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Abstract

A two-dimensional solution of natural convection in solid adiabatic thin fin attached to porous right triangular enclosures has been analyzed
numerically. The vertical wall of the enclosure is insulated while the bottom and the inclined walls are isothermal. The temperature of the bottom
wall is higher than the temperature of the inclined wall. Governing equations, which are written using Darcy model, are solved via the finite
difference technique. The Successive Under Relaxation (SUR) method was used to solve linear algebraic equations. Dimensionless location of the
thin fin from 0.2 to 0.6, the aspect ratio of triangular enclosure from 0.25 to 1, Rayleigh number from 100 to 1000 and the dimensionless height
of the fin from 0.1 to 0.4 are used as governing parameters that are effective on heat transfer and fluid flow. Results for the mean Nusselt number,
velocity profiles, the contour maps of the streamlines and isotherms are presented. It is observed that the thin fin can use as a passive control

element for flow field, temperature distribution and heat transfer.
© 2006 Elsevier Masson SAS. All rights reserved.

Keywords: Porous medium; Triangular enclosure; Thin fin; Natural convection

1. Introduction

Natural convection heat transfer occurs in enclosures filled
with porous medium as a result of temperature differences and
buoyancy as observed in building insulation materials, cooling
of electronical equipments, solar collectors, geothermal appli-
cations, oil destruction etc. These applications are reviewed in
the literature by Nield and Bejan [1], Ingham and Pop [2].

Up to this date, natural convection was analyzed for differ-
ent shaped enclosures. Geometrical shapes of enclosures can be
classified in two categories as rectangular and non-rectangular
shaped enclosures. Most of the researchers studied the rectan-
gular or square shaped enclosures for air-filled [3—5] or porous
medium filled [6-11] because of the simplicity of solutions for
these geometrical shapes.

Some researchers investigated the effects of the geometric
shapes on natural convection in enclosures such as triangle
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[12—-18], parallelogram [19], trapezoidal [20-24], wavy [25,26]
and so on. They showed that both flow and temperature fields
are affected by the geometrical parameters.

A divider or partition can be used as a control parameter
for heat transfer and fluid flow in enclosures. Many researchers
studied the problem of divided rectangular or square non-
porous enclosures with partition. The partition length, thick-
ness and location centers are governing parameters for heat
transfer as shown by Turkoglu and Yucel [27], Zimmerman
and Acharya [28], Dagtekin and Oztop [29], Ben-Nakhi and
Chamkha [30], Hasnaoui et al. [31], Yucel and Ozdem [32],
Dagtekin et al. [33], Oosthuizen and Paul [34], Bilgen [35].
These studies are analyzed for rectangular or square shaped
geometries and non-porous medium.

Tasnim and Collins [36] studied the natural convection in
a square cavity with a thin baffle on the hot wall using finite-
volume-method with collocated variable arrangement. They ob-
served that the fin has a blocking effect on the fluid depending
on the Rayleigh number, length of the baffle and its position, a
number of recirculating regions can be formed above and under
the baffle. Bilgen [37] solved the natural convection problem
in cavities with a thin fin on a hot wall. He found that Nusselt
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Nomenclature

AR aspect ratio, H/L

c dimensionless fin position, ¢’/ L

g gravitational acceleration................. ms~2
Gr Grashof number

h dimensionless height of fin, 1’/ H

H height of triangle.............. ... ... ... ... m
K permeability ........ ... ... oo, m?
L length of bottom wall of triangle.............. m
Nu Nusselt number

Pr Prandtl number

Ra Rayleigh number

u, v axial and radial velocities ................ ms™!

X, Y non-dimensional coordinates

Greek letters

v kinematic visCoOSity ...........covinnn. m?s~!
0 non-dimensional temperature

B thermal expansion coefficient .............. K~!
o thermal diffusivity ...................... m?s~!
v non-dimensional stream function

Subscript

c cold

h hot

number is an increasing function of Rayleigh number, and a de-
creasing function of fin length and relative conductivity ratio.
Shi and Khodadadi [38] studied the almost perfectly conduct-
ing partition on the hot wall. Based on the obtained results, they
proposed correlations to calculate Nusselt number as a function
of relevant parameters. A similar problem was studied by Nag
et al. [39]. They analyzed an enclosure which is adiabatic and
has a perfectly conducting partition and they found that the heat
transfer at the cold wall increased irrespective of the position or
length of the conducting partition.

