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Mixed convection in an obstructed cavity with heated horizontal walls is investigated in

this work. Brinkman-Forchheimer-extended Darcy model is utilized to describe the flow

characteristics within a porous medium for different angles of attack with respect to the

forced convection. Numerical results are obtained for a wide range of Grashof numbers

(102–109), Reynolds numbers (102–105), Darcy numbers (10ÿ6–10ÿ1), and aspect ratios

(0.25–2). Effects of the pertinent physical parameters are investigated in terms of the flow

and temperature fields, as well as Nusselt number distributions. The presented results show

that the Darcy number plays a significant role on the flow and thermal fields and the Nusselt

number distributions for different flow configurations. For an inclined flow, the vertical

velocity component is substantially diminished within a narrow entrance section near the

inlet boundary. It is shown that as the aspect ratio increases the thickness of the thermal

boundary layer increases, resulting in a decrease in the heat transfer rate though the

horizontal walls.

1. INTRODUCTION

Mixed-convection heat transfer in an open-ended enclosure has received
increased attention by many researchers in recent years due to its significance in vari-
ous practical applications, such as cooling and drying processes, thermal insulation
engineering, thermal storage systems, and underground spreading of chemical waste.
Furthermore, this type of configuration, illustrates the fundamentals of interactions
between inner and outer flow fields that are present in various applications. Doria [1]
conducted a study of two-dimensional unsteady flow of multi-component gases
incorporating buoyancy effects. In their work, a model was set up to study fire in
a room. Jacobs et al. [2, 3] conducted a numerical study of steady state natural
convection in open rectangular cavities. Penot [4] conducted a numerical study of
free convection flow inside an isothermal open square cavity. The effects of cavity
inclination and Grashof number were examined in this work. LeQuere et al. [5]
used primitive variables to study the same configuration. Their results show that
the unsteadiness takes place for Grashof numbers larger than 106. They also demon-
strated the effect of the Grashof number and cavity aspect ratio and inclination.
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A numerical study of natural convection in a square open cavity with a heated
vertical wall and two horizontal walls which are insulated was performed by Chan
and Tien [6]. In this work, a wide range of Grashof numbers were investigated
(103 to 109). Their results illustrated the effect of the boundary conditions on
the near field and the solution close to the opening. Later on, the same authors [7]
conducted a numerical study of laminar, steady-state natural convection in a
two-dimensional shallow rectangular open enclosure. The flow characteristics were
explored up to a Rayleigh number of 106. Mhiri et al. [8] conducted a numerical
study of the thermal insulation in a cavity with a vertical downstream air jet using
a finite volume method. Besbes et al. [9] conducted a numerical study of a heated
two-dimensional cavity where the lower horizontal wall is isothermal and the two
vertical walls are insulated in the presence of a horizontal plane air jet. Their results
show that the heat exchange between the interior of the cavity and its surrounding
can be avoided in the presence of an air jet with a high enough Reynolds number.

Vafai and Ettefagh [10] performed a study of buoyancy-driven flow with
particular emphasis on the outer boundaries. A comprehensive investigation of the
transient behavior of the flow and heat transfer characteristics inside and outside
the cavity was presented in this work. The effects of the external corner on the flow
and heat transfer and the influence of the far field boundary conditions on these
quantities inside the open-ended cavity and its surrounding were explored in detail.
Their results established that the extent of the outer boundaries had far more influ-
ence on the flow and temperature fields than that shown by other investigators. This
work also illustrated in detail the effects of the Prandtl number, Rayleigh number,
and the aspect ratio of the cavity on the heat transfer characteristics. The thermal

NOMENCLATURE

A aspect ratio of the enclosure (A¼w=H)

