== Crossref
Similarity Check

Powered by iThenticate

Reason- 4 Tectinical Journal
ISSN 2277-1654
Volume XVIII 2019

MHD CONVECTION IN A LID-DRIVEN CAVITY HEATED LINEARLY AT BOTTOM

Subhrajyoti Sarkar*', Akash Jha’, Ritesh Samanta®, Nirmalendu Biswas"’
and Nirmal K. Manna®

aDepartment of Mechanical Engineering, Jadavpur University, Kolkata 700032, India

bDepartment of Power Engineering, Jadavpur University, Salt Lake, Kolkata—700106, India
Corresponding author email: 'subhramath100@gmail.com, 2nirmalendubiswas@yahoo.co.in

Paper received on: March 24, 2020, accepted after revision on: May 14, 2020
10.21843/reas/2019/17-27/196163

ABSTRACT: The impact of magnetic-field induced force on buoyant flow in lid-driven
cavity is addressed in this work. Two sides of the cavity are moving in opposite directions.
The temperature of heating element located on the bottom wall is varied linearly and is
mirrored about the mid-point of the wall. The convective heat transfer in the cavity is
analyzed systematically using an in-house CFD code. The fundamental aspects of
different flow regimes, the strength and inclination of magnetic field are explored. The
obtained results reveal strong influence of Ri and Ha on the heat transfer

characterization.
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NOMENCLATURE
B magnetic field (Wb/m?) X,y Cartesian coordinates (m)
g acceleration due to gravity (ms?) XY dimensionless coordinates
H cavity height, length scale (m)
L cavity length (m) Greek symbols
Ha |Hartmann number a thermal diffusivity (m“s™)
Nu average Nusselt number Yij expansion coefficient of fluid (K™)
p pressure (Pa) 2] dimensionless temperature
P dimensionless pressure ) kinematic viscosity (m’s™)
Pr Prandtl number P density (kgm™)
Re Reynolds number v dimensionless streamfunction
Ri Richardson number K electrical conductivity , pS/cm
T temperature (K) 4 magnetic field inclination
u,v  |velocity components (ms™) Subscripts
U,V  |dimensionless velocity components a ambient
U, wall/ lid velocity , m/s ¢, h cold/hot wall

1.INTRODUCTION

The magneto-hydrodynamics (MHD)
involving buoyant flow in thermal cavities
finds many applications in the field of
engineering and science. Itis an interdiscipli-
nary field. The study of MHD coupled heat
transfer can be classified into two major
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categories. In the first case the medium is
highly conductive and the heat is produced
by electromagnetic field. While in the second
case the medium is poor conductor, so in
compared to the imposed field, the evolved
induced field can be neglected.
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Heat transfer using natural convection plays
akey role in many engineering applications. It
can be found in heat exchanger, desiccation
technology, electronic technology, solar
energy, and greasing technology [1-4].
Sivaraj et al. [5] analyzed MHD natural
convection along with entropy generation
using ferrofluid and heated plate located
centrally in a square cavity. They have found
that increasing Hartmann number diminishes
the strength of the convective flow and
thereby heat transfer, whereas the entropy
generation was found to increase irrespec-
tive of magnetic-field inclination. Akinsete [6]
investigated the effect of aspect ratios a
triangular cavity during natural convection.
Several investigations were carried out in
cavities with obstruction of various shapes
[7-8] undergoing natural convection.
Saravanan et al. [9] examined natural
convection in square cavity with a discrete
heater placed inside, in consideration with
thermal radiation. Here, with higher Rayleigh
number and surface emissivity, the heat
transfer is found to increase. Hakan and
Derbentli [10] numerically examined
convection of air in rectangular cavities.
Oztop et al. [11] presented natural convection
with volumetric heat generation.

Several earlier investigations have dealt with
the influence of magnetic fields on the
electrically conducting fluids. The magnetic
force has strong influence on convection in
thermal devices. Sathiyamoorthy and
Chamkha [12] demonstrated the impact of
inclined magnetic field on heat transfer in
enclosures. Oreper and Szekely [13]
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observed weakening of natural convection
applying magnetic field. The strength of
magnetic field affects the crystal quality of
crystal growth process. Ozoe and Maruo
[14] studied numerically the magnetic-field
melted silicon considering natural convec-
tion. Nadezhda et al. [15] numerically
analyzed melting process in a square cavity
considering MHD natural convection and
local heater. The magnetic force affects
turbulent solidification process [16]. The
present and futuristic developments with lots
of examples are reviewed in Kabeel et al.
[17].

