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Abstract Thermosolutal convection in a square cavity filled with Boussinesq fluid is numerically investigated. The
cavity is heated along the active walls whereas the two other walls of the cavity are adiabatic and insulated. Entropy gen-
eration due to heat and mass transfer, fluid friction and magnetic effect has been determined in transient state for laminar
flow by solving numerically the continuity, momentum energy and mass balance equations, using a Control Volume Fi-
nite-Element Method. The structure of the studied flows depends on six dimensionless parameters which are the Prandtl
number, the thermal Grashof number, the buoyancy ratio, the Lewis number, the Hartman number and the inclination angle
of the magnetic field. Results show that the magnetic field parameter has reducing the flow in the cavity and this lead to a
decrease of entropy generation, Temperature decreases with increasing the value of the magnetic field parameter. The av-
erage Nusselt number increases with the Prandtl number and, in particular, its effect is more evident at high Hartmann

numbers.
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1. Introduction

Combined heat and mass transfers characteristics of
thermosolutal convection with an external applied magnetic
field to the cavity has received considerable attention lately.
The externally imposed magnetic field is a widely used tool
for control of melt flow in bulk crystal growth of semicon-
ductors, application in engineering such as magnetic cool-
ing, magnetic refrigerator, water treatment device, corrosion
inhibition treatment, magneto hydrodynamics (MHD) pow-
er generation, plasma techniques and crystal growth. One of
the main purposes of the electromagnetic control is stabili-
zation of the flow and suppression of the oscillatory insta-
bilities arising at certain values of the control parameters.
The convection of electrically conducting fluids such as
liquid metal in the presence of magnetic field has been one
of the major interesting research subjects due to its direct
application to various physical phenomena as well as to
crystal growth processes. It is an established physical fact
that the motion of an electrically conducting fluid is sup-
pressed by the presence of a magnetic field. Also, some
important crystal materials are good electrical conductors in
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their liquid state.

The numerical studies of heat and mass transfers with
magnetic effects reported in the literature are relatively
scarce and invariably use as governing equations the Navi-
er-Stokes and energy and mass equations. Entropy genera-
tion in thermosolutal convection through a square cavity is
numerically calculated using the Control Volume Finite
Element Method (CVFEM) which taken into consideration
the effect of a Prandtl number variation in the range of
0.025< Pr < 7.1, the application of the magnetic field re-
duces the convective heat transfer rate in the cavity for any
inclined angle. It was established that the magnetic field
suppresses the convection and forces it to move to the free
surface. Magnetic field with the parallel to the free surface
intensity vector splits the convection into the multi-layered
structure.

