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Unsteady eﬀects on natural convective heat transfer through
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Abstract
Numerical investigations of transient natural convection ﬂow through a ﬂuid-saturated porous medium in a rectangular cavity with
a convection surface condition were conducted. 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
non-dimensionalized and then solved numerically under appropriate initial and boundary conditions using the ﬁnite diﬀerence method.
The ﬁnite diﬀerent equation handling the boundary condition of the open top surface is derived. The two-dimensional ﬂow is characterized mainly by two symmetrical vortices driven by the eﬀect of buoyancy. A lateral temperature gradient in the region close to the
top wall induces the buoyancy force under an unstable condition. Unsteady eﬀects of associated parameters were examined. It was found
that the heat transfer coeﬃcient, Rayleigh number and Darcy number considerably inﬂuenced characteristics of ﬂow and heat transfer
mechanisms. Furthermore, the ﬂow pattern is found to have a local eﬀect on the heat convection rate.
 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
The heat and ﬂuid ﬂows in cavity that experiences convective heating or cooling at the surface are found in a wide
variety of applications including lakes and geothermal reservoirs, underground water ﬂow, solar collector etc. [1].
Associated industrial applications include secondary and
tertiary oil recovery, growth of crystals [2], heating and
drying process [3–5], solidiﬁcation of casting, sterilization
etc.
Natural or free convection in a porous medium has
been studied extensively. Cheng [6] provides a comprehensive review of the literature on free convection in ﬂuidsaturated porous media with a focus on geothermal
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systems. Oosthuizen and Patrick [7] 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
rate across the enclosure.
Nithiarasu et al. [8] examined eﬀects of variable porosity
on convective ﬂow patterns inside a porous cavity. The
ﬂow is triggered by sustaining a temperature gradient
between isothermal lateral walls. The variation in porosity
signiﬁcantly aﬀects natural ﬂow convective pattern.
Khanafer and Chankha [9] performed 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 number and the
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Nomenclature
cp
Da
g
H
h
k
p
Pr
Ra
T
t
u, v
x, y
X, Y
W

speciﬁc heat capacity (J/kg K)
Darcy number (–)
gravitational constant (m/s2)
cavity length (m)
convective heat transfer coeﬃcient (W/m2 K)
eﬀective thermal conductivity of the porous
medium (W/m K)
pressure (Pa)
Prandtl number (–)
Rayleigh number (–)
temperature (C)
time (s)
velocity component (m/s)
Cartesian coordinates
dimensionless Cartesian coordinates
cavity width (m)

b
e
l
m
qf
s
h
x
w
1
W

coeﬃcient of thermal expansion (1/K)
porosity (–)
dynamic viscosity (Pa/s)
kinematics viscosity (m2/s)
ﬂuid density (kg/m3)
dimensionless time
dimensionless temperature
vorticity (m2/s)
stream function
dimensionless vorticity
dimensionless stream function

Subscripts
1
ambient condition
i
initial condition and index for a number of
points in x direction
j
index for a number of points y-direction

Greek letters
j
permeability of porous medium (m2)
a
thermal diﬀusivity (m2/s)

Rayleigh number play an important role on mixed convection ﬂow inside a square cavity ﬁlled with a ﬂuid-saturated
porous media. Nithiarasu et al. [10] examined eﬀects of
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 investigated for diﬀerent Darcy, Rayleigh and Biot numbers and aspect ratio. Variations in
Darcy, Rayleigh and Biot numbers and aspect ratio significantly aﬀect natural ﬂow convective pattern. Recently, AlAmiri [11] performed numerical studies of momentum 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 increase in Darcy number induces ﬂow
activities causing an increase in the fraction of energy
transport by means of convection. With similar description
of the domain conﬁguration, Khanafer and Vafai [12]
extended the investigation to mass transport in the medium. The buoyancy eﬀects that create the ﬂow are induced
by both temperature and concentration gradients. It was
concluded that the inﬂuences of the Darcy number, Lewis
number and buoyancy ratio on thermal and ﬂow behaviors
were signiﬁcant. Furthermore, the state of art regarding
porous medium models has been summarized in the
recently published books [13–15].
Previous investigations have merely focused on momentum and energy transfer in cavity ﬁlled with a saturated
porous medium subjected to prescribed temperature and
prescribed wall heat ﬂux conditions. However, only a very
limited amount of numerical and experimental work on
momentum and energy transfer in a cavity ﬁlled with a sat-