Da Darcy number

F inertial coefficient, an empirical

function that depends on the Reynolds

number and the microstructure of the

porous medium

g gravitational acceleration, m2=s

Gr Grashof number

H height of the enclosure, m

K permeability of the porous medium, m2

Lx extended computational domain length

in x-direction, m

Ly extended computational domain length

in y-direction, m

n outward normal to a surface

Nu Nusselt number

p pressure, Pa

P dimensionless pressure

Pr Prandtl number

Re Reynolds number

t time, s

T temperature, Co

Tw enclosure wall temperature, Co

u velocity in the x-direction, m sÿ1

v velocity in the y-direction, m sÿ1

Uo external flow velocity, m sÿ1

U dimensionless velocity in the

x-direction

V dimensionless velocity in the y-direction

w width of the enclosure, m

x, y Cartesian coordinates, m

a thermal diffusivity, m2 sÿ1

b coefficient of volume expansion, Kÿ1

d porosity

h dimensionless temperature

U inclination angle

m dynamic viscosity, kgmÿ1 sÿ1

n kinematic viscosity, m2 sÿ1

q density, kgmÿ3

s dimensionless time

Subscripts

1 condition at infinity

w wall of the enclosure

f refers to the fluid

e refers to effective properties
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and fluid flow instabilities in buoyancy-driven flows in open-ended cavities were
also studied by the same authors [11]. Their results illustrated that the oscillations
of the Nusselt number and that of the central vortex inside the cavity have the same
frequency, and that this frequency, is related to the Rayleigh number.

Ettefagh and Vafai [12] conducted a study of natural convection in open-ended
cavities in the presence of a porous medium. The influence of the external corners on
vorticity generation and flow instability augmentation were discussed. The outer
boundaries were set far enough so that the flow field inside the cavity and that
approaching the aperture plane were not influenced by the far field boundary con-
ditions. The effect of pertinent parameters such as the Darcy-Rayleigh number,
and aspect ratio among others were analyzed and discussed. Their results illustrated
that decreasing the aspect ratio has a stabilizing effect on the flow field. Ettefagh et al.
[13] conducted a study of non-Darcian effects in open-ended cavities filled with a
porous medium. Several types of flow models such as Brinkman-extended Darcy,
Forchheimer-extended Darcy, and the generalized flow models were analyzed in this
work. The importance of the inertial and boundary effects and their crucial influence
on the streamlines and isotherms in open-ended cavities was investigated.

Khanafer and Vafai [14] performed a study of buoyancy-driven flow and
heat transfer in an open-ended cavity. To reduce the storage capacity and the compu-
tational time, effective boundary conditions were established to replace the extended
boundaries. Both 2-D and 3-D geometries were analyzed in their work. The compar-
isons for the streamlines and isotherms between 2-D and 3-Dmodels utilizing effective
boundary conditions and the fully extended domain simulations displayed an excellent
agreement. Later on, these authors [15] presented a study of buoyancy-driven flow and
heat transfer in a 2-D open-ended enclosure for a wide range of pertinent parameters,
such as Rayleigh and Prandtl numbers and the aspect ratio. They established that the
effective boundaries are related to Rayleigh and Prandtl numbers and the aspect ratio.
Comprehensive comparisons for the flow and temperature field inside the cavity were
done for a wide range of parameters between the 2-D closed-ended model and the 2-D
model utilizing the far field boundary conditions. An excellent agreement was found
between the two models. Khanafer and Vafai have also presented a study of
double-diffusive mixed convection in a lid-driven enclosure [16].

Khanafer et al. [17] performed a study of mixed convection heat transfer in 2-D
open-ended cavities. Three different angles of attack (0�, 45�, and 90�) were analyzed
in this work. A wide range of Grashof number from 102 to 105, Reynolds number
from 102 to 104, and aspect ratio from 0.25 to 1 was investigated in this study. Their
results show that at lower Grashof numbers the average Nusselt number increases
almost linearly with the Reynolds number for different angles of attack. The flow field
was shown to be dominated by the external flow beyond a critical Reynolds number.
The effects of the aspect ratio were also investigated in this work, and it was shown
that a decrease in the aspect ratio decreased the thickness of the thermal boundary
layer along the lower and upper horizontal walls. This resulted in a heat transfer
enhancement from both horizontal walls. More recent works on natural and mixed
convection in cavities have been performed by Kumar et al. [18], Vishnuvardhanarao
and Das [19], Basak et al. [20], Chen et al. [21], and Marcondes et al. [22].

The present work focuses on simulation of mixed convection in a two-
dimensional open-ended cavity which is filled with a porous medium. Effects of

MIXED CONVECTION IN AN OBSTRUCTED CAVITY 711

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
n
i
v
e
r
s
i
t
y
 
o
f
 
C
a
l
i
f
o
r
n
i
a
,
 
R
i
v
e
r
s
i
d
e
]
 
A
t
:
 
1
8
:
5
1
 
9
 
J
u
n
e
 
2
0
1
0



different pertinent controlling parameters such as Grashof, Reynolds, and Darcy
numbers for different angles of attack (0�, 45�, and 90�) are investigated using a
generalized flow model [23, 24]. A detailed analysis of the pertinent physical control-
ling parameters is done through synthesis of streamlines, isotherms, and Nusselt
number distributions.

