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In the present study, numerical simulation of magnetohydrodynamic mixed convec-
tion heat transfer and fluid flow has been analyzed in a lid-driven enclosure provided
with a constant flux heater. Governing equations were solved via differential quadra-
ture method. Moving wall of the enclosure has constant temperature and speed. The
calculations were performed for different Richardson number ranging from 0.1 to 10,
constant heat flux heater length from 0.2 to 0.8, location of heater center from 0.1 to
0.9, Hartmann number from 0 to 100 and aspect ratio from 0.5 to 2. Two different
magnetic field directions were tested as vertical and horizontal. It was found that re-
sults of differential quadrature method show good agreement with the results of liter-
ature. The magnetic field was more effective when it applied horizontally than that of
vertical way. In both direction of magnetic field, it reduced the flow strength and heat
transfer. Thus, it can be used as an important control parameter for heat and fluid

flow.
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Introduction

Natural and forced convection occur simultaneously in many engineering applications
such as cooling of electronic equipment, drying technology, and air solar collectors. The phe-
nomenon is called as mixed convection. The cavity with moving lid is the most important appli-
cation for this heat transfer mechanism which is seen in cooling of electronic chips, coating ap-
plications, solar energy applications, crystal growth, and food industry.

Partially heated systems are mostly encountered in cooling of electronic systems and
mixed convection is occurred due to blowing air and heater. Numerical analyzis of these kinds
of systems was performed for different configuration by Papanicolau and Jaluria [1]. Their re-
sults indicate that flow patterns generally include re-circulating cells due to buoyancy forces in-
duced by the heat source. As given by Guo and Sharif [2] found out air-cooling is one of the pre-
ferred methods for cooling of electronic equipment. They have analyzed the cooling of lid
driven enclosure with a flush mounted constant heat flux heater with finite length. In these sys-
tems, heat sources have constant heat flux and a blower or fan used to cool the heater. Thus,
mixed convection flow is occurred. Oztop [3] made a study to investigate the mixed convection
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in porous media filled and partially heated enclosure for a square lid-driven cavity. He investi-
gated the location of the isothermal heater on mixed convection flow and heat transfer. Ogut [4]
investigated mixed convection heat transfer and fluid flow in an inclined square lid-driven en-
closure numerically. Two parallel walls of the enclosure are adiabatic while one fixed wall is
heated with a constant heat flux heater and moving lid is isothermal. Kahveci and Ogut [5] stud-
ied mixed convection of water-based nanofluids in a lid-driven square enclosure with a constant
heat flux heater. The results show that the presence of nanoparticles in the base fluid causes a
significant enhancement of heat transfer. They also show that the heat transfer rate increases
considerably with a decrease in the Richardson number and the length of the heater.

Literature review shows that there has been considerable interest about the effects of
magnetic fields on the convection heat transfer. But the subject mostly studied for natural convec-
tion problems due to its wide applications as crystal growth process [6], melting of silicon [7] or
other related applications [8-10]. Hossain et al. [11] made a study to illustrate the buoyancy and
thermocapillary driven convection flow of an electrically conducting fluid in an enclosure. They
found that change of direction of the external magnetic force from horizontal to vertical leads to
decrease in the flow rates in both the primary and the secondary cells and that causes an increase in
the effect of the thermocapillary force. On the contrary, there are few studies on effects of mag-
netic field in mixed convection. Chamkha [12] was performed a numerical study to investigate the
hydromagnetic combined convection flow in a vertical lid-driven cavity with internal heat genera-
tion or absorption. His results showed that the flow behavior and the heat transfer characteristics
inside of the cavity are strongly affected by the presence of the magnetic field.