In this study, an adiabatic thin solid fin was considered as a
control parameter for heat transfer and fluid flow in a triangular
enclosure filled with porous medium. As can be observed from

y

adiabatic
wall
u=0,
v=0,
%0

A
H| on

porous
media g

adiabatic thin fin

the brief literature review above, the effect of a thin fin on heat
transfer in a triangular enclosure filled with porous medium has
not been studied before. Thus, the study will be a useful guide
for researchers and designers. In this study, the effects of di-
mensionless fin height, the dimensionless location of the fin,
the aspect ratio of the triangle enclosure and Rayleigh number
are analyzed with a Prandtl number equal to 0.71.

2. Enclosure geometry with fin
The enclosure is a right triangular enclosure filled with fluid

saturated porous medium and a solid adiabatic thin fin attached
at the bottom wall with height, /4, as shown in Fig. 1 on the

cold wall
u=0, v=0, 6=0

solid

u=0,v=0, d0/on =0

\ hot wall /

u=0, v=0, 6=1
L

Fig. 1. Geometry of triangular enclosure with fin attached on the bottom, coordinate system and boundary conditions.
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coordinate system along with the boundary condition. The tem-
perature of the bottom wall is higher than the temperature on
the inclined wall. The bottom length and height of the enclo-
sures are depicted by L and H, respectively. An aspect ratio is
defined as the ratio of the height to the length of triangular en-
closure (AR = H/L). The distance between the origin and the
fin is given by c.

3. Equations

In order to obtain governing equation of the two-dimensional
laminar flow of an incompressible fluid, certain assumptions are
considered as followings:

e The properties of the fluid and the porous medium are con-
stant,

The cavity walls are impermeable,

The gravity acts in negative y-direction,

Radiation heat exchange is negligible,

The Boussinesq approximation is valid and the viscous
drag and inertia terms of the momentum equations are neg-
ligible.

With these assumptions, dimensional governing equations
for continuity, momentum and energy can be written as follows:

ou dv
420 1
ax + dy M
du v gBK 0T
= 2)
ay  0x v ox

aT N aT 3’7 N 32T> 3)
U—+v—=o(—+—

0x dy ax2  9y?

The above equations are written in terms of the stream func-
tion defined as

_ __

= , = 4
" dy v 0x @)

and Eqgs. (1)—(3) can be written in non-dimensional form as fol-
lows:

3w N 3w 30 )
4+ — _Ra—
X2 9r? aX
v 30 v ae %0 3%0
v Av  hvav —ava T s (6)
Y aX 09X dY 09X aY
The non-dimensional parameters are listed as
T-T,
x=2, y=2  g=_"’¢
L L T, — T,
KT, —T.)L
ooV e BBKT-TOL) -
o va

3.1. Boundary conditions

Boundary conditions for the considered model are depicted
on the physical model (Fig. 1). In this model, u = v = 0 for all
solid boundaries.

On the adiabatic wall

20
O<y<H, —=0 (8)
0x
On the bottom wall
O<x<L, 6=1 )]

On the inclined wall
0=0 (10)
On the fin
a0
i
on
Local and mean Nusselt numbers are calculated via Egs. (12)
and (13), respectively:

(1)

Ny = (=92 (12)
=T ),
L
Nu:/Nuxdx (13)
0

4. Solution methodology

Finite difference method is used to solve the governing
equations (Egs. (5)-(6)). Central difference method is applied
to discretize the equations. The solution of linear algebraic
equations was performed using the Successive Under Relax-
ation (SUR) method. As convergence criteria, 10~4 is chosen
for all dependent variables and the value of 0.1 is used for
the under-relaxation parameter. The number of grid points is
taken as 101 x 101 with uniform spaced mesh in both X- and
Y-directions. The numerical algorithm used in this study was
tested with the classical natural convection heat transfer prob-
lem in a differentially heated square porous enclosure. The
obtained numerical results are compared with those given by
different authors listed in Table 1. As can be seen from the ta-
ble, the obtained results show good agreement with the results
of literature. Contours of the streamlines and the isotherms are
almost the same as those given in literature for rectangular en-
closures but they are not presented here to save space.