On the background of the above-mentioned
literatures (and many other not reported here
for brevity), the present problem is formulated
using classical lid-driven cavity and linearly
varying heating in triangular form at bottom.
The aim of the present study is to analyze the
effect of magnetic field on fluid flow and heat
transfer under different regimes of convective
flow. The investigation is conducted from the
fundamental point of view using Richardson
number (Ri), Reynolds number (Re), and
Hartmann number (Ha) and its inclination
angle (y°). The analysis is reported using
isotherms, streamlines and average Nusselt
number (Nu).

2. DESCRIPTION OF PROBLEM

In the schematic diagram shown in Fig.1, the
working fluid containing in the cavity is
electrical conductor and uniform magnetic
field (B) is applied externally atan angle(y°) . It
has adiabatic sidewalls moving at uniform
speed Uo in vertical direction in opposite
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manner. The top wall which acts as a heat
sink with ambient temperature (7;), is used
for cooling. The heating element is located
along the bottom wall. The heating
temperature (T¢) is varying linearly from both
the ends (7;) with maximum temperature (Tp)
at the middle. In order to reduce some
computational burden, two-dimensional
analysisis carried out here.
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Fig.1. Description of the problem along with
boundary conditions

2.1 Formulation and Numerical
Techniques

The problem is analyzed considering two-
dimensional, Newtonian, incompressible and
laminar flow. The magnetic force and
buoyancy are taken into account. However,
the induced magnetism or Hall effect along
with Joule heating is neglected. The
buoyancy is modelled using the Boussinesq
approximation. Negligible viscous dissipation
is ignored. The evolved dimensionless
governing equations (in Cartesian coordinate
system)are:
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here, (X, Y) and (U, V) are respectively
dimensionless coordinates and components
of velocity. P and are dimensionless
pressure and temperature. The details of
these variables are furnished below.

(X.Y)=(x, )/ H; (U, V)= (u,v)/Uy;

P:(p—zza);
pPU,

_(T-T)
(T,-T)

®)

The dimensionless involved parameters are
Re, Ri, Prand Ha, and defined by

3 2
v (U,H /v)
:E;Ha:BH K'/pl) (6)
(24

Based on the problem configuration, the wall
conditions (Fig. 1) for all variables are given

by
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a) U=0, v=U,, 2—; = Ofor the left adiabatic wall

00

b) U=0, V=-U,, 6_X = (for the right adiabatic wall

c) U=0, V=0, @=0 for the top cold wall

d) U=0, V=0, 6= 2Xfor the bottom heating wall

The above-mentioned boundary conditions
and the governing equations are solved by an
well-validated in-house CFD code [18-20].

The processing and analysis of the results
are carried out using heat transfer rate and
temperature distribution (isotherms) and flow
pattern (streamlines) in the cavity. Under
steady condition, the rejection through the
top wall is equal to net heat from through the
bottom wall. The heat transfer rate is
computed using the average Nusselt number
(Nu) of top wall, given by

(7)

Under steady state, Nu of the bottom and top
walls is same. The streamfunction (y) is an
arbitrary function whose derivatives give
velocity components of a particular flow
situation. By the definition the lines of
constant streamfunction are known as
streamlines. As the flow is confined in the
cavity, the streamfunction value at the walls is
takenasy =0.

3.RESULTS AND DISCUSSION

The chosen problem is simulated using
Pr=0.71, Ri=0.1-50, Re=10-200, Ha=0-100
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andy = 0-180°. The ranges of these pertinent
parameters are selected following earlier
works in this area [1, 2, 5, 11, 12]. The flow
patterns of heat and fluid are analyzed using
streamlines and isotherms. The maximum
streamfunction value corresponds to the
strength of vortex. The isotherms represent
the temperature distribution in the cavity, and
the temperature gradients at the heating and
cooling walls presents the local heat transfer
rate through the walls. The rate of heat
transfers from the cavity is realized through
the Nusselt number. The results are
presented systematically in different sub-
section below.

