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Abstract. In the present numerical investigation we studied the effet
magnetohydrodynamic (MHD) mixed convection ow in a vedidid-driven square
enclosure including a heat conducting horizontal circafdmder with Joule heating.
The governing equations along with appropriate boundanyditions for the present
problem are rst transformed into a non-dimensional fornd &ne resulting non linear
system of partial differential equations are then solvedeuically using Galerkin's nite
element method. Parametric studies of the uid ow and heasfer in the enclosure are
performed for magnetic parameter (Hartmann numbier) Joule heating parametér,
Reynolds numbeRe and Richardson numb&i. The streamlines, isotherms, average
Nusselt number at the hot wall and average temperature ofiithén the enclosure are
presented for the parameters. The numerical results iredi¢hat the Hartmann number,
Reynolds number and Richardson number have strong in uendde streamlines and
isotherms. On the other hand, Joule heating parametertasffect on the streamline
and isotherm plots. Finally, the mentioned parameters higye cant effect on average
Nusselt number at the hot wall and average temperature adithén the enclosure.

Keywords: magnetohydrodynamic, Joule heating, nite element methouxed
convection, lid driven enclosure.

Nomenclature

Bo
Cp
D

Gr
h

Ha

magnetic induction [Wh//j J  Joule heating parameter

speci c heat at constant pressure k  thermal conductivity of uid
dimensionless diameter of the cylinder [WAK 1]

gravitational acceleration [m$] ks thermal conductivity of cylinder
Grashof number [WmK 1]

convective heat transfer coef cient K solid uid thermal conductivity ratio
[Wm 2K 1] L length of the enclosure [m]
Hartmann number Nu Nusselt number
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p  dimensional pressure [Nmn3] u;v dimensional velocity components
P  dimensionless pressure [mg
Re Reynolds number U;V dimensional velocity components
Ri  Richardson number Uo lid velocity [m/s]
T dimensional temperature [K] \% enclosure volume [A]
T dimensional temperature differencex;y Cartesian coordinates [m]
K] X;Y dimensionless Cartesian coordinates

Greek symbols Subscripts

thermal diffusivity [nfs 1] av average

thermal expansion coef cient [K!] c cold

kinematic viscosity [Rs 1] h heated

non dimensional temperature s solid

density of the uid [kgm 3]
dynamic viscosity of the uid [Ms !]
uid electrical conductivity [ *m 1]

1 Introduction

Combined free and forced convective ow in lid-driven cé&# occurs as a result of two
competing mechanisms. The rstis due to shear ow causeckynhovement of one of
the walls in the enclosure, while the second is due to bugyameproduced by thermal
non-homogeneity of the enclosure boundaries. Analysisigédconvective ow in a
lid-driven enclosure nds applications in materials presiag, ow and heat transfer in
solar ponds, dynamics of lakes, reservoirs and cooling parrgistal growing, oat glass
production, metal casting, food processing, galvanizimgl, metal coating, among others.
There have been many investigations in the past on mixedectisie ow in lid-driven
cavities. Many different con gurations and combinatioristeermal boundary conditions
have been considered and analyzed by various investigators

Moallemi and Jang [1] studied numerically mixed convectio®@ in a bottom
heated square lid-driven enclosure. They investigateceffeet of Prandtl number on
the ow and heat transfer process. They found that the effe€tbuoyancy are more
pronounced for higher values of Prandtl number, and they désived a correlation
for the average Nusselt number in terms of the Prandtl nunideynolds number and
Richardson number. lwatsu et al. [2] made numerical sirmariatfor the ow of a viscous
thermally strati ed uid in a square cavity. The ow was dr@n by both the top lid and
buoyancy. Later on, lwatsu et al. [3] and Iwatsu and Hyun @rducted respectively
two- and three-dimensional numerical simulation of mixedwection in a square cavity
heated from the top moving wall. Prasad and Koseff [5] regmbexperimental results
for mixed convection in deep lid-driven cavities heatedrrbelow. They observed that
the heat transfer was rather insensitive to the Richardsomber. Aydin and Yang [6]
numerically studied mixed convection heat transfer in a-tlivaensional square cavity
having an aspect ratio of 1. Steady state two-dimensionadnionvection problem in a
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vertical two-sided lid-driven differentially heated sgeaavity investigated numerically
by Oztop and Dagtekin [7]. At the same time, Gau and Sharih[&herically studied

mixed convection heat transfer in a two-dimensional reptiéar cavity with constant
heat ux from partially heated bottom wall while the isotheal sidewalls are moving
in the vertical direction. Braga and Lemos [9] numericatlydsed steady laminar natural
convection within a square cavity lled with a xed amount obnducting solid material
consisting of either circular or square obstacles.