2. MODEL CONFIGURATION AND GOVERNING EQUATIONS

2.1. Physical Model and Assumptions

The configuration described in this investigation is shown in Figure 1a. The
domain under consideration is based on a two-dimensional open-ended cavity of
height H and width 2w. Lx, Ly are the extended computational domain lengths in
x- and y-directions, respectively. This model is similar to the configuration used
by Khanafer et al. [17]. In this investigation, half of the open-ended cavity is con-
sidered based on symmetry considerations, as shown in Figure 1b. Air is utilized
as the working fluid. The open-ended cavity with the extended computational
domain is filled with a porous medium, which is isotropic and homogeneous.

The dimensionless governing equations for continuity, momentum, and energy
conservation can be written as

qU

qX
þ
qV

qY
¼ 0 ð1Þ

1

d

qU

qs
þU

qU

qX
þ V

qU

qY

� �

¼ ÿ
1

Re
rPþ

1

Re

q2U

qX 2
þ
q2U

qY 2

 !

þ
Gr

Re2
hj ÿ

1

DaRe
U ÿ FdDaÿ

1
2ðjU jUÞ ð2Þ

qh

qs
þU

qh

qX
þ V

qh

qY
¼

1

RePr

q2h

qX 2
þ

q2h

qY 2

 !

ð3Þ

where F is an inertial coefficient which depends on the Reynolds number and the
micro-structure of the porous medium. The employed dimensionless variables used
in the governing equations are

X ¼
x

H
; Y ¼

y

H
; U ¼

u

Uo

; V ¼
v

Uo

; h ¼
T ÿ T1

Tw ÿ T1
; P ¼

p

qU2
o

Gr ¼
gbH3DT

n
2

; Pr ¼
n

a
; Da ¼

K

H2
; Re ¼

UoH

n

; s ¼
Uot

H

ð4Þ

where Gr is the Grashof number, Pr is the Prandtl number, Da is the Darcy number,
and Re is the Reynolds number.

2.2. Boundary Conditions

The boundary conditions for the computational domain for three different
angles of attack (0�, 45�, and 90�) are shown in Figure 1. The temperature of the
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upper and lower horizontal wall is fixed at Tw, which is higher than the ambient
temperature T1. The vertical walls are assumed to be insulated. The extended
computational domain boundary conditions are based on vanishing normal
gradients for the temperature and the velocity.

3. NUMERICAL PROCEDURE

The commercial software COMSOL was utilized to solve the governing equa-
tions. Convergence was set at 10ÿ6. The present numerical scheme was validated
against the numerical results obtained by Khanafer et al. [17], as shown in

Figure 1. (a) Physical configuration and (b) extended physical configuration employing the symmetry

condition; boundary conditions for (c) horizontal flow, (d) inclined flow, and (e) vertical flow.
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Figures 2a and 2b. As can be seen in these figures, there is excellent agreement
between the present work and the results obtained by Khanafer et al. [17]. An
additional comparison was also done with the results of Ettefagh et al. [13], as shown
in Figure 2c. Once again, the results are in excellent agreement. A nonuniform dis-
tributed triangular mesh was employed in our computational simulations. The grid
independence studies are shown in Figure 3 for three different mesh distributions
shown in Table 1. Different cases analyzed in this study are shown in Table 2.
The average Nusselt number along the upper and lower horizontal cavity walls is
used as a yardstick for our grid independence study. As seen in Figure 3, the largest
difference between mesh 1 and mesh 2 was less than 6%, and that between mesh 2

Figure 2. Comparison of streamlines and isotherms between the present numerical results and that of

Khanafer et al. [17] for (a) vertical external flow with Re¼ 102 and Gr¼ 105; (b) horizontal external flow

and Re¼ 102 and Gr¼ 105; (c) comparison of streamlines and isotherms between the present numerical

results and that of Ettefagh et al. [13] for modified Ra¼ 102, Pr¼ 1.0, and Da¼ 10ÿ2.

Figure 3. Comparisons between mesh 1 (coarser mesh), mesh 2 (finer mesh), and mesh 3 (finest mesh).
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and mesh 3 was less than 1% except for case 2, which produced a difference less than
2%. As such, mesh 2 was selected for the results produced in this work.