Recently, Chatterjee and Gupta [13] aim here to numerically analyze the
hydromagnetic mixed convection flow and heat transfer along with entropy generation in a ver-
tical lid-driven square enclosure involving a heat-conducting horizontal solid circular cylinder
placed centrally within the enclosure. Selimefendigil and Oztop [14] a numerical study of MHD
mixed convection in a nanofluid filled lid-driven enclosure with a rotating cylinder was per-
formed. Ganji and Malvandi [15] is a theoretical investigation of natural convective heat trans-
fer of nanofluids, inside a vertical enclosure, in the presence of a uniform magnetic field.
Aminossadati et a/. [16] the laminar natural convection in a square cavity with a thin fin is exam-
ined. The cavity is influenced by a uniform magnetic field. The side walls of the cavity are kept
at different temperatures and the horizontal walls are thermally insulated. The flow and temper-
ature fields and the heat transfer rate of the cavity are all influenced by the magnetic field, espe-
cially at higher Rayleigh numbers. As the Hartmann number increases, the magnetic field limits
the convective flow circulations and, as a result, the heat transfer rate decreases.

The purpose of the present study is to analyze the mixed convection heat transfer
MHD flow field in a lid-driven enclosure with constant flux heater using differential quadrature
method. The effects of Richardson number, the aspect ratio of the enclosure, Hartmann number,
ratio of length of heater, and ratio of location of heater are examined in detail. Thus, the study
combines the effects of magnetic field on mixed convection in the presence of constant heat flux
heater and the study will give information to thermal designers on control of heat and fluid flow.

Definition of physical model

The schematically configuration of the considered model is presented in fig. 1. It is a
rectangular enclosure with A x L which its top wall moves from left to right direction with con-
stant velocity and temperature. Thus, an aspect ratio is defined as 4 = H/L. A constant heat flux
heater with finite length, w, is mounted to the bottom wall of the enclosure. Temperature of
moving wall is lower than that of heater. Remaining walls are adiabatic. Gravity acts in vertical
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directions and magnetic field is effective in two different
ways as vertical and horizontal. Center of location of heater
is given by c.

wl

Governing equations

Steady, laminar, mixed convection flow in an inclined
rectangular enclosure with moving side walls heated from
one side and cooled from the adjacent side and the other
walls stationary and adiabatic was considered. General
equations for continuity, change of linear momentum and
energy equations are written:

Adiabatic

T S S S S T
Adiabatic
NN NN N N NNN NN NN

V.V*=0 (1)

e T
— - - . — — - = Adiabatic . Adiabatic
p(VV)V*  =pg-Vp* +uViV*' +j-B 2 ) .

S 5
(V-V)T =aV 2T €) Figure 1. Configuration of physical

model, co-ordinates, and boundary

where,{/* is the dimensional velocity vector, p* — the dimen- “
conditions

sional pressure, 7 — the dimensional temperature, g — the
gravitational acceleration, p — the density, u — the viscosity, a — the thermal diffusivity of the
fluid, j —the current density, and B — the magnetic field [17]. Detailed information is also given
by Ece and Buyuk [8].

In the absence of an electric field, the current density can be written:

j=o(V'xB) 4

where o is the electrical conductivity of the fluid. The magnetic Reynolds number was assumed
to be small and the induced magnetic field due to the motion of the electrically conducting fluid
was neglected. The Joule heating of the fluid and the effect of viscous dissipation were also con-
sidered to be negligible.

Dimensional co-ordinates with the x"-axis measuring along the bottom wall and

y*-axis being normal to it along the left wall were used. Dimensionless variables used in the
analysis were defined according to:

x* y* H
X=—, =, A:_ 5
u=ll 2V e PP g TTo sy aL (6)
voouU pUz AT’ k

Here H and L are the dimensional height and length of the rectangular enclosure, re-
spectively, A — the aspect ratio, U — the speed of the cold top wall of the enclosure, u” and v* — the
dimensional velocity components in the x*- and y*-directions, respectively, p* — the dimensional
pressure, p, — the density of the fluid at temperature 7)), k — the thermal conductivity of the fluid,
and ¢" — the heat flux at the source.

A dimensionless stream function and vorticity were defined:

Yo ™)

u=—- =

oy’ ox



Ogut, E. B.: Magnetohydrodynamic Mixed Convection in a Lid-Driven ...

