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Abstract

A numerical study is made of buoyant convection in a parallelogrammic enclosure, which is filled with a porous medium. The enclo-
sure is equipped with insulated non-vertical sidewalls and isothermal horizontal endwalls. The temperature at the top horizontal endwall
is higher than the temperature at the bottom horizontal endwall. This provides a generally stable fluid stratification in the interior.
Emphasis is given to the explicit role of local baroclinicity, which is induced in the immediate neighborhood of the non-vertical portions
of the sidewalls. Comprehensive numerical solutions to the governing equations are acquired. The Boussinesq-fluid assumption is used,
and the Brinkman-extended Darcy flow model is adopted in the momentum equation. In order to represent local thermal non-equilib-
rium, the two-equation model is utilized in the energy equation. A systematic scale analysis is performed, which produces descriptions of
general flow and heat transport characteristics. These results are shown to be consistent with the detailed numerical solutions. Enhance-
ment of heat transfer through the cavity is more pronounced as the inclination angle of the non-vertical sidewall increases.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Buoyant convection in a porous medium has been a sub-
ject of much interest. This is an important issue in many
natural and industrial applications, such as geothermal
energy modeling, solar power collector, pollutant in aqui-
fers, cooling electronic systems, petroleum reservoirs and
fuel cell, to name a few. The fundamental aspects of con-
vective flows in a porous medium have been documented,
e.g. [1–3].

The flow and heat transfer of a clear-fluid in buoyant
convection in a rectangular enclosure, of which the vertical
walls are maintained at two different temperatures and the
horizontal walls are insulated, are benchmark problems
(e.g. [4,5]). Expanding these studies, investigations on
buoyant convection in a rectangular enclosure filled with
a porous medium have been reported (e.g. [6–17]). Based
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on these studies, it is of interest to explore heat transfer fea-
tures in more complex geometries. The prediction of heat
transfer in irregular geometries is a topic of importance,
and non-rectangular cavities are particularly relevant, e.g.
[18–23].

Recently, Costa [24], Baytas and Pop [25] and Misirlio-
glu et al. [26,27] examined steady natural convection in a
non-rectangular enclosure filled with a porous medium.
These preceding efforts demonstrated that the geometrical
shape is crucial in determining the fluid flow and heat
transfer. Most of these studies are concerned with the case
of differentially heated sidewalls, with insulated horizontal
walls.

This paper intends to address the above two key issues,
i.e., the case of a parallelogrammic porous-medium enclo-
sure with thermally insulated sidewalls. The top and bot-
tom horizontal walls are conductors. It is noted that the
temperature at the top horizontal wall is higher than at
the bottom horizontal wall. This leads to a generally stable
stratification in the interior.
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Nomenclature

asf interfacial surface area per unit volume
A aspect ratio, H/L
Bi Biot number, hsfasfH

2/ke

cf specific heat of fluid
Da Darcy number, K/H2

g gravitational acceleration
hsf interstitial heat transfer coefficient
H cavity height
k thermal conductivity
K permeability
L cavity length
_m mass flow rate
n* unit normal vector
Nu local Nusselt number
Nu mean Nusselt number
p, P dimensional and dimensionless pressure,

pe2H 2=qfj
2
e

Pr Prandtl number, mf/je

Ra Rayleigh number, gaDTH3/jemf

Ram modified Rayleigh number, KgaDTH/jemf

T0 average temperature, (Th + Tc)/2
u, v velocity components along x and y axes, respec-

tively
U, V dimensionless velocity components along X and

Y axes, respectively, (u,v)H/je

V total system volume
x, y Cartesian coordinates
X, Y dimensionless Cartesian coordinates, (x,y)/H

Greek symbols

a volumetric expansion coefficient
DT temperature difference, (Th � Tc)/2
e porosity
je effective thermal diffusivity, ke/qfcf

k effective fluid-to-solid thermal conductivity ra-
tio, ekf/(1 � e)ks

mf kinematic viscosity of fluid
h dimensionless temperature, (T � T0)/DT

qf density of fluid
u incline angle
x, X dimensional and dimensionless vorticity, xH2/

je

w, W dimensional and dimensionless stream function,
w/je

Subscripts

c cold
e effective
f fluid
h hot
m modified
s solid
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Buoyant convection in a porous-medium enclosure is
customarily modeled under the assumption of local ther-
mal equilibrium between the fluid phase and the solid
phase, which leads to the one-equation model in the energy
equation (e.g. [6–15,24–27]). Obviously, the one-equation
model is simple and straightforward. However, the one-
equation model becomes less accurate as the temperature
difference between the solid and fluid phases increases. In
this case, the two-equation model will be used, which treats
the solid phase and the fluid phase separately. Kim and
Jang [16] and Khashan et al. [17] gave discussions on the
utility and limitations of the local thermal equilibrium
assumption in forced convection and in the Benard
convection.

