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Abstract. The ﬂuid ﬂow and convective heat transfer occurring in a lid-driven cavity which is ﬁlled with
electricity conductive ﬂuid and subjected to external magnetic ﬁeld, is analyzed comprehensively. The variations
in inclination angle of magnetic ﬁeld and its strength are addressed during the investigation. The cavity is heated
by a linearly varying heat source applied on the left wall. Different regimes of heat transfer are considered by
varying pertinent ﬂow-parameters namely Reynolds number (Re), Richardson number (Ri) and Hartmann
number (Ha). The effects of magnetic ﬁeld and the wall motion are studied extensively. The study is carried out
using a well-validated in-house CFD code based on ﬁnite volume method and SIMPLE algorithm. The obtained
results reveal strong inﬂuence of Ri and Ha on the heat transfer characterization.
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1. Introduction
Magneto-hydrodynamics [1], in short MHD, is an
inter-disciplinary subject of interest involving both hydrodynamics and electrodynamics [2]. Magneto-hydrodynamics is concerned with the effect of magnetic force on the
ﬂow of an electrically conducting ﬂuid. According to the
laws of electrodynamics, the relative movement of conducting ﬂuid and magnetic ﬁeld causes an e.m.f. that
induces an electric current [3]. It, in turn, gives rise to an
induced magnetic ﬁeld. This induced magnetic ﬁeld along
with the applied magnetic ﬁeld acts against the ﬂuid motion
in the form of magnetic drag force. Whereas, the combined
magnetic ﬁeld (applied plus induced) interacts with the
induced current and gives rise to Lorentz force [3]. In the
study of MHD coupled heat transfer has two major categories. When the medium is highly conductive, heat is
produced by electromagnetic ﬁelds and corresponding
application areas are pumps and generators. While in the
second case the medium is poor conductor and the induced
ﬁeld is negligible compared to the imposed ﬁeld. The
electromagnetic ﬁeld is used to control the heat transfer in
cases of convective ﬂows and aerodynamic heating. The
present problem concerns with the second case.
This paper is a revised and expanded version of an article presented in
‘‘First International Conference on Mechanical Engineering’’ held at
‘Jadavpur University’, Kolkata, India during January 4–6, 2018
(INCOM-2018).

