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ABSTRACT

Transient natural convection flow through a fluid-saturated porous medium
in a square enclosure with a partially cooling surface condition was inves-
tigated using a Brinkmann-extended Darcy model. The physical problem
consists of a rectangular cavity filled with porous medium. The cavity
is insulated, except the top wall that is partially exposed to an outside
ambient. The exposed surface allows convective transport through the
porous medium, generating a thermal stratification and flow circulations.
The formulation of differential equations is nondimensionalized and then
solved numerically under appropriate initial and boundary conditions us-
ing the finite difference method. The finite difference equations handling
the convection boundary condition of the open top surface are derived
Jfor cooling conditions. In addition to the negative density gradient in the
direction of gravitation, a lateral temperature gradient in the region close
to the top wall induces the buoyancy force under an unstable condition.
The two-dimensional flow is characterized mainly by the clockwise and
anti-clockwise symmetrical vortices driven by the effect of buoyancy. The
directions of vortex rotation generated under the cooling condition are
in the opposite direction as compared to the heating condition. Unsteady
effects of associated parameters were examined. The modified Nusselt
number (Nu) was systematically derived. This newly developed form of
Nu captures the heat-transfer behaviors reasonably accurately. It was
found that the heat-transfer coefficient, Rayleigh number, Darcy number,

as well as flow direction strongly influenced characteristics of flow and
heat-transfer mechanisms.
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Sp specific heat capacity [J/kg K]
Da Darcy number [-]

g gravitational constant [m/s?]
h convective heat-transfer coefficient
[W/m2K]

H cavity length [m]

k thermal conductivity of the porous
medium [W/m K]

pressure [Pa]

Pr Prandtl number [-]

Ra Rayleigh number [-]

3

t time [s]

T temperature [C]

U, v velocity component [m/s]

z,y  Cartesian coordinates

X,Y dimensionless Cartesian coordinates
W cavity width [m]

Greek symbols

o thermal diffusivity [m?/s]

NOMENCLATURE

B  coefficient of thermal expansion [1/K]

€  porosity [-]

¢  dimensionless vorticity

8  dimensionless temperature

k  permeability of porous medium [m?]

i dynamic viscosity [Pa/s]
kinematic viscosity [m2/s]

ps fluid density [kg/m?]

T  dimensionless time

1P  stream function [m?/s]

U  dimensionless stream function

w  vorticity [s7!]

Subscripts

co  ambient condition

e  effective

i initial condition and index for a number
of points in x direction

J index for a number of points in y

direction

1. INTRODUCTION

The convective heating or cooling that causes heat and
fluid flows inside a cavity is found in various appli-
cations including lakes and geothermal reservoirs, un-
derground water flow, solar collectors, etc. (Bergman
et al., 1986). Associated industrial applications in-
clude secondary and tertiary oil recovery, growth of
crystals (Imberger and Hamblin, 1982), heating and
drying processes (Stanish et al., 1986; Rattanadecho et
al., 2001, 2002), electronic device cooling, solidifica-
tion of casting, sterilization, etc. Natural or free con-
vection in a porous medium has been studied exten-
sively. Cheng (1978) provides a comprehensive review
of the literature on free convection in fluid-saturated

porous media with a focus on geothermal systems.
Under the framework of porous media models, Darcy
proposed the phenomenological relation between the
pressure drop across a saturated porous medium and
the flow rate. The Darcy model has been employed
in recent investigations. Bradean et al. (1997) assumed
Darcy’s law and used a Boussinesq approximation
to numerically simulatethe free convection flow in a
porous media adjacent to a vertical or horizontal flat
surface. The surface is suddenly heated and cooled
sinusoidally along its length. The Darcy law with
the Boussinesq approximationwas also employed by
Bilgenand Mbaye (2001) to study the development
of a Be’n-ard cell in a fluid-saturated porous cavity
whose lateral walls were cooled. It was found that
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the existence of two convective solution branches is
related to the Darcy—Rayleigh and Biot numbers. Re-
cently, a numerical study was conducted to solve the
problem of thermosolutal convection within a rectan-
gular enclosure (Bera and Khalili, 2002). The results
revealed that anisotropy causes significant changes in
Nusselt and Sherwood numbers. Many works of flow
in porous media, such as the ones addressed above,
have used the Darcy law. Although the Darcy law is
applicable to slow flows, it does not account for initial
and boundary effects. In the situation when the flow is
strong and the solid boundary and viscous effects are
not negligible, these effects, termed non-Darcy effects,
become important (Khanafer and Chamkha, 1998).
Bera et al. (1998) considered double diffusive convec-
tion due to constant heating and cooling on the two
vertical walls based on a non-Darcy model inclined
permeability tensor. Two distinguished modifications
of Darcy’ law are the Brinkmann and the Forch-
heimer extensions, which treat the viscous stresses
at the bounding walls and the nonlinear drag effect
due to the solid matrix, respectively (Nithiarasu et
al., 1997). The Darcy—Forchheimer-Brinkman model
was used to represent the fluid transport within the
porous medium in the investigation of a convective
flow through a channel (Marafie and Vafai, 2001). In
this work the two-equation model was used to de-
scribe energy transport for solid and fluid phase. The
Brinkman-extended Darcy model has been considered
in the literature (Tong and Subramanian, 1985; Laurat
and Prasad, 1987; Kim et al., 2000; Pakdee and Rat-
tanadecho, 2006). The Darcy-Forchheimer model has
been used in a number of published works (Becker-
mann et al.,, 1986; Lauriat and Prasad, 1989; Basak
et al., 2006). In the study of effects of various ther-
mal boundary conditions applied to saturated porous
cavities, the conduction-dominant regime is within
Da < 1075, Nithiarasu et al. (1998) examined the
effects of the applied heat-transfer coefficient on the
cold wall of the cavity upon flow and heat transfer
inside a porous medium. The differences between the
Darcy and non-Darcy flow regime are clearly investi-
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gated for different Darcy, Rayleigh, and Biot numbers
and aspect ratios. Variations in Darcy, Rayleigh, and
Biot numbers and aspect ratio significantly affect the
natural flow convective pattern.

