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ABSTRACT

Double diffusion convection is a complex heat and mass transfer mechanism where
the density change is governed by both temperature and concentration differences.
This phenomenon is widely noticed in the distinct natural and real processes, various
disciplines of science and engineering, and several industries like oceans, transfer of
contaminant/moisture in air, H>O and soil, geology, biotechnology, heat exchangers,
thermal insulations, electronic equipment, solar collectors, drying process,
manufacturing of crystal and so on. In view of this, the current study deals with the
combined heat and mass transfer within a square domain comprising of steady,
laminar, and mixed convective flow of H>O (Pr = 5.83); subjected to differential
heating and concentration boundary conditions together with the non-magnetic (Ha =
0) and the magnetic effects. This work is numerically conducted by considering
Galerkin’s finite element technique and the same is utilized to discretize the relevant
governing transport equations which are considered in the non-dimensional form for
the present simulation. Here, the solution results are explained through a broad range
of variations of dimensionless numbers such as Reynolds number (= 10 < Re < 100),
Richardson number (= 0.1 < Ri < 10), Lewis number (= 1 < Le <5), Buoyancy ratio
(=-10 < N £10), and Hartmann number (= 0 < Ha < 80) and their pertinent effects of
variation are highlighted through the various visualization plots such as Streamlines,
Isotherms, Iso-concentration curves, Heatlines, Nuayg and Shayg to recognize the fluid
flow field along with the thermo-solute transport process within the enclosure. Further
to that, this numerical examination implies the parametric conditions for which heat
and species transfer inside the cavity tend towards the optimization. Quantitatively, it
is established that optimum thermal transport phenomena within the enclosure is
attained under the parametric conditions of Re = 100, Ri = 0.1, Le =1, N =1, and Ha
= 0 for which Nuayg = 5.5381. Also, the optimum species transfer within the cavity is
achieved for the parameters Re = 50, Ri = 0.1, Le =5, N = 1, and Ha = 0 leading to
Shavg = 5.4501.
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NOMENCLATURE

magnetic field (N A1 m?)
acceleration due to gravity (m s2)
cavity height (m)

cavity depth (m)

cavity aspect ratio

Hartmann number

dimensional pressure (Pa)
dimensionless pressure

Prandtl number

Lewis number

average Nusselt number

average Sherwood number
Richardson number

Reynolds number

Buoyancy ratio

dimensional temperature (K)
dimensional coordinate axes
nondimensional coordinate axes
dimensional velocity components (ms™)
nondimensional velocity components
nondimensional temperature
nondimensional concentration
density (kg m=)

kinematic viscosity (m?s?)
thermal expansion coefficient (K ™)
solutal expansion coefficient
thermal diffusivity (m?s™?)

mass diffusivity (m?s?)
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CHAPTER -1

Overview of the Work

1.1 Introduction

Dual diffusion-based convection is a thermo-solute transport mechanism
where fluid motion is caused due to the combined action of thermal and concentration
buoyant forces produced by respective changes in temperature and concentration.
Here, variation of density is ruled by the temperature as well as concentration
gradients. Fluid flow under this situation is significantly affected by the relative
magnitudes of thermal and concentration buoyant forces. A literature survey reveals
that in recent years, several researchers have analyzed the combined heat and mass
transfer process both experimentally and theoretically. However, most of the studies
are numerical based because of involved process complexities. This phenomenon is
frequently observed in the different natural processes, multiple engineering fields, and
various industries like oceans, lakes, ambient, transfer of contaminant/moisture in the
air, H.O and soil, pollutant transfer in ground water, geology, medical (cancer-
treatment), biotechnology, astrophysics, heat exchangers, removal and storage of heat,
thermal insulations, cold storage and refrigeration systems, electronic equipment,
cryogenics, MEMS, multi-shield structures in case of nuclear reactors, furnaces, solar
collectors and ponds, printing, drying process, food processing, chemical processing
equipment, manufacturing of crystal, glass production, solidification of alloys,
petrochemical processes, cooling and heating of buildings, storage and transport of
liquefied natural gas, buildings ventilation system design and so on.

Double diffusive natural (gravity-induced) and mixed (lid-driven flow)
convective flows within a cavity are frequently experienced and studied due to their
wide range of applications in distinct kinds of geometries such as rectangle, square,
triangle, trapezoidal, spherical, cylindrical, ellipsoidal, sinusoidal, and so on.