Rudraiah et al. [10] studied the effect of a magnetic eld oeef convection in
a rectangular enclosure. The problem of unsteady laminarbgowed forced and free
convection ow and heat transfer of an electrically condugtand heat generating or
absorbing uid in a vertical lid-driven cavity in the pressmof a magnetic eld was
formulated by Chamkha [11]. Mahmud et al. [12] studied atiedyly a combined free
and forced convection ow of an electrically conducting ameht-generating/absorbing
uid in a vertical channel made of two parallel plates undee taction of transverse
magnetic eld.

In the present paper the main objective is to examine the pd/lzeat transfer in a
lid-driven square enclosure with the presence of a magredticJoule heating and heat
conducting horizontal circular cylinder. The same phylsica guration, except the solid
cylinder and Joule heating term was investigated numdyibslChamkha [11].

2 Physical model

The physical model considered here is shown in Fig. 1(apngMwith the important
geometric parameters.
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Fig. 1(a). Schematic diagram of the physical model.
A Cartesian co-ordinate system is used with the origin atldkaer left corner of the

computational domain. It consists of a vertical lid-driveguare enclosure with sides
of lengthL, lled with an electrically conducting uid and a heat concling horizontal
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circular solid cylinder of diameteD = 0:2. A uniform magnetic eld is applied in
the horizontal direction normal to the vertical walls. Boltie top and bottom walls are
assumed to be adiabatic while the left and the right wallsvaamtained at constant and
different temperatures; and , respectively such that, > .. The left wall of the
enclosure is allowed to move in its own plane at a constartcitglUs. The working
uid is assigned a Prandtl number @71 throughout this investigation. All physical
properties of uid are assumed to be constant except dewmaiiation in the body force
term of the momentum equation according to the Boussingspajmation.

3 Mathematical formulation

Under the usual Boussinesq assumption, the governingieqador the present problem
can be described in dimensionless form by the following &§goa

@u,_av_,.
ax" ey =0; 1)

@U @U @P 1 @U @u

Uax'Vay- ax ' re ax ' @v ° @)
ev,,@v_ @p 1 @v @v . Ha?
Vax'Vey @Yy re @2 @2 N Re" 3)
@ @ 1 @ @ 2.
Yex" Vev rerr @x T @v 7V @
For solid
@s,@s_,.
@)@ v =0: (5)
The dimensionless variables are de ned as:
_ X, _ Y. _ i. _ V.
X=p Y= Us Uo’ v Uo’
po P T T Ts Te
SUg T T Th T

The governing parameters in the preceding equations afReieolds numbeRe, Gra-
shof numbeGr, Hartmann numbedra, Joule heating parametér Prandtl numbePr,

Richardson numbeRi, and solid uid thermal conductivity rati& which are de ned in
the following:

UpL TLS B 3L? B LU
Re= 2= gr=9 - paz= B0, ;- Pobro.
2 Cp T
. . Gr _ ks,
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The associated dimensionless boundary conditions are

u=0; V=1, =0 at the left wall

u=0; V=0; =1 at the right vertical wall

Uu=0; V=0 at the cylinder surfage

Uu=0; V=0; %\I: 0 at the top and bottom walls
Q = @ at the uid-solid interface
@N fluid @N solid

TIE average Nusselt number at the heated wall of the enelasute ned asNu =
R 0 @X dY and the bulk average temperature in the enclosure is de sed,a =

v dV, whereN is the non-dimensional distances either aldhgr Y direction acting
normal to the surface and is the enclosure volume.