Natural convection flows with a variety of con-
figurations were investigated for different aspects.
Oosthuizen and Patrick (1995) performed numerical
studies of natural convection in an inclined square
enclosure with part of one wall heated to a uniform
temperature and with the opposite wall uniformly
cooled to a lower temperature and with the remaining
wall portions. The enclosure is partially filled with a
fluid and partly filled with a porous medium, which
is saturated with the same fluid. The main results
considered were the mean heat-transfer rates across
the enclosure. Nithiarasu et al. (1997) examined ef-
fects of variable porosity on convective flow patterns
inside a porous cavity. The flow was triggered by
sustaining a temperature gradient between isothermal
lateral walls. The variation in porosity significantly
affected the natural flow convective pattern. Khanafer
and Chamkha (1998) performed a numerical study of
mixed convection flow in a lid-driven cavity filled
with a fluid-saturated porous media. In this study,
the influences of the Richardson number, Darcy num-
ber, and the Rayleigh number played an important
role in mixed convection flow inside a square cavity
filled with a fluid-saturated porous media. Recently,
Al-Amiri (2000) performed numerical studies of mo-
mentum and energy transfer in a lid-driven cavity
filled with a saturated porous medium. In this study,
the force convection is induced by sliding the top
constant-temperature wall. It was found that the in-
crease in Darcy number induces flow activities, caus-
ing an increase in the fraction of energy transport
by means of convection. With similar description of
the domain configuration, Khanafer and Vafai (2002)
extended the investigation to mass transport in the
medium. The buoyancy effects that create the flow are
induced by both temperature and concentration gradi-
ents. It was concluded that the influences of the Darcy
number, Lewis number, and buoyancy ratio on thermal
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and flow behaviors were significant. Furthermore, the
state of the art regarding porous medium models has
been summarized in recently published books (Nield
and Bejan, 1999; Vafai, 2000; Pop and Ingham, 2001;

Basak et al., 2006).
Previous investigations have merely focused on mo-

mentum and energy transfer in cavities filled with
a saturated porous medium subjected to prescribed
temperature and prescribed wall heat flux conditions.
However, only a limited amount of numerical and
experimental work on momentum and energy transfer
in a cavity filled with a saturated porous medium
subjected to heat-transfer coefficient boundary con-
ditions at the exposed portion of the top wall has
been reported. Moreover, very few published work is
pertinent to partially heated or cooled porous media,
although they are found in a number of applica-
tions, such as in flush-mounted electrical heaters or
buildings (Desai et al., 1995; Al-Amiri, 2002; Oztop,
2007). The recent work of Oztop (2007) investigated
natural convection in partially cooled and inclined
porous enclosures. His study presented the steady-
state results within the enclosure of isothermal heated
and cooled walls. In our study, the surface is partially
cooled under the convective boundary condition, al-
lowing the surface temperature to change with time.
The convective cooling condition or so-called condi-
tion of the third kind is systematically derived. While
the focus of the present study is on the cooling effect,
our recently published work (Pakdee and Rattanade-
cho, 2006) studied the influence of partially heated
surfaces on thermal/flow behavior. In this previous
work, although the results were qualitatively discussed
in detail, no quantitative description of heat trans-
fer in terms of Nusselt number (Nu) was reported.
Therefore, in order to gain better insight into the anal-
ysis, our present study proposes a new formulation of
Nu employed to analyze the heat-transfer behaviors.
Moreover, to the best knowledge of the authors, no
attention has been paid to transient convection due to

surface partial convective cooling.
In the present study, the quantitative study in terms

of Nu is taken into account. The new formulation

Pakdee and Rattanadecho

of Nu is developed to correctly capture heat-transfer
behaviors. The study of heat transfer due to cooling
conditions has been carried out for transient natu-
ral convective flow in fluid-saturated porous medium
filled in a square cavity. In contrast to the heating con-
dition, the cooling condition changes the direction of
the induced flows. The top surface is partially open to
the ambient, allowing the surface temperature to vary
depending on the influence of convection heat-transfer
mechanism. Computed results are depicted using tem-
perature, flow distributions, and heat-transfer rates in
terms of local and average Nusselt numbers. The in-
fluences of associated parameters such as Rayleigh
number and Darcy number on the flow and thermal
configurations are examined.

