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Natural convection phenomena occurs in nature 
and different applications. Specially, in the co-

oling of electronic devices is gaining importance. In 
the recent years, different projects and designs for 
natural convection applications have been perfor-
med. In the natural convection investigations, many 
different geometries were examined. In the last trend 
about this phenomena, partitions have been placed at 
corner or edge of the geometry. These studies were 
considered square cavity and examined many diffe-
rent parameters related to heat transfer and fluid flow. 
The square cavity is most popular geometric shape 
than shallow cavity in the similar analysis. However, 
studies about shallow cavity placed different shape 
partitions have been raised. Some of them in the lite-
rature were considered in this part of the study. Polat 
and Bilgen [1] focused on natural convection in inc-
lined shallow cavities, in their study. They heated the 
side facing the opening a constant heat flux, insulated 
sides perpendicular to the heated side. The authors 
solved equations of mass, energy and momentum 
considering steady state conditions and Boussinesq 
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approximation. They calculated heat and mass trans-
fer for Rayleigh number from 103 to 1010. Shiralkar 
and Tien [2] studied on heat transfer in a horizon-
tal cavity. The authors considered as adiabatic walls 
which are horizontal and isothermal side walls of the 
horizontal cavity for different aspect ratios. Drum-
mond and Korpela [3] studied on natural convection 
in a shallow enclosure. Only one side of the shallow 
enclosure was heated. Top and bottom walls were 
considered as both insulated and conducting. Pao-
lucci and Chenoweth [4] studied on a rectangular 
cavity for determining heat transfer characteristics. 
Their problem was two dimension and they consi-
dered different aspect ratios and Rayleigh numbers 
for solution parameters which are Nusselt numbers, 
temperature and velocity distributions. Zhang et al. 
[5] studied on a vertical rectangular for determining
temperature distribution, the flow characteristics,
and the overall heat transfer rate. Novak and Nowak
[6] studied on theoretically natural convection in a
cavity with different aspect ratios. They used the fi-
nite difference technique in their study. Bhave et al.

A B S T R A C T

In this study, a numerical analysis carried out to determine the effects of arc-shaped 
partitions in corners of a shallow cavity on heat transfer which is natural convection 

and f luid f low. Partitions are accepted as conductive and two different partitions materials 
are chosen as wood and aluminum.  The finite volume approach is used to discretize the 
governing equations for Rayleigh numbers (Ra) and shape ratio of the arc-shaped partition. 
It is found that arc-shaped partitions have effect on characteristic parameters of f luid f low 
and heat transfer. Specially, aluminum arc-shaped partition affects the average heat trans-
fer enhancement, because it has high heat transfer coefficient. Also, possibilities of occur-
ring dead regions are examined and streamlines obtained for without partitions and high 
Rayleigh numbers which are Ra=105 and Ra=106 show that dead regions occur in corners 
of the shallow cavity. Results obtained from the analysis using partitions and considering 
different Rayleigh numbers and partition materials show that using partition which is arc-
shaped prevent occurring dead regions. 
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[12]. QUICK scheme [13] is used for the discretization of the 
convective terms in the momentum and energy equations. 
The calculations are done using FLUENT [14] commercial 
software. Considering with these assumptions, the gover-
ning equations can be written as,
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For solid region, the governing equation can be consi-
dered Eq. (5).
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The governing equations in terms of velocity and pres-
sure can be written in a dimensionless form as,
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[7] studied on a square enclosure by using finite volume
formulation. They solved governing equations which are
mass, momentum and energy via using that numerical
method. The problem was considered as two dimensio-
nal for determining heat transfer characteristics which is 
natural convection.  Horizontal walls and vertical walls
of the enclosure were considered as adiabatic and diffe-
rentially heated, respectively. Karatas and Derbentli [8]
studied the natural convection inside the vertical shal-
low cavity. Benos et al. [9] performed a work on natural
convection in the shallow cavity which is horizontal. Al-
loi and Vasseur [10] studied the natural convection in a
shallow cavity in the presence of micropolar fluids. Also,
Alloi et al. [11] tested the natural convection phenomena
in the presence of nanofluid for shallow cavities.