*For correspondence

Combined convective ﬂow and heat transfer in a cavity
ﬁnds many applications in engineering, science and technology. A few examples of such applications are nuclear
reactors, solar ponds [4], lakes and reservoirs [5], solar
collectors [6], and crystal growth [7]. Flow and heat
transfer in a shear and buoyancy-driven cavities has
applications in many industrial processes, for examples,
food processing and ﬂoat glass production [8]. Combined
forced-free convective ﬂow in lid-driven cavities occurs
due to two competing forces. The one is due to shear ﬂow
caused by the movement of the wall of cavity, while the
second one is due to buoyant ﬂow produced by thermal
non-homogeneity of ﬂuid in the cavity. Thermally
stable and unstable lid-driven ﬂows inside enclosures were
investigated numerically by Torrance et al [9] for ﬁxed
values of Reynolds number (Re) and Prandtl number (Pr).
Their results indicated that the Richardson number (Ri),
which represents the ratio of buoyancy to shear forces, is a
controlling parameter for the problem. Prasad and Koseff
[10] through experimental investigation conducted study on
heat transfer of recirculating ﬂow caused by combined
forced and free convection in a water-ﬁlled deep cavity.
Iwatsu et al [11] numerically analyzed mixed convection in
driven cavity using vertical temperature gradient. Their
numerical results showed that the ﬂow features are similar
to those of a conventional driven cavity of non-stratiﬁed
ﬂuid for small values of Ri. Aydin [12] investigated both
aiding and opposing mechanisms of mixed convection in
cavity and determined the range of Ri values for the forcedmixed-free convection regimes.
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The investigation using electrically conducting ﬂuid
inside the cavity is quite a lot. For examples, Oreper and
Szekely [13] found that the presence of a magnetic ﬁeld can
suppress natural convection current; and the strength of the
magnetic ﬁeld is one of the important factors in determining the quality of the crystal during the crystal growth
process. Ozoe and Maruo [14] investigated magnetic and
gravitational natural convection of melted silicon through
two-dimensional numerical computations for the analysis
of rate of heat transfer. Garandet et al [15] and Alchaar et al
[16] studied natural convection heat transfer in a rectangular enclosure with a transverse magnetic ﬁeld. The effect
of magnetic ﬁeld on free convection in a rectangular
enclosure was studied by Rudraiah et al [17] and Al-Najem
et al [18]. The effect of a magnetic ﬁeld in a square
enclosure was studied by Ece and Büyük [19], with linear
heater by Sathiyamoorthy et al [20, 21], Kefayati et al [22],
Al-Salem et al [23], with sinusoidal heater placed at bottom
by Oztop et al [24, 25], and Sivasankaran et al [26]. MHD
mixed convection in an inclined lid-driven cavity with
opposing thermal buoyancy force with non-uniform heating
on both sidewalls was studied by Ahmed et al [27]. Present
and futuristic developments with lots of examples are
indicated in Kabeel et al [28].
The above-mentioned literatures indicate the importance
of MHD mixed convection in cavities. After performing a
thorough literature survey, a linearly heated cavity with
two-sided lid motion is chosen for the study using heatlines from the fundamental point of view. Most of the
above (and other earlier) studies consider the streamlines
and isotherms for the analysis of the thermal convective
ﬂow. However, the isotherms are not sufﬁcient to represent the heat ﬂow or heat transfer mechanism in the cavity.
In case of convective ﬂow, the path of heat transport
depends on both ﬂuid velocity and static temperature. So
the concept of heatlines is utilized here to analyze the
transport path of heat ﬂow following similar earlier works
[29, 30]. As mentioned previously, there are many applications of such cavity in engineering [29–32], a speciﬁc
situation is considered here using the classical geometry
for the cavity and applying a typical heating pattern. The
heating pattern here is chosen in such a way the buoyancy
ﬂow can assist the viscous ﬂow. What would happen if the
heater can simultaneously act as source and sink (of heat
which is a specialty of the linear heater)? This has practical relevance. To simplify the situation, the heater is
considered as linear. In this problem the basic objective is
to study the effect of magnetic ﬁeld on heat transfer and
ﬂuid ﬂow in a lid-driven cavity under different regimes of
convective ﬂow by varying Richardson number Ri. The
effect of lid velocity is taken care by Re values. The effect
of the motion of two lids is considered and compared with
the results of single lid motion. It is known from the
earlier works that the magnetic ﬁeld acts as the damping
agent for both ﬂuid ﬂow and heat transfer. But here not
only the comparative study of different intensities of
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Hartmann number (Ha) is investigated but also an attempt
is made how the vortex strength dictates the heat transport.
This could be one process by which one can adjust
deﬁning parameters like Re, Ri and Ha so that the heat
transport path can be altered.

2. Description of problem
A two-dimensional analysis of the cavity as illustrated in
Figure 1 is considered in this work. The cavity is ﬁlled
with electric-conductor ﬂuid of Pr = 0.71. Both the
dimensions (height, H and length, L) along the x and
y directions are taken equal. However, the third direction
(say, z) is not considered in the analysis neglecting the
end-wall effects. It is more practical to reduce the burden
on the computational time when the third dimension is
sufﬁcient larger than other two dimensions (or the analysis
is limited only on the median plane). For the problem as
shown in ﬁgure 1, two different types of active boundary
conditions are used. One as kinematic condition, translation of horizontal wall(s) is considered. Secondly, as an
active thermal condition, linear heating is applied only on
the left wall. The maximum and minimum temperatures
(Th, Tc) are taken at the bottom and top (respectively) of
the left wall. Both the top and bottom walls are adiabatic
in nature and the right wall acts as a heat sink with
ambient temperature (Tc). The sidewalls are ﬁxed (nonmoving). To explore the impact of wall motion in more
detail, the kinematic boundary is varied through different
cases. In the ﬁrst case, the bottom wall is kept stationary
while the top wall is moving from left to right with a
uniform speed Uo (Case 1). In the second case, both top
and bottom walls are moving at same speed but in
opposite direction (Case 2). A uniform magnetic ﬁeld of
strength B is applied throughout the domain.