The intention of this paper is heat transfer enhancement,
which is driven by non-vertical insulated sidewalls. To
present a general description of the flow field, a scale anal-
ysis is performed. A comprehensive numerical study will be
undertaken to obtain the flow details.
2. Formulation and numerical model

Consider a parallelogrammic porous-medium enclosure
(width L and height H), filled with a viscous, Boussinesq-
fluid. The non-vertical sidewalls are thermally insulated,
and the temperatures at the top and bottom horizontal
walls are, respectively, Th and Tc, with DT � (Th � Tc)/
2 > 0, as shown in Fig. 1b. The present configuration is
top-heated, and it should be distinguished from the bot-
tom-heated Benard-type setup.

The vorticity equation describes the evolution of the
vorticity of a fluid element as it moves around and can
be derived from the curl of momentum equation. In general
vector form, it may be expressed as follows:

o~x
ot
þ ð~u � rÞ~x ¼ ð~x � rÞ~u�rp �rq

q2
þ mr2~xþr�~b;

ð1Þ
where ~x, ~u, q, p and~b denote the vorticity vector, velocity
vector, density, pressure and body force term, respectively.
If the geometrical shape of a cavity is rectangular, as
sketched in Fig. 1a, there are no fluid motions, and heat
transfer is purely conductive. In this case, the baroclinic
term in the vorticity equation (Eq. (1)), i.e., ($p � $q)/q2,
is identically zero, and the whole cavity is vorticity-free.
Subsequently, the appropriately defined Nusselt number
Nu at the horizontal wall is unity. However, in the case
of a parallelogrammic cavity, the existence of non-vertical
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Fig. 1. Schematic diagram of the flow configuration. (a) Rectangular
porous-medium enclosure; (b) parallelogrammic porous-medium enclo-
sure; (c) 80 � 80 staggered and stretched grid size.
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portions of the sidewall brings forth fluid flows because of
the non-vanishing baroclinic term, i.e., ($p � $q)/q2 6¼ 0.
As a result, the overall heat transfer from the top to bottom
horizontal walls is augmented, in comparison to the strictly
conductive case. The mechanism of this baroclinically in-
duced buoyant convective heat transfer was examined in
detail by Kim and Hyun [21].

For the present mathematical formulation, the following
assumptions are invoked: the porous medium is isotropic
and homogeneous; the properties of the fluid and porous
medium are constant; the Boussinesq-fluid approximation
is used; the Brinkman-extended Darcy flow model is
adopted in the momentum equation since the inertial effect,
i.e., the Forchheimer term, is negligible; the two-equation
model is employed in the energy equation under the
assumption of local thermal non-equilibrium. When using
the Brinkman-extended Darcy flow model, it is assumed
that the effective viscosity is the same as the fluid viscosity.
Strictly speaking, this may not be the case. However, due to
the lack of experimental data, it has become customary to
make this assumption [7–9,11,13,15–17].

The governing equations based on volume-averaging
method, are [17]:

ou
ox
þ ov

oy
¼ 0; ð2Þ

qf

e
u

o

ox
u
e

� �
þ v

o

oy
u
e

� �� �

¼ � 1

e
o

ox
ðpeÞ þ lf

e
o2u
ox2
þ o2u

oy2

� �
� lf

K
u; ð3Þ

qf

e
u

o

ox
v
e

� �
þ v

o

oy
v
e

� �� �

¼ � 1

e
o

oy
ðpeÞ þ lf

e
o2v
ox2
þ o2v

oy2

� �
þ qfgaðT f � T 0Þ �

lf

K
v;