866 THERMAL SCIENCE: Year 2017, Vol. 21, No. 2, pp. 863-874
ov 1 ou

o= _Lou (®)
Oox A0y

The governing equations under Boussinesq approximation in terms of the dimensionless
variables may then be written:

2 2
v 10%w 9)
0x* A 0y?
2 2
Au@Jrv@:L A6w+l6w +Gr A@ +
ox 0y Re ox2 A 0y? Re? ox
Ha? . Ou ov . . Ou ov (10)
+ Acos @ sin p— —cos p— |+sing| sin p— —cos p—
Re ox oy oy oy
06 1 06 1 0?0 1 0%0
TR L L (11)
ox A 0y RePr\ ox? A2 0y?

Here the Reynolds, Prandtl, Grashof, Richardson, and Hartman numbers are defined:

2oBI3AT
=_ULp0’ pr=_t_, Gr=—p0gﬁ , i=G_r2, Ha=LB |~ (12)

H Po u? Re H

Re

where u is the viscosity, § — the coefficient of thermal expansion, and o — the thermal diffusivity
of the fluid, respectively.

Boundary conditions

Boundary conditions are shown also in fig. 1. Velocities are taken as zero in all bound-
aries except top moving lid. The moving lid has isothermal and bottom wall has partial constant
heat flux heater. Remaining walls are adiabatic. For these conditions, boundary conditions are
written:

On top wall:
0=0, u=1, v=0 (13)
On bottom wall: 20
— =0, for O<x<(l-¢)/2
dy
00
—=-1, for (1-¢)/2<x<(+¢)/2
dy
900, for (+e)2<x<l, u=v=0 (14)
oy
On right and left walls:
%zo, u=0, v=0 (15)
ox

where ¢ is the dimensionless length of the heater which is defined as & =w/L. The boundary con-
dition given by egs. (13)-(15) may also be expressed in terms of the stream function.
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v (x,0)=0, y(xD)=0, v(©0,y)=0, w(,y)=0 (16)
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ay y=0 ay y=l1 ox x=0 ox x=0

Numerical approach

The polynomial-based differential quadrature (PDQ) method [18-23] was used to
transform the governing equations into a set of algebraic equations. The PDQ method is an effi-
cient discretisation technique used to obtain accurate numerical solutions using a smaller num-
ber of grid points than with low-order methods such as finite-difference, finite element and fi-
nite volume methods. The following non-uniform Chebyshev-Gauss-Lobatto grid point
distribution was used in the present study to specify the discretization points:

1 i . 1 i .
x,==|l-cos| —m ||, i=012,....N =—|l—-cos| =—m ||, j=012,....,M (18
’ 2{ (N ﬂ Y 2{ [M ﬂ ! )

The points in this grid system are more closely spaced in regions near the walls where
large velocity and temperature gradients are expected to develop. The computational results
were obtained by the successive over-relaxation iteration method. The convergence criteria
were chosen as |R|maX <1075, where |R|max is the maximum absolute residual value for the
vorticity, stream function, and temperature equations.

Grid independency and validation

Firstly, a grid independency test to choose optimal grid for the code has been per-
formed. Results were presented in tab. 1 for different grid dimensions as 51 x 51, 81 x 81, and
101 x 101. The table shows that iteration number is also depended for convergence both govern-
ing parameters (Hartmann number, efc.) and grid dimensions. The differences in ¥ . values
are less than 0.5%. Ac-
cordingly, as it can be ob- ~ Table 1. Grid independence study for Ri =1
served that 81 x 81 grid || Grid points 51 x 51 81 x 81 101 x 101

dimensions W,ere enough Ha | ¢ | ¢ [Iteration| 1, |lIteration| ., | Iteration | v, ..
for all calculations.

