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The aim of the present numerical study is to investigate the effect of
thermally active zones and direction of the external magnetic field
on hydromagnetic convection in an enclosure. Nine different
relative positions of the thermally active zones are considered. Top
and bottom of the enclosure are adiabatic. The governing equations
are solved by the finite volume method. The results are obtained for
different directions of the external magnetic field, thermally active
locations, Hartmann numbers, Grashof numbers and aspect ratios.
It is observed that the heat transfer is enhanced for heating location
is either at middle or at bottom of the hot wall while the cooling
location is either at top or at middle of the cold wall. The flow field
is altered when changing the direction of the magnetic field in the
presence of strong magnetic field. The average Nusselt number
decreases with an increase of the Hartmann number and increases
with increase of the Grashof number and aspect ratio.
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1. Introduction

Natural convection in rectangular enclosures wartially heated or partially cooled
vertical walls while the other two walls are kemtiadbatic is of special interest in many
engineering applications such as solar receivelar passive design and cooling of electronic
equipment. A detailed study of the convective flamd heat transfer in a partially
heated/cooled enclosure is very helpful to undedstdhe complex phenomena of natural
convection in practical applications. Kuhn and @ag&ten [1] numerically studied unsteady
natural convection in a partially heated rectangelaclosure. They found that the average
Nusselt number increases to maximum and then deseahen the heater location moves
from the top to bottom. Tanda [2] numerically arzalg laminar natural convection of air in
open vertical channels with partially heated walls. this study, both uniform wall



temperature and uniform heat flux boundary cond#iare studied. Valencia and Frederick
[3] studied natural convection of air in a squaamity with half-active and half-insulated

vertical walls. They considered five different thmadly active locations. Natural convection

in a rectangular enclosure with four discrete hwsatis investigated numerically and

experimentally by Ho and Chang [4].

Convective flow in a partially heated and palyiatooled cavity is numerically
analyzed by Yucel and Turkoglu [5]. They observeat the mean Nusselt number decreases
with increasing the heater size for a given coslee. On the other hand, the mean Nusselt
number increases with increasing the cooler size &ogiven heater size. Numerical
simulations of laminar natural convection in a j@dl§t cooled differentially heated cavity are
performed by El-Refaeet al. [6]. They found that the rate of heat transfeschees its
maximum value when the cavity is vertical with agpmtio unity. Nithyadevet al. [7] and
Kandaswamyet al. [8] studied the natural convection in a squareitgawith partially
thermally active vertical walls. They considereaenidifferent thermally active locations.
Chen and Chen [9] numerically studied natural cohwea in a cavity with partially heated on
the left and bottom walls. They found that the heatsfer rate is increased with increasing
the length of the heat source. Oztop and Abu-NaOhrjumerically investigated convection
of nanofluids in a partially heated rectangularlesure. They found that the heater location
influences on flow field and temperature distriba8. Arici and Sahin [11] numerically
investigated natural convection in a partially ded trapezoidal enclosure with summer and
winter conditions. They found that the heat transésults are not significantly altered by the
presence of divider for summer condition.

Sivakumaret al. [12] numerically studied the mixed convection ifidadriven cavity
with different lengths and locations of the heafrey found that the heat transfer rate is
enhanced when the location of heater is at middteon the left wall of the cavity. Natural
convection flow inside a prismatic cavity has beemerically examined by Aickt al. [13].
They found that flow and temperature fields arermity affected by the shape of the
enclosure. Delavaat al. [14] investigated the effect of the heater lomatbn flow pattern and
heat transfer in a cavity using lattice Boltzmanetmoed. The results show that higher heat
transfer is observed from the cold walls when theatér located on vertical wall.
Sivasankaranet al. [15] numerically studied the effect of discreteating on natural
convection in a porous enclosure. They concluded ttre heat transfer rate is high at both
heaters for smaller heater length raiRecently, Sankaet al. [16] numerically investigated
natural convection in a porous cavity with paniathermally active walls. Terekhaost al.
[17] made a numerical simulation on buoyant congecin a square enclosure with multiple
partitions. Their result shows that the Nusselt bemncreases significantly with an increase
in heat conductivity coefficient of partitions. Braneswariet al. [18] numerically analyzed
the effect of aspect ratio on convection in a megtdar cavity with partially thermally active
walls. They found that the heat transfer rate @Besed on increasing the aspect ratio.