Howard et al.[1] investigated a two-phase non-boiling
slug flow regime for the purposes of enhancing heat transfer
in micro channel heat sinks or compact heat exchangers.
Varying Prandtl and Capillary numbers caused notable
effects in the transition region between entrance and fully
developed flows. Significant Nu oscillations were observed
for low Pr fluids due to internal circulation within the slug.
However, these oscillations are observed to be damped out
when higher Prandtl number fluids are employed. Com-
bined effect of Prandtl number and Richardson number on
the wake dynamics and heat transfer is studied by Sarkar et
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al.[2]. In the case of forced convection, crowding of tem-
perature contours with reduced spatial spread is observed
for increasing Prandtl numbers. The local and average Nus-
selt numbers are found to increase with increasing Reynolds
number and Prandtl number. Effect of Prandtl number
shows various interesting phenomena for the mixed convec-
tive flows. Increasing the Prandtl numbers resulted in de-
creasing deflection and strength in the wake structures. The
effect of increasing Prandtl number is manifested as the
stabilizing effect in the flow. Dritselis and Vlachos.[3] are
numerically studied the magnetic field effects on the cohe-
rent structures and the associated heat transfer in a turbulent
channel flow with constant temperature at the bottom (cold)
and top (hot) walls. Two fluids with Prandtl numbers of
0.01 and 0.71 are studied. It is shown that the conditionally
averaged quasi-stream wise vortices are modified by the
magnetic field with their size being increased and their
strength decreased. The fluid motions are damped by the
Lorentz force. For the higher Prandtl number fluid, a simi-
larity between the coherent temperature and the coherent
stream wise velocity fluctuations is observed for both types
of flow. This is diminished for the lower Prandtl number
fluid, especially in the magneto hydrodynamic flow, inhi-
biting the intrusion of cold (hot) fluid from the cold (hot)
wall towards the central region. Yu et al are firstly.[4 inves-
tigated the Prandtl number effect on flow and heat transfer
characteristics. It is found that the flow and heat transfer
characteristics for a low Prandtl number fluid (Pr = 0.03)
are unique and they are almost independent of Prandtl
number when Pr > 0.7. The entire spectrum of Prandtl
number investigated can be divided into three sections
based on the variations of average heat transfer coefficients.
In each section, correlating equations of the average Nusselt
number to the Rayleigh number are proposed with the
maximum deviation less than 3%. Secondly.[5], they are
interested to a liquid gallium (Pr = 0.023) in their investiga-
tion of transient natural convective heat transfer of a
low-Prandtl number fluid inside a horizontal circular cy-
linder with an inner coaxial triangular cylinder. The devel-
opment of the convective flow and heat transfer is shown
via the time histories of the average Nusselt number. It is
found that the time-averaged Nusselt number is apparently
increased by horizontally placing the top side of the inner
triangular cylinder for Gr > 10°. Ould-Rouiss et al.[6] are
investigated the effect of Prandtl number on the turbulent
thermal statistics in fully developed annular pipe flow, with
isoflux boundary conditions. The Prandtl number has
marked influence on the thermal field. With decreasing Pr,
the conductive sublayer at both walls spreads from the walls
to the core region, while the root mean square of tempera-
ture fluctuations and the turbulent heat fluxes are reduced
near both walls. Asymptotic behaviors of these quantities
are analyzed.

Entropy generation in natural convection through an in-
clined rectangular cavity is numerically calculated using the
Control Volume Finite Element Method (CVFEM) by Bou-
abid et al.[7]. Results show that total entropy generation

increases with the aspect ratio of the cavity for high thermal
Grashof number, for any fixed irreversibility distribution
ratio and with the last parameter at constant Grashof num-
ber. Bouabid et al.[8] are then studied the contributions of
thermal, diffusive, friction and magnetic terms on entropy
generation are investigated. The more effect was due to heat
transfer and then to mass transfer. They obtained that the
magnetic effect is more pronounced than friction one. The
magnetic field parameter suppresses the flow in the cavity
and this lead to a decrease of entropy generation. At local
level, results show that entropy generation lines are loca-
lized on lower heated and upper cooled regions of the active
walls. Lage and Bejan.[9] are studied laminar natural con-
vection in a square enclosure heated through the side walls
for 0.01< Pr < 10 and 10’ < Ra < 10" and addressed the
influence of the Prandtl number on the heat transfer. Jalil
and Al-Tae’y.[10] are numerically studied the effect of the
direction of external magnetic field applied on liquid metal
(molten sodium) fills a square enclosure. They showed that
a magnetic field in x-direction is more effective on flow
pattern and temperature distribution than from y-direction
and the orientation effect of magnetic field depends on
which magnetic field component By or By is in demand. The
value of Nusselt number decreases with increase in Hart-
mann number value at same orientation of magnetic field,
and the change in Nusselt number value with magnetic field
orientation dependent on which value of electromagnetic
force is in demand in x-direction or y-direction. The Control
of the instability by a magnetic field was done by Davoust
et al.[11] in order to reach the following goals: to promote
stabilization or destabilization of a thermo gravitational
Hadley recirculating flow, free of any Marangoni effects, in
a cylinder filled with mercury and submitted to a uniform
vertical magnetic field B,. They obtained that temperature
oscillations are found to occur with reproducibility when B,
is smoothly decreased. At a moderate scale of the Grashof
number (i.e. Gry =10°), oscillatory instabilities occur by
way of a subcritical bifurcation which yields two waves.
Al-Najem et al.[12] used the power control volume ap-
proach to determine the flow and temperature fields under a
transverse magnetic field in a titled square enclosure with
isothermal vertical walls and adiabatic horizontal walls at
Prandtl number of 0.71. They showed that the suppression
effect of the magnetic field on convection currents and heat
transfer is more significant for low inclination angles and
high Grashof numbers. Effect of directions of magnetic
field (i.e. radial or axial) on the buoyancy-driven convection
in a vertical cylindrical annulus filled with a low Prandtl
number electrically conducting fluid (Pr = 0.054) was ex-
amined by Sankar et al.[13], they found that the external
magnetic field in the vertical direction was found to be
effective than the magnetic field applied parallel to the
heated vertical wall, the magnetic field suppresses the con-
vective flow and eliminates the flow oscillations. The direc-
tion of magnetic field plays an important role in suppressing
the convective flows. The magnetic field is more effective
when it is perpendicular to the direction of the primary flow.