5. Results and discussion

The results for natural convection in triangular porous en-
closure with thin solid adiabatic fin attached on the bottom wall

Table 1

Comparison of mean Nusselt number with literature at Ra = 1000

References Nu
Bejan [6] 15.800
Goyeau et al. [7] 13.470
Gross et al. [8] 13.448
Manole and Lage [9] 13.637
Saeid and Pop [10] 13.726
Baytas and Pop [11] 14.060
This study 13.564
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Yha= 6.36
Yin=-19.6
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Fig. 2. Streamlines (on the left column) and isotherms (on the right column) for different Rayleigh numbers at ¢ = 0.5, » = 0.2, AR = 1, (a) Ra = 100, (b) Ra = 500,
(¢) Ra = 1000.
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Wha=3.28
Yin=-13.6
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Fig. 3. Streamline (on the left column) and isotherm (on the right column) for different dimensionless fin locations at # = 0.2, AR = 1, Ra = 1000, (a) c = 0.2,
(b) c=0.4, (c) c=0.6.
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(b)
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Fig. 4. Streamline (on the left column) and isotherm (on the right column) for different dimensionless fin height at ¢ = 0.3, AR =1, Ra = 1000, (a) h = 0.2,
(b) h=0.4, (c) h=0.6.

is derived using the parameters as dimensionless location of The effects of Rayleigh number on the flow field and the
the fin from 0.2 to 0.6, dimensionless height of the fin from temperature distribution are presented in Fig. 2(a)—(c) using
0.1 to 0.4, Rayleigh number from 100 to 1000 and aspect ratio streamlines (on the left) and isotherms (on the right) for ¢ = 0.5,
of the enclosure from 0.25 to 1. Prandtl number was taken as h =0.2 and AR = 1. The graphics are arranged according to in-
Pr=0.71. creasing Rayleigh number. Heated flow rises from the bottom



Y. Varol et al. / International Journal of Thermal Sciences 46 (2007) 1033—1045 1039
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WYnin=-9.99
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(d)

Fig. 5. Streamline (on the left column) and isotherm (on the right column) for different aspect ratios at h = 0.3, ¢ = 0.5, Ra = 1000, (a) AR = 0.25, (b) AR =0.5,
(¢) AR=0.75,(d) AR=1.
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Fig. 6. Variation of local Nusselt number along the hot wall for different dimensionless fin location at # = 0.3, ¢ = 0.5, Ra = 500, (a) AR =0.25, (b) AR =0.5,

(c) AR=0.75,(d) AR=1.

wall, impinges to the inclined wall of the triangle and again
spreads to the two sides of the thin fin. Thus, two cells are
formed, one in the middle and the other on right corner of the
triangle enclosure and they rotate in the clockwise direction.
The strength of the cell on the corner is greater than the strength
of the one in the middle due to higher local heat transfer in that
part of the enclosure. The main cell is enlarged to the right cor-
ner and shows jet-like behavior between the fin and inclined
wall due to constriction as given in Fig. 2(a). As Rayleigh num-
ber increases, flow field becomes more complex and stream-
functions are derived as {¥rmax = 2.35, ¥min = —7.01 and seven
cells are formed. However, in this case there might be a tran-
sition between the quasi-conduction regime and the convection
regime. For the highest Rayleigh number, the value of minimum
and maximum streamfunction values increase to {¥max = 6.36
and Ypin = —19.6. A huge cell forms on the left side of the
fin. This shows that the flow velocity is lower at the left part of
the enclosure than the flow velocity of the right part. The inter-
section between hot (bottom) and cold wall (inclined) enhances
the natural convection heat transfer. In other words, the flow
velocity increases due to small distance between hot and cold
walls. This shows that the fin is a control element for heat trans-
fer, flow velocity and temperature distribution. The temperature
distribution is represented with isotherms for the same cases as