2. PROBLEM DESCRIPTION

The computational domain depicted in Fig. 1 is a
rectangular cavity of size WxH filled with a fluid-
saturated porous medium. Aspect ratio of unity (A =
1) is used in the present study. The domain boundary
is insulated except the top wall, which is partially
exposed to an ambient air. The initial and boundary
conditions corresponding to the problem are of the
following forms:

Tmﬂ h (exposed to ambient air)

L
L I
A

H
| .
A%
r

§ 502555555 o
—

Figure 1. Schematic representation of the computational
domain
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u=v=0 T=T;, for t=0 (1)

u=v=0at z=0W 0<y<H

(2)
u=v=0at y=0H 0<z<W
oT )
— = =0.W <y <
o 0 at z ; 0<y<H
or
— =0 at y=0 0<z<W
By g S (3)
gzﬂatyzﬂ 0<z<L
Oy
and W-L<az<W

A

The boundary condition at the exposed portion of the
top wall is defined as

oT
-“kgg—h[T—Tm] at y=H
L<z<W-L 4)

where k£ and h are effective thermal conductivity
and convection heat-transfer coefficient. This type of
condition corresponds to the existence of convective
heat transfer at the surface and is obtained from the
surface energy balance.

The porous medium is assumed to be homogeneous
and thermally isotropic. The saturated fluid within
the medium is in a local thermodynamic equilibrium
(LTE) with the solid matrix (El-Refaee et al., 1998
Nield and Bejan, 1999; Al-Amiri, 2002). The valid-
ity regime of local thermal equilibrium assumption
has been established (Mohammad, 2000; Marafie and
Vafai, 2001). The porous porosity is uniform. The
fluid flow is unsteady, laminar, and incompressible.
The pressure work and viscous dissipation are all
assumed negligible. The thermophysical properties of
the porous medium are taken to be constant. However,
the Boussinesq approximation takes into account the
effect of density variation on the buoyancy force, in
which the fluid density is assumed constant except in
the buoyancy term of the equation of motion. Further-
more, the solid matrix is made of spherical particles,
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while the porosity and permeability of the medium
are assumed to be uniform throughout the rectan-
gular cavity. Using standard symbols, the governing
equations describing the heat-transfer phenomenon are

given by
ou Ov
5t =" ®)
10w, uou, vou_ 1 0P
edt €20x €20y  eps Oz
v [(0%u  O%u Ha
e o) T -
10 udv vow__ 10P
edt €20r €20y  eps Oy
v (0% % )
+E(@+5§§)+QB(T_TOO)_'E 7 .
$ g g BT (BT B
ot oz oy \Bz2 " a2

(Pep) s

where k is medium permeability, f is thermal ex-
pansion coefficient, o« is effective thermal diffusiv-
ity of the porous medium, and p and v are vis-
cosity and kinematic viscosity of the fluid, respec-
tively. The symbols ¢ and v denote the porosity of
porous medium and fluid viscosity, respectively. In the
present study, the heat capacity ratio o is taken to
be unity, because the thermal properties of the solid
matrix and the fluid are assumed identical (Bergman
et al., 1986; Khanafer and Vafai, 2002). The momen-
tum equation consists of the Brinkmann term, which
describes viscous effects due to the presence of a solid
body (Brinkmann, 1947), This form of the momen-
tum equation is known as the Brinkmann-extended
Darcy model. Lauriat and Prasad (1987) employed the
Brinkmann-extended Darcy formulation to investigate



1088

the buoyancy effects on natural convection in a ver-
tical enclosure. Although the viscous boundary layer
in the porous medium is very thin for most engi-
neering applications, inclusion of this term is essential
for heat-transfer calculations (Al-Amiri, 2000). How-
ever, the inertial effect was neglected as the natural
convection flow was studied (Basak et al., 2006).

The variables are transformed into the dimension-
less quantities, defined as,

T Y to uH
X:—, Y:—.’ Tz-—_} U:—
H H % x
2 (10)
vH wH P -T;
V=—, <= , U=—, 0=
o x o Th—T;

where w and 1 represent dimensional vorticity and
stream function, respectively, and the symbol o de-
notes thermal diffusivity. Temperatures 7; and Tj
change their values according to the problem type. In
the heating case, 7; is initial temperature of a medium
and T}, is an ambient temperature. In the other case
of cooling, T} is set to be an initial temperature of
the medium, while 7} is an ambient temperature in-
stead. The governing equations are transformed into
a vorticity—stream function formulation. Thus, the di-
mensionless form of the governing equations can be

written as
92V 9%V
e e e 11
el (11

ds ds ds ¢ .. D%
85}*”5;?”37—5“(@*@

2
+ R ps (—5‘9) e (12)

oX Da

. s y
08 00 00 (89 89) (13)

s tUsxVay =*\axz Tav2
Uz?E V= ov (14)

oY’ )
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where the Darcy number, Da, is defined as k/H?,
and Pr = v/« is the Prandtl number, where « =
ke/(pcp)s is the thermal diffusivity. The Rayleigh
number Ra, which gives the relative magnitude of
buoyancy and viscous forces, is defined as Ra =
9B(T; — Too)H3/ (v).