2.1 Governing equations and numerical
techniques
To formulate the problem mathematically, the conservation
principles of mass and momentum and energy are utilized.
The primitive variables of the problem namely velocitycomponents, pressure and temperature (U, V, P, T) are
dependent upon the independent variables of spatial position (X, Y) and inclination angle of magnetic ﬁeld (c).
Many assumptions taken to simplify the problem are
reasonably valid as observed from various other works
[10–26]. The approximations considered here are - 2-D
ﬂow, electrically conduction ﬂuid with negligible induced
magnetism and Hall effect. Furthermore, the ﬂuid is Newtonian, homogeneous, isotropic, Stoksian and incompressible. The change of ﬂuid properties due to temperature,
pressure and spatial position is minor and neglected. The
viscous dissipation is also neglected. The Boussinesq

Sådhanå (2020)45:227

Page 3 of 16

227

Figure 1. Problem description: (a) Case 1 – only top wall moving rightward, (b) Case 2 – both top and bottom walls moving in
rightward and leftward directions, respectively.

approximation is applied for the buoyancy term. The
evolved dimensionless governing equations (in Cartesian
coordinate system) expressed as
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The streamfunction (w) is the mathematical representation of the streamlines. The streamfunction (w) is obtained
by satisfying continuity equation of the incompressible
ﬂuid. The mathematical representations of velocity components (U and V as x and y component of velocities,
respectively) in Cartesian coordinates are
U¼

ow
oX

and

V ¼

ow
oY

The no-slip condition is assumed to be valid at the solid
boundaries as there is no cross ﬂow. Thus, the streamfunction value at the walls is taken as w = 0.
During convective heat transfer, the direction of the total
energy ﬂux-vector (enthalpy advection and heat diffusion)

is tangent to ‘heatlines’. Streamlines represent the ﬂuid
ﬂow and isotherms indicate the variations of the temperature, but they are not sufﬁcient to analyze the proper path
and intensity of heat ﬂow during thermal convection. In
order to analyze the convective heat transfer, the concept of
‘heatfunction’ and ‘heatlines’ is introduced [30].


oP
1 oh
¼ Vh 
oX
Re Pr oY
oP
1 oh
¼ Uh 
oY
Re Pr oX

ð4Þ

Here, X and Y are dimensionless coordinates, U and V are
dimensionless X- and Y-component of velocity, P is
dimensionless pressure (with respect to the ambient pressure pa), and h is dimensionless temperature. Their details
are given below.
ðX; YÞ ¼ ðx; yÞ=H;

ðU; VÞ ¼ ðu; vÞ=U0

ðp  pa Þ
P¼
;
qU02

ðT  Tc Þ
ðTh  Tc Þ

h¼

ð5Þ

The dimensionless numbers namely Prandtl, Reynolds
and Grashof, Richardson and Hartmann numbers (Pr, Re,
Gr, Ri and Ha, respectively) are utilized for the simulation
and analysis of the problem. These parameters are deﬁned
by
U0 H
gbðTh  Tc ÞH 3
; Gr ¼
t
t2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gr
t
Ri ¼ 2 ; Pr ¼ ; Ha ¼ BH j=qt
a
Re
Re ¼

