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The flow and heat transfer in a diagonally divided square cavity by an inclined plate and filled with a
porous medium were numerically analyzed in this paper. Vertical walls are kept at isothermal conditions,
while horizontal walls are insulated. A finite difference scheme was used to solve the dimensionless
governing partial differential equations along with the corresponding boundary conditions. Computations
were carried out to examine the effects of Rayleigh number (100 < Ra < 1000), thermal conductivity
ratio between plate and fluid (0.1 < k < 10) and the position of the partition (45°, Case I and 135°,
Case II). It was found that heat transfer is attenuated when the plate is positioned at 45°, the heat
transfer is less than when it is at 135°.
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1. Introduction

Natural convection heat transfer in a cavity filled with fluid
saturated porous media can be seen in many applications of en-
gineering. Some of these are solar power collectors, geothermal
applications, nuclear reactors and so on. Detailed reviews of the
subject of porous media can be found in the well documented
books as Nield and Bejan [1], Ingham and Pop [2], Vafai [3], Pop
and Ingham [4], Bejan et al. [5] and Vadasz [6].

Dividers are used to control the convective flows in cavities,
which have many engineering applications. The heat transfer rate
through the system with partitions decreases. The types of divided
cavities with partitions can be classified in three groups: (a) fully
divided horizontal or vertical cavities with partition/partitions [7-
9], (b) divided cavities with partial partitions [10-13] and (c) di-
vided cavities with inclined partitions [14-17]. But studies on con-
trol of natural convection heat transfer via partitions are very lim-
ited for cavities filled with porous media.

Tong and Gerner [7] made a numerical study on natural con-
vection in partitioned square cavities with a vertical partition and
filled with air and found that partitioning is an effective method
of reducing heat transfer. Maximum reduction in heat transfer oc-
curs when the partition is placed midway between the vertical
walls. Ho and Yih [8] made an analysis of heat transfer for a ver-
tically partitioned cavity filled with air. They showed that the heat
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transfer rate is considerably attenuated in a partitioned cavity in
comparing with that for non-partitioned cavity. Nishimura et al.
[9] performed a similar work for tall cavities. Turkoglu and Yu-
cel [10] searched the effects of number of vertical partitions on
natural convection inside cavities. Chen et al. [11] investigated the
effects of the partitions in open cavities, while Bilgen [12] stud-
ied the laminar and turbulent convection in cavities with partial
partitions. Bilgen [12] found that for a small aspect ratio the heat
transfer is reduced when two partitions were used instead of one
partition. Oztop and Dagtekin [13] modeled the electronical de-
vices using two heated partitions at different dimensions. Nanstell
and Greif [14,15] made experiments on a two-dimensional scale
model having an aspect ratio of 0.5 and a partition hanging from
the top wall. They observed that the flow was essentially laminar,
turbulence on the vertical walls seemed to be suppressed by the
partitions.

It seems that the first studies on natural convection in porous
triangular cavities divided by solid fins or an embedded solid hor-
izontal plate were made by Varol et al. [16,17]. They observed that
the solid partitions affect the flow and temperature fields as well
as the heat transfer. Then Saeid [18,19] solved the conjugate nat-
ural convection in thick walled cavities filled with fluid saturated
porous media. He also found that heat transfer is a function of
Rayleigh number, thickness of partition and thermal conductivity
ratio between wall and fluid. The conjugate conduction-forced con-
vection in a plane channel filled with a saturated porous medium
is investigated analytically by Nield and Kuznetsov [20].

Ben-Nakhi and Chamkha [21] focused on the numerical study
of steady, laminar, conjugate natural convection in a square enclo-
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Nomenclature
g gravitational acceleration ........................ m/s?
H height of the cavity ..........ccooviiiiiviiiniiinn., m
K permeability of the porous medium .............. m?
L length of the cavity ..............c.cooiiiiiin.L m
Nuy local Nusselt number
Nu mean Nusselt number
n normal coordinate
Ra Rayleigh number
Ty temperature of the fluid-saturated porous medium K
Ts temperature of the conductive solid inclined plate K
u,v dimensional velocities ......................o...s. m/s
u,v dimensionless velocities
X,y dimensional coordinates ............................ m