To check the adequacy 0 (0.2 3913 |-0.1075| 8734 |-0.1074| 12670 |[-0.1074

of the numerical scheme, 1001 0.2 {0°| 10370 |—0.0284| 20532 [-0.0285| 27648 |-0.0285
results for a limiting case . .

of mixed convection problem in rectangular cavi-  2P1¢ 2. Comparison of results with those of
. . . . p . g Guo and Sharif [2] for different dimensionless
ties with moving isothermal sidewalls and.COI.l— length of the heat source

stant flux heat source on the bottom wall which is
done by Guo and Sharif [2]. The present results

Ri & | Nu, (present) Nu, [2]

have been compared with their study using mean 0.1 |02 8.7 8.7
Nusselt numbers for different configurations of 0.1 |04 7.3 7.2
the constant heat flux heaters. A good agreement 01 | 06 74 74

was found between the present predicted results

and those of Guo and Sharif [2] as listed in tab. 2 01 |08 80 8.1
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Table 3. Comparison of results with those of
Guo and Sharif [2] for Ri=1

Ri £ c/w |Nu, (present) Nu, [2]
1 0.2 0.2 10.9 12.5
1 02 | 03 9.7 10.0
1 0.2 0.4 9.0 9.0
1 02 | 05 8.7 8.7

(Ri=0.1) and tab. 3 (Ri = 1). These results
showed strong support of the use of the pres-
ent numerical method. These values are
taken from their graphic. A comparison with
study of Rudraiah ef al. [24] has been per-
formed and results are presented in tab. 4. As
it can be observed, there is an acceptable
agreement between the results.

Table 4. Comparison of results with those of Evaluation of heat transfer

Rudriah et al. [24] for different Ha and Pr = 0.733 The local heat transfer coefficient is de-

and A=1 fined:
Gr Ha |Nu, (present)| Nu, (ref. [24]) hoo_ 4" (19)
2.10° 0 2.53 2.52 LT,
2-104 10 2.23 2.22
2.10° 50 108 108 . The lpcal heat transfer coefficient i at a
- given point on the heat source surface where
210 100 101 L T(x) is the local temperature on the surface.
Local Nusselt number:
h L
Nu=/b (20)
k6,0
Average Nusselt number:
7 &
Nu, = hL _1f 1 (21)
ko £00,()

where 6 (x), is the local dimensionless temperature.

Results and discussion

A complicated numerical study has been performed to see the effects of Richardson
number, length and location of constant heat flux heater, aspect ratio, direction of magnetic field
and Hartmann number on mixed convection flow, and thermal behavior in a lid-driven enclo-
sure with a constant heat flux heater. Prandtl number of fluid is taken as 0.71 for whole study.
All calculations were performed for Gr = 10* and Reynolds number was changed to get various
Richardson numbers.

Figure 2 presents the streamlines (on the left) and isotherms (on the right) for square en-
closure (4 = 1) at different Richardson number, which changes between 0.1 and 100, in the case of
without magnetic field (Ha = 0) and £ = 0.2. As well-known from the literature, the value of the
Richardson number is a measure of the importance of natural convection to forced convection. In
this case, heater is located to the middle of the bottom wall (¢/L = 0.5). Single main rotating cell
was formed inside the enclosure and it rotates in clockwise rotating directions. There are two mi-
nor cells in the corner of the enclosure but they were not shown in the figure. These cells are disap-
peared with increasing of Richardson number, namely effects of buoyancy. Flow strength also de-
creases and oval shaped cell turns to circle shape with increasing of Richardson number.
Isotherms plot shows that thermal boundary layer over the heater becomes thicker with increasing
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of Richardson number. Isotherms are almost parallel to each other for Ri = 100. This indicates that
the conduction plays the dominant role for heat transfer process. However, isotherms are gradually
distorted toward to moving wall with increasing of y-direction.