Convective heat transfer in the presence of anetéy field have been used
extensively in many applications such as crystaimjn, geothermal reservoir, metallurgical
applications involving casting and solidificatiorf metal alloys. Rudraiaket al. [19]
numerically investigated the effect of the magndfiield on natural convection in a
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rectangular enclosure. They found that the ratleeaf transfer decreases in the presence the
magnetic field. Khanafer and Chamkha [20] numelycsiudied hydromagnetic convection
of a heat generating fluid in an inclined squareops cavity saturated with an electrically
conducting fluid. They found that the heat transfate is reduced by the effect of the
magnetic field. Qkt al. [21] studied natural convection in a cavity wiartially heated from
below in the presence of an imposed non-uniformmatg field. They found that the velocity
decreases with increasing the magnetic field sthenglossainet al. [22] numerically
investigated buoyancy and thermocapillary drivenveation of an electrically conducting
fluid in an enclosure with internal heat generatidbhey found that increase in the value of
heat generation causes the development of moweinsitle the cavity.

Natural convection of an electrically conductthgd in a laterally and volumetrically
heated square cavity under the influence of a magfield is investigated by Sarrit al.
[23]. They concluded that the heat transfer isaeckd with increasing internal heat
generation parameter, but no significant effecthaf magnetic field is observed due to the
small range of the Hartmann numbers. SivasankamdnHo [24] numerically analyzed the
effects of temperature dependent properties on atagronvection in a cavity. They found
that the heat transfer rate increases with inangaikie Rayleigh number and decreases with
increasing the Hartmann number. Double diffusiveursd convection in trapezoidal porous
cavity in the presence of transverse magnetic figd been studied numerically by Younsi
[25]. He found that the overall heat and mass femasdecrease on increasing the magnetic
field. Kolsi et al. [26] studied the effect of an external magnagtdfon natural convection of
liquid metals in a cubic cavity. They observed tiinat generated entropy is distributed on the
entire cavity in the presence of a magnetic field.

Bhuvaneswarét al. [27] investigated magnetic convection in an esite with non-
uniform heating on both walls. They found that theat transfer rate is increased on
increasing the amplitude ratio. Sivasankaeaml. [28] numerically examined the mixed
convection in a square cavity with sinusoidal terapge on vertical walls in the presence of
a magnetic field. They revealed that increasingHhemann number results in the decrease
of the total heat transfer rate. Sivasankaearal. [29] numerically studied the MHD
convection of cold water in an open cavity withighle fluid properties. They observed that
convection is enhanced by thermo-capillary forceemviibuoyancy force is weakened. The
effect of partition on magneto convection in a tavs investigated by Sivasankaranal.
[30]. They found that the heat transfer rate withagizontal partition is lower than with a
vertical partition for given Hartmann and Grashofbers.

To best of our knowledge, natural conegcin enclosures with partially active vertical
walls in the presence of magnetic field has reakless attention in literature. Therefore, the
main objective of the present study is to analyme dffect of the magnetic field and aspect
ratio on convective flow and heat transfer in @amgular enclosure with partially thermally
active vertical walls.