3. NUMERICAL PROCEDURE

The thermal properties of the porous medium are
taken to be constant. Specific heat ratio of unity is
assumed. The effective thermal conductivity of the
porous medium considered is 10 W/m-K.

In the present study, the iterative finite difference
method was used to solve the transient dimensionless
governing equations [Eqgs. (10)—(12)] subject to their
corresponding initial and boundary conditions, given
by Egs. (1)-(4). Central-difference formulae were
used for all spatial derivatives. The transient transport
equations, Eqgs. (12) and (13), were solved explicitly.
A successive over-relaxation method (SOR) was uti-
lized to solve for the flow kinematics relation given
by Eq. (11). The velocity components, U and V,
were computed according to Eq. (14). The approxima-
tion of convective terms is based on a second-order
upwind finite differencing scheme, which correctly
represents the directional influence of a disturbance.
A uniform grid resolution of 61 x 61 was found to
be sufficient for all smooth computations and compu-
tational time required in achieving steady-state condi-
tions. Finer grids did not provide a noticeable change
in the computed results.

3.1. Convective Cooling Boundary Condition

The finite difference form of boundary condition at
the open part of the top surface was systematically
derived based on the energy conservation principle.
The boundary values of dimensionless temperature of
a node i, j, and 8, ; in the heating case are expressed
as
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hA
20551+ 015 + 015 + 9—
0;; = k (15)
h
2 (Rar )

where AY is the mesh size in y direction.
In the different case of cooling phenomenon, the
expression is given by

) 28@_:,:_1 + 91'_15.' + 9§+1j
L] 1
2 (_k AY + 2)

It can be noticed that both Egs. (15) and (16) are
independent of an ambient temperature T, as it has

(16)

been eliminated during the derivation. This feature is
attractive since the solutions can be obtained regard-
less of a value of T.

3.2. Corrected Formulation of Nusselt Number

The local Nusselt number (Nu) at the cooled horizon-
tal surface is used as a tool to determine the ratio
of convection heat transfer to conduction heat transfer
within the porous enclosure. The accurate derivation
of Nu is extremely important from the standpoint of
determining the rate of heat transfer occurring at a
surface. Based on the concept of energy balance at the
surface for the cooling case,

e B

| =MTn-Tx) (17)

y=H

where H is indicated in Fig. 1 and with the definition
of Nu,

Nu=E= H dT

ko (Ta-Tw) dy -

Y=H

In terms of the dimensionless quantities 8 and Y
defined in the preceding Eq. (10), Nu will take the

form

1 de

N =~ T

(19)

Y=1
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where Oy is the dimensionless temperature at the top
surface.

The new formulation of Nu in the present work
has not yet been found in the literature. This modified
form of Nu takes into account temperature variation at
the cooled surface. The average Nusselt number, Nu,
is computed according to

W-L
i f Bilsiis 20)
L

where [ is the length of the gap at the top wall.

In order to verify the accuracy of the present nu-
merical study, the results obtained by the present
numerical model were validated against the Bench-
mark solutions for natural convection in a cubic cavity
(Wakashima and Saitoh, 2004). The comparisons tab-
ulated in Table 1 reveal an excellent agreement within
1.5% difference. The present computed results were
compared with those obtained by Aydin (2000) for
free convection flow in a cavity, with a side-heated
isothermal wall, filled with pure air (Pr = 0.7) for
a Rayleigh number of 10%. It was found that the
solutions have good agreement with the previously
published work. The results of selected tests are given
in Table 2, which shows good agreement with the
maximum value of the stream function and the max-
imum values of the horizontal and vertical velocity
components between the present solution and that of
Aydin. Moreover, the results from the present nu-
merical model were compared with the solution of
Nithiarasu et al. (1997) in the presence of porous
medium for an additional source of confidence, as
shown in Fig. 2 for streamlines and isotherms for
which the compared contours have the same range
of contour levels. The values Ra = 10%, Da = 0.01,
and &€ = 0.6 were chosen. Table 3 clearly shows good
agreement of the maximum values of the stream func-
tion and the vertical velocity component between the
present solution and that of Nithiarasu et al (1997).
All of these favorable comparisons lend confidence to
the accuracy of the present numerical model.
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Table 1
Comparison of the results obtained in the present study with those of the benchmark solutions for natural convection of air
(Wakashima and Saitoh, 2004)

Present work | Published work | Difference (%)
Winas 5.070 5.087 0.33
Usiiase 16.300 16.225 0.46
Viaane 19.730 19.645 0.43
Table 3
Comparison of the results obtained in the present study with those of Nithiarasu et al. (1997). (Da = 0.01, Ra = 10%,
porosity = 0.6)
Present work | Published work | Difference (%)
Wraax 2.53 2.56 1.17
Vinex 0.49 0.34 1.60

Figure 2. Test results for validation purposes: (a) Nithiarasu et al. (1997): non-Darcian model (including inertial and
boundary effect), and (b) present simulation: Brinkman-extended Darcy model, which accounts for viscous effects