given in Fig. 2 (on the right). The isotherms become almost
parallel to the bottom wall, they seem to represent conduction
dominated flow field due to low Rayleigh number (Fig. 2(a)).
As Rayleigh number increases, heat transfer regime changes
from conduction to convection. Thus, isotherms show plume-
like distribution with convection. In other words, the isotherms
on the right side of the fin show a stratified flow at this high
Rayleigh numbers. However, due to thin adiabatic fin, heat
transfer decreases on the left part of the fin compared to the
right part. The isotherms show parallel distribution to the bot-
tom wall on the left part of fin. In other words, the fin behaves
as a curtain between hot and cold walls. Fig. 3 presents the con-
tour plots for the streamlines (on the left) and isotherms (on the
right) for various values of the dimensionless location parame-
ter of the fin for Ra = 1000, 4~ = 0.2 and AR = 1. When the fin
is located next to the vertical wall, cell centers ordered paral-
lel to the inclined wall except for small vortices on the middle
of the bottom wall as shown in Fig. 3(a). A cell rotating in the
clockwise direction was observed next to the vertical wall for
all values of dimensionless fin locations and the length of the
cell becomes larger as the fin moves to the right corner. For
¢ = 0.5, two vortices are obtained circulating in opposite direc-
tions on the left side of the fin as shown in Fig. 3(b) (on the left).
The very small secondary vortex is formed at the right corner of
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Fig. 7. Variation of local Nusselt number along the hot wall for different dimensionless fin height at ¢ = 0.5, Ra = 500, (a) AR = 0.25, (b) AR =0.5, (c) AR =0.75,

(d) AR=1.

the enclosure. In this case, the flow on the left side of the fin is
still cooler than the flow on the right side. When it locates to the
right part of the enclosure, a huge cell forms in clockwise direc-
tion on the left side of the fin as given in Fig. 3(c) (on the left).
Strong convection at the right side of the fin forms three small
vortexes circulating in different directions. Finally, as seen from
the streamlines, minimum streamfunction value decreases with
the increase of the dimensionless location of the fin whereas the
maximum streamfunction value increases. With the presence of
the fin, it divides the enclosure in almost two parts both ther-
mally and hydrodinamically, as trapezoidal and the other as a
triangular enclosure. In the right part of the enclosure, strong
plumelike distributions are formed and this can be observed
from the isotherms in all cases as given in Fig. 3(a)—(c) (on
the right). In the right part of the fins, one or two plumeshaped
distribution is observed depending on the location of the fin. On
the other hand, in all cases, isotherms show almost parallel dis-
tribution to the bottom wall due to long distance between hot
and cold walls. It was clearly observed that with the presence
of thin fin at various positions affects both flow field, and the
strength of the vortexes. This is a result of the blockage effect
of the fin. This result is supported by Shi and Khodadadi [38].
Fig. 4 illustrates the effects of the fin height on flow and
temperature field at Ra = 1000, ¢ = 0.3, AR = 1. For the short-

est fin, three cells are formed to both sides of the fin. As fin
height increases, a single big cell is formed on the left part. As
heat transfer increases, it moves up to the inclined wall. Then,
it impinges to the cold wall and falls, giving a rise to clockwise
rotating vortex. As the fin height increases, the plumelike dis-
tribution of isotherms moves to the right corner of the triangle.
This can be seen in isotherms on the right (Fig. 4(a)—(c)). As
mentioned before, the fin can weaken the flow speed over the
left side of the fin and thus it can decrease the expected heat
transfer capacity. On the other hand, the value of the minimum
streamfunction increases whereas the value of the maximum
streamfunction decreases. The isotherms on the right-hand side
of the fin are more closely packed than the ones in the left-hand
side. This indicates that the heat transfer on the right part is
better than the heat transfer on the left part. Another effective
parameter on flow and temperature distribution is the aspect ra-
tio which is defined as the height-to-base ratio (AR = H/L).
In order to see the effect of aspect ratio clearly, the dimension-
less height ratio of the fin and the dimensionless location of the
fin are considered as constant for all cases and results are pre-
sented in Fig. 5. When the smallest AR is applied, the fluid at
the right corner becomes motionless and a strong thermal gra-
dient forms close to the bottom wall. Although the strength of
the flow increases with the increase of AR value but multiple
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Fig. 8. Variation of mean Nusselt number with Rayleigh number for different dimensionless fin location at 7 = 0.2, (a) AR =0.25, (b) AR =0.5, (c) AR =0.75,
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cells are obtained for all cases. Very small cells are obtained at
the right side of the fin but number of cells decreases with the
increase of AR at the left side of the fin. When AR =1, a huge
cell is obtained in clockwise at the left side of the fin. Isotherms
show plumelike distribution at the right side of the fin for all
cases (Fig. 5(a)-(d), on the right). However, isotherms show
almost parallel distribution as AR increases due to increasing
of distance between hot and cold wall, except for AR = 0.25
(Fig. 5(a)).