Double diffusion free convection is established due to cumulative temperature
and compositional gradients. It is a very popular thrust area associated with the
thermo-fluidic study. As per the literature, combined heat and mass transport
processes involving buoyancy-induced cavity flow have been investigated by many
investigators in recent decades because of their wide range of environmental,

scientific, engineering, and industrial uses such as atmosphere, pollutant transport



(within H2O, Air and soil), ocean currents, lakes, geo-science, astrophysics,
chemistry, biology, double pane windows, solar ponds and collectors, printing, energy
storage devices, heat exchangers, chemical and nuclear reactors, the process of
drying, storage of food, sterilization, material processing, casting-solidification,
metallurgy, fabrication of semi-conductor devices utilizing the crystal growth process,
storage tanks for natural gas, ventilation of home, cabins of aircraft, etc.

Thermo-solute free convection plays a significant role in the growth of
crystals where it influences temperature and concentration of fluid at the interface of
phase leading to a unit crystal of poor quality because of the turbulence effect. The
process of solidification in a binary alloy is significantly affected by this process.
Crystal growth serves as the basis for the manufacturing of electronic appliances and
equipment such as infrared detectors, transistors, memory and microwave devices,
and ICs.

Double diffusion hybrid convection is a complex flow phenomenon happening
due to the joint effect of shear-induced flow and temperature-concentration gradient
leading to buoyancy-induced flow. In such context, flow in a differentially heated or
cooled lid-driven geometry is a necessary and extremely familiar arrangement. The
mixed convection process having thermo-solute transport has been examined by
multiple authors in the last few decades; as this process finds numerous applications
in practical engineering and industrial processes such as heat exchangers, spray and
flash drying, dehydration and drying processes in food and chemical processing
plants, atomized liquid fuels combustion, material processing, contaminant transport,
separation process, evaporation of cyclone, etc.

In the process of drying, thorough knowledge regarding the physics involved
is essential for the efficient operation of the drying equipment. Here, the presence of
both temperature and compositional gradients leads to intricate flow configurations
within the drying container and subsequently enables the possible moisture transport.
A conventional drying system may be considered as a cavity such that its lower
surface is subjected to heating to ensure the liquid solvent evaporation, whereas the
upper surface is kept cold for the condensation of vapor solvent at that place.
Ultimately, mechanical material handling namely belt conveyor is used to eliminate

the unwanted moisture or contaminants.



1.2 Literature Survey

The double-diffusive convective transport process involves many complexities
because of the impact of different factors such as mixed flow regime, complicated
geometry shapes, MHD and nanofluid flow, distinct heating-concentration conditions,
and porous media, non-Newtonian fluid flow, etc. The effects of each of the elements
on simultaneous heat and mass transfer are presented and discussed subsequently in
detail through the extensive studies carried out by multiple researchers.

Over the last few decades, lots of works have been carried out on lid-driven
cavity flow including thermo-solute transport by various authors. In this context, Al-
Amiri et al. [1] conducted a numerical study on the laminar double-diffusive mixed
convective flow of a binary fluid inside a square lid-driven cavity by using the
Galerkin’s finite element technique. It is found that heat transfer (average Nusselt
number Nuayg) and mass transfer (average Sherwood number Shayg) characteristics
inside the geometry are enhanced under the conditions of the low value of Richardson
number Ri = 0.01 and high value of buoyancy ratio N = 100 at Lewis number Le = 1.
Steady double diffusion mixed convection within a rectangular enclosure was
numerically inspected by Teamah and El - Maghlany [2] with the aid of the finite
volume code. They observed that heat and mass transfer rate both increase with the
reduction in Ri value and increment in the positive value of N. Teamah et al. [3]
numerically reported for the double diffusive-mixed convective flow of H>O in an
inclined geometry. This work aims to observe and analyze the tilting effect of the
cavity on the flow, thermal and mass fields.