4 Method of solution

The methodology proposed for analyzing mixed convecti@ninbstructed vented cavity
in our previous paper Rahman et al. [13] is employed here \esiigate the mixed
convection in an obstructed lid-driven cavity with slightdi cation. In this method,
the continuum domain is divided into a set of non-overlagpegions called elements.
Six node triangular elements with quadratic interpolafiamctions for velocity as well
as temperature and linear interpolation functions for quesare utilized to discretize the
physical domain. Moreover, interpolation functions imtsrof local normalized element
coordinates are employed to approximate the dependemtlasi within each element.
Substitution of the obtained approximations into the systé the governing equations
and boundary conditions yields a residual for each of theseoration equations. These
residuals are reduced to zero in a weighted sense over eacier volume using the
Galerkin method.

The velocity and thermal energy equations result in a setooflmear coupled
equations for which an iterative scheme is adopted. Theicgign of this technique
and the discretization procedures are well documented lloiTand Hood [14] and
Dechaumphai [15]. The convergence of solutions is assuniehwhe relative error for
each variable between consecutive iterations is recordievithe convergence criterion
" such that

X
m m
i i '

where represents a dependent variablgV/; P, and , the indexes;| indicate a grid
point, and the index m is the current iteration at the gri&leVhe convergence criterion
was set tdl0 °.
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5 Grid re nement test

In order to obtain grid independent solution, a grid re nemtest were performed for
an obstructed lid-driven square enclosure at respectiveesafRe = 100, Ri = 1:0,

Ha = 10:0, andJ = 1:0. Using a triangular mesh for two-dimensional simulation,
ve different meshes were used of whicB3229nodes andb968 elements provided
satisfactory spatial resolution for the base case geonastrshown in the Table 1 and
the solution was found to be independent of the grid size Wwitther re nement. The
mesh mode for the present numerical computation is showigiriLkb).

Table 1. Grid sensitivity test &e = 100, Ri = 1:0,Ha =10:0, andJ =1:0.

Nodes 24427 29867 37192 38229 48073
(elements) 774 (4640 (5814 (5969 (7524

Nu 1:022636 1022643 1022650 1022651 1022651

av 0:509055 0509056 0509055 0509056 0509056

Time [s] 380:953 490594 651422 708953 1046390

O

Fig. 1(b). Continuum domain of the schematic diagram.

6 Code validation

The present numerical code is veri ed against a documentedenical study. Namely,
the numerical solution reported by Chamkha [11], which isdaaon a nite volume
scheme. The ndings of the comparisons are documented ileTabnd Table 3 for the
average Nusselt number. The comparisons illustrate closdmity in the predictions
made between the various solutions. These validation dasest up the con dence in
the numerical outcome of the present work.
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Table 2. Effect oHa onNu for Gr =100, Pr =0:71, Re = 1000, and =0 .

Pars;neter Prel\?ﬁnt study C’t}z\mkha [11|]:.rror (%)
0:0 2:206915 22692 275
10:0 2:113196 21050 082
20:0 1:820612 16472 1053
50:0 1:18616 09164 2944

Table 3. Effect olGr onNu forHa =0,Pr =0:71, Re=100,and =0 .

Parcz;i;neter PreNsL?nt study Clgﬁmkha [11|]_:rror (%)
107 1:029805 09819 488
10° 1:105932 10554 478
10 1:523059 14604 429
10° 2:462188 23620 424

7 Results and discussion

The implications of varying the Hartmann numbéta(), Joule heating parametes X
Reynolds numberRe), and Richardson numbeR(), in the enclosure will be empha-
sized. The results are presented in terms of streamlinedsatiterm patterns. The
variations of average Nusselt number and average tempeia@te also highlighted. The
solid uid thermal conductivity ratidk = 5:0 have considered throughout the simulation.
Physically, this value ok represents a solid body of wood in a gas with properties amil
to those of air.