X, Y dimensionless coordinates

Greek letters

U effective thermal diffusivity ..................... m?/s
B thermal expansion coefficient .................... K1
0 dimensionless temperature

v kinematic ViSCOSItY .......ovevvinviinnnrennnnnns m?/s
'4 dimensionless stream function

Subscripts

C cold

H hot

f fluid

s solid

sure with an inclined thin fin of arbitrary length. In their study,
the inclined fin is attached to the left thin vertical wall of the
cavity, while the other three sides are considered to have finite
and equal thicknesses of arbitrary thermal conductivities. It was
found that the inclination of the thin fin and the thermal conduc-
tivity ratio of the solid-to-fluid have significant effects on the local
and average Nusselt number. Then, similar problem was extended
to solve the conjugate problem with inclined partition by same
authors [22]. Mezrhab et al. [23] made a numerical work to ana-
lyze the effects of single and multiple partitions on heat transfer
phenomena in an inclined square cavity using lattice-Boltzmann
technique. They investigated the effects of inclination angles and
gap width and observed that the mean Nusselt number decreases
when the number of partitions attached to the cold wall of the en-
closure increases. Jami et al. [24] studied numerically the laminar
natural convection heat transfer in a differentially heated inclined
cavity with partitions attached to its hot wall. They used the hy-
brid lattice-Boltzmann finite-difference method. It was shown that
the heat transfer increases with increasing the length of the di-
mensionless partition. Recently, Sahin and Arici [25] analyzed the
natural convection in fully divided cavities filled with clear fluids
(non-porous media) by considering all possible locations including
the orthogonal location.

The main objective of the present study is to illustrate the
effects of diagonally inserted conductive thin plate on natural con-
vection flow in a cavity filled with a porous medium. The searched
literature showed that the model has not been tested in earlier
studies. Thus, it is proposed to show that the buoyancy induced
heat transfer and fluid flow can be controlled and that the ob-
tained results can be used for engineers and thermal designers.
Numerical results are obtained for an inclined partition in a two-
dimensional square cavity filled with a porous medium as shown
in Fig. 1(a) for a partition connecting the upper right corner with
the lower left corner or when the conductive plate is inclined at
45° (Case I) and Fig. 1(b) for a partition connecting the upper left
corner with the lower right corner or when the conductive plate is
inclined at 135° (Case II), respectively. An acceptable formula can
be ¢ = than~'(CI), where CI =1 and —1 for Cases I and II, respec-
tively. The thickness of the inclined conductive plate is accepted as
thin. The dimensions of height and length are equal as H = L. The
vertical walls are isothermal but temperature of the left wall is
higher than that of the right wall. The horizontal walls are adia-
batic. Thermal conductivity ratio is defined as k = k¢ /ks between
fluid and inclined solid plate.

2. Mathematical model

In order to write the governing equations for the problem under
consideration the following assumptions are made: the properties
of the fluid and the porous medium are constant; the cavity walls
are impermeable; the Boussinesq approximation and the Darcy law
model are valid. With these assumptions, the dimensional govern-
ing equations as continuity, momentum, and energy can be written
as follows

8u+3v_0 (1)
ax 9y
ou odv _ gBK Ty 2)
dy o9x v ox
aTy 0Ty Ty 9%Ty
U—4+v——=op| — + — 3
ax + ay m( 9x2 + ay? )

and the energy equation for the two-dimensional inclined plate is:

2T, 92T,
ax? dy?

=0 (4)

where u and v are the velocity components along x- and y-axes,
Ty is the fluid temperature, g is the acceleration due to gravity, Ts
is the temperature of the inclined solid plate, K is the permeability
of the porous medium, «;, is the effective thermal diffusivity of the
porous medium, B is the thermal expansion coefficient and v is
the kinematic viscosity. Introducing the stream function v defined
as

oy oy
U= —" -7

= , V= 5
ay ax (5)
Egs. (1)-(4) can be written in non-dimensional form as
CR a0¢
— _Ra—L 6
ax2 T vz T Mo ®
oW 96y 0w 06;  9%0p  9%0f o
Y aX X aY = ax2 = ay2
for the fluid-saturated porous medium and
3%60; 8265
— =0 8
X2 + ay? ()