urated porous medium subjected to heat transfer coeﬃcient
boundary condition at the exposed portion of the top wall
has been reported. The case, in which the top wall is partially exposed, is considered in our study. In this case, the
heating pattern is similar to the heating phenomenon
occurring in a microwave heating of water layer in which
the microwave energy transfers only partially through the
top surface for a particular mode of microwave ﬁeld [16].
It is found in the present study that the two symmetrical
vortices are developed during the early stages of heating
process. This suggests the presence of heat convection
mechanism due to ﬂuid motion in the transient condition.
This distinct phenomenon is diﬀerent from the case of fully
heated top wall to which constant temperature was prescribed in that in this case the heat transfer from the top
to bottom surface is exclusively by conduction.
In the present study, the detailed parametric study has
been carried out for transient natural convective ﬂow in a
ﬂuid-saturated porous medium ﬁlled in a square cavity.
The top surface is partially open to the ambient, allowing
the surface temperature to vary, depending on the inﬂuence
of convection heat transfer mechanism. The inﬂuences of
associated parameters such as heat transfer coeﬃcient,
Rayleigh number and Darcy number on the ﬂow and thermal conﬁgurations were examined.
2. Problem description
The computational domain, depicted in Fig. 1 is a rectangular cavity of size W · H 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

2318

W. Pakdee, P. Rattanadecho / Applied Thermal Engineering 26 (2006) 2316–2326

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

Fig. 1. Schematic representation of the computational domain.

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:
for t ¼ 0;

ð1Þ

u ¼ v ¼ 0;

T ¼ Ti

u¼v¼0

at x ¼ 0; W

0 6 y 6 H;

u¼v¼0

at y ¼ 0; H

06x6W;

oT
¼0
ox
oT
¼0
oy
oT
¼0
oy

at x ¼ 0; W

ð2Þ

0 6 y 6 H;

at y ¼ 0

06 x6 W;

at y ¼ H

06x6L

oT
¼ h½T  T 1  at y ¼ H
oy

L 6 x 6 W  L;

ð4Þ

where k and h are eﬀective thermal conductivity and convection heat transfer coeﬃcient. e and m denotes porosity
of porous medium and ﬂuid viscosity, respectively. 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 and saturated with a ﬂuid that is local
thermodynamic equilibrium with the solid matrix. 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 of the eﬀect of density
variation on the buoyancy force. Furthermore, the solid
matrix is made of spherical particles, while the porosity
and permeability of the medium are assumed to be uniform
throughout the rectangular cavity. Using standard symbols, the governing equations describing the heat transfer
phenomenon are given by

and W  L 6 x 6 W .
ð3Þ

ou ov
þ ¼ 0;
ox oy

Fig. 2. Test results for validation purpose: (a) previously published results [19] and (b) present numerical simulation.
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where j is medium permeability, b is thermal expansion
coeﬃcient, a is eﬀective thermal diﬀusivity of the porous

Table 1
Comparison of the results obtained in the present study with those of
Aydin [14]

wmax
Umax
Vmax

Present work

Published work [14]

Diﬀerence (%)

5.070
16.300
19.730

5.087
16.225
19.645

0.33
0.46
0.43
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medium, l and t are viscosity and kinematic viscosity of
the ﬂuid respectively. In the present study, the heat capacity ratio r is taken to be unity since the thermal properties
of the solid matrix and the ﬂuid are assumed identical. The
momentum equation consists of the Brinkmann term,
which accounts for viscous eﬀects due to the presence of
solid body [17]. This form of momentum equation is
known as Brinkmann-extended Darcy model. Lauriat
and Prasad [18] employed the Brinkmann-extended Darcy
formulation to investigate the buoyancy eﬀects on natural
convection in a vertical enclosure. Although the viscous
boundary layer in the porous medium is very thin for most
engineering applications, inclusion of this term is essential
for heat transfer calculations [11]. However, the inertial effect was neglected, as the ﬂow was relatively low.
The variables are transformed into the dimensionless
quantities deﬁned as,

Table 2
Comparison of the results obtained in the present study with those of
Nithiarasu et al. [8]

wmax
Vmax

Present work

Published work [8]

Diﬀerence (%)

2.53
9.49

2.56
9.34

1.17
1.60

(Da = 0.01, Ra = 103, porosity = 0.6).