2. Mathematical formulation



The physical configuration under considerationaigwo-dimensional rectangular
enclosure of length and height filled with an electrically conducting fluid as@hn in Fig.
1. A portion of the left wall is kept at a constésinperatured, and a portion of the right wall
is at temperaturél,, with 4> &.. The remaining portions in the vertical walls dratizontal
walls of the enclosure are insulated. Nine diffetéermally active locations will be studied
here. That is, the hot region is located at the bojpldle and bottom and the cold region is
moving from bottom to top of their respective wallsis also assumed that the uniform
magnetic fieldB= B.e+Bye, of constant magnitud8, = /(B + Byz) is applied, where,
ande, are unit vectors in the Cartesian coordinate sysiehe orientation of the magnetic
field form an anglepwith horizontal axis such thdang= BX/ B, . The electric curren
and the electromagnetic for€eare defined byl= gy(VxB) andF= g(V*xB) xB respectively.
The density of the fluid is assumed to be consteitle the enclosure except in the buoyancy
term, in which it is taken as a function of the pamature through the Boussinesq
approximationp = p,[1- B(8-6,)] , where B being the coefficient of thermal expansion
and subscript 0 denotes the reference state. Tlbevilog assumptions are taken for this study.
The fluid properties are constant. The flow is tmensional, laminar and incompressible.
The radiation, viscous dissipation, induced eleaturrent and Joule heating are neglected.
The magnetic Reynolds number is assumed to be smétfiat the induced magnetic field can
be neglected compared to the applied magnetic field

The flow of laminar, incompressible, viscous dluunder the above specified

geometrical and physical condition is governedhgyfbllowing equations:
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The appropriate initial and boundary conditions are
t=0: u=v=0 =6, O0<x<H,O<y<lL
t>0: u=v=0 06 =0 x=0&H (5)
ax
u=v=0 0=46,, heating portiony =0
u=v=0 0=46., cooling portiony = L
06 elsewhere y=0 &L
ES
The following non-dimensional variables are usid non-dimensionalise the
governing equatlonsX—— =Y U—U—L V—V—L T= -6 : r=t—5 :
L L vV vV 6, -6, L
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W =£ and{ = . After eliminating the pressure terms, we get Wogticity-stream
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function formulation of the above equations (14)-4s follows,
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The initial and boundary conditions in the dinientess form are:
1=0; U=Vv=¥=0, {=T=0, O<X<Ar, 0<Y<1
2
71>0: u=v=¥=0, Z=—aq:, a—T—O X =0& Ar
oX oX
0’y . .
u=v=w=0,¢ :—aY—Z, T =1, heating portionY =0 (10)
Y . :
Uu=v=w=0,¢ :_6Y2 , T =0, cooling portion,Y =1
2
U:VZWZO,Z:—a—q:,a—T:O, elsewhere, Y =0&1
oY< oy

The non-dimensional parameters that appear ineth@tions are the aspect ratio

6 -6) B’L’0.
Ar 2%, Grashof numbefsr :M’ Hartmann numbeHa=———-2=% and
4 H
% .
Prandtl numberPr =— . The heat transfer rate across the enclosure ismmortant

a
parameter in thermal engineering applications. Tdwal Nusselt number is defined by
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Nu = —a—l resulting in the averaged Nusselt numbeNas= EJ. NudX whereh=H/2
Y=0

is the height of the heating location.

3. Method of solution

The non-dimensional governing equations (6) s(fject to the boundary conditions
(10) are discretized using the finite volume metf@®t]. The power law scheme is used for
the convection and diffusion terms. The impliciheme is used for time marching. The
solution domain consist a finite number of gridrsiat which the discretization equations
are applied. The region of interest is covered witlvertical andn horizontal uniformly
spaced grid lines iX- and Y-directions. The overall Nusselt number is useddweetbp an



understanding of what grid fineness is necessargdourate numerical simulations. The grid
sizes are tested from ¥41 to 12k121 for Ra=10 andPr=0.054. It is observed from the
grid independence test that ax81 uniform grid is enough to investigate the praoblet
each time step the temperature and vorticity digtions are obtained from equations (9) and
(6) respectively. The stream function distributisrobtained from equation (7) by using the
Successive Over Relaxation (SOR) method and a knawticity distribution. The boundary
vorticity at solid walls can be obtained from tle¢ation