24 Mounir Bouabid et al.:

Entropy Generation Study of MHD Thermosolutal Convection in a Square Cavity for

Different Prandtl Numbers

This phenomenon has a serious implication on the design of
magnetic systems for stabilizing or weakening the convec-
tive effects. Laminar, two-dimensional MHD natural con-
vection within a liquid gallium filled square enclosure in the
presence of inclined magnetic field was investigated by
Sathiyamoorthy and Chamkha.[14], the application of the
magnetic field reduces the convective heat transfer rate in
the cavity for any inclined angle. In addition, the local
Nusselt number at the bottom wall of the cavity exhibited
oscillatory behavior along the horizontal distance for the
case of linearly heated side walls whereas it increased con-
tinuously for the case of linearly heated left wall and cooled
right wall with the exception of large Hartmann numbers for
a vertically-applied magnetic field. The average Nusselt
numbers for the bottom and side walls for the case of li-
nearly heated side walls showed an oscillatory behavior
with increasing values of the Hartmann numbers especially
for a vertically-applied magnetic field whereas the average
Nusselt numbers for the bottom, left and right walls for the
case of linearly heated left wall and cooled right wall de-
creased as the Hartmann number was increased. Pesso and
Piva.[15] are numerically investigated the laminar natural
convection in a square cavity heated through the side walls
at low Prandtl numbers with large density differences. They
concluded that the mean Nusselt number increases with the
Prandtl number and, in particular, its effect is more evident
at high Rayleigh numbers. Entropy generation in convective
heat and mass transfer through an inclined enclosure is
numerically investigated by Magherbi et al.[16]. They
showed that entropy generation increases with the thermal
Grashof number and the buoyancy ratio for moderate Lewis
number. At local level, irreversibility due to heat and mass
transfer are nearly identical and are localized in the bottom
heated and the top cooled walls of the enclosure. The incli-
nation angle of the cavity has more effect on entropy gener-
ation for thermal Grashof number Gry > 10*. In this case,
irreversibility increases towards a maximum value obtained
for an angle ~ 45°, then decreases and tends towards unity
value for inclination angle ~180.

The aim of this paper is to examine the effect of a Prandtl
number variation on entropy generation in combined con-
vective heat and mass transfers in the studied cavity under
an applied externally magnetic field.
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Figure 1. Schematic view of the physical model.

2. Governing Equations

We consider a 2D square cavity submitted to an external
oriented magnetic field, B with an inclination angle, o as
shown in Figure 1.

The two active left and right walls are at different but
uniform temperatures and concentrations (T’,, C’;,) while the
two other walls are insulated and adiabatic. The fluid is
considered as a Newtonian, Boussinesq incompressible fluid,
their properties are described by its kinematic viscosity v, its
thermal diffusivity and its thermal and solutal volumetric
expansion coefficients By and Bc. The mass density of the
fluid is considered to vary linearly with temperature and
concentration such as:

p=po[l = B1 (T —To) -Bc (C-Co)] (1)
where:
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The set of the dimensionless governing equations is,
given by:
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The appropriate initial and boundary conditions to the



International Journal of Mechanics and Applications. 2011; 1(1): 22-29 25

laminar flow within the cavity are:

at, t = 0 for whole space:

0; P=0;,T=05-xand C = 0.5 - x(17)
Adiabatic walls:

u=v=

%zo On plane y =0 and y =1 (18)
oy
Active walls:
$=0.5 On plane x =0 (19)
p=-0.5 On plane x =1 (20)

@ : Physical parameter representing temperature or con-
centration.