Fig. 3. Test results for validation purpose: (a) Nithiarasu et al. [8]: Non-Darcian model (including inertial and boundary eﬀect) and (b) present simulation:
Brinkman-extended Darcy model, which accounts for viscous eﬀects due to the solid boundary.
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Fig. 4. Sequential ﬁles for contours of temperature and streamlines at times s = 0.0125, 0.09, 0.1675, and 0.2475. (Ra = 104, Da = 0.01, Pr = 1.0, e = 0.8,
and h = 100 W/m2 K).
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Pr = m/a is the Prantl number, where a = ke/(qcp)f is the
thermal diﬀusivity.

X ¼

ð10Þ

where x and w represent dimensional vorticity and stream
function, respectively. Symbol a denotes thermal diﬀusivity. The initial temperature and ambient temperature are
given by Ti and T1. Thus the dimensionless form of the
governing equations can be written as
o 2 w o2 w
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ð11Þ

ð12Þ
ð13Þ

where the Darcy number, Da is deﬁned as j/H2, and
Pr = m/a is a prandtl number. The Rayleigh number Ra,
which gives the relative magnitude of buoyancy and viscous forces is deﬁned as Ra = gb(Ti  T1)H3/(ta).

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 is used to solve the transient dimensionless governing equations (Eqs. (11)–(13)) subject to their corresponding initial and boundary conditions given in Eqs. (1)–(4).
Approximation of convective terms is based on an upwind
ﬁnite diﬀerencing scheme, which correctly represent the
directional inﬂuence of a disturbance. A uniform grid resolution of 61 · 61 was found to be suﬃcient for all smooth
computations and computational time required in achieving steady-state conditions. Finer grids did not provide a
noticeable change in the computed results. The ﬁnite diﬀerence form of boundary condition at the open part of the
top surface is systematically derived, based on energy conservation principle. The boundary values of dimensionless
temperature of a node i, j hi,j are expressed as

Fig. 5. Contours of temperature and streamlines: (a) h = 60 W/m2 K and (b) h = 300 W/m2 K. (Ra = 104, Da = 0.1, Pr = 1.0, and e = 0.8).
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2hij1 þ hi1j þ hiþ1j þ 2 hDy
k
2ðhk DY þ 2Þ

ð14Þ

It can be noticed that Eq. (14) is independent of T1 as it
has been eliminated during the derivation. Thus the solutions can be obtained regardless of a value of T1.
4. Results and discussion
In order to verify the accuracy of the present numerical
study, the present numerical model was validated against
the results obtained by Aydin [19] for a free convection ﬂow
in a cavity, with side-heated isothermal wall, ﬁlled with pure

air (Pr = 0.7) for Rayleigh number of 104. It was found that
the solutions have good agreement with the previously published work. The results of the selected test case are illustrated in Fig. 2 for streamlines and temperature contour
lines. Table 1 clearly shows a good agreement of the maximum value of the stream function and the maximum values
of the horizontal and vertical velocity components between
the present solution and that of Aydin. Also, the results
from the present numerical model were compared with
the solution of Nithiarasu et al. [8] in the presence of porous
medium for additional source of conﬁdence, as shown in
Fig. 3. The values of Ra = 104, Da = 0.01 and e = 0.6 were
chosen. Table 2 clearly shows a good agreement of the