The magnetic force in two directions as horizontal (¢ = 0°) and vertical (¢ = 90°) at
different Richardson number has been applied and results of thermal and flow fields are given in
fig. 3. Comparison of obtained results is plotted in fig. 3at A =1, =0.2, Ha=100, and ¢/L =0.5
for different Richardson numbers. These figures can be compared with those of fig. 2 which are
given for the absence of the magnetic field. In fig. 3(a), streamlines (on the left) and isotherms
(on the right) are given for Ri = 0.1. When magnetic field is applied to the system in horizontal
direction, multiple cells were formed which are elongates parallel to the moving lid. The top one
is extremely thin. The dimensions of cells in y-direction increase with decreasing through to the
bottom of the enclosure. The fluid at the bot-
tom of the enclosure is motionless. When
magnetic field is applied horizontally, single

(a)Ri=0.1,p=0°

\\_‘

003 — |

cell was formed near the lid as seen from fig.
3(b). Isotherms are distributed almost diago-
nally from left top corner to the right wall. It
means that the magnetic field strongly af-
fects the flow and temperature field. For
value of Ri = 10, namely natural convection
is dominant in the system. The center of bot-
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Figure 2. Streamlines (on the left) and isotherms
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Figure 4. Streamlines (on the left) and Isotherms  Figure 5. Streamlines (on the left) and isotherms
(on the right) for A=1,¢ =0.2, ¢/L =0.5, Ri=0.1, (on the right) for ¢/L = 0.5,& = 0.2, Ha = 0;
@=0; (a) Ha = 100, (b) Ha = 50, and (c) Ha = 10 (@) Ri=0.1,4 =0.5, (b) Ri=10, 4 = 0.5,

and (¢)Ri=0.1,4=2,(d) Ri=10,4 =2
tom cell sits near the left bottom corner. Due
to domination of the conduction mode of heat transfer, isotherms are parallel to each other for
horizontally effective magnetic field as seen from the fig. 3(c). As illustrated from fig. 3(d),
streamlines show same trend but isotherms are affected with the application of direction of mag-
netic field.

Power of Hartmann number on flow and temperature field is shown in fig. 4 via
streamlines and isotherms for 4 =1, =0.2, ¢/L = 0.5, Ri=0.1 and ¢ = 0°. It was tested in hori-
zontal direction since magnetic field is more effective in that way as indicated in earlier figures.
As shown from the fig. 4 that the multiple cells were formed for higher values of Hartmann num-
ber and flow strength is reduced. Primary cell tends to move closer to the moving lid as the
strength of the magnetic field increases. This results also supported by Chamkha [12]. The mag-
netic field suppresses the heat transfer and the isotherms become more parallel to the bottom
wall as shown from isotherms patterns in fig. 4 (on the right column).

An aspect ratio is defined as height to bottom length of the enclosure, e. i. 4 = H/L. It
changes between 0.5 and 2 for this study. Figure 5 gives the streamlines and isotherms for differ-
ent values of aspect ratios at different Richardson numbers. The moving fluid due to lid-driven
top wall impinges to right side and second impingement of fluid occurs to the bottom wall due to
shallow cavity. Thus, main cells sits near the right wall and other minor cell forms at the left bot-
tom corner due to domination of forced convection as seen from fig. 5(a). In this case, stream-
lines move towards to the left vertical wall and the fluid temperature is same almost at the right
half of the enclosure. When natural convection becomes dominant, namely Ri = 10, again main
cell locates at the middle of the cavity. Isotherms are almost parallel to each other with the ef-
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fects of domination of conduction mode of heat 4.2
transfer as illustrated in fig. 5(b). In case of tall 411 \.,___h 0.22
cavity, two cells were formed inside the enclo- :2 ' oo
sure and they turn in different directions as illus- S e ok e 09 '
trated in the fig. 5(c). This results also supported
by Torrance et al. [25]. For this value of aspect el P 0-320
ratio, conduction heat transfer becomes domi- .36 — 080
. . E) / {0310 3
nate to convection as seen from the isotherms. & ’ —— Nu <
. . . . 3.5 a 10.305
For Ri = 10, isotherms are distorted and single T PN,
main cells were formed. This is due to the fact 34 10205
that the induced natural convection is stronger. 331 / {0290
Local Nusselt numbers are plotted in fig. 6 - p ‘\\‘ {0285
along the heater for different Richardson number jo.2e0
at A=1, Ha=0, and ¢/L=0.5. Results are pre- e o .
oL

sented for two different heater length as, £ =0.2,
(fig. 6(a) and ¢ = 0.6, fig. 6(b). Local Nusselt
number decreases at the left side of the heater and
it increases along the heater fore =0.2. There is a

