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Abstract

Hydrodynamic mixed convection in a lid-driven hexagonal cavity with corner
heater is numerically simulated in this paper by employing finite element
method. The working fluid is assigned as air with a Prandtl number of 0.71
throughout the simulation. The left and right walls of the hexagonal cavity are
kept thermally insulated and the lid moves top to bottom at a constant speed
U, . The top left and right walls of the enclosure are maintained at cold tem-
perature 7,. The bottom right wall is considered with a corner heater whe-
reas the bottom remaining part is adiabatic and inside the cavity a square
shape heated block 7). The focus of the work is to investigate the effect of
Hartmann number, Richardson number, Grashof number and Reynolds
number on the fluid flow and heat transfer characteristics inside the enclo-
sure. A set of graphical results is presented in terms of streamlines, isotherms,
local Nusselt number, velocity profiles, temperature profiles and average
Nusselt numbers. The results reveal that heat transfer rate increases with in-
creasing Richardson number and Hartmann number. It is also observed that,
Hartmann number is a good control parameter for heat transfer in fluid flow
in hexagonal cavity.

Keywords

Mixed Convection, Lid-Driven Hexagonal Cavity, Finite Element Method,
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1. Introduction

Mixed convection in enclosures is encountered in many engineering systems
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such as cooling of electronic components, ventilation in buildings and fluid
movement in solar energy collectors, astrophysics, geology, biology and chemi-
cal processes, as well as in many engineering applications. Also mixed convec-
tion involving the combined effect of forced and natural convection has been the
focus of research due to its occurrence in numerous technological, engineering
and natural applications such as: cooling of electronic devices, lubrication tech-
nologies, drying technologies, and food processing. Al-Amiri et al [1] numeri-
cally investigated steady mixed convection in a square lid-driven cavity under
the combined buoyancy effects of thermal and mass diffusion. The results dem-
onstrate the range where high heat and mass transfer rates can be attained for a
given Richardson number. Sharif [2] studied numerically laminar mixed convec-
tive heat transfer in two-dimensional shallow rectangular driven cavities of as-
pect ratio 10. The top moving lid of the cavity is at a higher temperature than the
bottom wall. The effects of inclination of the cavity on the flow and thermal
fields are investigated. The stream line and isotherm plots and the variation of
the local and average Nusselt numbers at the hot and cold walls are presented.
Chen and Cheng [3] investigated numerically the Periodic behavior of the mixed
convective flow in a rectangular cavity with a vibrating lid. The periodic flow
patterns and heat transfer characteristics found are discussed with attention be-
ing focused on the interaction between the frequency of the lid velocity vibration
and the frequency of the natural periodic flow. Khanafer et al [4] investigated
numerically unsteady laminar mixed convection heat transfer in a lid driven
cavity. M. A. Teamah et al [5] have performed a numerical simulation of
double-diffusive mixed convective flow in rectangular enclosure with insulated
moving lid. Saha et al [6] have performed the numerical effect of internal heat
generation or absorption on Magneto-Hydro Dynamics (MHD) mixed convec-
tion flow in a lid driven cavity. Significant reduction in the average Nusselt
number was produced as the strength of the applied magnetic field was in-
creased. In addition, heat generation predicated to decrease the average Nusselt
number whereas heat absorption increases it. Dawood et al [7] investigated hy-
dro-magnetic mixed Convection double diffusive in a Lid Driven Square Cavity.
Hussein [8] investigated the study of mixed convection in square lid-driven with
eccentric circular body. Nasrin [9] carried out an aspect ratio effect of vertical
lid-driven chamber having a centered conducting solid on mixed magneto con-
vection. Billah et al [10] investigated the numerical analysis of fluid flow due to
mixed convection in a lid-driven cavity having a heated circular hollow cylinder.
Munshi et al [11] investigated hydrodynamic mixed convection in a lid-driven
square cavity including elliptic shape heated block with corner heater. Sivasan-
karan et al [12] examined Hydro-magnetic combined convection in a lid-driven
cavity with sinusoidal boundary conditions on both sidewalls.

To the best of author’s understanding, little attention is given to the problem
of MHD mixed convection in a lid-driven cavity with corner heater. There is no

previous study on hydrodynamic mixed convection in a lid-driven hexagonal
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cavity with a corner heater and inside the square heated block. Therefore, this
problem could be occurred in many engineering applications such as conveyer
belt, escalator and lift as elevator, heating and cooling flows in buildings. The
objective of the present study is to investigate numerically hydrodynamic mixed
convection in a lid-driven hexagonal cavity with a corner heater, also increase of
the lid-driven constant velocity to highlight the applicability of the approach.
Numerical results are presented via streamlines, isotherms, velocity profiles, di-
mensionless temperature, local Nusselt number and average Nusselt number to
analyze the effect of Richardson number and Hartmann number of the fluid flow
and heat transfer.