This study is to make a control of different parameters 
in a shallow cavity by inserting arc-shaped passive equip-
ment to the corner. Thus, energy efficiency will be increase 
due to ignored of dead regions at the corners. In the analysis, 
different parameters are considered. These parameters are 
the arc-shape aspect ratios which is symbolized as R, dif-
ferent Rayleigh numbers from Ra=104 to Ra=106, different 
partition materials which are wood and aluminum. About 
detail solution method and approach are expalined next 
part of this study.

MATERIAL AND METHODS

The physical model is presented in Fig. 1 (a) where bo-
undary conditions shows. It is a shallow cavity with H<L 
and horizontal wall has an isothermal heaters. Vertical 
walls are considered as adiabatic. Bottom wall of the shal-
low cavity is defined steady temperature boundary con-
dition which is symbolized as TH, and temperature value 
of the top wall is lower than bottom wall. The tempera-
ture of the top wall is indicated as TC. The shallow cavity 
has two arc-shaped partitions that these partitions made 
from different materials. In Fig. 1 (a), g is gravity and R is 
aspect ratio of the of the arc-shape partitions. Thus, they 
have different thermal conductivity values. The radius of 
conductive material is changed as a governing parameter 
on fluid flow and heat transfer. Fig. 1 (b) shows grid dist-
ribution of the shallow cavity.

The governing equations are based on the conservati-
on laws. While the energy equation was written, Boussinesq 
approximation was considered. It means that fluid properti-
es which is physical are considered as constant, but density 
of the fluid change in body force term of the momentum 
equation. Viscous dissipation is neglected and, radiation 
heat transfer and pressure work are neglected too. The fini-
te volume method is used to solve the governing equations. 
The SIMPLE algorithm is used to treat the pressure term 

Figure 1. a) Shallow cavity, b) Grid Distribution 



19

M
. G

ur
tu

rk
 e

t a
l. 

 / 
H

itt
ite

 J 
Sc

i E
ng

, 2
01

9,
 6

 (1
) 1

7–
23

For dimensionless variables, Eq. (11) can be used:
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Boundary conditions for walls are follow as,
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The thermal boundary condition for conductive of the 
arc-shaped partition is written as,

solid
fluid solidn nfluidk kθ θ∂ ∂   =   ∂ ∂   

(15)

fluid solidT T= (16)

Prandtl number, Grashof number and Rayleigh num-
ber are given as

3
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The detail information about the method, algorithm 
and using software can be found in references [12 – 14]. The 
Nusselt numbers which are local and aveage are calculated 
by using Eqs. (18) and (19).
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The present code is validated by earlier works to supply 
the validity of the code. In this case, the study is performed 
for the same Rayleigh number with literature and differen-
tially heated cavity without any partition. Average Nusselt 
numbers are calculated and compared with two different 
works in the literature as shown in Table 1.

As can be seen in Table 1, results obtained show good 
agreement with literature [15, 16]. Fluid flow and natural 
convection characteristics are determined in the physical 
model which is shallow cavity. Many different parameters 
are considered for using with and without partitions, and 

these parameters are streamlines, local and average Nusselt 
number, temperature distribution inside of the shallow ca-
vity. These results are shared in next section.

RESULTS AND DISCUSSION

In this study, a numerical analysis carried out to deter-
mine the effects of arc-shaped partitions in corners of a 
shallow cavity on heat transfer which is natural convecti-
on and fluid flow. Partition shapes are made from alumi-
num and wood. Aluminum is used for many heat transfer 
applications due to having high thermal conductive. Ma-
terials which have low thermal conductive are used for 
heat transfer control. In this perspective, wood is chosen 
as material having low thermal conductive and effects of 
these materials on heat transfer and fluid flow charac-
teristics are examined and compared. The effects of the 
varying Rayleigh number on the distributions which are 
streamline and isotherm are demonstrated in Fig. 2-4 for 
without partitions, wood and aluminum partition (R=1.1) 
cases.

Temperature values unit in the isotherms is Kelvin. As 

Table 1. Average Nusselt number 

Nu Ra=104 Ra=105 Ra=106

DC Wan et al. [15] 2.254 4.598 8.976

G Barakos et al. [16] 2.245 4.510 8.806

Present Study 2.235 4.509 8.904 Figure 2. Streamlines (on the top) and isotherms (on the bottom) wit-
hout partition for various Rayleigh numbers 
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can be seen at streamlines in Fig. 2, the results obtained 
from the analysis show that dead regions at the corners 
occur for Ra=105 and Ra=106. Fig. 3 shows results obtained 
from the streamlines and isotherms with aluminum partiti-
on for different Ra numbers.