for the inclined plate, respectively. Here Ra = g8K(Ty — Tc)L/otmv
is the Rayleigh number for the porous medium and the non-
dimensional quantities are defined as
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Fig. 1. Physical model: (a) Case I, (b) Case II, (c) finite-difference grids for the cavity.
X = f, Y = 17 U,V)= @, V)L, v = v where n denotes the normal direction to the inclined plate, ky
L L Om Om (9) is the thermal conductivity of the fluid-saturated porous medium
0, — Ty —Tc _ Ts—Tc and ks is the thermal conductivity of the inclined solid plate, re-
r= Ty —Tc’ ST Ty —Tc spectively. In above boundary condition, the total heat flux q,, is
The boundary conditions of Egs. (6)~(8) are: assumed to have the same representation as the case of local ther-
mal equilibrium. In other words, it is assumed that both phases
for all solid boundaries have the same temperature and temperature gradient at the wall
as indicated by Alazmi and Vafai [26]. Physical quantities of inter-
v =0 (10a) est in this problem are the local Nusselt number along the hot wall
on the left vertical wall (hot), 0 < Y < 1 (Nuy) and the inclined plate (Nug). They are defined as follows
O =0,=1 10b a6
f s (10b) Nuy = (_J) (11a)
on the right vertical wall (cold), 0 <Y <1 90X /x=0
20
0f=0,=0 (10c) Nug:_a_nf (11b)
on the top and bottom walls (adiabatic), 0 < X <1
90 30 the mean Nusselt number Nu which is given by
ar_ %% (10d)
ay ay :
for the interface between the inclined plate and porous media,
» 20 Nu= /Nuy dy (12)
/ S (10e) 0

% =k
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Fig. 2. Grid independency tests.
Table 1

Comparison of the mean Nusselt number for a square porous cavity with results
from the literature at Ra = 1000.

References Nu

Bejan [30] 15.800
Cross et al. [31] 13.448
Goyeau et al. [32] 13.470
Manole and Lage [33] 13.637
Baytas and Pop [34] 13.726
Saeid and Pop [35] 14.060
Present result 13.564

3. Method of solution

The numerical method used to solve the system of Eqs. (6)-
(7) is the finite-difference method. The solution of linear algebraic
equations was performed through the Successive Under Relaxation
(SUR) method. Value of 0.1 is taken for under-relaxation parame-
ter for all parameters. The solution domain consists of grid points
at which equations are applied. Fig. 2 shows the grid indepen-
dency result for k = 1.0, Ra = 1000 and Case 1. This figure presents
the iteration number, Nusselt number and Wy versus grid di-
mensions. Care was taken to provide grid independent solutions
due to presence of inclined plate. After experimenting with vari-
ous grid layouts (from 61 x 61 to 151 x 151), it was observed that
91 x 91 is enough for grid independency. Uniform structured mesh
was adopted in the current study as given in Fig. 1(c). Beyond this
value, the solution needs more iteration. The grid distribution for
inclined plate is the most important difficulty for this study. The
inclined wall was approximated with staircase-like zigzag lines.

As given in Fig. 1(c) that white circles are boundary nodes and
they are subject to Dirichlet boundary conditions. Values of in-
ternal nodes (black circles) are calculated using boundary values
via central difference methods. This technique was used in earlier
studies for triangular enclosures by Haese and Teubner [27], and
Asan and Namli [28] and for trapezoidal enclosure by Varol et al.
[29]. Distance between nodes is shown by AX and AY in X- and
Y -directions, respectively. The iteration process is terminated when
the following condition is satisfied:

Dol — o/ Y| <1070 (13)
i i

where @ stands for either 6 or ¥, and m denotes the iteration
step.

4. Code validation

Due to lack of suitable results in the literature pertaining to
the present configuration, the present results have been validated
against the existing results for a square cavity filled with a porous
medium. The obtained numerical results are compared with those
given by different authors in Table 1 (Bejan [30], Gross et al. [31],
Goyeau et al. [32], Manole and Lage [33], Baytas and Pop [34],
and Saeid and Pop [35]) for a differentially heated square cavity
with adiabatic horizontal sides. But different methods were used
in literature for same problem. As it can be seen from Table 1, the
obtained results show good agreement with the results of the lit-
erature. Therefore, it can be concluded that the present numerical
method can be used with great confidence to study the problem
discussed in this paper.