The paper is arranged in the following manner: in Section 2, we consider a
physical configuration of hexagonal cavity; Section 3 presents the mathematical
formulation of this model, corresponding boundary conditions and grid genera-
tion for that cavity; in Section 4, detailed analysis of different results and corres-

ponding discussions is added; finally, a brief conclusion is given in Section 5.

2. Physical Configuration

The considered two-dimensional model in the present study of mixed convec-
tion in a hexagonal cavity with internal heated square block is shown in Figure 1.
As seen from the schematically view, the left and right walls are lid-driven and
move top to bottom with constant velocity. The upper two walls are cold. The
left, right and left lower corner walls are adiabatic. A corner heater with temper-
ature is located in the right lower corner. The magnetic field of strength B, is
applied parallel to x-axis. A square block with temperature 7, is located inside

the enclosure at middle position.

3. Mathematical Formulation

The fluid is considered as incompressible, Newtonian and the flow is assumed to
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Figure 1. Schematic view of the hexagonal cavity.
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be laminar. Two dimensional, steady equations are written by considering a
uniform applied magnetic field. It is assumed that Boussinesq approximation is
valid and radiation mode of heat transfer, Joule heating and Hall effects are neg-
lected according to other modes of heat transfer. Thus, using the coordinate sys-
tem shown in Figure 1, the governing equations for mass, momentum and
energy equation can be written in dimensional form as follows:
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3.1. Boundary Conditions

The boundary conditions for the present problem are specified as follows:

On the top left and right walls: u=0,v=0,T=T,

On the left and right walls: u=0,v= —vo,g—T =0
X

On the lower left wall: u=0,v= O,a—T =0
Ox

On the lower right wall and square block: u=0,v=0,T =7,
where x and y are the distance measured along the horizontal and the vertical
directions respectively, uz and vare the velocity components in x and y direction
respectively, 7 denotes the temperature, v denotes the kinematic viscosity, «
denotes the thermal diffusivity respectively, pis the pressure and p is the den-
sity.

The governing equations are non-dimensionalized by using the following di-

mensionless quantities:

T-T
XXy y Ly v op P g T
L L v, U, pul T,-T

After substitution of dimensionless variable we get the non-dimensional go-

verning equations which are:
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where Uand Vare the velocity components in Xand Y directions respectively, P
is the pressure and @ is the non-dimensional temperature. As we know
Ri=Gr/Re’, when Ri~1 both free and forced convection are equally domi-
nant and the flow regime is designated as mixed convection. If Ri>1 then free
convection is dominant whereas forced convection is dominant when Ri<1.
The transformed boundary conditions are:
On the top left and right walls: §=0,U=0,V =0

On the left and right walls: U =0,V = —1,% =

On the lower left wall: U =0,V = O,% =0
oX

On the lower right wall and square block: 9=1,U =0,V =0

3.2. Grid Refinement Check

We examined five different non-uniform grid systems with the following num-
ber of elements within the resolution field. It is observed from Table 1 that grid
independence is achieved with 25,482 elements where there is insignificant change in
Nu with further increase of mesh elements. Five different non-uniform grids with

the following number of nodes and elements were considered in Figure 2 for the

Table 1. Grid refinement checkat Pr=0.71 and Ri=1.

Nodes 542 1230 1836 5602 11908
Elements 814 1127 2145 6554 25482
Nu 1356730 15.39566 16.26567 20.71909 20.80172
0, 0.82835 0.81251 0.810452 0.80167 0.80167
25
20 . .
15
=
Z
& —&— Nu
5
0 4 _ — _

0 2000 4000 6000 8000 10000 12000 14000

Number of elements

Figure 2. Grid independency study on average Nusselt number in the cavity while
Pr=0.71 and Ri=1.
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grid refinement tests. From these values, 11,908 nodes, 25,482 elements can be
chosen throughout the simulation to optimize the relation between the accuracy

required.