3. Formulation

Governing Equations (4)—(8) could be solved for the de-
termination of the temperature, the concentration and the
velocity scalar fields which depend on the choice of the
numerical support of resolution. In this study, a Control
Volume Finite Element Method (CVFEM) of Saabas and
Baliga.[17] is used. A standard grid at which diagonals are
added to form triangular elements around each node where
velocity components are calculated is considered. For pres-
sure, temperature and concentration scalar field a staggered
grid is used. Pressure and the other scalar field are calcu-
lated at different points to avoid the problem of oscillations.

The system of the governing equations is resolved by ap-
plying the SIMPLE algorithm of Patankar.[18]. The
SIMPLER algorithm and the SIMPLEC approximation of
Van Doormal and Raithby are used in conjunction with an
Alternating Direction Implicit (ADI) Scheme for perform-
ing the time evolution. The used numerical Code written in
FORTRAN language was described and validated in details
in Abbassi et al.[19, 20].

The existence of thermal and diffusive gradients between
the active walls of the cavity, in addition to magnetic field
effects, set the fluid in a non-equilibrium state which causes
entropy generation in the system. According to local ther-
modynamic equilibrium with linear transport theory, the
local entropy generation is given by.[21]:

N2
$ = /I(gradT)

1
gen T,z - Fz']a'igrad/‘li

(21)
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+ +
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i and *are mass diffusion flux of species 1 in phase
o’ and its chemical potential, respectively. As it can be seen
from Equation (14), the right hand side this equation
represents four terms which are: Irreversibility due to heat
transfer, the second is due to mass transfer, the third is due
to fluid friction and the fourth is due to magnetic force.

For a two dimensional flow and by assuming bulk con-
centration (C’y) and temperature (T’y) in the denominator of
Equation (21) with a single diffusing species, Equation (21)

can therefore be written as follows:
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The local entropy generation can be putted in a dimen-
sionless form by using the dimensionless variables listed in
Equations (11)-(16) in the following way:

N, =N, +N, +NJ +N;“+N, (23)
where:
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where N, ,N, ,NOC, N'“and N, are defined as local
dimensionless entropy generation due to heat transfer (Sy,),
fluid friction (S,;), mass transfer (Sqr) by pure concentra-
tions gradients, mass transfer by mixed product of concen-
tration and thermal gradients and magnetic field (Spae),
respectively.

4 ,12,’13 and are irreversibility distribution ratios re-
lated to velocity gradients, concentrations gradients, mixed
product of concentration and thermal gradients and mag-
netic field, respectively.

Total dimensionless entropy generation is obtained by a
numerical integration of dimensionless local entropy gener-
ation through the entire volume of the cavity, Q. That is:

S=J,Ng,-dQ (30)

The temperature and concentration gradients are com-
puted through the heat wall of the cavity, and then used to
calculate the average Nusselt and Sherwood numbers, they
are given respectively by:

1
Nu = f (-

0

A

oT
5) -dx (31)
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and:

4. Results and Discussions

The Prandtl number, the thermal Grashof number, the
buoyancy ratio, the irreversibility distribution ratios and the
inclination angle of the magnetic field are in the following
ranges: 0.025 <Pr<7.1;10°<Gr; < 10°, -6 <N <6,10 <
A, < 10 and 0° < a < 180°. Grid of sizes of 51 x 51
nodal points and a step time, At= 10" for all the studied
thermal Grashof numbers are used.

Figure 2 shows the influence of the Prandtl number on
the transient entropy generation for the case of natural con-
vection (i.e., N = 0) and for relatively the absence of a
magnetic effect (Ha = 0). In this case, entropy generation
quickly passes from a minimum value at the very beginning
of the transient state towards a maximum value, and then
exhibits an oscillatory behavior before reaching a constant
value in steady state. Entropy generation increases with the
increasing of the Prandtl number.

S=f(t
45 ®
----- Pr=0.071 —-Pr=0.71
——Pr=1 —Pr=7.1
30 -
S T e e ==
5 e T
0 . : : ‘
0,00 0,05 0,10 Time 0,15 0,20
Figure 2. Dimensionless total entropy generation versus time for differ-

ent Prandtl numbers at Ha = 0; Grr =10%and o = 0°.