Free convective heat and mass transfer mechanism inside numerous
geometries of regular shapes like square, rectangle, parallelogram, triangle,
trapezoidal, rhomboidal, cubic, cylindrical, spherical, ellipsoidal, etc. has been
extensively examined by several researchers in the last few years due to enhanced
requirement of the heat and mass transfer in practical applications. Qin et al. [4] have
used finite difference approach to perform the study of double diffusion natural
convection mechanism inside a rectangular enclosure with differential temperature-
concentration effect. It is noticed that the average Nusselt number (avg. Nu)
diminishes with the increment of Le for Le < 0.35 and enhances for the increase of Le
with Le > 0.35. However, the avg. Sh rises every time with the increase of Le. Chen

et al. [5] have mathematically investigated for the unsteady double diffusion and



turbulent free convective flow in square geometry by the help of the lattice Boltzmann
model. Rahman et al. [6] have numerically worked for a solar collector of isosceles
triangle shape having the double-diffusion free convective flow of air by using
Galerkin’s finite-element approach. It was noted that both heat and mass transport
rises with an increment of the Rayleigh number and buoyancy ratio. Corcione et al.
[7] have performed numerical simulation on unsteady double diffusion and laminar
free convection by taking a 2-D square cavity involving a binary fluid. Nazari et al.
[8] have utilized the lattice Boltzmann technique of numerical investigation for the
double diffusion free convection by considering a square geometry having warm
obstruction of square configuration. The outcome of this work is that both Nuavg and
Shavg enhance for the increment of Rayleigh number and cavity aspect ratio. Koufi et
al. [9] have worked on steady heat and species transfer process involving the laminar
free convective flow of either Air or Air-CO, within a differentially heated square
geometry by employing the finite volume technique. Arun et al. [10] have conducted
the numerical study by utilizing the lattice Boltzmann technique for combined heat
and mass transfer problems involving steady buoyancy-induced laminar convection
within a computational domain having an open end at the right side. The study reveals
that both Nuayg and Shavg enhance with the increment of aspect ratio. Said et al. [11]
have numerically computed by using ANSYS Fluent CFD software for the thermo-
solute free convective phenomena along with entropy evolution within a differentially
heated -concentrated square-shaped enclosure comprising of air-CO2 binary mixture
under a turbulent flow regime. It is observed that entropy generation is significantly
affected by N and it tends to be minimum for N = -1 at a higher value of the thermal
Rayleigh number,

Actual life problems frequently deal with the complicated shapes, irregular
sizes and sinusoidal configurations of enclosures. Thus, in recent days various authors
have concentrated towards the study of the thermo-solute buoyancy-induced
convective flow phenomena within such typical cavities. In this connection, Ghernoug
et al. [12] have considered a horizontal eccentric annulus which is a cylinder in shape
for the numerical estimation of steady double diffusion and laminar free convective
phenomena. Here, the interior and exterior walls of the cylinder are at high and low
temperature-concentration effects respectively. Taloub et al. [13] have numerically
computed with the help of Patankar’s finite-volume technique through consideration

of a special kind of geometrical annulus passage formed by two horizontal elliptic



cylinders involving double diffusion and laminar free convective flow of air. It is
reported that both Nuavg and Shayg enhance with an increment of the thermal Rayleigh
number. Al-Farhany et al. [14] have performed numerical research by using the
Galerkin’s technique of finite-element for the combined heat and mass transfer
process involving the steady, free, and laminar convective flow of moist air within a
complicated 2-D enclosure configured in a staggered way having two obstacles in
equi-triangle form. This study reveals that both Nuavg and Shayg reduce when the inner
triangle size is increased. It is observed that highest successive decline of Nuayg and
Shavg is 15.3% and 5.1% for the rise of triangle size at fixed magnitudes of Ra = 10°
and Le = N = 4. Eshaghi et al. [15] have carried out numerical analysis with the aid of
a finite element approach for the steady double diffusion buoyancy-induced laminar
convective flow of Cu-Al>.03-H,0 based nano-fluid within a typical geometry of H-
shape having an inside baffle placed at the upper surface. This study implies that
enhancement in Nuayg occurs by 0.1% for variation of baffle orientation from 0° to -
60°; whereas improvement in Shay occurs by 0.2% for a change of baffle orientation
from 0°to +60°.