ð6Þ

With these parameters, the governing equations are
solved in consideration with the following boundary
conditions:
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U ¼ V ¼ 0; h ¼ 1  Y at X ¼ 0
U ¼ V ¼ 0; h ¼ 0 at X ¼ 1
oh
¼ 0 at Y ¼ 0 for Case 1
U ¼ 0; V ¼ 0;
oY
oh
¼ 0 at Y ¼ 1 for Case 1; 2
U ¼ 1; V ¼ 0;
oY
oh
U ¼ 1; V ¼ 0 ;
¼ 0 at Y ¼ 0 for Case 2
oY
The average Nusselt number along the isothermal right
wall (maintained at temperature Tc) is deﬁned using temperature gradient on the wall as below
 
Z1 
oh 
 
dY
Nu ¼
oX X¼1

ð7Þ

0

2.2 Numerical scheme
The governing equations mentioned in Equations (1)–(3)
along with their boundary conditions are solved iteratively
using an in-house CFD code. The code is developed on the
staggered grid system following the ﬁnite volume method
(FVM) of discretization technique for the non-dimensional
partial differential equations that govern the ﬂuid ﬂow and
heat transfer in the cavity. Through proper linearization, the
evolved set of linear algebraic equations is solved by tridiagonal matrix algorithm (TDMA) following alternating
direction implicit (ADI) sweep. The coupling between
velocity and pressure is maintained through SIMPLE algorithm [33]. For the stability during CFD simulation, underrelaxations for the velocity and pressure correction equations
are taken as 0.45 and 1.0, respectively. The ﬁnal solution is
obtained through the progressive minimization of residuals
of the discretized governing equations. The convergence of
solution is set by the values of the maximum residuals and the
mass-defect less than 10-7 and 10-9, respectively.

2.3 Grid independence study
For the selection of proper grid size for the present problem, a
grid independent study is conducted considering staggered
grid of sizes 70 9 70, 100 9 100, 130 9 130, 160 9 160,
and 200 9 200 with non-uniform distribution. In table 1, the
average Nusselt number (Nu) and relative errors with respect
to the immediate coarse grid size (in percentage of Nu given
in brackets) are computed. It indicates that 160 9 160 grid
size is sufﬁcient for the present simulation.

2.4 Validation study
The accuracy of present code in solving MHD convection is
also checked as indicated in ﬁgure 2. This validation is

carried out using a work of Ghasemi et al [34] on magnetohydrodynamic buoyant convection in an enclosure, considering the base ﬂuid with Pr = 6.2 and Ra = 105 and using
the grid size of 160 9 160. The local distributions of
thermo-ﬂuid ﬂow-ﬁelds are also compared for different
values of Hartmann number and found matching, as could
be realized from a sample result pertaining to Ha = 60
shown in ﬁgure 2. Both the streamlines and isotherms
generated by the present code are consistent with the
published results.

3. Results and discussion
The ﬂow of heat and ﬂuid is analyzed using streamlines,
heatlines and isotherms. The streamlines show the motion
of ﬂuid ﬂow. The maximum streamfunction value corresponds to the strength of vortex. The isotherms represent
the temperature distribution in a steady situation but not
able to describe the ﬂow of heat properly. The heatlines are
analogous to the streamlines which virtually show the path
or corridors of heat transport.

3.1 Typical ﬂow structures
The different snapshots in ﬁgure 3 show the ﬂuid ﬂow
structure, heat ﬂow and the temperature distribution for Re
200 with different Ri. Three regions of convective heat
transfer are considered here. First one with Ri = 1 corresponds to mixed convection, and the other two correspond
to dominating natural convection with different strengths.
The ﬁrst row depicts the streamlines, the second and third
rows show respectively isotherms and heatlines. In these
ﬁgures, the effect of magnetic ﬁeld is also taken into consideration. The viscous force, magnetic force and the
buoyancy force are present to balance the inertia force.
As Ri represents the comparative strength of buoyancy
force over the viscous force, the effect of wall motion is
more prominent for Ri = 1. As the strength of natural
convection increases, the ﬂow structure is dominated by the
buoyancy force.
It is obvious from the ﬂow geometry that the vortex is
clockwise as the left wall is heated and the right wall is
cold. Due to the presence of viscous force and the top wall
motion, a single vortex develops in the cavity. At higher Ri
= 100, there exists another counter clockwise vortex where
some heat is transferred through the top of left wall.
Another important thing is the strength of the circulation in
the cavity. It is depicted in the ﬁgure by the maximum
value of the streamlines. For Ri = 100, the maximum value
is almost thrice and twice that of Ri = 1 and Ri = 10,
respectively.
The static temperature distribution is presented by the
isotherms. The hot ﬂuid is mostly present in the bottom leftcorner region of the cavity. The isotherm values of ‘0’ and
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Table 1. Grid independence study using average Nusselt Number (Nu) at Pr = 0.71, Ha = 30.
Nu (% error with respect to immediate coarser grid)
Ri