Fig. 2 depicts the in uence of Hartmann numbéa on the ow and temperature
elds whereRe = 100, Ri = 1:0, andJ = 1:0 are kept xed. In Fig. 2(a)(i), it can be
observed that in the absence of the magnetic &ld = 0), there developed two unequal
vortices of opposite directions. The vortex with clockw{€&V) direction has developed
along the left surface, which is expected, since the lidiigetrfrom the bottom to top. In
the right part of the enclosure the ow is counterclockwi€€W) because of the presence
of buoyancy force. Now looking into Figs. 2(a)(ii)—(iii)aihare forHa = 10:0 and20:0,
it can be explained that the ow rate of the vortices near #fedurface increases in size.
We may further observe that féta = 50:0 the CW vortex near the left wall occupy the
maximum part of the enclosure where as the CCW vortex nedraated surface become
reduces in size and turn into two small eddies as shown inXg&)(iv). It means that
the magnetic eld strongly affects the ow eld. The effectsf Hartmann numbeHa
on the isotherms are shown in the Figs. 2(b)(i)—(iv). Froesth gures it can be seen
easily that the isotherms are almost parallel to the riglticad wall for the higher values
of Ha (Ha = 50:0), indicating that most of the heat transfer process is edrout by
conduction. Some deviations of isothermal lines are olesenear the top surface in the
enclosure at the lower valuesida due to the buoyancy induced large CCW vortex.
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In order to evaluate how the presence of the magnetic elfé<td the heat transfer
rate along the hot wall, average Nusselt number is plottea fasmction of Richardson
number Ri) as shown in Fig. 3. Itis observed that average Nusselt nuimbeases with

increase oRi and it is always higher for the small valuestdé (Ha = 0:0). Another
examination of Fig. 3 does reveal that up tRiaof 1:0, average uid temperature £,)

in the enclosure is lower for the small valuesHd, but after this it lower for the large

values ofHa.
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Fig. 2. (a) streamlines and (b) isotherms for K
(iif) Ha = 20:0, and (iv)Ha = 50:0 while Re = 100, Ri =1:0, andJ =1:0.

0.60
0.55

0.50

0.45

Ha=0.0

Ha=10.0
Ha=20.0
Ha=50.0

Fig. 3. Effect of Ha on average Nusselt humber and average temperature while

Re =100,K =5:0,J =0:0,andD =0:2.
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Figs. 4(a)(i)—(iv) and 4b(i—iv) show the distribution oftktreamlines and isotherms
forJ = 0:0;0:5;1:0and2:0 atRe = 100, Ri = 1:0, andHa = 10:0 respectively. At
J = 0:0, the circulation of the ow in the enclosure shows two ovecalunter rotating
asymmetric eddies as shown in Fig. 4(a)(i). Bor= 0:5; 1.0, and2:0 the pattern of
the streamlines are almost identical that isJor 0:0. However, a careful observation
indicates that the core of the counterclockwise (CCW) eddyains unchanged fdr =
0:0; 0:5, and 1.0, but it becomes large fa# = 2:0. On the other hand, the size of
the clockwise (CW) eddy remains unchanged for differenti@alofJ. Now from the
Fig. 4(b)(i)-(iv), it can be seen that a plume starts to appedhe top side in the enclosure
atJ = 0:0. The plume near the right top corner gradually increasesaadthe left top
corner gradually decreases with increasing valuek. dDnly a thin thermal boundary is
seen near the left wall of the enclosure for the large valuk 812 :0.

(@)

(b)

Fig. 4. (a) streamlines and (b) isotherms forJi= 0:0, (i) J = 0:5, (i) J = 1:0,
and (iv)J = 2:0while Re = 100, Ha = 10:0, andRi = 1:0.

The average Nusselt numbe ) at the hot wall of the enclosure as a function
of Richardson numbeR() for the four different Joule heating parameters is shown in
Fig. 5. Itis observed that far = 0:0, Nu increases, but fai = 0:5, and1:0, Nu shows
oscillatory behavior and fod = 2:0, Nu decreases with the increaseRif. It is also
note thatNu is always higher fod = 0:0. Fig. 5 also explains the average temperature
of the uid in the enclosure as a function of Richardson nun{Be) for the four different
J. With increasingRi the average temperature increases and the lower valug a$
observed fod =0:0.
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Fig. 5. Effect of J on average Nusselt number and average temperature while
Re =100,D =0:2,K =5:0andHa =10:0.