4. RESULTS AND DISCUSSION

The governing equations are solved for a wide range of Reynolds, Darcy, and
Grashof numbers and aspect ratios. The working fluid is chosen as air with a
Pr¼ 0.71. For each configuration, the Reynolds number is varied from 102 to 105,
the Grashof number is varied from 102 to 109, the Darcy number variations is from
10ÿ6 to 10ÿ1, and the aspect ratio variations is from 0.25 to 2.

4.1. Effect of the Grashof Number

The effect of the Grashof number on the streamlines for different external flow
field angles of attack is presented in Figures 4–7 for a Darcy number of 10ÿ4. Figure 4
shows the effect of the Grashof number on the streamlines and isotherms for a hori-
zontal angle of attack. Here, the Darcy and Reynolds numbers are set at Da¼ 10ÿ4

and Re¼ 102, while the Grashof number is varied from 104 to 109. It can be seen that
at a low Grashof number (Figure 4a) the flow field shows a symmetry pattern with
respect to the horizontal center line of the cavity. As the Grashof number increases
(Figure 4b) the cold fluid is sucked into the cavity. As the Grashof number increases
further (Figures 4c and 4d), the cold fluid penetrates further into the cavity. When
the Grashof number approaches 108 (Figure 4e), the outside fluid reaches the corners
of the cavity. This action is due to the buoyancy effect inside the cavity. Cold fluid is

Table 1. Number of elements utilized in three different mesh distributions used in this work

Mesh 1 Mesh 2 Mesh 3

Number of the elements 33,761 50,305 75,961

Table 2. Different cases analyzed in this work

Case Re Da Gr U

1 102 10ÿ6 1012 0�

2 102 10ÿ4 1010 0�

3 5� 104 10ÿ4 102 0�

4 5� 104 10ÿ6 102 0�

5 102 10ÿ6 1012 90�

6 102 10ÿ4 1010 90�

7 2� 104 10ÿ6 102 90�

8 2� 104 10ÿ4 102 90�

9 102 10ÿ6 1012 45�

10 102 10ÿ4 1010 45�

11 5� 104 10ÿ4 102 45�

12 5� 104 10ÿ6 102 45�
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Figure 5. Flow behavior at the entrance boundary for a 45� external flow (AR¼ 1, Gr¼ 100, Re¼ 2� 103,

and Da¼ 10ÿ2).

Figure 4. Effect of Grashof number on streamlines and isotherms for a horizontal external flow (AR¼ 1,

Re¼ 102, and Da¼ 10ÿ2).
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heated by the lower horizontal wall; as a result, the heated fluid moves up and out of
the cavity from the top part of the opening. Subsequently, cold fluid from the outside
domain will be sucked into the cavity from the bottom portion of the opening to
displace the ejected fluid. At higher Grashof numbers, the buoyancy effect is more

Figure 6. Effect of Grashof number on streamlines and isotherms for an inclined external flow (AR¼ 1,

Re¼ 102, and Da¼ 10ÿ2).

Figure 7. Effect of Grashof number on streamlines and isotherms for a vertical external flow (AR¼ 1,

Re¼ 102, and Da¼ 10ÿ2).
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pronounced, resulting in the ejected hot fluid to escape the cavity at a higher speed.
Figures 4e and 4f display a substantial natural convection flow pattern along with
the presence of a thin plume at the symmetry line.

Isotherms in Figure 4a show that the effect of external flow on the heat transfer
inside the cavity is limited, and that conduction is the dominant mode of heat trans-
fer. The external horizontal flow has a slight effect near the opening of the cavity. As
the Grashof number increases, natural convection becomes more pronounced and
the conduction-dominated heat transfer inside the open-ended cavity is replaced
by convective heat transfer, as illustrated by the shape of the isotherms in
Figure 4c. A further increase in the Grashof number contributes to a thinner thermal
layer along the two horizontal walls, as well as a thinner boundary layer along the
symmetry line, as seen in Figures 4d–4f.

Figure 5 shows that the influence from the vertical component of the external
flow is quite limited and acts over a relatively narrow region. Beyond this region, the
influence of the vertical component of the velocity greatly diminishes. It should be
noted that this narrow region is further reduced for Darcy numbers which are lower
than 10ÿ2. This behavior was also independently confirmed by using the Fluent com-
mercial software. Results in Figure 6 show that an inclined external flow has similar
flow and heat transfer behavior as a horizontal external flow. However, the inclined
external flow diminishes the speed of the flow inside of the cavity at given Grashof
and Reynolds numbers as compared to the case for the horizontal external flow.