Figure 8. Variation of location of heater on heat
transfer and maximum source temperatures, and
Nusselt number for Ri =1, A=1, ¢ =0.2, and

¢ =0° (a) Ha=0, (b) Ha =10, (c) Ha =100
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Table 5. Average Nusselt number for different governing parameters

& Ha | ¢/L | 4 [0} Ri Nu, & Ha | ¢/L | 4 Q Ri Nu,
02 0 | 05 1 - | 01 9.82 0.2 0 | 03 1 - 1 5.96
02 0 | 05 1 - 1 6.35 0.2 0 | 02 1 - 1 5.51
02 0 | 05 1 - 10 4.82 0.2 0 | 0.1 1 - 1 4.93
06 | 0 | 05 1 - | 01 5.83 0.2 0 | 05 |05]| - 0.1 3.85
06 | 0 | 05 1 - 1 3.75 0.2 0 | 05 |05]| - 10 3.02
06 | 0 | 05 1 - 10 2.97 0.2 0 ] 05 2 - 0.1 5.77
0.2 | 100 | 0.5 1 | 0°] 0.1 3.76 0.2 0 | 05 2 - 10 5.18
0.2 | 100 | 0.5 1 |90°| 0.1 4.52 0.6 0 | 05 |05]| - 0.1 3.17
0.2 | 100 | 0.5 1| 0° 10 3.59 0.6 0 | 05 |05]| - 10 1.97
0.2 | 100 | 0.5 1 |90°| 10 3.60 0.6 0 ] 05 2 - 0.1 2.92
02 | 10 | 05 1 | 0°] 0.1 6.31 0.6 0 | 05 2 - 10 3.21
02 | 50 | 05 1 | 0°] 01 3.97 0.2 0 ] 05 1 - 1 6.35
0.2 | 100 | 0.5 1 | 0°] 0.1 3.76 0.4 0 | 05 1 - 1 4.55
02 0 | 05 1 - 1 6.35 0.6 0 ] 05 1 - 1 3.75
02 0 | 04 1 - 1 6.25 0.8 0 | 05 1 - 1 3.18

minimum value around x = 0.46 due to lower flow strength at that point. Its value decreases with
increasing of Richardson number. However, there is a linear increasing for the case of & = 0.6.
Again, higher values are observed at the edge of the heater due to high temperature difference.

The effects of Hartmann number on variation of local Nusselt number is discussed via
fig. 7 for ¢/L = 0.5, Ri=0.1, and € = 0.2. The values of Hartmann number has been used as Ha =
=10, 50 and 100. The figure can also be compared with fig. 6 in the presence of no-magnetic
fields (Ha = 0). General observation from this figure indicates that heat transfer is reduced with
the increasing of Hartmann number. For huge Rayleigh number, local Nusselt number becomes
almost constant. It means that magnetic field retards the convection. Thus, conduction mode of
heat transfer becomes dominant. The figure also shows that local Nusselt number closer to each
other with the increasing of Hartmann number. It means that Hartmann number becomes insig-
nificant for Ha > 100. Thus, our limit for Hartmann number was chosen less than 100.