_ W, 8%, 2

$u= 2(h)? +0O((Ah)7) (11)
where the subscript denotes the boundary node. The velocities aredhkulated using the
stream function values. Finally, the numerical gnédion of the average Nusselt number is
calculated by the Trapezoidal rule. The above E®de repeated in the next time step until
the steady state is reached. An iterative procesriployed to find the stream function,
vorticity and temperature fields. The process iseated until the following convergence
criterion satisfied for all variable3 (¢, ¥,
Brai ) =0 0)| g s

()
Herei andj denote the grid points i andY-directions respectively. The subscripdenotes
the time step.

The validation of code is very important in corgiional studies. Therefore, the
present computational code is verified againstekisting results available in the literature.
The quantitative results are compared with theesponding solutions for natural convection
in a square cavity [32, 33], natural convectioraipavity with partially active walls [3] and
natural convection in the presence of the magriigtid [19]. They are shown in Tables 1, 2
and 3. It is observed from the tables that an agea¢ is obtained between the present results
and previous results. An in-house code is usedirtmulate the present problem. The
computations are carried out by computer with lntek 2 Duo CPU and 2GB RAM.

(12)

4. Results and discussion

Numerical study is performed to understand therahconvection of an electrically
conducting fluid in a rectangular enclosure withtiadly thermally active vertical walls in the
presence of a uniform external magnetic fieldis ltlear that the non-dimensional parameters
of interest are the aspect ratiar), Grashof numberQr), the Prandtl numberPf), the
Hartmann numberHa), and the direction of the external magnetic fighd The value of the
Prandtl number is chosen to be 0.054, corresponudirigquid metal in the present study.
Computations are carried out for nine differentritedly active locations with the Grashof
numbers ranging from £Go 1¢, the Hartmann numbers ranging from 10 to 100 dwed t
aspect ratio fromir=0.5 to 4. The direction of the external magndaetdfwith the horizontal
axis is varying fromp=0° to 9C.

The flow pattern of the Middle-Middle heatingfgion forHa=10, 25 and 100p=0°,
45, 90° and Gr=10" is shown in Figures 2(a-i). A=0° and Ha=10, the flow consists a
single cell rotates clockwise direction and occaptbe whole cavity, Fig. 2(a). When
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increasing the angle tp=45° or 9C there is no considerable change in the flow patter
weak magnetic field. It is interesting to note thie cell elongated horizontally when
increasing the Hartmann number to 25. When chanijiegangle of external magnetic field,
there exists a small change in flow pattern for erate magnetic field. Further increasing the
Hartmann number tbla=100, the flow pattern is affected very much by ehentation of the
magnetic field. Wherp=0° the flow has a vertical unicellular pattern, F2gg). The eddy is
skewed elliptically towards the right-bottom ane tleft-top corners wheg=45°, Fig. 2(h).
From the Fig. 2(i), the central streamlines ar@@éted horizontally and two secondary cells
appear inside it agincreasesg=90°). The influence of a magnetic field on flow pattes
apparent from these figures. This is due to thaerdatg effect of the Lorentz force.

The isotherms of the Middle-Middle heating looatifor Ha=10, 25, 1004=0°, 45,
90° andGr=10" are shown in fig. 3(a-i). For weak magnetic fistcength Ha=10), there is a
temperature stratification in the vertical direatiand the thermal boundary layer is formed
along the heating locations, which is clearly sekem the Fig. 3(a-c). It can be seen from
these figures that convection is a dominant haatster mechanism. Increasing the Hartmann
number to 25, there is a small noticeable changsdoin temperature field. Further
increasing the Hartmann numbétaE100), the vertical temperature stratification desihe
cavity disappears and the thickness of the thebmahdary layers along the thermally active
locations is reduced. This shows that convectiosuigpressed for all values gfdue to the
strong magnetic field effect and hence the heastas in the cavity is mostly by conduction.