ð4Þ

ðqcÞf u
oT f

ox
þ v

oT f

oy

� �

¼ ekf

o2T f

ox2
þ o2T f

oy2

� �
þ hsfasfðT s � T fÞ; ð5Þ

0 ¼ ð1� eÞks

o
2T s

ox2
þ o

2T s

oy2

� �
þ hsf asfðT f � T sÞ; ð6Þ

where x and y are the Cartesian coordinates pointing in the
horizontal and vertical directions, respectively; u and v rep-
resent the volume averaged velocity components in the x

and y directions, respectively; p is the pressure; Tf and Ts

stand for the temperatures of fluid and of solid, respec-
tively; qf, lf, kf, ks, asf, hsf, e, a, g and K denote the density
of fluid, dynamic viscosity of fluid, thermal conductivity of
fluid, thermal conductivity of solid, interfacial surface area
per unit volume, interstitial heat transfer coefficient, poros-
ity, volumetric expansion coefficient, gravitational acceler-
ation and permeability, respectively.

The associated boundary conditions are expressed as

u ¼ v ¼ 0 at all solid walls;

T f ¼ T s ¼ T h ½¼ T 0 þ DT �
at the top horizontal endwall;

T f ¼ T s ¼ T c ½¼ T 0 � DT �
at the bottom horizontal endwall;

oT f

on�
¼ oT s

on�
¼ 0 at the sidewalls;

ð7Þ

where n* denotes the unit normal vector.
In the course of computations, Eqs. (2)–(7) were non-

dimensionalized in the following fashion [9,17,20,21]:



Table 1
Grid size dependency analysis on the mean Nusselt number and the
maximum stream function values for the case A = 1.0, u = 30�, e = 0.9,
Pr = 1.0, Ra = 108 and Da = 10�3

Grid size Nu wmax

20 � 20 1.1577 (–) 0.6632 (–)
40 � 40 1.1488 (0.78%) 0.6605 (0.411%)
60 � 60 1.1467 (0.18%) 0.6600 (0.079%)
80 � 80 1.1458 (0.08%) 0.6598 (0.031%)
100 � 100 1.1453 (0.04%) 0.6597 (0.016%)
120 � 120 1.1450 (0.03%) 0.6596 (0.009%)

Figures in the parentheses are the absolute relative error between grid size.
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ðX ; Y Þ ¼ ðx; yÞ
H

; ðU ; V Þ ¼ ðu; vÞH
je

; P ¼ pe2H 2

qfj2
e

;

hf ¼
T f � T 0

DT
; hs ¼

T s � T 0

DT
; W ¼ w

je

;

X ¼ xH 2

je

; Da ¼ K

H 2
; Ra ¼ gaDTH 3

jemf

;

Ram ¼
KgaDTH

jemf

; Pr ¼ mf

je

;

k ¼ ekf

ð1� eÞks

; Bi ¼ hsfasf H 2

ke

; ð8Þ

where W and X represent the dimensionless stream function
and dimensionless vorticity, respectively; Da, Ra, Ram, Pr,
k and Bi are the Darcy number, Rayleigh number, modified
Rayleigh number, Prandtl number, effective fluid-to-solid
thermal conductivity ratio and Biot number, respectively.
The effective thermal diffusivity je is set equal to ke/(qfcf),
where ke = ekf + (1 � e)ks. The Biot number, Bi, is a mea-
sure of the conductive thermal resistance by the porous
medium in comparison to the interstitial convective ther-
mal resistance between the fluid and solid phases. In pass-
ing, it is mentioned that the functional dependence of Bi on
Ra is not clear a priori. Therefore, treating Bi as indepen-
dent parameter could result in a simplification of the prob-
lem. Also, the modified Rayleigh number Ram is defined as
Ra � Da.