Figure 7 shows the effect of the Grashof number on the streamlines and
isotherms for a vertical external flow. In Figure 7, Darcy and Reynolds numbers
are fixed at Da¼ 10ÿ4 and Re¼ 102, while the Grashof number is varied from 104

to 109. At low Grashof numbers, there is only a limited fluid penetration into the
cavity and conduction is the dominant mode of energy transport. As the Grashof
number increases, buoyancy becomes more dominant resulting in substantially more
fluid penetration into the cavity (Figures 7d–7f), resulting in a substantial clustering
of the isotherms near the symmetry line.

4.2. Effect of the Reynolds Number

4.2.1. Effect of the Reynolds number for low Grashof numbers. Effect
of Reynolds number on the streamlines, isotherms, and the Nusselt number distribu-
tions for low Grashof number for three different angles of attack is presented in
Figures 8–10 for Da¼ 10ÿ6. Effect of Reynolds number on streamlines and iso-
therms for a horizontal angle of attack is displayed in Figure 8(I), where the Darcy
and Grashof numbers are Da¼ 10ÿ6 and Gr¼ 102, while the Reynolds number is
varied from 102 to 5� 104. It can be seen from Figures 8a–8e that forced convection
is the dominant flow mechanism, and that the streamlines show a symmetrical beha-
vior about the horizontal centerline of the cavity. It can be seen in Figure 8a that the
effect of external flow and buoyancy on heat transfer inside the cavity can be
neglected, and that conduction is the dominant mode of heat transfer. As the
Reynolds number increases, forced convection becomes dominant as evidenced by
the isotherms. As the Reynolds number increases further (Figure 8e), isotherms
along the horizontal walls are compressed further leading to a thinner thermal layer
which increases the heat transfer effectiveness inside the open cavity.
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Figure 8(II) shows the Nusselt number distribution at the lower and upper
horizontal walls for different Reynolds numbers. Variations of the Nusselt number
along both the upper and lower walls for different Reynolds numbers show the same
trend. As expected, the Nusselt number has a maximum value at the entrance of
the cavity which subsequently decreases along the cavity. It can be seen that close
to the symmetry line, the Nusselt number is almost constant. As expected, the
Nusselt number increases as the Reynolds number increases.

Figure 9(I) shows that an inclined external flow has a similar flow structure
and heat transfer characteristics as a horizontal external flow. However, through
careful observation of the isotherms, it can be seen that the strength of the external
flow has diminished for this case as compared to the horizontal external flow.
This is due to the effective loss of the vertical component of the velocity at the

Figure 8. Effect of Reynolds number for a horizontal external flow (AR¼ 1, Gr¼ 102, and Da¼ 10ÿ6).

(I) Streamlines and isotherms, and (II) Nusselt number distribution at lower and upper horizontal walls.
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inlet boundary. The effect of the Reynolds number on the Nusselt number
distribution at the lower and upper horizontal walls for an inclined external flow
is illustrated in Fig. 9(II). As discussed earlier, the Nusselt number distribution
along the walls for an inclined external flow displays the same trend as that
for the horizontal flow. However, since the vertical component of the velocity is
diminished at the inlet boundary, at a given Reynolds number and location the
Nusselt number for an inclined external flow is slightly less than that for horizontal
external flow.

Figure 10(I) illustrates the effect of Reynolds number on the streamlines and
isotherms for a vertical external flow. It can be seen that even though the speed of
external flow increases with an increase in the Reynolds number, the flow pattern
is not substantially affected by different Reynolds numbers. Isotherms in
Figure 10a confirm that the heat transfer inside the open cavity is dominated by
conduction due to the low Grashof and Reynolds numbers. The external flow has

Figure 9. Effect of Reynolds number for an inclined external flow (AR¼ 1, Gr¼ 102, and Da¼ 10ÿ6).

(I) Streamlines and isotherms, and (II) Nusselt number distribution at lower and upper horizontal walls.
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a limited impact inside the cavity. As the Reynolds number increases (Figures 10b
and 10c), forced convection is enhanced resulting in a compression of the isotherms
inside the open cavity. As the Reynolds number increases further (Figures 10d
and 10e), the effect of external flow becomes more significant leading to further
compression of isotherms, and higher heat transfer rates through the upper and
lower horizontal walls, as seen in Figure 10.