70 9 70

0.1
1
10
100

0.747
0.757
1.336
3.110

100 9 100
0.746
0.756
1.339
3.109

(0.13%)
(0.13%)
(-0.22%)
(0.03%)

130 9 130
0.744
0.755
1.343
3.119

(0.27%)
(0.13%)
(-0.30%)
(-0.32%)

160 9 160
0.743
0.753
1.346
3.126

(0.13%)
(0.26%)
(-0.22%)
(-0.22%)

200 9 200
0.742
0.753
1.348
3.132

(0.13%)
(0.00%)
(-0.15%)
(-0.19%)

Figure 2. Code validation on magneto-hydrodynamic buoyant ﬂow using data from Ghasemi et al [34] for Pr = 6.2, Ra = 105 and Ha =
60. The present results agree well with the published results [with permission from Elsevier, License Number 4892470311370].

‘1’ respectively represent the coldest and hottest states of
ﬂuid in the cavity. The right side of the cavity is cold (‘0’).
However, the left side of the cavity is linearly heated from
‘1’ (at bottom) to ‘0’ (at top). As such different values of
isotherm contours are intersecting with the left wall. It is

observed that with increasing Ri, both the isotherms (‘0’
and ‘1’) are suppressed to the corresponding walls; it is due
to enhanced circulation at higher Ri.
From the plots of heatlines, the heat transport in the
cavity is visualized. It is dependent on both the temperature
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Figure 3. Effect of Richardson number (Ri) on ﬂow ﬁelds (streamlines – ﬁrst row) and thermal ﬁelds (isotherms – second row,
heatlines – third row) for Re = 200, Ha = 30 and c = 0 when top lid is moving (Case 1).

distribution and ﬂow-velocity. For lower Ri values some
heat (of very negligible amount) from the bottom of left
wall (linearly varying source) is convected through the top
of left sidewall. Most of the heated ﬂuid goes upwards. The
top-wall shear motion drives the same towards right and it
ﬁnally is convected down along the right wall. As Ri
increases, the ﬂuid penetrates much deeper into the cavity
so that the temperature in the lower part of the cavity
increases.
As the shear force is dominating in the top portion of the
cavity, the circulation is present there but the strength of

circulation decreases very much in the lower half of the
cavity. However, as Ri increases, the effect of magnetic
ﬁeld is not so dominating; hence the ﬂuid ﬂow structure is
almost same for the other cases. As described by the isotherms, the heat is now transferred in both X and Y directions. The isotherms become more horizontal.
From the plots of heatlines in ﬁgure 3, it is very clear that
the heat source is located in the lower portion of the left
wall; and the right wall and the top part of the left wall act
as the heat sink. At low Ri-ﬂow a signiﬁcant amount of heat
is passed through the top part of left wall due to low
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circulation strength. When Ri increases, the most of the
heat is transferred through the right wall and the circulation
is shifted in the middle of the cavity.
For Case 2 when both lids (top and bottom) are moving
in the opposite direction, corresponding typical ﬂow patterns are indicated in ﬁgure 4. It is observed that the bottom
lid has a signiﬁcant effect here as in mixed convective
region the viscous force has a signiﬁcant effect. For this
two diagonally symmetric vortices are present near the
moving walls at the bottom and top of the cavity. Some
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shearing action is even present at Ri = 10, but for Ri = 100
there is no signiﬁcant change. As the lower vortex is strong
so it transports the hot ﬂuid to the most of the right half of
the cavity. Thus, by the presence of two vortices enhance
the heat transport instead of a single vortex for this kind of
linear heater. As Ri increases, the magnetic ﬁeld as well as
the shear force due to viscosity is not effective, so the effect
of heating is felt mainly in the top portion of the cavity.
In ﬁgure 5, a comparative study is presented for change
of Re with ﬁxed Ha (= 30) value. This ﬁgure addresses