The governing equations, in properly non-dimensional-
ized form, are:

oU
oX
þ oV

oY
¼ 0; ð9Þ

U
oU
oX
þ V

oU
oY
¼ � oP

oX
þ ePr

o2U

oX 2
þ o2U

oY 2

� �
� e2 Pr

Da
U ;

ð10Þ

U
oV
oX
þ V

oV
oY
¼ � oP

oY
þ ePr

o
2V

oX 2
þ o

2V

oY 2

� �
� e2 Pr

Da
V

þ e2RaPrhf ; ð11Þ

U
ohf

oX
þ V

ohf

oY
¼ 1

1þ k�1

o2hf

oX 2
þ o2hf

oY 2

� �
þ Biðhs � hfÞ; ð12Þ

0 ¼ 1

1þ k
o2hs

oX 2
þ o2hs

oY 2

� �
þ Biðhf � hsÞ: ð13Þ

Expressed in the vorticity-stream function formulation,
the governing equations, written in non-dimensionalized
form, are:

o2W

oX 2
þ o2W

oY 2
¼ �X; ð14Þ

U
oX
oX
þ V

oX
oY
¼ ePr

o
2X

oX 2
þ o

2X

oY 2

� �
� e2 Pr

Da
Xþ e2RaPr

ohf

oX
;

ð15Þ

U
ohf

oX
þ V

ohf

oY
¼ 1

1þ k�1

o2hf

oX 2
þ o2hf

oY 2

� �
þ Biðhs � hfÞ; ð16Þ
0 ¼ 1

1þ k
o2hs

oX 2
þ o2hs

oY 2

� �
þ Biðhf � hsÞ; ð17Þ

where U and V denote the dimensionless velocity compo-
nents in the x and y directions, respectively; X represents
the dimensionless vorticity; i.e.,

U ¼ oW
oY

; V ¼ � oW
oX

; X ¼ oV
oX
� oU

oY
: ð18Þ

The associated boundary conditions, in properly non-
dimensionalized form, are:

U ¼ V ¼ 0 at all solid walls;

hf ¼ hs ¼ hh ¼ 1:0

at the top horizontal endwall;

hf ¼ hs ¼ hc ¼ �1:0

at the bottom horizontal endwall;

ohf

on
¼ ohs

on
¼ 0 at the sidewalls:

ð19Þ

Numerical solutions were acquired to the governing
equations (Eqs. (9)–(13)). The well-established finite vol-
ume method (FVM) based on the SIMPLER algorithm,
together with the QUICK scheme, was adopted [28,29].
A body-fitted coordinate transform was implemented in
order to deal with the complexity of geometrical shape.
To obtain the steady state solutions, the governing equa-
tions were iteratively solved until the rate of relative change
in velocities and temperatures decreased below 10�6 at all
nodes. Grid-convergence tests were performed for a variety
of grid sizes as illustrated in Table 1. A grid size of 80 � 80,
as shown in Fig. 1c, was selected on the basis of execution
time and accuracy trade-off. A staggered and stretched grid
was deployed to cluster mesh points near the walls. A series
of computations were repeated for benchmark problems to
verify the reliability and resolution of the code. The present
results were validated by using the results of a parallelo-
grammic enclosure of a clear-fluid [21] and the Darcy flow
model solutions [25,26], as shown in Table 2. The code was
executed under the condition of e = 1.0, Da =1, k =1
and Bi = 0 for comparison with the clear-fluid model in
the case of A = 1.0, Pr = 7.0 and u = 30�. For comparison
with the Darcy flow model, the parameter was fixed at
Da = 10�6 to minimize the boundary effect, i.e., Brinkman



Table 2
Comparison of the mean Nusselt number

Authors Ra = 106 Ra = 107 Ra = 108

(a) Clear-fluid model in a parallelogrammic enclosure

Kim and Hyun [21] 1.1241 1.1384 1.1467
Present study 1.1235 1.1379 1.1458

Ram = 101 Ram = 102 Ram = 103

(b) Darcy flow model in a square enclosure

Baytas and Pop [25] 1.079 3.16 14.06
Misirlioglu et al. [26] 1.119 3.05 13.15
Present study (Da = 10�6) 1.076 3.07 13.27
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term. It is seen from Table 2 that the present and the pre-
vious results are in good agreement. Therefore, it can be
concluded that the numerical methodologies used are
robust and accurate.