Magneto-hydrodynamics (MHD) is the branch of fluid mechanics dealing with
the action of an external magnetic field on fluid motion. Magnetic field acts as a
significant damping agent to regulate the convective fluid flow involving heat and
species transport within geometries of practical interest. This is since Lorentz force
produced in a translating fluid by the application of a magnetic field reduces the fluid
motion, flow strength, and hence associated heat-mass transfer. The magnetic field
intensity is given by the Hartmann number (Ha) and the increment in Ha results into
rise of the Lorentz force magnitude. MHD effect is widely observed in manufacturing
sectors and engineering problems such as metal processing, casting of metal, growth
of crystal, micro and nano-electronic systems (miniaturization purpose), food-
processing, drying industries, thermal insulations, cooling of nuclear reactors, Petro-
chemical industries, cavity-based flow, flow of jet, geothermal energy reservoirs, bio-
medical (plasma therapy), and so on. Fluid flow pattern along with temperature-
concentration at the time of solidification in case of casting and crystal growth is
controlled by the exposure of magnetic field.

Henceforth, double diffusion MHD convective flow together with entropy
generations within enclosures has been largely investigated by researchers as a key

research domain in recent times. In view of the same, Moolya and Satheesh [16] have



considered a lid-driven inclined rectangular geometry with differential heating-
concentration effect for numerical analysis of the double-diffusive mixed and MHD
convective flow. It is concluded that both Nu and Sh increase with the increment of
cavity inclination and they decrease with the increase of Hartmann number. Also, the
optimum value of cavity tilt is 60° for N = 1 and it is 30° at N = —1 to obtain
improved heat and mass flow. Moolya and Anbalgan [17] have considered an inclined
rectangular cavity for numerical analysis of the double-diffusion steady and mixed
MHD convection flow problem by using the finite volume method. This work reveals
that maximum heat (Nuayg = 27.35) and optimum mass transfer (Shag = 34.79) are
attained under the conditions of Ri = 10, Ha = 0, and Pr = 7 when cavity orientation is
60°. Teamah and Shehata [18] have carried out a numerical study with the aid of the
finite volume technique for the steady double-diffusion free convection mechanism
inside a 2-D trapezoidal cavity with various inclination angles and imposed to
magnetic effects in a horizontal direction. Here the geometry is chosen such that its
bottom wall is warmer having high concentration, inclined walls are colder with low
concentration, and the remaining top wall is taken as to be insulated and impermeable.
Maatki, Ghachem et al. [19] have conducted a numerical study on thermo-solute free
MHD convection inside a 3-D cubical enclosure having binary fluid. The outcome of
this investigation is that the flow within the cavity gets reduced with an increment of
the magnetic field inclination. Maatki et al. [20] have used the finite volume code for
numerical analysis of the steady double diffusive and laminar free convective flow of
a binary mixture by considering a 3-D cavity in cubic shape under impacts of
magnetic field. The motive of this work is to estimate the entropy generation within
the enclosure. This study reveals that entropy evolution rises with increment in Ha
and subsequently, it becomes homogeneous throughout the geometry. Mondal and
Sibanda [21] have reported numerically by using the finite-difference technique for
the transient state double diffusive and MHD free convective flow of air inside an
oriented rectangular cavity.

Reddy and Murugesan [22] have performed numerical investigation by using
Galerkin’s finite—element approach for the MHD free convective flow together with
heat and mass transport inside a square enclosure subjected to differential
temperature-concentration effect. In this study, they have used different working
substances such as Gallium, H2O, and gas. Transient thermo-solute and free laminar

convective flow of H2O within a square geometry imposed to the magnetic field is



mathematically computed with the help of MATLAB code by the Venkatadria et al.
[23]. All wall surfaces of the enclosure are adiabatic and impermeable except the left
one having uniformly heated and concentrated. Sathiyamoorthi and Anbalagan [24]
have adopted the lattice Boltzmann method for numerical computation of the double
diffusion free convection mechanism inside an oriented geometry subjected to a
magnetic field. This work tells that effect of geometry inclination is significant at a
large Ra value. Mahapatra and Mondal [25] have utilized the finite difference
technique of numerical investigation for the combined heat and mass transfer along
with steady buoyant convection within a 2-D trapezoidal-shaped cavity subjected to
the magnetic field impact. The primary purpose of this work is to perform heat and
mass line analysis with a distinct cavity aspect ratio. Mojumder et al. [26] have used
the Galerkin’s weighted residual iterative approach of finite element for the numerical
investigation of steady double diffusion and laminar free MHD convective
phenomena inside a differentially heated-concentrated square-shaped enclosure
having cylindrical isothermal obstruction internally located at the very middle of the
geometry. They have carried out parametric investigation in terms of the Ha (= 0 —
50), Le (=1 - 20), and Buoyancy ratio (N = -5 to 5) at Pr = 0.71 and Ra =10%.