5. Results and discussion

A numerical study has been performed to investigate the nat-
ural convection in diagonally divided square enclosures filled with
porous media for different values of the Rayleigh number, thermal
conductivity ratio and position of the divided plate inside the cav-

ity.
5.1. Flow field and temperature distributions

Fig. 3 illustrates the streamlines (on the left) and isotherms (on
the right) for Case I when k = 1.0 at different Rayleigh numbers.
Two isosceles triangular enclosures were formed due to presence
of the diagonally located plate. At low values of the Rayleigh num-
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v 9 [ =
N S
N
09/ ¢

Fig. 3. Streamlines (left) and isotherms (right) for Case I and k = 1.0: (a) Ra =100, (b) Ra = 250, (c) Ra =500, (d) Ra = 1000.
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Fig. 3. (continued)

ber, Fig. 3(a), isotherms on the right shows a conduction regime.
Flow field is symmetric according to partition and single cell is
formed in each of the partitioned enclosures. Both left and right
cells rotate in clockwise direction with vyjn = —2.18. In other
words, there is a weak clockwise circulation due to domination of
conduction. Fig. 3(b) shows that the circulation is more vigorous
and center of left and right cells move left bottom and right top
corner, respectively. In this case, value of minimum stream func-
tion is Y¥min = —4.29. It means that when Rayleigh is increased
a weak circulation starts, owing to hot vertical wall. The warmer

fluid lifted by the gravitational force induced by the horizontal
temperature gradient due to the hot wall meets the descend-
ing colder fluid layer in the vicinity of the partition. For higher
Rayleigh numbers, Figs. 3 (c) and (d), the convection is vigorous
with Y¥min = —6.96 and ¥y, = —10.91, respectively. Increasing of
Rayleigh numbers also increase the interaction between hot and
cold walls and cell moves toward the corners in both region of the
partition. Isotherms become steeper with increasing of Rayleigh
number at isotherm walls. They are more clustered around the par-
tition for higher Rayleigh numbers.



1410

Y. Varol et al. / International Journal of Thermal Sciences 48 (2009) 1405-1415

(©)

Fig. 4. Streamlines (left) and isotherms (right) for Case I and Ra =1000: (a) k=0.1, (b) k=0.5, (c) k =10.

Figs. 4 and 3(d) show the streamlines and isotherms to show
the effects of thermal conductivity ratio on flow fields and temper-
ature distribution for Case I and Ra = 1000. Flow strength increases
with increasing of thermal conductivity ratio due to increasing of
heat transfer from hot wall to cold. || values are changed as
8.7, 10.55 and 11.28 for k = 0.1, 0.5 and 10, respectively. The center
of cells moves toward the corners depends on thermal conduc-
tivity. Isotherms are clustered around the inclined partition due
to higher thermal conductivity of the partition. Thus, the medium
at left top and right bottom corner becomes uniform. Thermal ef-

fectiveness of the plate decreases with the increasing of thermal
conductivity and temperature gradient becomes smaller with in-
creasing of thermal conductivity ratio. Finally, convection mode of
heat transfer increases with increasing of thermal conductivity.
Results of streamlines (left) and isotherms (right) are presented
in Fig. 5 for Case Il and k = 1.0. The figure can be compared with
Fig. 3 to show the effects of position of inclined partition on ther-
mal and flow field. In this case, inclination angle for inclined plate
changes and again, two triangular enclosures were formed. But
shape of cells is affected from the changing of inclination angle of
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Fig. 5. Streamlines (left) and isotherms (right) for Case Il and k = 1.0: (a) Ra = 100, (b) Ra = 250, (c) Ra =500, (d) Ra = 1000.