The streamlines for the Top-Bottom thermally \&etilocation with different
directions of external magnetic fileta=25 andGr=10 are displayed in Fig. 4(a-c). The
flow consists of a single cell with two inner cedisd the centers of the inner cells are located
near the thermally active parts of side walls eanse Fig. 4 for allg=0°, 45°, 9C°. The
position of the inner cells is changed by incregsire value ofpz The formation of such flow
pattern reduces the heat transfer rate. The camegpg isotherms are plotted in Fig. 4(d-f).
Figures 5(a-f) show the streamlines and isotherarsttie Bottom-Top thermally active
location with different directions of the extermalgnetic field,Ha=25 andGr=10". The
isotherms are crowded near the active locationthemight-bottom and the left-top corner of
the cavity and form the thermal boundary layerislobserved from this configuration that
convection is dominated heat transfer mode. Theasilines and isotherms show almost
similar pattern as like in Figs. 2-5. That is, thé& no noticeable change on flow filed when
changing the cooling location for a fixed heatimgdtion. However, a small change is
observed in the temperature distribution near tieentally active location when changing the
cooling location for a fixed heating location.

Figure 6 shows the mid-height velocity profilesr fdifferent thermally active
locations, Hartmann numbergs0° andGr=1C". The velocity of the particle is decreased with
increasing the Hartmann number. The strong magfiettt decreases the flow speed inside
the enclosure. The velocity of the fluid is higherthe Bottom-Top location whereas the
velocity of the fluid is low in the Top-Bottom lotian. The local Nusselt number for different
directions of the external magnetic field, Hartmanmmbers and three active locations are
depicted in Fig. 7(a-c). When changing the direciod the external magnetic field, a small
variation in local Nusselt number is observed. Carimy these figures, it is observed that the



Middle-Middle location provides the higher locakliéransfer rate. The value of local Nusselt
number decreases along with the heater. The loaas@lt number slightly increases at the
end of the heater when heat is at middle or botvdrthe wall. Further scrutinizing these
figures, local Nusselt number is reduced in thesgmee of magnetic field.

An important quantity of practical interest iretheat transfer analysis is the average
heat transfer rate dissipated from the heatingimeand is measured from the dimensionless
parameter average Nusselt number. In order totfiaceffect of thermally active location on
magneto convection, the average Nusselt numbdoiteg for different heating and cooling
locations along the vertical walls of the cavity fig. 8. It reveals clearly the effect of
different thermally active locations on averagetheansfer rate. It is observed that the heat
transfer rate is enhanced in the Bottom-Top thdyna&ltive location and the heat transfer rate
is poor in the Top-Bottom location. This is dughe buoyancy effect acts more effectively in
the Bottom-Top location than that in the Top-Bottdatation where the buoyancy is
suppressed by horizontal wall in the Top-Bottonatam.

In order to study the effect of the direction @ti@ngth of the external magnetic field
on natural convection, the average Nusselt numbetatted as a function of the Hartmann
and Grashof numbers for different valuespih Figs. 9-11. It can be seen from the figure that
there is a small change in the average heat tranafe when changing the direction of
external magnetic field. Among these three direstjg=90° produces higher heat transfer
rate for most thermally active locations. It is eh&d that the heat transfer rate decreases
with increase in the Hartmann number for all dimt of the external magnetic field and
thermally active locations. It is observed thatréasing the Grashof number increases the
heat transfer rate. Fig. 12(a-c) show the effedhefaspect ratio against the average Nusselt
number for different thermally active locations ffeient magnetic field strengths and
directions andGr=1C". It is observed from the figures that the averhesselt number
increases with aspect ratio. It is also found thatrate of heat transfer is suppressed for high
values of the Hartmann number.