It is the low thermal conductivity value of conventional fluids (H20, air, oil,
glycerol, engine oil, ethylene glycol and so on); which enables their limited use for
the engineering and industrial applications requiring enhanced heat transfer (cooling)
performance. Investigators are largely focused to increase the thermal transport
phenomena by inventing new techniques. In such a context, nanofluid technology
plays a significant role. The term ‘nano liquid’ was very first introduced by Choi.
Nanofluids have higher effective thermal conductivity as compared to the base fluids
and subsequently, their employment result in enhanced heat transfer of thermal
functioning systems. They are formed by mixing pure metals and their oxides as
nanoparticles (size: 1 — 100 nm) such as Ag, Cu, CuO, Al, Ni, Al203, Fe203, TiOy,
etc. within carrier fluids. Solid nanoparticles usually consist of three layers namely
surface, core, and shell. The thermal transport features of these smart fluids are
primarily affected by the thermos-physical behaviors of the nanoparticles and the
traditional fluid together with size, shape, and volumetric concentration of
nanoparticles. Sometimes hybrid nanofluids are considered and they are developed by
adding two distinct solid nanoparticles within the conventional fluid. In such a

context, Cu-Al;03 is frequently adopted by the investigators. Nowadays, nanofluids



are employed in a significant manner for industrial utilities and engineering purposes
like electronic equipment cooling, refrigerants, heat exchangers, nuclear reactors,
material science, bio-medical and chemical field, microfluidics, fuel cells, solar
devices and systems (solar cells, solar heaters and collectors) and many more.
Dual-diffusion convective flow of nanofluids is an interesting subject of
research. In recent years, multiple works have been carried out by various
investigators for the combined heat and mass transport phenomena involving a
buoyancy-induced convective flow of nanofluids within distinct enclosures as a thrust
research area. In this connection, double-diffusion laminar mixed convection of
Al>03-H20 nanofluid in a 2-D trapezoidal enclosure subjected to a vertical magnetic
field is numerically studied with the aid of the finite difference method by Mondal
and Mahapatra [27]. The sole aim of this work is to minimize the entropy generation.
It was found that entropy generation is minimum at low value of Ha and cavity aspect
ratio, especially at lower Ri = 0.01. Shah et al. [28] have numerically reported for the
steady double-diffusive and mixed convective laminar flow of nanofluid within a
trapezoidal geometry involving an obstacle (cold) in elliptic form. In this work,
transport equations are solved by considering the finite-element technique using
Galerkin’s weighted residual iterative approach. Esfahani and Bordbar [29] have
adopted the finite-volume methodology for numerical investigation of the double-
diffusive steady and laminar natural convective flow phenomena of water-based
nanofluid within a square geometry subjected to differential heating and
concentration. Here, different nanoparticles (Ag, Cu, Al.O3, TiO) are used for the
analysis purpose. This work implies that optimum heat transfer is attained for Ag
particles. Sheikhzadeh et al. [30] have numerically worked for Al>03-H>O nano-fluid
flow inside a square cavity involving double diffusion free convection mechanism by
using the finite-volume technique together with the SIMPLER algorithm. Chen et al.
[31] have used the lattice Boltzmann methodology for the numerical examination of
the unsteady double-diffusive and free convective flow of SiO2-H>O nano-fluid within
a rectangular enclosure. This work concludes that entropy generation decreases with
the increment in nanoparticle concentration. Free convection involving heat and
species transfer within a geometry of window like shape having three obstructions in
form of square along with the nanofluid flow has been mathematically investigated
with the aid of Galerkin’s finite-element approach by Chowdhury et al. [32]. They
have utilised different nanoparticles like Ag, Cu, Al>O3z along with H,O for the



investigation purpose and reported that thermo-solute transfer is optimum when Ag is
used as the nanoparticle along with the carrier fluid H20. Abidi et al. [33] have used
the finite-volume technique for the combined heat and mass transport process within a
3-D cubic domain involving free convective flow of micro polar Al203-H20
nanofluid subjected to the hydro-magnetic impact. The study reveals that both heat
and species transfer get diminish at Ha = 0 and they tend to improve for Ha > 30 with
the addition of the nanoparticles.