Variation of local Nusselt number (LNN) along the bottom
wall is presented in Fig. 6(a)—(d) for different AR values and
various dimensionless locations of the fin. The obtained results
are compared with the results of the no-fin case to see the ef-
fects of fin insertion on heat transfer. In Fig. 6(a), it can be seen
that the values of LNN are the same until the start of the fin.
At the start of the fin, these show wavy variations with small
amplitudes. The location of the peak values changes with dif-
ferent dimensionless center of location values of the fin along
the bottom wall. It can be seen from the figure that higher peak
values are obtained for the finned case in comparison to the
no-fin case. With the increasing of AR, higher peak values are
obtained when fin is close to the right corner. For the no-fin
case, values are higher at the left side of the fin. This is a re-
sult of the curtain-like behavior of the adiabatic fin for the case.
Convection is stronger over the right side due to the small dis-

tance between hot and cold walls. Close to the right corner of
the enclosure, the effect of the fin position is not discernible.
Thus, values of LNN are equal to each other. If Figs. 6(b)-
(d) are compared, decrease is observed on the peak values of
LNN with the increase of the value of AR. Another observa-
tion is that, if the fin is located away from the left vertical wall
(¢ =2 0.5), a sinusoidal trend is obtained for LNN.

Fig. 7 shows the effects of the dimensionless fin height on
the distribution of LNN along the bottom wall in comparison to
no-fin case while the fin is attached on the middle of the bottom
wall. It can be seen from the figure that, the sinusoidal variation
is formed for both left and right side of the fin due to presence
of vortexes. The peak values of LNN decrease as the dimen-
sionless fin height increases for AR = 0.25 (Fig. 7(a)). When
AR = 0.5, LNN values increase monotonically till the start of
the fin for the case of & = 0.4, 0.3 and no-fin. However, for
the smaller dimensionless fin height values, LNN shows par-
abolic variation. As we observed earlier, the fin obstructs the
heat transfer between left and right sides of the fin. The high-
est peak value is obtained at 2 = 0.2. When AR = 0.75 and
AR =1, trend of the LNN shows the similar variation. On the
contrary of other cases, peak value of LNN is decreased for
AR =1 for h = 0.2 due to increasing volume of the enclosure.
Fig. 8(a)—(d) shows the effects of AR and dimensionless lo-
cation of the fin on mean Nusselt number. For small Rayleigh
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Fig. 9. Variation of mean Nusselt number with Rayleigh number for different dimensionless fin height at ¢ = 0.5, (a) AR =0.25, (b) AR =0.5, (c) AR =0.75,

(d) AR=1.

numbers, Nu number values are almost equal to each other due
to quasi-conductive regime. However, as can be expected, these
values increase as Ra number increases. For the smallest AR
value of the enclosure, the location of the fin is not effective
on heat transfer. However, presence of the fin enhances the heat
transfer when it is compared to the no-fin case (Fig. 8(a)). As
AR increases, the heat transfer difference between the finned
enclosure and no-fin case decreases. Dimensionless location of
the fin plays an important role for higher Rayleigh numbers.
Heat transfer increases when the fin is close to the vertical wall.
When AR = 0.75 and AR = 1.0 as is shown in Fig. 8(c) and
(d), the heat transfer decreases especially for higher Rayleigh
numbers as a result of the fin.