Fig. 6. Contours of temperature and streamlines: (a) Da = inﬁnity, (b) Da = 0.1, (c) Da = 0.001. (Ra = 104, h = 60 W/m2 K, Pr = 1.0, and e = 0.8).
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maximum values of the stream function and vertical velocity component between the present solution and that of
Nithiarasu et al [8]. All of these favorable comparisons lend
conﬁdence in the accuracy of the present numerical model.
The following discussions include the numerical results
from the present study. Initial values of h for an entire
domain are set 1, based on Eq. (14) since the ambient temperature is higher than temperature of the medium in cavity. The investigations were conducted for a range of
controlling parameters, which are Darcy number (Da)
Rayleigh number (Ra) and convective heat transfer coeﬃcient (h). The porosity e of 0.8 and unity aspect ratio
(A = 1) were considered throughout in the present study.
In order to assess global eﬀects of these parameters, the
streamlines and isotherm distributions 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. Fig. 4 displays instantaneous
images of the contour plots during the thermal and ﬂow
evolution. The Darcy number of 0.01, Pr = 1.0, h =
60 W/m2 K, and e = 0.8 are considered. The two columns
represent temperature and stream function. With the same
contour levels, comparisons can be observed directly. The
four snapshots from top to bottom in each column are
results taken at the dimensionless times s = 0.0125, 0.09,
0.1675, and 0.2475 with the time interval. The vertical temperature 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 distributed from the
top wall of cavity where the ﬂuid is heated through the partially open area. This indicates the non-uniform temperature at the top surface, leading to an unstable condition.
Thus the buoyancy eﬀect is associated with the lateral temperature gradient at locations near the top surface. Heated
portions of the ﬂuid become lighter than the rest of ﬂuid,
and are expanded laterally away from the center to the sides
then ﬂow down along the two vertical walls, leading to the
clockwise and counter-clockwise ﬂow circulations. These
results suggest that the buoyancy forces are able to overcome the retarding inﬂuence of viscous forces. An increase
in strength of the vortices develops fast during early simulation times, and its maximum magnitude reaches 0.1 at
s = 0.0475. After this time, the vortices are slowly weakened. Similarly, temperature distribution progressively
evolves relatively fast in the early times. After the time
s = 0.07, slow evolution is observed. This result corresponds to the decrease in strength of ﬂow circulations. In
the remaining area, the ﬂuid is nearly stagnant suggesting
that conduction is dominant due to minimal ﬂow activities.
This is because the viscous eﬀects are large.
This distinct phenomenon is diﬀerent from the case of
fully heated top wall to which constant temperature was
prescribed in that in this case the heat transfer from the
top to bottom surface is exclusively by pure conduction.
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Fig. 5 illustrates how the convective heat transfer coeﬃcient inﬂuences thermal and ﬂow behaviors, while other
parameters Da = 0.1, Pr = 1.0, and e = 0.8 are ﬁxed. The
variable values of h chosen are 60 and 300 W/m2 K, which
may represent a typical free and forced convection, respectively. In all the ﬁgures henceforth, directions and magnitudes of the arrows indicate the direction as well as
strength of the ﬂows respectively. It is seen on the left column in Fig. 5 that the temperature gradients are steep at
the top area near the exposed convective surface and gradually decreases toward the bottom of the domain. In the
remaining area of the cavity, the temperature gradients
are small and this implies that the temperature diﬀerences
are very small in the bottom region of the cavity where
viscous eﬀects are strong. It can be observed on the rightcolumn plots, which presents streamline contours that the
chance in h does not contribute a signiﬁcant modiﬁcation
to the temperature contours. However, an increase in h
expands temperature distribution area due to the more
energy that is carried away from the location of convection
surface condition toward the bottom. Moreover, higher
value of h increases maximum temperature resulting in
wider temperature range in the domain.
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 are plotted for
diﬀerent Darcy numbers while e, Pr and h are kept at 0.8,
1.0 and 60 W/m2 K respectively. The Darcy number, which
is directly proportional to the permeability of the porous
medium, was set to 0.001 and 0.1. The case in which the
porous medium is absent corresponds to inﬁnite Darcy
number. The presence of a porous medium within rectangular enclosure results in a force opposite to the ﬂow direction which tends to resist the ﬂow which corresponds to
suppress in the thermal currents of the ﬂow as compared
to a medium with no porous (inﬁnite Darcy number). It
is evident that the increase in Da enhances the streamline