Ali et al. [34] have used Galerkin’s finite element method for numerically
analyzing the combined heat and mass transfer process involving the steady laminar
free convective flow of Cu-H20 nanofluid within a square geometry under the MHD
effect. Steady double diffusion laminar free convection of H.O-based nanofluid using
Cu, Ag, AlxOs, TiO; as distinct nanoparticles inside a trapezoidal geometry imposed
to the magnetic field effect is numerically examined with the help of the finite-
difference technique by Mahapatra et al. [35]. They have observed that the thermo-
solute phenomena tend to be maximum for Ag and Cu nanoparticles. Saha et al. [36]
have conducted the numerical study with the help of the finite difference method on
steady heat and mass transfer phenomena along with laminar free convective MHD
flow of water-based nano-fluid inside a trapezoidal cavity by incorporating various
nanoparticles such as Ag, Cu, Al>O3, and TiOz. The study reveals that both Nuavg and
Shavg enhance when Cu and Ag are used as nanoparticles. Saritha and Kumar [37]
have numerically reported for a square geometry comprising of the steady and laminar
double diffusive free convective flow of Cu—H>O nano-fluid by using the SIMPLE
algorithm of the finite volume technique. Manaa et al. [38] have worked on combined
heat and mass transfer involving the buoyancy-induced convective flow of a
micropolar H,O-based nano-fluid within a cubical geometry by using the finite-
volume technique. They have applied various nanoparticles like Ag, Cu, Al>O3z, and
TiO2 from the analysis point of view. This work reveals that both Nuavg and Shayg
reduce with the augmentation of nanoparticle concentration. Al-Balushi et al. [39]
have carried out a numerical examination with the support of a finite element
approach for the thermo-solute and laminar free convective flow of magnetic
nanofluid (base fluid: H20, engine-oil, and kerosene and magnetic nanoparticles:
Fe304, SiO2, Mn-ZnFe;04, and CoFe20s) inside a 3-D rectangular-shaped cuboid
imposed to an inclined magnetic field. It is concluded that Mn-ZnFe,Os—kerosene

nanofluid has the highest heat transfer characteristics (optimum Nuayg) as compared to



the other nanofluid combinations. Umavathi et al. [40] have reported for the steady
thermo-solute and laminar free convective flow of H20-based nanofluid inside a duct
of rectangle shape by conducting numerical analysis with the help of the finite
difference method. They have used several nanoparticles like Ag, Cu, SiO,, Diamond,
and TiO>. It is observed that highest and minimum velocities are attained by the
application of Ag and Diamond respectively. Also, maximum and minimum
temperatures are established for SiO, and Diamond respectively. On the other hand,
maximum and minimum concentrations are obtained with Diamond and SiO:
respectively.

The positions of heating and cooling zones within the enclosure significantly
affect thermo-solute transport phenomena. Further to that, few real-life applications of
science and engineering (cooling of electronic systems, heat exchangers, medical and
nuclear science, solar energy storage, chemical and processing industries etc.) ask for
discrete and non-uniform heating. The discrete functions such as sinusoidal,
exponential, etc. are adopted as the non-uniform source of heat under this scenario. In
view of this, multiple authors have investigated for the convection heat and mass
transfer mechanism within different cavities with their surfaces subjected to partial
and non-uniform thermal arrangements. Past studies reveal that geometries subjected
to sinusoidal heating conditions result into augmented thermal transport features as
compared to the uniform heating case.

Uddin et al. [41] have numerically investigated with the aid of Galerkin’s
weighted residual iterative technique of finite-element method for the double-
diffusion unsteady, laminar, and mixed convective flow in a lid-driven trapezoidal
cavity subjected to uniform magnetic field along with uniform and non-uniform
(sinusoidal manner) heat-mass source combination at the bottom surface. It is
observed that heat and mass transfer rates for non-uniform heating and concentration
case are smaller as compared to the uniformly heated and concentrated situation. Nath
and Murugesan [42] have considered the flow of Cu-Al>03-H>0O mixed nanofluid
within a step channel having backward-facing subjected to an oriented magnetic field
along with partial heating situations for the analysis of steady double-diffusion mixed
and laminar convection phenomena in a numerical manner by utilizing the technique
of finite-element. This study tells that heat and mass transport increase for N > 0.
Gholizadeh et al. [43] have utilized the finite-difference technique for numerical