Ra Weenter | Difference | Upmax | Difference | Viax | Difference
(%) (%) (%)
10* Present 1.111 0.82 0.202 1.51 0.220 0.2
Previous work | 1.102 0.199 0.222
10° Present 0.262 1.55 0.144 1.41 0.249 1.22
Previous work | 0.258 0.142 0.246
Table 2

Comparison of the results obtained in the present study with those of Aydin (2000)

(a)

08

(1]

04

02§

PR (RS R SO S [ ST SURT SOUT T

i

] 0325 035 0.75
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4. RESULTS AND DISCUSSION

The following discussions include the numerical re-
sults from the present study, which focuses on tran-
sient flow and thermal behaviors. Initial values of
O for an entire domain are set to 1 based on
Eq. (10), as the ambient temperature is lower than
the medium temperature in the cavity. The investi-
gations were conducted for a range of controlling
parameters, which are Darcy number (Da), Rayleigh
number (Ra), and the convective heat-transfer coeffi-
cient (h). The uniform porosity & of 0.8 and unity
aspect ratio (A = 1) were considered throughout in
the present study. In order to assess the global effects
of these parameters, the streamlines and isotherm dis-
tributions inside the entire cavity are presented. All
the figures have the same range of contour levels to
facilitate direct comparisons.

The resulting computational fields were extracted at
the time adequately long to ensure sufficient energy
transferred throughout the domain. Figure 3 displays
instantaneous images of the contour plots during the
thermal and flow evolution. A Rayleigh number of
5x10% Da = 0.1, Pr = 1.0, h = 60 W/m2K, and
€ = 0.8 are considered. The two columns represent
contours of temperature and stream function, respec-
tively, from left to right. With the same contour levels,
comparisons can be made directly. The four snapshots
from top to bottom in each column are results taken
at the dimensionless times T = 0.013, 0.088, 0.168,
and 0.245. The vertical temperature stratification is
observed. The streamline contours exhibit circulation
patterns which are characterized by the two symmet-
rical vortices. The fluid flows as it is driven by the
effect of buoyancy. This effect is distributed from
the top wall of the cavity where the fluid is cooled
through the partially open surface, causing lower tem-
perature near the top boundary. The existence of the
nonuniform temperature along the top surface and a
decrease of density in the direction of gravitational
force lead to an unstable condition. Thus, the buoy-
ancy effect is associated with the lateral temperature
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gradients at locations near the top surface. High-
temperature portions of fluid become lighter than the
lower temperature portions at the middle where the
wall is open. These light portions from two sides then
expand laterally toward the center, compressing the
lower temperature portions, which are heavier. As a
result, the downward flows along the vertical center-
line originate, while the lighter fluid rises, cooling as
it moves. Consequently, the circulation flow pattern is
generated. The clockwise and counter-clockwise cir-
culations are located on the left side and right side,
respectively, within the enclosure. The circulations get
larger and expand downward with time. An increase
in strength of the vortices develops fast during early
simulation times, and its maximum magnitude reaches
6.0. Subsequently, the vortices are weakened. Sim-
ilarly, temperature distribution progressively evolves
relatively fast in the early times. Slow evolution is
observed after that. This result corresponds well with
the decrease in strength of flow circulations.

The resulting computational fields of the heating
scenario are demonstrated in Fig. 4. For purposes
of comparison, the parameter set remains unchanged.
Similarly, the two columns represent temperature and
stream function taken at the dimensionless times
T = 0.013, 0.088, and 0.168. The vertical tempera-
ture stratification is observed. The streamline contours
exhibit circulation patterns which are characterized by
the two symmetrical vortices. The fluid flows as it is
driven by the effect of buoyancy. This effect is dis-
tributed from the top wall of the cavity where the fluid
is heated through the partially open area. Unlike the
cooling case in which a presence of negative density
mainly causes an unstable condition, in the heating
case the lateral density gradient near the top surface
is the only cause to the unstable condition that actu-
ally leads to the buoyancy force. This explains why
the heated circulations are weaker than the cooled
circulations presented earlier. Heated portions of the
fluid become lighter than the rest of the fluid and are
expanded laterally away from the center to the sides,
then flow down along the two vertical walls, leading
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Figure 3. Sequential files with the cooling boundary for contours of temperature and streamlines at times T = (a) 0.013,
(b) 0.088, (c) 0.168, and (d) 0.245. (Ra = 5 x 10* Da = 0.1, Pr= 1.0, e = 0.8, and h = 60 W/m?K)
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Figure 4. Sequential files with the heating boundary for contours of temperature and streamlines at times T = (a) 0.013, (b)

0.088, and (c) 0.168. (Ra = 5 x 10%, Da = 0.1, Pr = 1.0, ¢ = 0.8, and h = 60 W/m?K)
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to the counter-clockwise and clockwise flow circula-
tions. These results suggest that the buoyancy forces
are able to overcome the retarding influence of vis-
cous forces. Note that directions of circulations are
opposite to those under cooling condition. An increase
in strength of the vortices develops fast during early
simulation times and its maximum magnitude reaches
0.25, which is considerably small. Therefore, profiles
of temperature contours look similar to those for a
stationary fluid, in which the heat transfer is caused
by conduction. Similarly, temperature distribution pro-
gressively evolves relatively fast in the early times.
This result corresponds to the decrease in strength of
flow circulations. In the remaining area, the fluid is
nearly stagnant, suggesting that conduction is domi-
nant due to minimal flow activities. This is because of
prevailing viscous effects. It is evident from Figs. 3
and 4 that the cooling case provides a considerably
faster thermal evolution and thereby greater convec-
tion rate. Furthermore, heat transfer in the vertical
direction is much greater than that in the spanwise
direction. The reader is directed to Pakdee and Rat-
tanadecho (2006) for more detailed discussions of
heating configuration.