Fig. 7. Temperature distribution contours within a medium in the absent
of porous (solid line) overlaid by the temperature distribution contours in
a porous medium with Da of 0.001 (dash line). Data is taken from that of
Fig. 6.
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intensities thereby assisting downward ﬂow penetration,
which causes the streamline lines, i.e., two symmetrical vortices to stretch further away from the top surface. This
results in expanding the region for which the convection
signiﬁcantly inﬂuences an overall heat transfer process.
On the other hand, as the Darcy number decreases, the
ﬂow circulations as well as thermal penetration are progressively inhibited due to the reduced permeability of
the medium except at the region close to the location of
convection surface condition where the ﬂow motions are
relatively strong. Furthermore, Fig. 6c indicates that as
Darcy number approaches zero, the convective heat transfer mechanism is almost suppressed, while the heat transfer
by means of conduction plays an important role in heat

transfer. The left column of Fig. 6 shows comparison of
temperature in which the contours of diﬀerent Darcy numbers appear roughly similar.
To gain further insight into the eﬀects of the Darcy number on the thermally stratiﬁed layer, temperature contours
for pure ﬂuid are overlaid with that for porous ﬂuid with
Da of 0.001. The results are given in Fig. 7. It is noticed
that temperature stratiﬁcation layers, near the vertical symmetry line in the case of Da 0.001, move further downward
relative to those for pure ﬂuid. This observed incident
results from a stronger ﬂow in the upward direction in
the central region for the pure medium. The upward ﬂows
inhibit the thermal propagation. In contrast, in the areas
away from the vertical center line, the downward ﬂows

Fig. 8. Contours of temperature and streamlines: (a) Ra = 103, (b) Ra = 104 and (c) Ra = 105. (Da = 0.1, h = 60 W/m2 K, Pr = 1.0, and e = 0.8).
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Fig. 9. Temperature distribution contours within a porous medium with
Ra = 103 (dash line) overlaid by the temperature distribution contours in a
porous medium with Ra = 105 (solid line). Data is taken from that of
Fig. 8.

assist heat to be transferred towards the bottom of the
enclosure.
Fig. 8 shows the isotherms and streamlines obtained
for various Rayleigh numbers (Ra = 103, 104 and 105)
whereas the Darcy number of 0.1, porosity of 0.8, and h
of 60 W/m2 K are ﬁxed. The Rayleigh number provides
the ratio of buoyancy forces to change in viscous forces.
As Rayleigh number increases, the buoyancy-driven circulations inside the enclosure become stronger as seen from
greater magnitudes of stream function. For the large value
of Ra (Ra = 105), there appears a pair of secondary weak
circulations in the bottom region of the enclosure. The
two vigorous vortices are conﬁned to the upper domain,
where convection is a dominant mode of heat transfer.
Although the proﬁles of temperature contour are qualitative similar, Fig. 9 displays overlaid contours for the two
cases which are of Ra = 103 and Ra = 105. It is evident in
the case of Ra = 103 that temperature contour lines penetrates faster relative to the low Ra case at the central locations around vertical symmetric line, but they move slower
in the regions near the vertical walls. The results are consistent with the thermal behaviors observed in Fig. 7 for the
same reasoning, which conﬁrm how a ﬂow direction
impacts the convection heat transfer. Therefore it can be
concluded to an interesting note that not only an intensity
of a ﬂow, but also the direction of the ﬂuid ﬂow locally
aﬀects the heat convection process.
5. Conclusions
Numerical simulations of natural convection ﬂow
through a ﬂuid-saturated porous medium in a rectangular
cavity due to top surface convection were performed. Transient eﬀects of associated controlling parameters were
examined. The two-dimensional ﬂow is characterized
mainly by two symmetrical eddies that are initiated by
the presence of buoyancy eﬀect. The buoyancy eﬀect is
associated with the lateral temperature gradient at loca-
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tions near the top surface. As the convection heat transfer
coeﬃcient increases, the temperature stratiﬁcation penetrates deeper toward the bottom wall, and temperature
range within the domain is extended. Small values of Darcy
number hinder the ﬂow circulations. Therefore the heat
transfer by convection is considerably suppressed. Large
values of Rayleigh number increase streamline intensities,
thus enhancing the downward ﬂow penetration. Therefore
enlarges the region where convection mode is signiﬁcant.
Moreover, the ﬂow in the direction of heat transfer is found
to enhance the rate of convection whereas the ﬂow in the
opposed direction retards the heat rate. In our future study,
eﬀects of internal heat generation due to microwave energy
on heat transfer processes in ﬂuid-saturated porous medium will be considered.
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