The value of the mean Nusselt number as a function of
the aspect ratio and dimensionless fin height are presented in
Fig. 9(a)-(d) for ¢ = 0.5. The variations of the mean Nusselt
number are shown for different Rayleigh numbers. In Fig. 9(a),
the value of the mean Nusselt number is constant up to Ra =
500 as a result of the increase in conductive heat transfer
regime. As the dimensionless fin height increases, the value of
the mean Nusselt number decreases. When the values are com-
pared to the values in the no-fin case, it is concluded that the
addition of the fin enhances heat transfer. As AR increases,
convection heat transfer regime becomes dominant over the

18
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= 10 e
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J +h=02
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2 1 ~h=0.4
0 :
0 200 400 600 800 1000
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Fig. 10. Effects of dimensionless fin height on extreme stream-function values
as a function of Rayleigh number at AR =1 and ¢ = 0.25.

conduction regime and the value of mean Nusselt number in-
creases as Rayleigh number increases. However, the effects of
the fin height decrease as the aspect ratio increases.

Fig. 10 shows the effects of the dimensionless fin height
and the Rayleigh number on the extreme streamfunction val-
ues for AR = 1 and ¢ = 0.25. As Rayleigh number increases,
the convection heat transfer regime also increases as a re-
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Fig. 11. Velocity profiles at different stations on the bottom wall of enclosure at
AR =1, ¢=0.3 and Ra = 1000, (a) h =0.2, (b) h =0.4.

sult of the increases in the buoyancy forces. As dimension-
less fin height increases, the value of extreme stream-function
decreases since increasing of the partition height presents an
obstacle for flow field. This observation is supported by Ben-
Nakhi and Chamkha [30]. However, the values of smaller
Rayleigh number and the values of extreme stream-function do
not follow this trend due to quasi-conductive regime.

Finally, to show the effects of the dimensionless fin height
and dimensionless fin location on flow field, we have presented
the vertical velocity profiles in Fig. 11 and Fig. 12, respectively,
for Ra = 1000. Results are illustrated at X = 0.2, 0.3 and 0.4.
As given in figures, velocity profiles show wavy trend almost
in all cases. Regarding the comparison between Fig. 11(a) and
(b), it is shown that, the velocity values close to the bottom wall
and the inclined wall increase as the fin height increases. On the
other hand, velocities are higher in the middle of the enclosure
and they become smaller near the vertical wall of the enclosure
than that of right corner. As can be seen also from the figures,
negative velocities are formed due to flow reversal. This phe-
nomenon can be explained through the streamlines on the left
side of Figs. 2-5 that heated fluid moves from hot wall to cold
and from impinged to inclined wall and dispersed. Therefore,
the movement caused positive and negative velocities.
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Fig. 12. Velocity profiles at different stations on the bottom wall of enclosure at
AR =1, h=0.2and Ra=500, (a) c=0.3, (b) c=0.5.

Fig. 12 can be compared with Fig. 11 for using ¢ = 0.3,
h =0.2 and AR = 1 and using different Rayleigh numbers. It is
clearly shown in the figure, for Ra = 500, that the velocity val-
ues are very small due to the effect of the low Rayleigh number.
When Fig. 12(a) and (b) are compared, it can be seen that the di-
mensionless location of the fin has important effect on the flow
field. The trend of the velocity profiles completely changes as
the dimensionless location of the fin changes.

6. Conclusion

Natural convection heat transfer and fluid flow in porous tri-
angular enclosures with vertical solid adiabatic thin fin have
been numerically analyzed for the dimensionless location of
the fin from 0.2 to 0.6, dimensionless height of the fin from
0.1 to 0.4, Rayleigh number from 100 to 1000 and aspect ratio
from 0.25 to 1.

Important observations from the solutions are listed as fol-
lows:

(1) Placing an adiabatic solid vertical thin fin on the bottom
wall generally modifies the clockwise rotating main vor-
tex near the left vertical adiabatic wall. The dimensionless
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height of the fin, Rayleigh number and dimensionless loca-
tion of the fin change its location and length.

(2) Nusselt number is an increasing function of Rayleigh num-
ber but it can be constant at very small Rayleigh numbers
due to domination of quasi-conductive heat transfer regime.

(3) Dimensionless location of the fin changes the number of
vortexes and enhances the strength of the flow.

(4) With the increasing of dimensionless fin height, the fin
makes blockage effects for the flow at the left side of the
fin. Thus, heat transfer decreases.

(5) Wavy variation is obtained for local Nusselt number along
the bottom wall. The values of local and mean Nusselt
numbers are decreased with the increasing of AR.

(6) It was noted that the fin can be a passive control parameter
for heat transfer and fluid flow.
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