the partition. From the physical aspect, the distance for heat trans-
fer becomes shorter from heated wall to partition. Length and flow
strength of main cell increases with increasing of Rayleigh number.
The left one is heated from left vertical wall and heat is transferred
from inclined wall. The upper one is heated from inclined wall and
cooled from vertical wall. The cells rotate in clockwise direction in
both enclosures. Isotherms show wavy distribution for all cases.
But amplitude of each isotherm changes with Rayleigh numbers.
Fig. 6 shows the effects of thermal conductivity on natural con-
vection for Case Il and Ra = 1000. Even though there is discernible

difference in streamlines for different values of thermal conductiv-
ity ratio, absolute value of minimum stream function value show
that the convection has increased with increasing k. As shown
from the figure that values of Yy, are —8.98, —10.88 and —11.7
for k =0.1,0.5 and 10, respectively. In this problem the parame-
ter of k is chosen as thermal conductivity ratio of fluid to thermal
conductivity of inclined plate. When figure compares with Fig. 4,
Case I, the distribution of isotherms are completely different. The
reason is: The way of heat transfer becomes different due to loca-
tion direction of the partition.
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Fig. 5. (continued)
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Fig. 6. Streamlines (left) and isotherms (right) for Case Il and Ra = 1000: (a) k=0.1, (b) k=0.5, (c) k =10.

5.2. Heat transfer

Heat transfer as a function of various parameters is evaluated
and presented as the local and mean Nusselt numbers. Calculation
of local Nusselt numbers for hot wall and inclined plate is given
by Egs. (11a) and (11b), respectively. And mean Nusselt number is
calculated using Eq. (12).

Variation of local Nusselt number is shown in Figs. 7 (a) and
(b) at k = 1.0 for different Rayleigh numbers along the hot and

cold walls, respectively. Heat transfer increases with increasing of
Rayleigh number for both Cases I and II. But lower Nusselt num-
ber is formed in Case I due to increasing of volume of the fluid
between hot wall and partition. Thus, the distance between them
is increased and heat transfer decreases. For Case I, heat transfer
increases at the lower end of the partition up to Y ~ 0.1 then it
decreases. At this part of the partition, there is a strong heat trans-
fer between vertical wall and partition due to short distance. On
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Fig. 6. (continued)
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Fig. 7. Variation of local Nusselt number along the hot wall at k = 1.0 for different
Rayleigh numbers: (a) Case I, (b) Case II

the contrary, the local Nusselt number has a maximum value and
decreases along the wall. It means that the fluid becomes motion-
less and conduction mode of heat transfer increases. The value of
Nusselt number equals almost 1 at this part of the wall.

Effects of thermal conductivity ratio on variation of local Nus-
selt numbers are given in Figs. 8 (a) and (b) for Cases I and II,
respectively. It is seen that Nusselt number is an increasing func-
tion of thermal conductivity ratio for both cases. However, trend is
different. However, trend is different. In Case I, local Nusselt num-
ber is very low at the left corner due to presence of inclined plate.
It increases suddenly above the plate and it decreases. Due to mo-

Case I1

Nuy

Fig. 8. Variation of local Nusselt number along the hot wall at Ra = 1000 for differ-
ent thermal conductivity ratios: (a) Case I, (b) Case II

tionless fluid at the top of the enclosure heat transfer becomes
extremely weak. It should be noted that the partition contacts
the vertical surfaces at small segment. At those two segments the
porous medium is not adjacent to the surface, hence, Eq. (11a) can-
not be used there unless k = 1.0. By noting Eq. (10e), the general

form for Nuy is Nuy = (—,ii%)n:+, where “i” is the index for
medium adjacent to the surface (or plate) and can be “f” or “s”.

Figs. 9 and 10 illustrate the variation of local Nusselt number
along the inclined plate for different Rayleigh numbers at Cases I
and I, respectively. Values are obtained from the heated region of
the plate. In this context, Fig. 9(a) shows the results for different
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Fig. 9. Variation of local Nusselt number along the inclined plate for Case I, (a) Ra =
100, (b) Ra = 1000.