The variation of Nusselt number, Nu with Prandtl number,
Pr for Newtonian fluids at two Hartmann number values
( Ha=0 and Ha=25) is illustrated in Figure 3(a), which
shows that Nu decreases while increasing the magnetic
effect and it increases with increasing Pr until reaching
0.71value and then its variation has no great significance. It
is clear that Pr has an important influence on Nu for small
values (i.e., Pr < 0.71). However, Nu is relative insensitive
to Pr for moderate Prandtl number values (i.e., 0.71 <Pr <
1). For high values of Prandtl number (i.e., Pr > 1), Prandtl
number influence on Nusselt number is more pronounced
than the previous case. In the present configuration, the
relative strengths of inertial, viscous, magnetic and thermal
forces determine the flow behavior. For small values of Pr
the thermal boundary layer thickness remains much greater
than the hydrodynamic boundary layer thickness. As a re-
sult of this difference, the transport behavior in the majority
of the domain is governed by the inertial and thermal forces.
In contrast, for large values of Pr, the hydrodynamic boun-

dary layer thickness remains much greater than the thermal
boundary later thickness thus the transport characteristics
are primarily driven by thermal and viscous forces. For Pr >
1, an increase in Pr decreases the thermal boundary layer
thickness in comparison to the hydrodynamic boundary
layer thickness. This change essentially acts to increase the
heat flux which is reflected in the increasing of Nusselt
number. In the case of Pr > 0.71, a change in Prandtl num-
ber principally modifies the relative balance between visc-
ous and thermal forces so the heat transport in the thermal
boundary layer gets only marginally affected. This modifi-
cation is reflected in the weak Prandtl number dependence
of Nu for moderate and large values of Pr. Flow characteris-
tics domain can be then divided into three regions: Region.
I (i.e. Pr<0.71), region. II (i.e. 0.71< Pr < 1) and region. III
(i.e. Pr>1).

Figure 3(b) exhibits the profile of total entropy genera-
tion with the buoyancy ratio for different Prandtl numbers
which depicted a minimum value at N=-1. It decreases as
well as the Prandlt number increases. As N increases (N>-1)
on the right hand side of this minimum, the total entropy
generation increases. The opposite trend is observed at the
left hand side of the minimum (N<-1).

Nu=f(Pr)
7.8 o —+ N=6 ——N=3 ——N=1
—— N=0 ——N=1 —-=N=3
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—7.1

(b)
Figure 3. (a) Average Nusselt number versus Prandtl number for differ-
ent buoyancy ratios at Ha=0 and Ha=25 (b) Dimensionless total entropy
generation versus buoyancy ratio for different Prandtl numbers: Grr =10
Ha=25 and a.= 0°.

Let us focus our interest to the minimum value of entropy
generation on analyzing the variations of either Nusselt or
Sherwood numbers with Prandtl and Hartmann numbers.
Figure 4 (a) shows that the more significant variation of
Nusselt number was found between 0.071 and 0.71.The
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same behavior was shown in Figure 4 (b) according to
Sherwood profile. As Hartmann number increases these
effects are less and less pronounced. Magnetic effect de-
creases entropy generation in the studied system by reduc-
ing the flow according to the resistant effect to the flow
offered by Lorentz force. Concerning the entropy genera-
tion variation, figure 4 (c) exhibits an elongation of the
Prandtl number variation range which has a sensitive effect
to 0.054 < Pr < 7.1 .Thus both low Prandtl number and high
once must be taken into consideration in studying such
convection problems.

Nu=f(Pr)
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Figure 4. (a) Average Nusselt number (b) Average Sherwood number (c)
Dimensionless total entropy generation versus Prandtl number for different
Hartmann numbers: Gry =10% N=-1 and o = 0°.

