kÄ15.0 on
„a… dimensionless temperature profiles using d P ÕHÄ0.01, „b…
dimensionless temperature profiles using d P ÕHÄ0.1, and „c…
total Nusselt number
396 Õ Vol. 126, JUNE 2004
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dispersion! widens as porosity increases. Therefore, effect of th
mal dispersion becomes more pronounced at higher porositie

Temperature contours for relatively small and larger Da
numbers are quite similar as seen in Figs. 12~a! and 12~b!. Overall
heat transfer characteristics are almost unaffected. The two N
selt numbers, with and without the effect of dispersion, are alm
the same for different Darcy numbers as shown in Fig. 12~c!.
However, both curves show a slight decrease as Da incre
while keeping the same difference. Therefore, effect of Da
number with the presence of thermal dispersion is relatively

Fig. 15 Effect of solid-to-fluid thermal conductivity ratio, k, for
the thermal dispersion category using «Ä0.8 DaÄ10À6, Re
Ä100, LÄ10, and d P ÕHÄ0.05 on „a… dimensionless temperature
profiles using kÄ5.0, „b… dimensionless temperature profiles
using kÄ30.0, and „c… total Nusselt number
Transactions of the ASME
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significant. Inertial parameter variation were also found to have
insignificant effect on the temperature distributions.

Effect of Reynolds number with the presence of thermal disp
sion on temperature contours is shown in Figs. 13~a! and 13~b!.
As expected, heat transfer by convection is more dominan
higher Reynolds numbers. Reynolds number influence, with
without the presence of thermal dispersion, on the Nusselt num
is depicted in Fig. 13~c!. As can be seen the effect of therm
dispersion is relatively insignificant at very small Reynolds nu
bers. However, as Reynolds number increases, the effect of
mal dispersion becomes more pronounced. Figure 14 reveals
it is only important to account for the thermal dispersion effe
for larger values of dp.

Figures 15~a! and 15~b! present effect of solid-to-fluid conduc
tivity ratio on temperature profiles when thermal dispersion eff
is included. As can be seen in Fig. 15 temperature contours
dergo a drastic change as this ratio changes. In Fig. 15~a! where a
relatively smaller conductivity ratio is considered, the convect
mode is more dominant since the effective conductivity is re
tively smaller. As can be seen in Fig. 15~c!, neglecting the therma
dispersion effect is a reasonable assumption only for relativ
high conductivity ratios.

4.4 Local Thermal Nonequilibrium. In previous sections,
local thermal equilibrium~LTE! between the solid and fluid
phases was assumed. Figure 16 displays dimensionless tem
ture contours, under LTNE conditions while accounting for th
mal dispersion. It is noted that temperatures of both phases
almost indistinguishable when moderate pertinent input par

Fig. 16 Dimensionless temperature profiles for the LTNE cat-
egory using «Ä0.8, DaÄ10À6, ReÄ100, LÄ10, kÄ15.0, and
d P ÕHÄ0.05: „a… fluid phase; and „b… solid phase
Journal of Heat Transfer
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eters are used. When limiting input parameters are used as in
17, temperature difference between the two phases becomes
pronounced.

Effect of porosity variations on the average Nusselt numbers
LTNE is shown in Fig. 18. Figure 18~a! shows this effect while
neglecting thermal dispersion. As can be seen the relatively s
difference between the two Nusselt numbers remains consta
porosity changes. This is not the case when thermal disper
effect is accounted for as demonstrated in Fig. 18~b!. It is worth
noting that the solid phase Nusselt number is almost the s
with and without the effect of thermal dispersion.

Figure 19 shows the effect of Darcy number on the LTNE. F
higher Darcy numbers, the two phases tend to reach thermal e
librium as their Nusselt numbers intersect. Involvement of therm
dispersion enhances the effect of LTNE between the two phase
shown in Fig. 19~b!. The inertia parameter effect is not significa
on the Nusselt numbers as shown in Fig. 20, however, ther
dispersion widens the difference between the two Nusselt n
bers as the inertia parameter changes. Once again, the solid p
Nusselt numbers are almost the same regardless of the presen
absence of thermal dispersion effects.