In the present study, the parameter ranges were 30� 6
u 6 60�, 106

6 Ra 6 108, 10�5
6 Da 6 10�2, 0.1 6 k 6 1.0

and 1 6 Bi 6 100, and A = 1.0, Pr = 1.0 and e = 0.9. To
process the numerical data, it is useful to introduce

LTD � jhs � hf j; LTDmax �MAXðLTDÞ;

Percentage LTDmax �
LTDmax

hh � hc

� 100: ð20Þ

In the above, LTD denotes the absolute value of the local
temperature difference between the fluid and solid phases in
the entire cavity; LTDmax represents the maximum value of
local temperature difference. The local Nusselt number Nu

at the bottom horizontal endwall is given as

Nu � L
2H

1

1þ k�1

ohf

oY
þ 1

1þ k
ohs

oY

� 	
Y¼0

; ð21Þ
a b

dc

Fig. 2. Fluid flow and heat transfer features. u = 30�, Bi = 10, k = 0.1, Ra = 10
fluid temperature field. The number of contours is 9, Dhf = 0.2; (c) solid te
temperature difference field. The number of contours is 9, DLTD = 0.02.
and the mean Nusselt number is defined as

Nu �
Z 1

0

NudX : ð22Þ
3. Results and discussion

3.1. Characteristics of heat transfer using the thermal non-

equilibrium model

Fig. 2 exhibits exemplary plots of stream function, fluid
temperature, solid temperature and local temperature dif-
ference in the case of u = 30�, Bi = 10, k = 0.1, Ra = 107

and Da = 10�4. As shown in Fig. 2a, the main flow is char-
acterized by a counter-clockwise circulation cell, and the
fluid flow of boundary layer-type is generated by local
baroclinicity. Temperature distributions of fluid and of
solid are shown in Fig. 2b and c. The fluid phase is strongly
stratified because of the convective effect, while stratifica-
tion is weak in the solid phase due to the absence of advec-
tion term in the energy equation for the solid phase, see Eq.
(6). Therefore, it is discernible that the solid phase is dom-
inated by conduction. The temperature difference between
the fluid and solid phases, i.e., LTD, is sketched in
Fig. 2d. The LTDmax is located in the boundary layer
where the fluid flow is generated, while LTD is meager in
the interior core where the fluid motion is weak.
3.2. Scale analysis

As the system approaches the steady state, in the ther-
mal boundary layer, the convection term (qc)fvDTf/H in
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the energy equation for the fluid phase (Eq. (5)) is balanced
by the conduction term ð1� eÞksDT s=d

2
T s

in the energy
equation for the solid phase (Eq. (6)) under the assumption
of ðdT f

=dT sÞ
2ðDT s=DT fÞ � Oð1Þ. This gives

v � je

1þ k
H

d2
T f

: ð23Þ

In the momentum equation (Eq. (4)), the advection term
qfv

2/e2H, the viscous term lfv=ed
2
T f

and the Darcy term lfv/
K are the candidates to balance the buoyancy term at the
steady state. The ratio of the advection term to the viscous
term, with the scale of Eq. (23), is O((e(1 + k)Pr)�1). There-
fore, the advection term is neglected for high Prandtl num-
ber Pr P 1, e � O(1) and k > 0. In the boundary layer, the
buoyancy term is balanced by the viscous term or the
Darcy term.

If the Darcy term is insignificant in the thermal bound-
ary layer, the buoyancy term is balanced with the viscous
term, namely

qf gaDT f �
lf

e
v

d2
T f

: ð24Þ

With Eqs. (23) and (24), the velocity and length scales are

v � je

H
e

1þ k
Ra

� �1=2

; dT f
� H

ðeð1þ kÞRaÞ1=4
: ð25Þ

In order to neglect the Darcy term, the Darcy term must be
smaller than the viscous term, namely

lf v=K 	 lf v=ed
2
T f
: ð26Þ

With Eqs. (23) and (25), Eq. (26) yields the criterion,

1	 e�1=2ð1þ kÞ1=2Ra1=2Da: ð27Þ

In the opposite case, if the viscous term is unimportant
in the thermal boundary layer, the buoyancy term is bal-
anced with the Darcy term, namely

qf gaDT f �
lf

K
v: ð28Þ

With Eqs. (23) and (28), the velocity and length scales are

v � RaDa
je

H
; dT f

� H

ðð1þ kÞRaDaÞ1=2
: ð29Þ

To neglect the viscous term, the viscous term lf v=ed
2
T f

must
be smaller than the Darcy term lfv/K, which yields the cri-
terion, with Eqs. (23) and (29):