4. Result and Discussion

In this section, some representative results are presented to illustrate the effects
of various controlling parameters on the fluid flow. These controlling parame-
ters include Richardson number ranging from 0.01 to 10 and the Hartmann
number varying from 0 to 50 with fixed Reynolds number Re=100 and
Prandtl number Pr=0.71. The results are presented in terms of streamlines,
isotherms, local Nusselt number, velocity profiles and dimensionless tempera-
ture profile along the vertical wall.

Streamlines for different values of Richardson number Ri=0.01-10 while
Ha=0 and Pr=0.71 are presented in Figure 3. At Ri=0.01 and in the ab-
sence of magnetic field ( Ha =0), two circular cells are formed in lower side of
square heated block of the cavity shown in Figure 3(a).

As Riincreases up to 1, the effect of mixed convection increases and both the
primary and secondary circulation do increase. It is observed that moving lids
become very strong. For higher Richardson number one circulation cell is
formed at upper right corner of the cavity and also the increase of flow strength
is shown in Figure 3(d).
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Figure 3. Streamlines and isotherms for different values of Richardson number Ri=0.01-10

while Ha=0 and Pr=0.71.
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Conduction dominant heat transfer is observed from the isotherms in Figures
3(e)-(h) at Ha=0 and Pr=0.71 respectively. As seen from the figures, iso-
therms concentrate near the bottom wall and isotherm lines are more bending
which means increasing heat transfer throw convection. For higher Richardson
number, the isotherm lines are bending near right side wall that means increas-
ing heat transfer throw convection are shown in Figure 3(h).

Variation of streamlines and isotherms for different values of Richardson
number Ri=0.01-10 while Ha=50 and Pr=0.71 are shown in Figure 4.
It can be found that the strength of buoyancy inside the cavity is significant and
more fluid rises from two sided lid-driven cavity. As Ri increases, the strength of
buoyancy increases and circulation cells inside the cavity appear in Figures
4(a)-(d). At Ha=50 and Ri=0.01-10, the isotherms illustrate a pure con-
duction heat transfer. In Figures 4(e)-(h), the isotherm lines bending at middle
of the hexagonal cavity. While R/ increases, the strength of the buoyancy in-
creases and isotherm lines bend at the lower corner heater with increase of heat
transfer.

The local Nusselt Number along the vertical wall for different Richardson
numbers Ri=0.01-10 with Ha=0 and Pr=0.71 of the cavity is shown in
Figure 5(a). Maximum and minimum shape curves are obtained here. For
x < 0.6 maximum shape curve are found and x>0.6 the minimum shape curve

are found and absolute value of local Nusselt number (that is heat transfer rate)

Figure 4. Streamlines and isotherms for different values of Richardson number Ri=0.01-10 while
Ha=50 and Pr=0.71.
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Figure 5. Variation of (a) Local Nusselt number, (b) Velocity and (c) Dimensionless Temperature for different values of Richard-
son number Ri=0.01-10 while Ha=0 and Pr=0.71.

is increased with the increase of Richardson number.

Variation of the vertical velocity component along the horizontal line of the
cavity with different Richardson numbers and Ha =0 is shown in Figure 5(b).
From the figure it is evident that for lower values of Richardson number the
value of the velocity has smaller change but for the higher values of Richardson
number the value of the velocity has larger change. Figure 5(c), presents the di-
mensionless temperature profiles along the horizontal wall for different values of
Richardson number with Ha=0 and Pr=0.71. Maximum and minimum
temperature curves are obtained here. For the lower values of Richardson num-
ber the temperature increases and for the higher values of Richardson number
the temperature decreases.

The local Nusselt numbers along vertical wall for different values of Richard-
son number with Ha =50 and Pr=0.71 of the cavity are shown in Figure
6(a). It can be seen from the Figure 6(a), in whole portion of the cavity the Lo-
cal Nusselt number decreases with the increase of Richardson number and does

not change significantly with increase of the Richardson number.
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Figure 6. Variation of (a) Local Nusselt number, (b) Velocity and (c) Dimensionless Temperature for different values of Richard-
son number Ri=0.01-10 when Ha=50 and Pr=0.71.

Variations of the vertical velocity component along the horizontal line of the
cavity with the Richardson number and for Ha =50 are shown in Figure 6(b).
It can be seen from the Figure, in whole portion of the cavity the velocity de-
creases with increase of Richardson number and finally the rate of heat transfer
decreases.

Figure 6(c) presents the dimensionless temperature profile along the hori-
zontal wall for different values of Richardson number with Ha =50 and
Pr=0.71. At Ha =50 the thickness of the boundary layer decreases. For the
lower Richardson number temperature has more significant changes but for
higher Richardson number less significant.