Figure 10(II) shows the effect of the Reynolds number on the Nusselt numbers
at the lower and upper walls for a vertical external flow. It can be seen that the
symmetrical characteristics which were present for a horizontal external flow is
absent for a vertical external flow. Within the entrance section, the Nusselt number
at the lower horizontal wall is substantially higher than that of upper wall. However,
beyond X¼ 0.6, the Nusselt number at the upper wall becomes slightly larger due to
the suction and ejection interactions with the external flow at the lower and upper
boundaries, respectively.

Figure 10. Effect of Reynolds number for a vertical external flow (AR¼ 1, Gr¼ 102, and Da¼ 10ÿ6).

(I) Streamlines and isotherms, and (II) Nusselt number distribution at lower and upper horizontal walls.
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4.2.2. Effect of Reynolds number for high Grashof numbers. The effect
of Reynolds number on the streamlines, isotherms, and the Nusselt number distribu-
tions for high Grashof numbers for different types of external flow is illustrated in
Figures 11–13, where the Darcy number is fixed at 10ÿ6. Figure 11(I) presents the
effect Reynolds number for a horizontal external flow for a high Grashof number
(Gr¼ 108). The buoyancy forces are dominant within the cavity, as seen by the dis-
played flow structure in Figure 11a. As the Reynolds number increases, the external
flow starts to have a more prominent effect on the flow pattern, resulting in a
reduction of the penetration into the cavity. As seen in Figure 11b, the interaction
between the external forced convection and the internal buoyancy driven convection
determines the flow and temperature fields. Beyond Re¼ 2� 104, the external flow
becomes dominant resulting in a symmetrical flow pattern.

Figure 11(II) shows the effect of Reynolds number on the Nusselt number
distribution at the lower and upper walls for a horizontal external flow for a high

Figure 11. Effect of Reynolds number for a horizontal external flow (AR¼ 1, Gr¼ 108, and Da¼ 10ÿ6).

(I) Streamlines and isotherms, and (II) Nusselt number distribution at lower and upper horizontal walls.

722 W. SHI AND K. VAFAI

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
n
i
v
e
r
s
i
t
y
 
o
f
 
C
a
l
i
f
o
r
n
i
a
,
 
R
i
v
e
r
s
i
d
e
]
 
A
t
:
 
1
8
:
5
1
 
9
 
J
u
n
e
 
2
0
1
0



Grashof number. It can be seen that the Nusselt number distribution in this case is
similar to previous cases. One difference is in terms of the crossover that occurs for
Reynolds numbers of 100 and 500. Up until X¼ 0.05, as expected, the Nusselt
number for Re¼ 500 is greater than that for Re¼ 100. However, after X¼ 0.05 there
is a crossover and the Nusselt number for Re¼ 100 becomes larger than that for
Re¼ 500. The reason for this is due to the competing effects of natural and forced
convection inside the cavity. It should be noted that the external flow can disturb
the natural convection over part of the cavity.

Figure 12 shows the effect of the Reynolds number on streamlines, isotherms,
and the Nusselt number distribution for an inclined flow for Gr¼ 108. As can be
seen, the flow and isotherm patterns and the Nusselt number distribution are similar
to that for the horizontal external flow shown in Figure 11. Figure 13 shows the
effect of the Reynolds number on streamlines, isotherms, and the Nusselt number
distribution for a vertical external flow for Gr¼ 108. As was the case for the horizon-
tal and inclined external flows, natural convection is dominant inside of the cavity at

Figure 12. Effect of Reynolds number for an inclined external flow (AR¼ 1, Gr¼ 108, and Da¼ 10ÿ6).

(I) Streamlines and isotherms, and (II) Nusselt number distribution at lower and upper horizontal walls.
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low Reynolds numbers while the external flow becomes more dominant as the
Reynolds number increases. The Nusselt number distribution in this case, shown
in Figure 13(II), is similar to that for low Grashof numbers shown in Figure 10(II),
with the Nusselt number at the lower wall being substantially higher than that for the
upper wall.

4.3. Effect of the Darcy Number

Figures 14–16 illustrate the effect of the Darcy number on the streamlines,
isotherms, and the Nusselt number distributions for different flow configurations.
Darcy number varies from 10ÿ6 to 10ÿ1 while the Grashof and Reynolds numbers
are fixed at 106 and 102, respectively.