e�1=2ð1þ kÞ1=2Ra1=2Da	 1: ð30Þ

To identify the prominent dynamical effects, the sizes of the
individual terms divided by Ra � Pr in the non-dimensional-
ized vertical momentum equation (Eq. (11)), evaluated
along the centerline in the left-half of the cavity, are dis-
played in Fig. 3 for the exemplary case of u = 30�,
Bi = 100 and k = 0.1. The setup of Da = 10�3 and Da =
10�5, respectively, satisfy the criteria (Eqs. (27) and (30))
under the condition of e = 0.9, k = 0.1 and Ra = 108. As
is evident, the principal balance of buoyancy–viscous effect
is discernible for Eq. (27), while the buoyancy term is bal-
anced with the Darcy term for Eq. (30) in much of the ther-
mal boundary layer except the near-wall region, in which
the viscous term is dominant.

3.3. Criteria for local thermal equilibrium

As described in Ref. [16], the assumption of local ther-
mal equilibrium is reasonable when the system satisfies
the following criterion:

ðqcÞfe
hsfasf t

	 1; ð31Þ

where t denotes the required time scale for the fluid near
the heating wall to travel to the cooling wall. Since the fluid
circulates along the walls, the time scale can be expressed as

t � H
v
; ð32Þ

where H and v represent the height of cavity and velocity
scale in the y-direction, respectively. With the definition
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of the Biot number in Eq. (8), i.e., Bi ¼ hsf asfH 2=ke, and
Eq. (32), the criterion (Eq. (31)) can be rearranged as

evH
jeBi

	 1: ð33Þ

By substituting the velocity scales (Eqs. (25) and (29)) into
the criterion (Eq. (33)), the criteria for local thermal equi-
librium are rewritten as

e3=2 Ra
1þ k

� �1=2
1

Bi
	 1; ð34Þ

eRam

Bi
	 1: ð35Þ

In the above, Eqs. (34) and (35) are the criteria in the buoy-
ancy–viscous and buoyancy–Darcy regimes, respectively.
N
u

30 40 50 60
1.0

1.5

2.0
Ra = 106

Ra = 107

Ra = 108

ϕ

b

Fig. 5. Mean Nusselt number at the cooling wall versus the incline angle:
Bi = 10, k = 0.5, Da = 10�2. (a) Two-equation model and (b) one-
equation model.
3.4. Effect of Rayleigh number in the buoyancy–viscous

regime

Fig. 4 illustrates the impact of Ra on LTDmax in the
buoyancy–viscous regime. The setup of Ra = 106, 107 and
108, under the condition of u = 45�, Bi = 10, k = 0.5 and
Da = 10�2, satisfies the criterion (Eq. (27)). As Ra

increases, the fluid phase becomes more stratified due to
the stronger convective effect. However, the temperature
distributions of solid phase, in which the conductive heat
transfer dominates, are largely unchanged even though
Ra is increased. Therefore, LTDmax increases with Ra

and u due to intense flow motions. This implies that the
assumption of local thermal equilibrium becomes less valid
as Ra increases, which corresponds to the criterion for local
thermal equilibrium (Eq. (34)). As shown in Fig. 5, the heat
transfer enhancement by the non-vertical sidewalls is
apparent in both the one-equation model and the two-
equation model. However, the mean Nusselt number Nu
of the two-equation model is lower than Nu of the one-
equation model since the solid phase is less stratified than
the fluid phase in the two-equation model. The deviation
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Fig. 4. Maximum value of the local temperature difference versus the
incline angle: Bi = 10, k = 0.5, Da = 10�2.
between the one-equation model and the two-equation
model results becomes significant as Ra and u increase.
The heat transfer in the solid phase tends to be overpre-
dicted in the one-equation model as the convective effect
intensifies.