In the Fig. 3, dead region occur only for Ra=106 and 
R=1.1. This result shows that dead region can be prevent by 
using partition, but dead region can occur based on flow 
characteristic in corners where partition is not placed.

The number of cells is four within the cavity for the 
case without partition and, when the Rayleigh number inc-
reases, the strength of the natural convection increases. The 
shape of the cells gets distorted in different directions with 
increasing the Rayleigh number and isotherms are affected 
due to increasing convection effects of buoyancy.  Adding a 
partition effects the number of cells and temperature dist-
ribution within the cavity as can be seen in Figs. 3-4. When 
the aluminum partition is used, the number of cells is first 
increased to six and then decreased to four with increasing 
the Rayleigh number. When the wood material is used the 
number of cells is decreased to three for the highest Ray-

leigh number of interest.  The effects of Ra number on the 
local Nu number distributions are depicted in Fig. 5.

Figure 3. Streamlines (on the top) and isotherms (on the bottom) with 
aluminum partition for various Rayleigh numbers, R=1.1

Figure 4. Streamlines (on the top) and isotherms (on the bottom) with 
wood partition for various Rayleigh numbers, R=1.1

Figure 5. Variation of local Nusselt Number along the horizontal direc-
tion for various Rayleigh numbers, R=1.1
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The number of peaks in the Nusselt number increases 
with the addition of the partition due to the increased num-
ber of cells at Ra=104 and Ra=105.  The discrepancy between 
the aluminum and wood partition is more visible at Ra=106. 
Effects of the curvature of the partition are presented in Fig. 
6 for aluminum and in Fig. 7 for wood partition (Ra=105).

The results obtained from the analysis show that dead 
regions at the corners occur for Ra=105 and Ra=106. The 
dead region occurs only for Ra=106 and R=1.1 and dead re-
gions are not seen in all others situations which are used 
partitions. When the radius of the curvature increases, the 
number of the cells is increased from five to six for alumi-
num partition. The size and strength of the cells on the left 
and right ends of the cavity decrease as the radius of the 
curvature increases for the aluminum partition. When the 
wood partition is used in Fig. 7, although the number of cells 
remains the same, the size of the cells on the left and right 
ends of the cavity first increases then decreases when the 
radius of the curvature is increased. Fig. 8 demonstrates 
the effect of varying the radius of curvature on the local Nu 
number along the horizontal wall of the cavity at Ra=105.

In all situations which are placed partition, local Nus-
selt number values increase. As can be seen in the figures 

Figure 6. Effects of curvature on the streamlines (on the top) and isot-
herms (on the bottom) with aluminum partition, Ra=105

Figure 7. Effects of curvature on the streamlines (on the top) and isot-
herms (on the bottom) with wood partition, Ra=105

Figure 8. Variation of local Nusselt Number along the horizontal direc-
tion for various radius of curvature, Ra=105
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related to local Nusselt number, local Nu value changes 
along the x-axis. Especially, local Nu numbers are very vari-
able at origin of x and y axis (x=0 and y=0) and end of the x 
axis. The partition which is arc-shaped causes this variable. 
For example, when results obtained all situations which are 
both with and without partition are compared, effects of 
without partition can be shown in the local Nusselt num-
bers obtained from without partition situation. The local 
Nusselt number values change between 1 and 50 for R=1.1 
and Ra=106. Also, the local Nu values change between 1 
and 9 for R=1.1 and Ra=104. The number of peaks increases 
when the partition is added due to the increased number 
of cells for R=1 and R=1.1.  The discrepancy between the 
aluminum and wood partition is more apparent for R=1.2. 
The radius of curvature and thermal conductivity of the 
partition can be used as passive element to control the heat 
transfer and fluid flow within the cavity.  Average Nusselt 
number values allow us to make a general assessment about 
results obtained from this study. Averaged Nusselt numbers 
along the horizontal wall of the cavity are shown in Table 2.