Figure 5 shows the roles of Rayleigh number on
the heat-transfer mechanism. The computed data was
extracted at T = 0.155. Various Rayleigh numbers
(Ra = 5 x 103, 10%, 5 x 10* and 10°) are examined,
whereas the Darcy number of 0.1, porosity of 0.8,
and h of 60 W/m? K are fixed. The Rayleigh num-
ber provides the ratio of buoyancy forces to change
in viscous forces. As Rayleigh number increases, the
buoyancy-driven circulations inside the enclosure be-
come stronger, as seen from greater magnitudes of
stream function. For large Ra (Ra=5X 10* and 10°),
contour lines of temperature penetrate faster relative
to the low-Ra case, especially near the central loca-
tions. The result is more pronounced for larger Ra.
This incident results from strong flow in the down-
ward direction around the central domain. The down-
ward flows assist heat to transfer toward the bottom
of the enclosure. In contrast, near the vertical walls

Pakdee and Rattanadecho

where the upward flows are present, the thermal prop-
agation is hindered.

Effects of the Darcy number on the fluid flow and
temperature inside the rectangular cavity are depicted
in Fig. 6. The contour of isotherms and streamlines
at T = 0.155 are plotted for different Darcy numbers,
while €, Pr, and h are kept at 0.8, 1.0, and 60 W/m?K,
respectively. Relatively high Ra of 5 x 10* is cho-
sen. The Darcy number, which is directly proportional
to the permeability of the porous medium, was set
to 0.0001, 0.001, and 0.1. The case in which the
porous medium is absent corresponds to an infinite
Darcy number. The presence of a porous medium
within the rectangular enclosure results in a force
opposite the flow direction which tends to resist the
flow, which corresponds to suppression in the thermal
currents of the flow as compared to a medium with
no pores (infinite Darcy number). It is evident that
the increase in Da enhances the streamline intensities,
thereby assisting downward flow penetration, which
causes the streamline lines, i.e., two symmetrical vor-
tices to stretch further away from the top surface. This
results in expanding the region for which the con-
vection significantly influences an overall heat-transfer
process. Furthermore, the evolution results reveal a
faster rate of vertical temperature distribution than the
lateral rate. The results are consistent with the thermal
behaviors observed in Fig. 5 for the same reasoning,
which confirms how a flow direction impacts the con-
vection heat transfer.However, as the Darcy number
decreases, the flow circulations as well as thermal
penetration are progressively retarded due to the re-
duced permeability of the medium. Figure 6(d) (Da
= 0.0001) indicates that as the Darcy number ap-
proaches zero, the two circulations confined within the
top domain appear very weak. In the remaining area
the fluid is nearly stagnant with a very small temper-
ature gradient, suggesting that conduction is dominant
due to minimal flow activities.

Figure 7 presents how the average Nusselt number
changes with time for a variety of Rayleigh numbers.
The local Nu at the open portion on the top boundary
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is computed according to Eq. (19). The average Nus-
selt number Nu is then obtained based on Eq. (20).
Initially, the value of Nu decreases rapidly for all
Rayleigh number values, clearly due to the fast re-
duction of temperature gradients. In the case of a
low Rayleigh number of 2 x 10%, Nu progressively
decreases with time, while for higher Ra (5 x 104,
8 x 10%), Nu values become greater and reach peak
values after some time. By further increasing Ra
(8 x 10%), a higher maximum Nu is reached more
quickly due to greater flow intensities. At late simula-
tion times when a stable state is approached, the val-
ues of Nu continually decrease and essentially level
off at late times, thereby diminishing heat transfer by
means of heat convection. It can be expected that Nu
will continue to decrease with time as the steady state
is reached.

To gain insight into the observation made, the local
values of the corresponding thermal and flow behav-
iors were traced for Ra of 8 x 10%. The data are
extracted and depicted in Fig. 8 at T of 0.02, 0.1, and
0.16. The streamlines and isotherms are illustrated in
Figs. 8a— at T = 0.02, 0.1, and 0.16, respectively. At
T = 0.02, the averaged Nu is small due to minimal
flow activities. Then Nu gets higher as the flows gets
stronger, which can be seen in Fig. 8b at T = 0.1.
The effect of the rigorous flows overcomes the contin-
ual reduction of temperature gradient, resulting in the

increase in Nu. At the subsequent times, the viscous
effect increasingly weakens the flows as shown in
Fig. 8c. As a result, the reduction of temperature gra-
dient prevails, causing Nu to decrease. These results
correspond well with the variation of the averaged Nu
with time, depicted in Fig. 7. The results confirm the
validation of the proposed formulation of Nu.