3.1 Effect of Richardson number (Ri)

The plots of streamlines and isotherms for
visualizing the flow pattern and temperature
distribution are shown in Fig. 2. Three regions
of convective heat transfer are captured
using Ri = 0.1 (forced convection), Ri = 1
(mixed convection) and Ri = 10-50 (Ri >1,
natural convection). As there is no much
change in contour plots of Ri= 0.1 and Ri =1,
the results corresponding to Ri = 0.1 is not
included in Fig. 2. The figure shows results for
Ri=1 (that corresponds to mixed convection)
and Ri = 10, 100 (correspond to dominating
natural convection with different strengths).
The streamlines and isotherms are
presented successively in the first and
second rows of the figure.
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Fig.2. Effect of varying Richardson number (Ri) on flow fields (streamlines in first row) and
thermal fields (isotherms in second row) for Re = 200, Ha = 30 and Y= 0.

As Ri represents the comparative strength of
buoyancy force over the viscous force, so the
effect of wall motion is more prominent for Ri
= 1. As the strength of natural convection
increases by adjusting higher value of Ri, the
buoyancy force dominantly influences the
flow structure. The vortex is clockwise due to
the kinetic effect of the left and right moving
walls. The presence of viscous force for the
wall motion justifies the presence of a single
vortex for Ri = 1. With increasing buoyancy
force through Ri (as Re kept fixed at 200), the
effect of natural convection becomes more
significant as is evident by the formation of
another vortex in anticlockwise direction for
Ri = 50. The vortex at the left wall is purely
due to the viscous effect of the moving left
wall and no slip condition. Another important
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thing can be noted from the figure is the
strength of the vortex presented by the
maximum value of the streamlines. For Ri =
50, the maximum value is almost thrice of
that of Ri =1 and twice of that of Ri=10.

The static temperature distribution is
presented by the isotherms. The hot fluid is
mostly present in the bottom region of the
cavity. The isotherm values of '0' and "1’
respectively represent the coldest and
hottest states of fluid in the cavity. The top
wall of the cavity is cold ('0'). However, the
bottom wall of the cavity is subjected to
triangular heating from '1' (at midpoint) to '0'
(at either sides). As such different values of
isotherm contours are intersecting with the
bottom wall and due to circulation the hotter
fluid zone tends to shift towards left for lower
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Ri values. It is observed that with increasing
Ri, the isotherm values nearer to '1' are
squeezed in the middle which is a direct
result of the dominating nature of natural
convection.

3.2 Effect of Reynolds number (Re)

Through streamlines and isotherms at
different Re, and fixed Ri =10 and Ha = 30,
Fig. 3 demonstrates Re-effects on the heat
transfer process in the cavity. The vortex
pattern is mainly governed by the moving
walls causing shear action on the nearby fluid
layers. As Re increases vortex strength
increases. The isotherm pattern is dependent
on the streamline pattern (that is the
presence of the vortex inside the cavity). At

Re =50

lower Re value (Re =10), isotherm pattern is
almost symmetric about the mid-vertical
plane. Here, the heat is mainly transported by
the mode of thermal conduction. With fixed
Ri =10, as Re increases, both the strength of
forced convection as well as natural
convection increases. Thus, the circulation
strength increases with Re; the isotherm
patterns become more asymmetric and
instead of getting a peak at the mid-plane, it
shifts towards the left (about the mid-bottom
of the cavity). It suggests that for higher Re
values more amount of hot fluid reaches to
the left corner region of the cavity; and
thermal convection mode plays dominating
role over the thermal conduction (since Gr is
significantly high at higher Re when Ri is fixed
at10).

Fig.3. Effect of varying Reynolds number (Re) on flow fields (streamlines—first row) and thermal fields
(isotherms—second row) for fixed Ri =10, Ha = 30 and y= 0.
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Fig. 4. Effect of Hartman number on flow fields (streamlines—first row) and thermal fields
(isotherms—second row) for Re = 200, Ri = 10 and y= 0.