Adding a partition enhances the heat transfer. At 
Ra=104 and Ra=105, averaged heat transfer decreases as 
the radius of curvature increases for aluminum and wood 
partitions. At the highest Rayleigh number of interest, an 
increase and then a decrease in the averaged heat transfer 
is seen as the radius of curvature increases. When the ave-
rage Nu number is considered with and without partitions, 
heat transfer increasing rate is determined as 12.37% for R=1, 
using aluminum partition and Ra=104. In this perspective 
and similar conditions, heat transfer increasing rate is cal-
culated as 10.71% for using wood partition. When values ob-
tained for R=1.2 and Ra=106 are considered, rates of increase 
in heat transfer for without partition and using aluminum 
and wood partitions are 1.93% and 8.45%, respectively. The 
greatest rate of increase in heat transfer is obtained for R=1, 
using aluminum partition and Ra=106. In these conditions, 
rate of increase in heat transfer is calculated as 16.27%. For 
using wood partition, rate of increase in heat transfer is de-
termined as 13.02% in same conditions. It can be said that 
using partition in shallow cavity increases heat transfer rate 
in all of conditions of Ra=104. Results obtained for R=1.1 and 
Ra=106 show that heat transfer decrease. Rate of decrease 

in heat transfer for using aluminum partition and R=1.1 at 
Ra=106 is 0.27% and in similar conditions, rate of decrease 
in heat transfer for using wood is 11.02%.  When aluminum 
and wood partition are compared, aluminum shows better 
results than wood. However results obtained from situation 
using wood partition show that material having low ther-
mal conductive can be used for heat transfer control. Espe-
cially, results obtained from this study can be considered in 
applications which are cooling of electronic devices, con-
ditioning of rooms and so on. When streamlines obtained 
from the analysis which are with and without partitions are 
examined, the partitions effect on fluid flow characteristic 
as well as heat transfer. While four cell occur in the stre-
amlines obtained for without partition and Ra=104, Ra=105 
and Ra=106, different cells are obtained for with partitions. 
For example, five cell occur at result obtained for Ra=104 
and aluminum, six and four cell occur for Ra=105, Ra=106 
and aluminum, respectively. As can be seen in Fig. 4, five 
and three circular flow occur for using with wood partition 
and Ra=104, Ra=105 and Ra=106 in the streamlines. The heat 
transfer and fluid flow characteristics strongly influenced 
depending on these parameters which are using partition 
and partition material type, Ra and R.

CONCLUSION

Numerical study of natural convection in arc-shaped 
partitions in corners of a shallow cavity filled with air 
was performed. The effects of arc-shaped partitions in 
corners of a shallow cavity on heat transfer which is na-
tural convection and fluid flow. Partitions are accepted 
as conductive and two different partitions materials are 
chosen as wood and aluminum. Also, possibilities of 
occurring dead regions are examined and streamlines 
obtained for without partition and high Rayleigh num-
bers which are Ra=105 and Ra=106 show that dead regions 
occur in corners of the shallow cavity. Some important 
conclusion can be indicated from this numerical study as:

• Characteristic parameters of the flow and heat
transfer are affected by adding a arc-shaped partitions to 
the shallow cavity.

Table 2. Average Nu

R

Ra=104 Ra=105 Ra=106

Average Nuave Average Nuave Average Nuave

Al Wood Al Wood Al Wood

0 5.05 5.05 9.63 9.63 16.809 16.809

1 5.763 5.656 11.264 11.28 20.076 19.327

1.1 5.542 5.54 10.456 10.629 16.762 14.956

1.2 5.439 5.23 10.524 10.15 17.141 18.361
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• Curvature of the partition affects the average heat 
transfer enhancement and this can be used as control para-
meter.

• The results obtained from the analysis show that
dead regions at the corners occur for Ra=105 and Ra=106. 
The dead region occur only for Ra=106 and R=1.1 and dead 
regions are not seen in all others situations which are used 
partitions.

• Results obtained from the analysis using partiti-
ons and considering different Rayleigh numbers and partiti-
on materials show that using partition which is arc-shaped 
prevent occurring dead regions.     

• At Ra=104, heat transfer enhancements of 14%,
9.74% and 7.7% were obtained for R=1, R=1.1 and R=1.2 com-
pared to flat cavity. These results were obtained for alumi-
num arc-shaped partition. In the same conditions and for 
wood arc-shaped partition, heat transfer enhancements of 
12%, 9.7% and 3.36% were obtained.

The different materials can be used as partitions and 
many different parameters can be examined considering Ra, 
R, fluid and so on. In this study, fluid is air but different stu-
dies can be carried out by using nanofluid. Also, this prob-
lem can be considered for unsteady flow.
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