Variation of location of heater on mean Nusselt number and maximum source temper-
atures is plotted at different Hartmann number in fig. 8(a)-(c) forRi=1,4=1,& =0.2. Globally,
fig. 8 shows that mean Nusselt number increases as heater closer to the mid-section of the bot-
tom wall due to contacting with more fluid. However, minor cells were formed at the corners
and they decrease the heat transfer. Maximum fluid temperature decreases with increasing of ra-
tio of ¢/L. Figures also indicate that heat transfer is reduced with the increasing of power of mag-
netic field. On the contrary, maximum heat transfer increases with increasing of Hartmann num-
ber. Similar trends are obtained with Guo and Sharif [2] but higher heat transfer is observed in
their case. It means that, both direction and location of moving wall is strongly effective on sys-
tem.

Finally, tab. 5 lists the average variation of average Nusselt numbers for different pa-
rameters. As seen from the table that average Nusselt number decreases with increasing of Rich-



Ogut, E. B.: Magnetohydrodynamic Mixed Convection in a Lid-Driven ...
THERMAL SCIENCE: Year 2017, Vol. 21, No. 2, pp. 863-874 873

ardson numbers. Magnetic field is more effective in the case of Ri < 0.1. Heat transfer also de-
creases with increasing of Hartmann number. It increases with increasing of aspect ratio of the
enclosure for all values of heater length.

Conclusions

Mixed convection in a lid-driven enclosure with a constant heat flux heater in the pres-
ence of magnetic field was numerically investigated using differential quadrature method in the
present study. The effects of Richardson number, the aspect ratio of the enclosure, Hartmann
number, ratio of length of heater, and ratio of location of heater are examined in detail. The dif-
ferential quadrature method gives results which are compared favorably with the literature. Us-
ing of smaller grid and lower computational time are the advantages of the method. The method
is also more useful for complicated enclosure.

Results from the considered model showed that heat transfer is higher in deep cavities
than that of shallow cavities. It decreases with increasing of Richardson numbers and Hartmann
numbers. It is found that magnetic field affects the flow and temperature field and it retards the
heat transfer. Thus, magnetic field can be a control parameter from the heat transfer and flow
field point of view. Both location and length of heater are effective parameters on heat transfer
and flow field that heat transfer decreases with increasing of dimensionless length of heater.

The results also show that, with an increase in the Richardson number, average Nusselt
number takes lower values due to the weaker forced convection. The magnetic field reduces the
circulation in the cavity. When the magnetic field becomes stronger, it causes the convection
heat transfer to reduce and, subsequently, conduction heat transfer becomes dominate. The aver-
age heat transfer rate increases with increasing of aspect ratio and with increasing of ratio of
(c¢/L) location of heater on bottom surface. The average heat transfer rate decreases the x-direc-
tional magnetic field is more effective in damping convection than the y-directional magnetic
field.

Nomenclature

A — aspect ratio, [-] w  — length of heat source, [m]
B - magnetic field strength, [T] X,y — cartesian co-ordinates, [m]
¢ — distance of the midpoint of

X Greek symbols
the source plate from the right wall, [m]

Gr - Grashof number, [-] a  — thermal diffusivity of the fluid, [m’s™']

g - gravitational acceleration, [ms ] [ — coefficient of thermal expansion of the fluid,
H - height of enclosure, [m] [1/K]

Ha - Hartmann number, [—] € — dimensionless length of the heat source, [—]
J - current density [Am ] 0 - d;men.stlon%(ess Ecltn} erature, [—]

k  — thermal conductivity, [Wm 'K '] M 7 viscost y [kgm s ] B

L — length of enclosure, [m] p  — density of the fluid, [kgm ]

Nu — Nusselt number, [] o — electrical conductivity of the fluid, [sm™']
Pr - prandtl number, [-] ¢  — angle of direction of the magnetic field with
p  — pressure, [Pa] respect to the coordinate system, [rad]

q — heat flux at the source, [Wm’z] v — stream function, [mzs’]]

Re - Reynolds number, [-] ®  — vorticity, [s ']

Ri - Richardson number, [-] .

T  — temperature, [K] Superscripts

U - lid speed, [ms™'] *  — dimensional variable

u, v — x-y velocity components, [ms™']
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