To better understand the effects of Darcy number
on the heat-transfer behavior, variations of Nu with
time for different Darcy number are shown in Fig. 9.
The resulting plots show interesting evidence of sim-
ilar variations of Nu on Da and those on Ra, which
was observed previously in Fig. 7 Average Nu corre-
lates with Ra in a way similar to correlation of Nu
with Da. Further increasing values of Da (0.05 and
0.1) cause larger Nu variations. Locations of the peak
values are altered relative to Da value. A peak of
profile is reached more quickly for higher Da. Greater
Da gives higher Nu, suggesting that the higher overall
heat-transfer rate is due to more energetic vortices.
However, Nu substantially reduces at late times.

5. CONCLUSIONS

Numerical simulations of natural convection flow
through a fluid-saturated porous medium in a rect-
angular cavity due to cooling convection at the top
surface were performed. Transient effects of asso-
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ciated controlling parameters were examined. The
two-dimensional flow is characterized mainly by two
symmetrical eddies that are initiated by the buoyancy
effect. In the cooling case, the buoyancy effect is as-
sociated not only with the lateral temperature gradient
at locations near the top surface, but also with the
condition that the density gradient is negative in the
direction of gravitational force. The buoyancy force is
induced solely by the lateral temperature gradient in
the heating case. The cooling and heating flow direc-
tions are opposite. Cooling flows are much stronger
due to greater buoyancy effects, indicating higher
overall convection rate. The heat-transfer mechanism
is analyzed using the newly derived formulation of
Nu. Heat-transfer rate is faster around a vertical sym-
metric line relative to the near-wall regions. Large Ra
numbers increase streamline intensities, thus enhanc-
ing the downward flow penetration. The temperature
stratification penetrates deeper toward the bottom wall
and temperature range within the domain is extended.
Therefore it enlarges the region where convection
mode is significant. Small Darcy number values hin-
der the flow circulations. Therefore, heat transfer by
convection is considerably suppressed. Furthermore,
the new formulation of Nu captures the heat-transfer
behaviors reasonably correctly. Interestingly, the de-
pendences of Nu on Da and on Ra are found to have
the same trends,

ACKNOWLEDGMENTS

This research was supported by the Thailand Research
Fund (TRF) 2008 under contract no. MRG5180238.

REFERENCES

Al-Amiri, A. M., Analysis of Momentum and Energy
Transfer in a Lid-Driven Cavity Filled with a
Porous Medium, Int. J. Heat Mass Transfer, vol. 43,
pp. 3513-3527, 2000.

Al-Amiri, A. M., Natural Convection in Porous Enclo-
sures: The Application of the Two-Energy Equa-

1099

tion Model, Numer. Heat Transfer, Part A, vol. 41,
pp. 817-834, 2002.

Aydin, O., Determination of Optimum Air-Layer Thick-
ness in Double-Pane Windows, Energy Build., vol. 32,
pp. 303-308, 2000.

Basak, T., Roy, S., Paul, T, and Pop, I., Natural Convec-
tion in a Square Cavity Filled with Porous Medium:
Effects of Various Thermal Boundary Conditions, Int.
J. Heat Mass Transfer, vol. 49, pp. 1430-1441, 2006.

Beckermann, C., Viskanta, R., and Ramadhyani, S., A
Numerical Study of Non-Darcian Natural Convection
in a Vertical Enclosure Filled with a Porous Medium,
Numer. Heat Transfer, vol. 10, pp. 557-570, 1986.

Bera, P., Eswaran, V., and Singh, P., Numerical Study of
Heat and Mass Transfer in an Anisotropic Porous En-
closure Due to Constant Heating and Cooling, Numer.
Heat Transfer Part A, vol. 34, pp. 887-905, 1998.

Bera, P., and Khalili, A., Double-Diffusive Natural Con-
vection in an Anisotropic Porous Cavity with Oppos-
ing Buoyancy Forces: Multi-Solutions and Oscillations,
Int. J. Heat Mass Transfer, vol, 45, pp. 3205-3217,
2002.

Bergman, T. L., Incropera, F. P, and Viskanta, R., Cor-
relation of Mixed Layer Growth in Double-Diffusive,
Salt-Stratified System Heated from Below, J. Heat
Transfer, vol. 108, pp. 206211, 1986.

Bilgen, E., and Mbaye, M., Be'nard Cells in Fluid-
Saturated Porous Enclosures with Lateral Cooling,
Int. J. Heat Fluid Flow, vol. 22, pp. 561-570, 2001.

Brinkmann, H. C., On the Permeability of Media Consist-
ing of Closely Packed Porous Particles, Appl. Sci. Res.,
vol. 1, pp. 81-86, 1947.

Bradean, R., Ingham, D. B., Heggs, P. J., and Pop, I,
The Unsteady Penetration of Free Convection Flows
Caused by Heating and Cooling Flat Surfaces in
Porous Media, Int. J. Heat Mass Transfer, vol. 40,
pp. 665-687, 1997.

Cheng, P., Heat Transfer in Geothermal Systems, Adv.
Heat Transfer, vol. 4, pp. 1-105, 1978.