Figure 14 displays the effect of the Darcy number for a horizontal external
flow. The fluid cannot penetrate into the cavity due to the relatively low permeability

Figure 13. Effect of Reynolds number for a vertical external flow (AR¼ 1, Gr¼ 108, and Da¼ 10ÿ6).

(I) Streamlines and isotherms, and (II) Nusselt number distribution at lower and upper horizontal walls.
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of the porous medium for low Reynolds number when Da¼ 10ÿ6, as seen in
Figure 14a. As the Darcy number increases (Figure 14c), the porous medium
becomes more permeable, resulting in a better penetration of the external flow into
the cavity. As the Darcy number increases further (Figures 14d and 14e), there is
additional penetration into the cavity. Isotherms in Figures 14a and 14b indicate that
conduction is the dominant mode of heat transfer inside the cavity for Da< 10ÿ5.
The buoyancy effect becomes more prominent as the Darcy number increases
(Figure 14c). As the Darcy number increases further, natural convection becomes
dominant. A similar trend is observed for an inclined external flow, which is shown
in Figure 15.

For a vertical external flow, Figure 16 displays similar characteristics as prior
configurations. Figures 14(II), 15(II), and 16(II) show the effect of the Darcy number
on the Nusselt number distribution at lower and upper horizontal walls for three dif-
ferent flow configurations. It is seen that as the Darcy number increases, the Nusselt

Figure 14. Effect of Darcy number for a horizontal external flow (AR¼ 1, Gr¼ 106, and Re¼ 102).

(I) Streamlines and isotherms, and (II) Nusselt number distribution at lower and upper horizontal walls.
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number at the lower and upper wall increases resulting in higher heat transfer rates
along the horizontal walls.

4.4. Effect of Aspect Ratio

The effect of the aspect ratio on the streamlines and isotherms for a horizon-
tal external flow is displayed in Figures 17a–17d for Da¼ 10ÿ6, Gr¼ 109, and
Re¼ 102. It can be seen that the flow structure outside the cavity is stable
for different aspect ratios. It is shown that the fluid can still reach the symmetry
line of the cavity even as the cavity becomes deeper at large aspect ratios. Isotherm
pattern in Figures 17a–17d shows that as the aspect ratio increases, the thermal
boundary layer becomes thicker, resulting in a lower heat transfer rate through
the horizontal walls.

Figure 15. Effect of Darcy number for an inclined external flow (AR¼ 1, Gr¼ 106, and Re¼ 102).

(I) Streamlines and isotherms, and (II) Nusselt number distribution at lower and upper horizontal walls.
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Figure 16. Effect of Darcy number for a vertical external flow (AR¼ 1, Gr¼ 106, and Re¼ 102).

(I) Streamlines and isotherms, and (II) Nusselt number distribution at lower and upper horizontal walls.

Figure 17. Effect of aspect ratio on streamlines and isotherms for a horizontal external flow (Da¼ 10ÿ6,

Gr¼ 109, and Re¼ 102).
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5. CONCLUSION

A numerical investigation of mixed convection in an obstructed two-
dimensional open-ended cavity is presented. Effects of Grashof, Reynolds, and
Darcy numbers and the aspect ratio on the flow and the temperature field are inves-
tigated in this study. As the Grashof number increases, the effect of buoyancy
increases leading to a thinner thermal boundary layer along upper and lower
horizontal walls, resulting in an enhanced heat transfer between the cavity and its
surrounding. For low Grashof numbers, the external flow dominates the flow and
heat transfer characteristics when Re is around 2� 104 or larger, while for high
Grashof numbers this domination occurs as Re increases to 105 for horizontal and
inclined external flows. The vertical external flow cannot fully dominate the flow
and heat transfer characteristics inside the open-ended cavity since the buoyancy
force remains relatively strong. An increase in the Darcy number results in an
increase in the fluid penetration and higher heat transfer inside the open-ended
cavity. In addition, an increase in the aspect ratio is characterized by an increase
in thickness of the thermal boundary layer which leads to a lower heat transfer rate
through horizontal walls. Details of these cases were analyzed in depth and presented
in terms of streamlines and isotherms, as well as the Nusselt number distributions
along the upper and lower horizontal walls. The presented Nusselt number distribu-
tions further clarify the effects of pertinent physical parameters on mixed convection
in an obstructed open-ended cavity.
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