Figure 4. Effect of Richardson number (Ri) on ﬂow ﬁelds (streamlines – ﬁrst row) and thermal ﬁelds (isotherms – second row,
heatlines – third row) for Re = 200, Ha = 30 and c = 0 when both lids moving (Case 2).
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Case 2 with both lids moving. For all the situations, Ri
value is ﬁxed at 10. For non-magnetic situations, the
streamline patterns are similar and their strengths are
almost same (as such not shown here). For Ri = 1, the
contours of heatlines depict the heat transport path from the
heated part of the wall to the cold parts of the walls as
found in ﬁgure 4. It clearly indicates that all the heat energy
is not going upwards. Rather, a part is recirculated as
energy circulation cell in the cavity similar to ﬂuid circulation vortex. A part of the heat energy sprightly goes

Sådhanå (2020)45:227
through the lower portion of the right wall. Very small
amount of heat energy passes through the top of the right
wall. As Ri increases, the single dominant circulation is
present; thus, the heated ﬂuid ﬁrst goes upward by advection. Then through the bulk motion of the ﬂuid, the heat is
convected to the top portion of the right wall. This is also
true for Ri = 100. However, with the introduction of
magnetic ﬁeld, the circulation strength decreases and the
vortices are mainly present beside the moving walls. When
Re increases, two separated vortices are merged. The

Figure 5. Effect of variation of Reynolds number (Re) for ﬁxed Ri =10, Ha = 30 and c = 0 on ﬂow ﬁelds (streamlines – ﬁrst row) and
thermal ﬁelds (isotherms – second row, heatlines – third row) with when both lids moving (Case 2).
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Figure 6. Effect of Reynolds number (Re) at ﬁxed Ri = 10, Ha = 30, and c = 0 on ﬂow ﬁelds (streamlines – ﬁrst row) and thermal ﬁelds
(isotherms – second row, heatlines – third row) for top lid moving (Case 1).

isotherm pattern is dependent on the streamline pattern
(that is the presence of the vortex inside the cavity). If
single vortex present, the effect of the hot ﬂuid is present in
the half of the cavity. However, with the separated vortex
the effect of heating is felt in the lower portion also. The
heatlines are analogous to streamlines depicting the path of
transport of heat. For separated vortex, the bottom of right
wall can be used as a heat sink. Due to stronger convection
at higher Re, the heated ﬂuid substantially occupies almost
entire cavity. The wall induced shear action helps transport
the ﬂuid to the right portion of the cavity.

In case of only top lid moving cavity (Case 1), the ﬂow
patterns are prepared at ﬁxed Ri = 10 with constant Ha (=
30) for different Re as shown in ﬁgure 6. The vortex pattern
is mainly due to the shear action of the top lid. As Ri
increases the circulation strength increases. The strength of
the ﬂow in the adjacent portion of the lid is more. In the
bottom portion, the strength decreases. With the introduction of the magnetic ﬁeld, the vortex strength further
decreases. For low Ri-ﬂow as the top circulation strength is
high, so the heat transport in the bottom portion of the
cavity is mainly due to the thermal diffusion. The heatlines
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Figure 7. Effect of Ha on ﬂow ﬁelds (streamlines – ﬁrst row) and thermal ﬁelds (isotherms – second row, heatlines – third row) for Re
= 200, Ri = 10 and c = 0 for Case – 1.