thermal conductivity values at Ra = 100 and Case I. As seen from
the figure that values are very close to each other for k > 1. In this
case, the partition is more conductive and higher heat transfer is
former. At the lower and upper part of the partition, higher heat
transfer is observed due to increasing of thermal conductivity of
the plate. At this region, the distance between hot wall and par-
tition is very close to each other. Local Nusselt number becomes
constant along the inclined plate for k < 1. It means that the parti-
tion behaves a curtain for heat transport. Comparison of Figs. 9
(a) and (b) gives that values of local Nusselt number increases
with increasing of Rayleigh number, as expected. With the increase
of Rayleigh number, more energy inputs into the system. Ther-
mal conductivity value becomes more effective for higher Rayleigh
numbers and its value increases with increasing of thermal con-
ductivity. As indicated above that the local Nusselt number is cal-
culated from the heated side of the inclined plate using Eq. (11b).
Results for cold side of the partition are not shown here but it is
obtained same value due to small thickness of the partition. The
heat transfer becomes maximum near the middle part of the in-
clined plate. It is due to the fact that heat transport way becomes
normal to the partition at the point. Heat transfer becomes maxi-
mum near the attachment point of the partition due to higher heat
transfer between hot wall and inclined plate. Figs. 10 (a) and (b) is
given to make comparison of variation of local Nusselt number for
both cases. The figure shows that trend of local Nusselt number
is completely different between two cases especially at attachment
points. A bell-shaped trend is formed for local Nusselt numbers
along the inclined plate. Values are decreased with decreasing of
thermal conductivity values for both Ra = 100 and 1000. The bell-
shape becomes wider for higher Rayleigh numbers. It means that
lower and upper effects of the partition are reduced. Overall com-

Local Nusselt Number

Case 11

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Inclined plate

(a)

Local Nusselt Number
(¥8)
L

0 T T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Inclined plate

(b)

Fig. 10. Variation of local Nusselt number along the inclined plate for Case II,
(a) Ra =100, (b) Ra = 1000.
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Fig. 11. Variation of the mean Nusselt number with Rayleigh number for different
cases.

parison of Figs. 9 and 10 indicate that higher local Nusselt number
values are formed at the middle point of the partition for Case IL
Both Fig. 11 and Table 2 summarize the effect of insertion of in-
clined partition on heat transfer inside the enclosure. Thus, Fig. 11
shows the variation of mean Nusselt number with Rayleigh num-
ber for both cases and the enclosure without partition. Mean Nus-
selt number increases almost linearly with increasing of Rayleigh
number for all situations. Higher heat transfer was formed in
Case II than that of Case I. But in both cases, inclined plate re-
duces the heat transfer. Table 2 presents the Percent Reduction
(PR) which is defined by Eq. (14) for both bisected enclosure and
non-partitioned enclosures (Tong and Gerner [7]). In this equation,
Nu depicts the Nusselt number for the actual case being examined
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Table 2
Comparisons of percent reduction (PR) of heat transfer.

Ra Mean Nusselt number Percent reduction in heat transfer (%)
Nug—Ni
(Nu) PR:[”,STO”] x 100
Without Case | Case II Case | Case II
plate
100 3.081 1.530 1.601 50.32 48.02
250 5.630 2.417 2.581 57.07 54.16
500 8.712 3.548 3.771 59.27 56.71
1000 13.564 5.122 5.449 60.79 58.29

(with partition), and Nug, Nusselt number for a non-partitioned
enclosure having the same dimensions and governing parameters.
As seen from the figure that heat transfer decreases with the pres-
ence of orthogonally located plate for both cases. The table also
shows that Nusselt number is a strong function of position of the
plate. More reducing on heat transfer is formed by Case |

Nug — Nu
PR=| —— | x 100 (14)
Nug

6. Conclusion

Laminar natural convection in divided square enclosures filled
with fluid-saturated porous media divided by an diagonally lo-
cated thin plate has been studied numerically. Finite difference
method was used to solve governing equations. Results were ob-
tained for two different cases based on inclination angle of plate
as 45°, Case I and 135°, Case II. The Rayleigh number changes in
the range of 100 < Ra < 1000. The obtained results showed that:

(a) Heat transfer reduces with insertion of the inclined plate irre-
gardless of the position and Rayleigh number.

(b) Heat transfer and flow field are strongly depended on position
of the plate. Higher heat transfer was formed at Case II than
that of Case I.

(c) Higher heat transfer is formed at the middle of the inclined
plate for both cases.

(d) Symmetric flow field was observed for all parameters at the
both chest inside the enclosure in both cases. For all cases,
flow rotates in clockwise circulation direction.
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