Increasing the Reynolds number increases the LTNE betw
the two phases with and without the effect of thermal dispersi
The involvement of thermal dispersion increases the sensitivit
LTNE to Reynolds number. The relation between the Nuss
numbers and Reynolds number remains linear for all cases e
with the assumption of LTE as in Fig. 13. Particle diameter var
tions with and without the presence of thermal dispersion do
affect significantly the solid phase Nusselt numbers. Howev

Fig. 17 Dimensionless temperature profiles for the LTNE cat-
egory using «Ä0.9, DaÄ10À8, ReÄ200, LÄ100, kÄ5.0, and
d P ÕHÄ0.1: „a… fluid phase; and „b… solid phase
JUNE 2004, Vol. 126 Õ 397
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fluid phase Nusselt numbers increase as the value of particle
ameter increases. Again, including thermal dispersion effects
creases the response of the fluid phase Nusselt number to
changes in the particle diameter.

When thermal dispersion is not included, higher solid-fluid co
ductivity ratios cause a slight increase in the difference betw
the two Nusselt numbers. On the other hand, the difference
tween the two Nusselt numbers is almost constant when the
dispersion effect is considered. It is worth noting that all Nuss
numbers decrease as the solid-to-fluid conductivity ratio increa
for the same reasons discussed in the previous section.

5 Conclusions
A comprehensive analysis of variable porosity, thermal disp

sion and local thermal nonequilibrium on free surface transp
through porous media is presented in this study. Effects of pe
nent parameters such as porosity of the porous medium, D
number, Inertia parameter, Reynolds number, particle diam
and solid-to-fluid conductivity ratio, on the momentum and th
mal transport are analyzed and discussed. It is found that vari
porosity effects can be quite substantial in the neighborhood of
solid boundaries. It is also shown that the thermal dispersion h
substantial effect on the thermal transport process. LTNE betw
the two phases is found to be more pronounced when the
dispersion effect is included. Changes in porosity, Darcy num
Reynolds number and particle diameter on free surface trans
are characterized and quantified. Therefore, ignoring these ef
can lead to inaccurate estimations of the free surface problem

Fig. 18 Effect of porosity on average Nusselt numbers for the
LTNE category, Da Ä10À6, ReÄ100, LÄ10, kÄ15.0, and d P ÕH
Ä0.05: „a… excluding thermal dispersion effects; and „b… includ-
ing thermal dispersion effects
398 Õ Vol. 126, JUNE 2004
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Nomenclature

as f 5 specific surface area of the packed bed,@m21#
b, c 5 porosity variation parameters, Eq.~11!

cp 5 specific heat at constant pressure,@J kg21 K21#
dp 5 particle diameter@m#
Da 5 Darcy number, K/H2

F 5 geometric function defined in Eq.~13!
hs f 5 fluid-to-solid heat transfer coefficient,@W m22 K21#
H 5 half the height of the channel,@m#
J 5 unit vector aligned along the pore velocity
k 5 thermal conductivity,@W m21 K21#
K 5 permeability@m2#
L 5 length of the channel,@m#

Nu 5 local Nusselt number
Nu 5 average Nusselt number

P 5 pressure,@N/m2#
Pr 5 Prandtl number,m cP f /kf

Re 5 Reynolds number,u`H/n f

ReK 5 particle Reynolds number,ucK
1/2/n

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

x0 5 free surface front location,@m#
x, y 5 Cartesian coordinates,@m#

X, Y 5 non-dimensional coordinates,x/H andy/H

Fig. 19 Effect of Darcy number on average Nusselt numbers
for the LTNE category, «Ä0.8, ReÄ100, LÄ10, kÄ15.0, and
d P ÕHÄ0.05: „a… excluding thermal dispersion effects; and „b…
including thermal dispersion effects
Transactions of the ASME
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Greek Symbols

a 5 thermal diffusivity,@m2 s21#
« 5 porosity
g 5 parameter
k 5 solid-to-fluid thermal conductivity ratio,ks /kf
L 5 Inertia parameter,«3/2Fù H/n f
m 5 kinematics Viscosity,@kg m21 s21#
n 5 dynamic viscosity,@m2 s21#
u 5 dimensionless temperature,@(Tw2T)/(Tw2Te)#
r 5 density,@kg m23#
t 5 dimensionless time, Eq.~22!

Fig. 20 Effect of Inertia parameter on average Nusselt num-
bers for the LTNE category, «Ä0.8, DaÄ10À6, ReÄ100, kÄ15.0,
and d P ÕHÄ0.05: „a… excluding thermal dispersion effects; and
„b… including thermal dispersion effects
Journal of Heat Transfer
Subscripts

c 5 convective component
e 5 inlet

eff 5 effective property
f 5 fluid

m 5 mean
max 5 maximum

s 5 solid
w 5 wall
` 5 free stream

Other Symbols

^ & 5 ‘‘local volume average’’ of a quantity
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