Desai, C. P, Vafai, K., and Keyhani, M., On the Natural-
Convection in a Cavity with a Cooled Top Wall
and Multiple Protruding Heaters, J. Electron. Packag.,
vol. 117, pp. 34-45, 1995,

El-Refaee, M. M., Elsayed, M. M., Al-Najem, N, M., and
Noor. A. A., Natural Convection in Partially Cooled
Tilted Cavities, Int. J. Numer Methods, vol. 28,
pp. 477499, 1998.



1100

Imberger, J., and Hamblin, P. F, Dynamics of Lakes,
Reservoirs, and Cooling Ponds, Ann. Rev. Fluid Me-
chanics, vol. 14, pp. 153-187, 1982.

Khanafer, K. M., and Chamkha, A. J., Mixed Convection
Flow in a Lid-Driven Enclosure Filled with a Fluid-
Saturated Porous Medium, Int. J. Heat Mass Transfer,
vol. 42, pp. 2465-2481, 1998,

Khanafer, K., and Vafai, K., Double-Diffusive Mixed Con-
vection in a Lid-Driven Enclosure Filled with a Fluid-
Saturated Porous Medium, Numer. Heat Transfer, Part
A, vol. 42, pp. 465486, 2002,

Kim, S. J., Kim, D., and Lee, D. Y., On the Local Ther-
mal Equilibrium in Microchannel Heat Sinks, Int. J
Heat Mass Transfer, vol. 43, pp. 1735-1748, 2000.

Lauriat, G., and Prasad, V., Natural Convection in a Verti-
cal Porous Cavity: A Numerical Study for Brinkmann-
Extended Darcy Formulation, ASME J. Heat Transfer,
vol. 109, pp. 295-320, 1987.

Lauriat, G., and Prasad, V., Non-Darcian Effects on Natu-
ral Convection in a Vertical Porous Enclosure, Int. J.
Heat Mass Transfer, vol. 32, pp. 2135-2148, 1989,

Marafie, A., and Vafai, K., Analysis of Non-Darcian Ef-
fects on Temperature Differentials in Porous Media,
Int. J. Heat Mass Transfer, vol. 44, pp. 4401-4411,
2001.

Mohammad, A. A., Nonequilibrium Natural Convection in
a Differentially Heated Cavity Filled with a Saturated
Porous Matrix, J. Heat Transfer, vol. 122, pp. 380-
384, 2000.

Nield, D. A., and Bejan, A., Convection in Porous Media,
New York: Springer, 1999.

Nithiarasu, P., Seetharamu, K. N., and Sundararajan, T.,
Natural Convective Heat Transfer in a Fluid Saturated
Variable Porosity Medium, Int. J. Heat Mass Transfer,
vol. 40, pp. 3955-3967, 1997.

Nithiarasu, P., Seetharamu, K. N., and Sundararajan, T.,
Numerical Investigation of Buoyancy Driven Flow in
a Fluid Saturated Non-Darcian Porous Medium, Int. J.

Pakdee and Rattanadecho

Heat Mass Transfer, vol, 42, pp. 1205-12135, 1998.

Qosthuizen, P. H., and Patrick, H., Natural Convection in
an Inclined Square Enclosure Partly Filled with a
Porous Medium and with a Partially Heated Wall,
American Society Mechanical Engineers, Heat Trans-
fer Division, HTD 302, pp. 2942, 1995.

Oztop, H. E, Natural Convection in Partially Cooled and
Inclined Porous Rectangular Enclosure, Int. J. Thermal
Sci., vol. 46, pp. 149-156, 2007,

Pakdee, W., and Rattanadecho, P., Unsteady Effects on
Natural Convective Heat Transfer through Porous Me-
dia in Cavity Due to Top Surface Partial Convection,
Appl. Thermal Eng., vol. 26, pp. 2316-2326, 2006.

Pop, I, and Ingham, D. B., Convective Heat Transfer,
Mathematical and Computational Modeling of Viscous
Fluids and Porous Media, Oxford: Pergamon, 2001.

Ratanadecho, P., Aoki, K., and Akahori, M., A Numerical
and Experimental Investigation of the Modeling of
Microwave Drying Using a Rectangular Wave Guide,
J. Drying Technol., vol. 19, pp. 2209-2234, 2001.

Ratanadecho, P., Aoki, K., and Akahori, M., Influence of
Irradiation Time, Particle Sizes and Initial Moisture
Content During Microwave Drying of Multi-Layered
Capillary Porous Materials, ASME J. Heat Transfer,
vol. 124, pp. 151-161.

Wakashima, S., and Saitoh, T. S., Benchmark Solutions
for Natural Convection in a Cubic Cavity Using the
High-Order Time-Space Method, Int. J. Heat Mass
Transfer, vol. 47, pp. 853-864, 2004.

Stanish, M. A., Schager, G. S., and Kayihan, F., A Math-
ematical Model of Drying for Hygroscopic Porous
Media, AIChE J., vol. 32, pp. 13011311, 1986.

Tong, T. W., and Subramanian, E., A Boundary-Layer
Analysis for Natural Convection in Vertical Porous En-
closures, Use of the Brinkman-Extended Darcy Model,
ASME J. Heat Transfer, vol. 28, pp. 563-571, 1985.

Vafai, K., Handbook of Porous Media, New York: Marcel
Dekker, 2000.