5. Conclusions

The effect of orientation of the external magndittld and partially thermally active
zones on natural convection in an enclosure isiefudumerically. The following are
concluded from the study.

o The thermally active locations make great impactonvective flow and heat transfer.
The Bottom-Top thermally active location gives teghheat transfer rate whereas the
Top-Bottom location gives very poor heat transéter

o Convective heat transfer is enhanced when heatiogtion is either at the middle or
bottom of the left wall while the cooling locatiameither at the top or middle of the right
wall.

0 The heat transfer rate decreases on increasirgréggth of the magnetic field.

The heat transfer rate increases on increasinGtashof number and aspect ratio.

o The flow field is altered by changing the directioh external magnetic field in the

presence of the strong magnetic field.



Nomenclature

Ar Aspect ratio [-]

B magnetic field [T]

B, magnitude of the magnetic field [-]

F electromagnetic force [N

g acceleration due to gravity [ifis

Gr Grashof number [-]

H height of the enclosure [m]

Ha Hartmann number [-]

J electric current4]

L length of the enclosure [m]

Nu local Nesselt numbe=—0T /0Y), [-]
Nu average Nusselt number [-]

P pressurefa]

Pr Prandtl number [-]

t dimensional time [s]

T dimensionless temperature (6 - 6.)/(6, - 6.)), [-]
u,v  velocity components [}

U,V dimensionless velocity componentsy~{L/v), [-]
X,y dimensional coordinates [m]

X, Y  dimensionless coordinates %30/L), [-]
Greek Symbols

a thermal diffusivity [nis”]

B coefficient of thermal expansion K

Z dimensionless vorticity @L*/v), [-]

0 temperature [K]

H dynamic viscosity [Nsifi

v kinematic viscosity [fs"]

P density [kgn]

Oe electrical conductivity of the medium [S]
T dimensionless time (%/L?), [-]

(0} direction of the external magnetic fieldd]
P stream function [As"]

Y dimensionless stream functiony(®), [-]
w vorticity [s”]

Subscripts

c cold wall

h hot walll

0 reference state

w conditions at wall/boundary
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Table 1. Comparison of average Nusselt number with previous works for sguare cavity

with fully heated vertical walls
Pr 0.1 0.71 1.0
Ra 14 | 100 | 10 | 10" | 100 | 10 | 10° | 10
Davis [32] - - 1.116 2.234 4.510 8.869 - -
Emery & Lee [33]| 2.011 3.794 - - - - 2.226 4.500
Present 2.126 3.972 1.110 2.236 4.496 8.658 2245724

Table 2. Comparison of average Nusselt number with previous worksfor squar e cavity

with partially heated walls
Ra 1¢ 10° 10°
Model B MM BT B MM BT B MM BT
Valencia &
. 2.142| 3.399| 2.997| 3.295| 6.383 5.713 4.505 12.028 11.659
Frederick [3]
Present 2.0893.318| 2.888| 3.136| 6.198 5.6483 4.397 11532 10.982

TB - Top-Bottom; MM - Middle-Middle; BT - Bottom-Top

Table 3. Comparison of average Nusselt number with previous works for magnetic

convection in a squar e cavity with Gr=2x10°

Ha 0 10 50 100
Rudraiahet al. [19] | 4.9198 | 4.8053 2.8442 1.43]
Present 5.0025 4.8148 2.8331 1.43
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Figure 2 Streamlines of Middle-Middle location for different ¢, different Ha and Gr=10".

14






(d) (e) (f)
Figure 4 Streamlines and isotherms of Top-Bottom location for different @, Ha =25 and
Gr = 10°.
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Figure5 Streamlines and isotherms of Bottom-Top location for different @, Ha= 25 and
Gr = 10°.
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Figure 6 Mid-height velocity profilesfor different Hartmann number
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Figure 7 Local Nusselt number for different @ and Hartmann number
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Figure 11 Average Nusselt number versus Grashof numbersfor different gand Ha.
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Figure 12 Average Nusselt number versus aspect ratio for different gand Ha
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