3.3 Effect of Hartman number (Ha)

The magnetic force in the form of uniform
magnetic field influences the structures of
flow pattern and temperature distribution,
which is captured using Hartman number Ha.
Ha value is used to regulate the magnitude of
intensity of magnetic field. Ha-effects are
demonstrated in Fig. 4 using streamlines and
isotherms at Re =200, Ri=10andy=0. ltis
clear from the streamline plot that the
strength of the counter-clockwise (CCW)
central vortices at Ha = 0 and 10 decreases.
While the size of vortices along the sidewalls
rotating in clockwise (CW) direction
increases with magnetic strength, there is
only one CW vortex in the cavity at Ha = 100.
This shows that with increase in magnetic
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strength, forced convection dominates over
natural convection. From isotherms plot, it
can be observed that with increase in Ha
value, rightward peaks of isotherms shift to
leftward peaks. This is due to counteraction
or negative impact of magnetic force, the
advection in the cavity reduces, which
causes decreased circulation strength.

3.4 Effect of magnetic field angle (y°)

The change in inclination strongly affects the
distribution and strength of the vortices as
depicted in Fig. 5. For inclination of y = 30°,
there are total three vortices (two CW and
one CCW). The CW vortices on the left and
right wall are mainly formed by wall-induced
shear. The CCW vortex in the middle is due to
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natural convection. At y = 90° the dominance
of natural convective flow is more. At the right
wall, the wall motion is actually helping the
natural convection induced vortex, so its
strength increases. However, at the left wall
they (wall induced shear flow and buoyant
flow) are opposing each other, so a CW
vortex on the left wall is formed. For y= 150°,
forced convection dominates over natural
convection. Natural convection induced
CCW vortex diminishes and the CW vortices
on the left and right wall get merged together
to form a single stronger vortex over the
entire cavity.

The isotherm patterns are strongly depen-
dent on circulation in the cavity. For the first

y=30°

y=90°

case (y= 30°), due to the CW vortex at the
right wall, the hot fluid has little set over on
the right side from the mid portion of the
bottom wall. In the second case (y= 900), due
to natural convection dominance, the distri-
bution of isotherm is almost symmetric about
the mid vertical plane and the formation of
plume can be observed. In the third case
(y=150°), due to the single CW vortex, more
amount of hot fluid can be found on the left
portion of the bottom wall. The reason behind
these patterns of isotherms and streamlines
can be realized from the magnetic force term
in the governing equations. As the magnetic
field inclines, the sharing of this force in the
horizontal and vertical directions changes. It
results in change in contour patterns.

y=150°

%&4.

“//

-

Fig.5. Effect of y variation on flow fields (streamlines—first row) and thermal fields
(isotherms—second row) for Ha = 30, Re = 200, Ri = 10.
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3.5 Heattransfer analysis (Nu)

Fig.6 shows heat transfer characteristics for
the present investigation. Fig.6a showing Nu
variation against Ri indicates that heat
transfer enhances almost linearly with the
increment of Ri. For fixed Re (= 200) and Ha
(= 30), it is expected as Ri directly increases
the value of Grashof number Gr and thereby
the strength of the natural convection. Fig.6b
depicts that with increasing Re, heat transfer
increases due to increasing thermal
convection from the shear-induced flow.
Furthermore, from Fig.6c, it is very clear that
due to damping effect of magnetic force, the
average Nu value decreases with increasing
Ha. An interesting trend of the variation of
heat transfer with the change in inclination of
the magnetic field is observed in Fig.6d. The
inclination angles around y = 90° indicate
maximum heat transfer.
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Fig. 6. Effect of parametric variation on
average Nusselt number (Nu).

4. CONCLUSIONS

The study presents buoyant flow in the cavity
heated linearly from the both ends of the
bottom wall applying magnetic fields. The
involved parameters, Re, Ri, Ha and
inclination angle of magnetic field, are
analyzed systematically using isotherms and
streamlines along with Nusselt number. The
major observations are concluded below:

e Heat transfer in terms of Nu increases
with decreasing rate of increasing Ri.

e Higher Reynolds number has more
impact on the heat transport in the
cavity.
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e From the high Nu as Ha increases, heat
transfer reduces at faster rate (due to
damping effect of magnetic force)
affecting the flow structure severely.

e The inclination of magnetic field also
markedly affects fluid flow in the cavity
and thereby influences heat transfer
process.

Above-mentioned observations are impor-
tant for controlling thermal devices under
similar configuration. The present work
contributes in the area of multi-physical
thermal systems involving buoyancy,
magnetic force and wall-induced shear force.
It would enrich the fundamental knowledge in
this area and provide useful background
information for design and operation of
similar systems.
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