Fig. 6 illustrates the impact ¢&le on the variation of the streamlines and isotherms
for Ri = 1:0, Ha = 10:0, andJ = 1:0. For a relatively small Reynolds number,
i.e.,Re = 50, there existS recirculation cells as shown in the Fig. 6(a)(i). Among the
cells, a clockwise (CW) cell occupying maximum part of thelesure and the other two
small counterclockwise (CCW) cells developed near thettigh and bottom corner in
the enclosure. This implies that uid is well mixed in the é&rgure. With the increasing
values ofRe, (Re = 100; 150, 200) the size of the CCW cell adjacent to the right vertical

@)

(b)

Fig. 6. (a) streamlines and (b) isotherms folRg = 50, (ii) Re = 100, (iii) Re = 150,
and (iv)Re = 200 while Ri =1:0,Ha =10:0, andJ = 1:0.
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heated wall gradually increases and occupies almost thieseme, pushing down the
CW cell near the left vertical wall and this is because of theréase of shear force.
Corresponding temperature distributions can be seen is. Bi@p)(i)—(iv). From these
gures it can be seen that, isothermal lines are nearly fetalthe hot wall forRe = 50,
which is similar to conduction-like distribution. Isottmeal lines atRe = 100 start to
turn back from the cold wall due to the dominating in uencelod convective current. At
Re = 150 and200, convective distortion of the isotherms occurs througltioeienclosure
due to the strong in uence of the convective current.

The effect of the Reynolds number on the average Nusselt auatithe heat source
and the average temperature in the enclosure are displayadumction of Richardson
number for some particular Reynolds number as in Fig. 7.dbserved that the average
Nusselt number for different Reynolds number shows an laszily phenomenon with
increasingRi. It is also noting thalNu is always upper for bigger values Be. On the
other hand, the average temperature is lesséRéor 100 up toRi  0:5, and after this
it is lesser folRe = 200.

Fig. 7. Effect of Reynolds number on average Nusselt numheiagerage temperature
whileD =0:2, K =5:0,Ha =10:0, andJ =1:0.

The sensitivity of the streamlines and isotherms pattetrestd the variation in
Richardson number is presented in Fig. 8(i)—(iv)R& = 100, Ha = 10:0, andJ = 1:0.
It can be seen in the Fig. 8(a)(i) that for pure forced corivactRi = 0:0) there exists
only one clockwise (CW) recirculation cell, whose core isegy shape located near
the left top corner of the enclosure. From the Fig. 8(a)(idan be seen easily that for
Ri = 2:5, the CW cell becomes small in size dramatically and a largmtsrclockwise
(CCW) cell is developed near the heated wall. On the othedhtre core of the CW
cell becomes into two small eddies. Further increasingesbf the Richardson number
(Ri = 5:0;10:0) increases the strength of the CCW cell as well as decrehseG\W
cell. These effects of Richardson number on the ow eld asasonable since increasing
values ofRi assists buoyancy forces. If we examine carefully the Fig)(8(), it can be
seen that the core of the CCW cell take an egg shaped pattarndathe cylinder. The
signi cant in uence of Ri on isotherm patterns are presented in Fig. 8(b)(i)—(ivnfr
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the Fig. 8(b)(i) it can be seen that the isothermal lines teamneated surface become
parabolic forRi = 0:0, whereas for a further change Bi to 2:5 the isothermal lines
also become parabolic near the cold surface as shown in yiig The corresponding
effect of the increasing buoyancy fordgi(= 5:0; 10:0) on the isotherms are shown in
Fig. 8(b)(iii)—(iv). From these gures it can ascertain tlracrease in the buoyancy force
causes the isotherms to deform increasingly and a thermealdaoy layer form near the
cold surface.

@)

(b)

Fig. 8. (a) streamlines and (b) isotherms forRi)= 0:0, (ii) Ri = 2:5, (iii) Ri =5:0,
and (iv)Ri = 10:0, whileRe = 100,K =5:0,D =0:2,Ha = 10:0, andJ = 1:0.

8 Conclusion

The following major conclusions may be drawn from the prégarestigations:

The heat transfer and the ow characteristics inside théomoece depend strongly
upon the strength of the magnetic eld.

A little effect of the Joule heating parameters on the stiess and isotherms is
observed. The overall heat transfer decreases with thearerof] and the lowest
average temperature in the enclosure is found fer0 :0.

Reynolds numbeRe affects strongly the streamlines and isotherm structuréss
enclosure. Higher heat transfer rates is observed for Regéverage temperature
in the enclosure become lesser Re = 100 atRi  0:5, and after this it is lesser
for Re = 50.
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Mixed convection paramet®&i affects signi cantly on the ow structure and heat
transfer inside the enclosure.
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