Figure 5 illustrates the behaviors of Maximum velocity
components, Uy, and vy, These profiles show a depen-
dence on Prandtl number and buoyancy ratio variations. It
can be noticed from figure 5(a) that the more effect of
Prandtl number is obtained in the first region where Uy
velocity component tends to decrease as the strength of the
Prandtl number increases for low magnetic effect Ha =25.
As depicted by figure 5(b), v velocity component in-
creases for Prandtl number increasing. Both up,.x and v«

profiles exhibit less significant effect for high Prandtl num-
ber values. The range of significant effect of Prandtl num-
ber was obtained as: 0.054 <Pr<0.71.
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Figure 5. (a) Maximum x-component velocity (b) Maximum
y-component velocity versus Prandtl number for different buoyancy ratios:
Grr =10% Ha=25 and o = 0°.
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Figure 6. Thermal, friction and magnetic entropy generation variation
for N=0 and Ha=25 (b) diffusive entropy generation variation versus
Prandtl number for different buoyancy ratio at Ha=0: Gry =10° and o, = 0°.

Different origins of entropy generation are illustrated in
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figure 6(a): thermal, friction and magnetic contribution at
natural convection and the diffusive entropy generation
term in figure 6(b) in the absence of the magnetic effect,
respectively. It can be noticed that thermal and friction
irreversibilities are smaller than magnetic one. Their effects
are more pronounced at high values of Prandtl number and
essentially between 0.071 and 0.71. For diffusive entropy
generation, it is clear from figure 6(b) that for low Prandtl
numbers, it has no effect but its influence start from 0.71
value of Prandtl number which depends on the buoyancy
value.

5. Conclusions

Entropy generation due to thermosolutal convection in a
square cavity is numerically calculated using the Control
Volume Finite-Element Method (CVFEM). Results show
that the total entropy generation, for natural convection,
entropy generation quickly passes from a minimum value at
the very beginning of the transient state towards a maxi-
mum value, and then exhibits an oscillatory behavior before
reaching a constant value in steady state. Entropy genera-
tion increases with the increasing of the Prandtl number,
Nusselt number behavior depends on the Prandtl number
region; it is more sensitive to low values of Prandtl number.
The Prandtl number will increase the Nusselt number, but it
will decrease the wall friction coefficient. The presence of a
magnetic field tends to reduce entropy generation where the
system passes from an oscillatory behavior describing non
linear branch of irreversible process towards an asymptotic
behavior showing the linear branch of thermodynamics for
irreversible processes. The profile of total entropy genera-
tion with the buoyancy ratio for different Prandtl numbers
which depicted a minimum value at N=-1. Behaviors of
Maximum velocity components, Uy, and vy, show a de-
pendence on Prandtl number and buoyancy ratio variations.

Nomenclature

B magnetic field (T)
C  dimensionless concentration
C’  concentration (mol'm™)

hot side concentration (mol'm ™)
¢ cold side concentration (mol-m™)
bulk concentration (mol'm™>)

C, specific heat (J KgK™)

D  mass diffusivity (m*s ")

g gravitational acceleration (m-s %)
Gr, thermal Grashof number

Gr, solutal Grashof number

H (L)height (length) of the cavity (m)
Ha Hartmann number

Jk  diffusion Flux (k=u, v, T, C)

Le Lewis number

N  Buoyancy ratio

Nu Nusselt number
dimensionless local entropy generation

S dimensionless total entropy generation
P pressure (kgm 's7)

Pr  Prandtl number

Rayleigh number

Sc  Schmidt number

Sh  Sherwood number

S gen local volumetric entropy generation (J-m >-s K ")
T  dimensionless temperature

T temperature (K)

t”  time (s)

t dimensionless Time

Ty hot side temperature (K)

T’. cold side temperature (K)

T’, bulk temperature (K)

u, v dimensionless velocity components

U*  characteristic Velocity (m's ')

V  velocity vector (m-s—1)

w’, v’ velocity components along x’, y’ respectively (m-s ')

X, Y, Z dimensionless Coordinates

x’,y’,z’ Cartesian coordinates (m)

Greek Symbols

a magnetic field’s angle with horizontal direction (°)
% thermal diffusivity (m*s ")

B inclination angle of the cavity (°)

Br  thermal expansion coefficient

Bc  compositional expansion coefficient

A thermal conductivity of the fluid

A irreversibility distribution ratios, (i=1, 2, 3, 4)
p dynamic viscosity of the fluid (kgm '-s™")

p fluid density (kg'm>)

c electrical conductivity (Q''m™)

v kinematics’ viscosity (m*s ')

AT’ temperature difference (K)

AC’ concentration difference (mol-m )
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