show that almost all the heat from bottom of the left wall is
convected away uniformly through the right wall and some
amount through the top part of the left wall. With application of the magnetic ﬁeld, the heat transport through the
right wall is more uniform. For higher Re value, as the
circulation strength increases, most of the heat is transported through the top of right wall.
In ﬁgure 7, the effect of magnetic ﬁeld with increasing
strength is investigated. The magnitude of the intensity is

regulated by Ha. For all the situations presented here, Re
is considered as 200 and Ri as 10, while the magnetic
ﬁeld vectors are aligned horizontally. From the streamline
plots it is clear that with the increase in Ha, the strength
of clockwise (CW) vortex decreases, while counterclockwise (CCW) vortex in the left top corner of the
cavity is strengthened. From the isotherm patterns it is
clear that the heat can reach in the bottom of the cavity
more for higher Ha. This is due to the decrease of
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Figure 8. Effect of Ha on ﬂow ﬁelds (streamlines – ﬁrst row) and thermal ﬁelds (isotherms – second row, heatlines – third row) for Re
= 200, Ri = 10 and c = 0 for Case 2.

circulation strength as the heat advection part is
minimized. The heat transport path is indicated by the
heatlines. For lower Ha values as the main CW vortex
strength is high, the hot ﬂuid from the bottom of the left
wall goes to the top of the cavity. Furthermore, as the top
wall is adiabatic, the heat is drained through the right
wall. Negligible amount of heat goes through the top of
left wall. When Ha increases, CW vortex loses its strength
and more amount of heat is transported through the top of
the left wall.

In ﬁgure 8, the visual description of the transport of ﬂuid
and heat is given for the same parametric conditions as in
ﬁgure 7 considering both top and bottom walls are moving
(Case 2). The maximum value of the streamlines shows an
increase in the strength due to (assisting) shearing and
buoyant forces. Otherwise the overall ﬂow structure
remains same as in ﬁgure 7. Correspondingly, the isotherm
and heatline contours vary marginally.
In ﬁgure 9, the effect of the inclination of the magnetic
ﬁeld is shown. The change in inclination does not show
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Figure 9. Effect of c variation on ﬂow ﬁelds (streamlines – ﬁrst row) and thermal ﬁelds (isotherms – second row, heatlines – third row)
for Ha = 50, Re = 200, Ri = 10 (Case1).

any drastic change in vortex strength but the distribution
and shape of the vortices are markedly changed. The
patterns show in the ﬁrst row that the vortices are diagonally stretched; and in the second row horizontally and in
the third one vertically stretched. All the three cases show
similarity in the isotherms. The signiﬁcant thing here is
that the bottom right corner is cold and the heated ﬂuid is
mainly present in the top side of the diagonal. From the
heatlines it is well described that the hot ﬂuid releases its

heat to the top left wall and the upper portion of the right
wall.
In ﬁgure 10, the same situation as above is considered only difference is that the bottom wall is also moving. The
strength of vortex is increased marginally and a CCW
vortex of very low strength is present in the left corner. The
isotherm pattern reveals that the hot ﬂuid is present in the
lower portion of the cavity. Heatlines show a large amount
of heat removal through the left wall top corner.
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Figure 10. Effect of cvariation on ﬂow ﬁelds (streamlines – ﬁrst row) and thermal ﬁelds (isotherms – second row, heatlines – third row)
for Ha = 50, Re = 200, Ri = 10 (Case 2).