3.5. Effective fluid-to-solid thermal conductivity ratio in the

buoyancy–viscous regime

Fig. 6 shows the impact of k on LTDmax in the buoy-
ancy–viscous regime. The setup of k = 0.1 and k = 1.0,
under the condition of u = 45�, Bi = 10, Ra = 107 and
Da = 10�3, satisfies the criterion (Eq. (27)). As seen in
the definition of k in Eq. (8), a larger k indicates that the
conductivity of the solid phase, relative to the fluid phase,
decreases. Therefore, the solid temperature profile becomes
more stratified as k increases. The convective effect pene-
trates more easily into the solid phase at high k. For this
reason, LTDmax diminishes as k increases, which indicates
that the temperature distributions approach the local ther-
mal equilibrium. This result confirms the above-stated cri-
terion (Eq. (34)). Hence, as demonstrated in Fig. 7, the one-
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equation model is a limiting case of the two-equation
model since the difference between the two models
decreases as k increases.
3.6. Effect of the Biot number in the buoyancy–viscous

regime and buoyancy–Darcy regime

The impact of Bi on LTDmax in the buoyancy–viscous
regime is highlighted in Fig. 8. The setup of Bi = 1,
Bi = 10 and Bi = 100 is considered under the condition
of u = 45�, k = 0.5, Ra = 107 and Da = 10�3. This satisfies
the criterion (Eq. (27)). The solid temperature distribution
approaches the fluid temperature distributions as Bi

increases. This indicates that the solid phase becomes more
stratified. This trend is attributed to the enhanced commu-
nication between the two phases. Hence, as illustrated in
Fig. 8, LTDmax decreases as Bi increases, which indicates
that the local thermal equilibrium is approached. The
numerical results are supportive of the criterion (Eq.
(34)). In Fig. 9, it is discernible that the one-equation model
can be a limiting case of the two-equation model. Also, the
one-equation model gives correct solutions at high Bi,
because the assumption of the local thermal equilibrium
is valid at high Bi. The impact of Bi in the buoyancy–Darcy
regime is also consistent with the criterion (Eq. (35)).
3.7. Effect of modified Rayleigh number in the buoyancy–
Darcy regime

Fig. 10 shows the impact of Ram on LTDmax in the buoy-
ancy–Darcy regime under the condition of u = 45�, Bi = 1
and k = 0.5. As Ram increases, the stratification of the fluid
phase intensifies by the stronger flow motion. However,
changes are small in the solid temperature distributions as
Ram varies, since conductive heat transfer is dominant in
the solid phase. When Ram is fixed, the stratification of tem-
perature in both phases is slightly enhanced as Ra increases
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(Da decreases). As shown in Fig. 10, this trend brings forth
an increase of LTDmax with Ram and u, due to the stronger
convective effect. When Ram is fixed, LTDmax increases as
Ra increases (Da decreases). These results indicate that the
assumption of local thermal equilibrium becomes adequate
as Ram decreases. This is in line with the criterion for the local
thermal equilibrium (Eq. (35)).

3.8. Validity of criteria for local thermal equilibrium

In order to validate the proposed criteria for local thermal
equilibrium (Eqs. (34) and (35)), Percentage LTDmax is pre-
sented in Fig. 11. The condition of local thermal equilibrium
is approached when the value of the left-hand side of the cri-
terion is less than 1, since Percentage LTDmax is less than 2%
in the both regimes. However, the assumption of local ther-
mal equilibrium is less valid when it is lager than 1 because
Percentage LTDmax increases rapidly with it. Furthermore,
the lager Percentage LTDmax appears when the incline angle
of the sidewalls is larger, due to the stronger convective effect.
The proposed criteria (Eqs. (34) and (35)) are in line with the
numerical results in Fig. 11.
4. Conclusions

Numerical results are acquired to scrutinize the buoyant
convection in a parallelogrammic enclosure filled with a
porous medium. The inclination of the insulating sidewalls
gives rise to convective fluid flow by local baroclinicity in
the immediate neighborhood of the non-vertical sidewalls.
For a positive incline angle u, a counter-clockwise circula-
tion cell occupies the cavity. The fluid flows are concen-
trated to the boundary layers on the wall at high Ram

while the fluid is mostly motionless and is in a nearly ver-
tical stratification in the interior. Enhancement of the heat
transfer is more pronounced as Ram and u increase.

The general criteria for the validity of local thermal
equilibrium assumption are discussed by a scale analysis
in the governing equations. The effect of parameters used
in the criteria is, respectively, investigated for the buoy-
ancy–viscous regime and the buoyancy–Darcy regime.
The one-equation model is viewed to be a limiting case of
the two-equation model when the condition of local ther-
mal equilibrium is approached. The numerical results show
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that the effect of relevant parameters is well predicted by
the proposed criteria.
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