Streamlines for Gr=10", Re=100 and Pr=0.71 are presented in Fig-
ures 7(a)-(d) respectively. These figures show the effects of Hartmann number
on flow field and temperature distribution. From the streamlines it is found that
with the increase of Hartmann number (increase of the strength of the magnetic
field), flow strength decreases. At Ha =0 two circular shapes are formed at the
below of the heated block of the cavity shown in Figure 7(a). For higher Hart-
mann number one circular shape formed at the below of the heated block inside
the cavity and also the decreases of the flow strength are shown in Figures

7(b)-(d).
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Figure 7. Streamlines and isotherms for different values of Hartmann number Ha =0,10,20,30
when Gr=10*, Re=100 and Pr=0.71.

Conduction dominant heat transfer is observed from the isotherms in Figures
7(e)-(h) at Gr=10*,Re=100 and Pr=0.71. At Ha=0 the isotherm lines
near the bottom wall and isotherm lines are more bending which means in-
creasing heat transfer throw convection. Formation of the thermal boundary
layers can be found that it increases from the isotherms for Ha=0-30. The
isotherms are almost parallel to lid-driven wall and they show a linear increase
along the corner heater.

The local Nusselt Number along vertical wall for different values of Hartmann
number with Gr=10*, Re=100, Pr=0.71 and Ri=1 of the cavity are
shown in Figure 8(a). It can be seen from the figure, in whole portion of the
cavity the local Nusselt number decreases with increase of the Hartmann num-
ber.

Variation of the vertical velocity component along the horizontal line of the
cavity with Gr=10", Re=100, Pr=0.71, Ri=1 and different values of the
Hartmann number are shown in Figure 8(b). It can be seen from the Figure that
the absolute value of maximum and minimum value of velocity increases with
the increase of the Hartmann number (increase of the buoyancy force).

Figure 8(c) presents the dimensionless temperature profile along the hori-
zontal wall for different values of Hartmann number with Gr=10*, Re=100,
Pr=0.71 and Ri=1. When the values of Hartmann number increases, then

the dimensionless temperature decreases.
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Figure 8. Variation of (a) Local Nusselt number; (b) Velocity and (c) Dimensionless Temperature for different values of Hart-
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Figure 9. Variation of average Nusselt number versus Hartmann number for different Richardson number Ri=0.01,0.1,1,10
when Gr=10*, Re=100, Ha=50 and Pr=0.71.

The influence of Richardson number on average Nusselt number versus dif-
ferent Hartmann numbers for vertical wall is displayed in Figure 9 at Gr = 104,
Re=100, Ha=50 and Pr=0.71. It is clearly observed that adding Richard-
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son number inside the hexagonal enclosure cause an increase in the average
Nusselt number. Also rate of increment on heat transfer clearly depends on the

value of Richardson number.

5. Conclusions

Numerical study on mixed convection in a lid-driven hexagonal cavity with
corner heater has been performed. Results have been presented in terms of
streamlines, isotherms, local Nusselt number, velocity profile and dimensionless
temperature. The results are obtained for a wide range of pertinent dimension-
less groups such as Richardson number and Hartmann numbers. In view of the
obtained results, the following findings are précised:

1) The flow characteristics and heat transfer mechanism inside the hexagonal
cavity are strongly dependent on the Richardson number.

2) The significant suppression of the convective current in the enclosure is
due to increase of Hartmann numbers.

3) For all cases considered, two counter rotating eddies were formed inside
the cavity regardless the Richardson number and the Hartmann numbers. The
temperature distribution and the flow characteristics inside the cavity strongly
depend on both the strength of the magnetic field and the Richardson number.

4) The large values of Richardson number lead to increase the lid-driven effect
whereas the small values of Richardson number lead to increase effect of pres-

ence of the heat source on the flow and heat characteristics.
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Nomenclatures

g Gravitational attraction

Nu Nusselt number

P Dimensional Pressure
p Pressure
Pr Prandtl number

Ha Hartmann number
Re Reynolds number

Ri Richardson number
Gr Grashof number

x, y  Cartesian coordinates
u, v Velocity component

T Temperature

XY Non-dimensional Cartesian coordinates

uv Non-dimensional velocity components

Greek Symbols

a Thermal diffusivity

Y4 Volumetric coefficient of thermal expansion
v Kinematic viscosity of the fluid

% Non-dimensional temperature

P Density of the fluid
Subscripts

c Cold wall
h Hot wall
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