3.2 Effect of magnetic ﬁelds and its inclination
on heat transfer rate
Figure 11 shows the variation of heat transfer through the
cavity for different Ha. It is seen from the ﬁgure that usual
Nu value decreases with increasing Ha due to the damping
effect or reduced velocity of ﬂuid ﬂow. For large Ri value
the heat transfer is more, but as Ha increases the heat
transfer rate decreases. For low Ri value the heat transfer of
the cavity comes to a same value for different Ha. For the

case of two lids motion, average Nu increases but other
observations are similar.
In ﬁgure 12, the effect of inclination of magnetic ﬁeld on
heat transfer is shown. This shows that for high Ri, the
average Nu is large; but the heat transfer through the cavity
reaches the maximum value for the angle between 60 and
80. Then the heat transfer decreases. The bottom lid
moving case show similar trend only the heat transfer is
more for Case 2.
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Figure 11. Effect of Hartmann number (Ha) on Nu with Re = 200, c = 0 at different Ri values (= 0.1, 1, 10, 100) for Case 1, top wall
moving (a) and Case 2, both walls moving (b).

Figure 12. Effect of inclination of magnetic ﬁelds (c) with Re = 200, Ha = 30 at different Ri values for (a) Case 1: top wall moving and
(b) Case 2: both walls moving.

Figure 13. The case-wise effect on Nu for different Re values (a) and Ri values (b) at c = 0 inclination angle with Ha = 0 and 30, ﬁxed
Ri = 10 or Re = 200.

Sådhanå (2020)45:227
The effect of Re is presented in ﬁgure 13(a). In the graph
the variation of heat transfer (that is indicated by mean Nu)
is plotted against Re for constant Ri = 10. The two cases
(Case 1 and Case 2) indicate the number of moving walls as
earlier. It is observed from the plot that, the increase in
number of moving walls enhances the heat transfer (due to
assisting effect of the shear force on the buoyancy force
with strengthen circulation). Similar trend is observed for
Ha = 30 also. However, in all the cases Nu value decreases
due to the damping effect of the magnetic ﬁeld.
The effect of Ri is presented in Figure 13b keeping Re
ﬁxed at 200 and c = 0. The horizontal axis corresponds to
Ri in log scale, while the vertical axis denotes the mean Nu
value. As discussed earlier the motion of both walls
enhances the heat transfer, so in all the situations, Nu value
of Case 2 is more than that of Case 1. However, when the
magnetic ﬁeld is applied the heat transfer decreases.

4. Conclusions
The impact of magnetic ﬁeld and its orientation (with
respect to the cavity base) on the thermal-ﬂuid ﬂow in a
square cavity undergoing mixed convection is analyzed,
keeping the top and bottom walls adiabatic and moving.
The left sidewall of the cavity is heated linearly. The major
observations are concluded as:
• Heat transfer increases with increasing Ri.
• Wall motion has a signiﬁcant effect on ﬂuid ﬂow and
heat transfer characteristics for lower Ri values.
• Magnetic ﬁeld has a dampening effect on heat
transport and ﬂuid ﬂow.
• Heat transfer is affected by the inclination angle of the
imposed magnetic ﬁeld. Heat transfer is maximum for
a range of inclination angle.
• By introducing motion through both the walls, more
uniform heating in the cavity is possible with lower Ri
value, and the control of the heat transfer rate is
obtained substantially.
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Nomenclature
B
Magnetic ﬁeld (Wb/m2)
g
Acceleration due to gravity (ms-2)
Gr
Grashof number
H
Length scale (m)
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Ha
Nu
p
P
Pr
Re
Ri
T
u, v
U, V
Uo
x, y
X, Y
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Hartmann number
Average Nusselt number
Pressure (Pa)
Dimensionless pressure
Prandtl number
Reynolds number
Richardson number, Gr/Re2
Temperature (K)
Velocity components (ms-1)
Dimensionless velocity components
Wall/lid velocity (ms-1)
Cartesian coordinates (m)
Dimensionless coordinates

Greek symbols
a Thermal diffusivity (m2 s-1)
b Thermal expansion coefﬁcient (K-1)
h Dimensionless temperature
t
Kinematic viscosity (m2 s-1)
q Density (kg m-3)
P Dimensionless heatfunction
w Dimensionless streamfunction
j Electrical conductivity (lS/cm)
c
Inclination angle of the magnetic ﬁeld
Subscripts
a Ambient
c Cold wall
h Hot wall
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