investigation of the unsteady double-diffusive and natural convective laminar flow in
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a trapezoidal domain having different orientations along with partial heating and
concentration. Parvin et al. [44] have numerically worked with the aid of Galerkin’s
finite-element technique for Al;O3-H20 nanofluid flow inside a partially heated
square cavity having double-diffusion steady and laminar free convection. This study
talks about the major impact of Ra and nanoparticle concentration on the thermo-
solute behavior inside the geometry taken. Nikbakhti and Rahimi [45] have
numerically investigated by using the finite-difference methodology on the steady
double diffusion and laminar free convection of air in a rectangular enclosure
subjected to partial temperature-concentration effect. They have taken nine distinct
thermal active regions for getting optimum transport conditions within the geometry.
Mahapatra et al. [46] have mathematically examined by adopting the finite-difference
technique for a transient double-diffusive and laminar mixed convective flow in a lid-
driven square enclosure imposed to uniform as well as sinusoidal heating-
concentration combination. Arani et al. [47] have conducted the numerical study with
the aid of a finite-volume technique for the flow of Al,O3-H,O nano-fluid inside a
partially heated and concentrated square geometry employing steady double-diffusive
and laminar free convection. The study implies that both Nuavg and Shavg enhance with
the increment in Ra and positive value of N.

Ghaffarpasand [48] has numerically worked on MHD mixed convective flow
of Cu—H20 nano-fluid along with combined heat and mass transfer within a square
geometry subjected to partial uniform heat flux. Here, the finite-difference approach
is used to solve the governing transport equations. He et al. [49] have conducted a
numerical study on the thermo-solute free convective flow of Cu-H>O nanofluid
within a square domain by using the lattice Boltzmann technique. Here, two vertical
partitions having heat conduction are connected to the top and bottom surfaces of the
cavity. This work reveals that the location of partitions plays a significant role
towards the heat-species transport phenomena. Parveen and Mahapatra [50] have
numerically reported for the thermo-solute magneto-hydrodynamic steady and free
convective flow of Al>Os-H>O nano-fluid within a wavy configuration having
entropy evolution. This investigation tells that both heat and mass transport enhance
with the increment of Ra and nanoparticle concentration. Also, a rise in total entropy
generation occurs with the increment of Ra. Afzalabadi et al. [51] have performed a
numerical study by adopting the lattice Boltzmann technique for the steady double

diffusion and laminar free MHD convective flow problem involving H>O-based
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nanofluids within a square geometry having internally placed thermo-solute source.
They have used distinct nanoparticles such as Ag, Cu, and Al>O3 and pointed out that
the most effective heat and species transfer are attained for Ag nanoparticles. Lu et al.
[52] have numerically investigated with the assistance of the lattice Boltzmann
technique for the thermo-solute buoyant-induced MHD convective phenomena inside
a square enclosure having an internal heat conducting partition. It is concluded that
heat and mass transfer tends to be optimum when magnetic field inclination is 90°.
Parveen et al. [53] have performed numerical computation on the combined heat and
mass transfer phenomena involving MHD free convective flow of Cu-H.O based
nanofluid together with entropy production within a peculiar oriented 2-D cavity of
dome-shape with discrete heating and concentration. It is reported that thermo-solute
transport and entropy evolution become lowest when the geometry inclination is 135°.

Porous media is having improved overall thermal conductivity implemented
by the researchers in recent times as an alternative technique to enhance the heat
transfer parameters. It comprises of solid matrix and pores occupied by one or more
liquids. Applications of a permeable medium are widely noticed and studied by the
investigators in natural processes, industrial operations, and distinct disciplines of
science and engineering like transport of moisture and contaminants in the soil,
swamp cooling, oceanography, geothermal systems, cooling of electronic chips and
equipment, solidification, heat exchangers, solar collectors, porous insulation systems,
porous bearing, drying, food processing and petrochemical industry, fuel cells, energy
storage medium, dumping of nuclear waste materials, thermal and material science,
hydrology, biology, the field of chemical engineering and many more.

As per literature, extensive studies were conducted during recent years by the
research community for the dual diffusion convection mechanism through the porous
media in distinct forms. In such context, Khan et al. [54] have numerically worked on
steady double-diffusion and laminar free convection in a 2-D right trapezoidal porous
cavity by using the finite-difference technique. The analysis reveals that both Nuayg
and Shavg enhance with the increase of corrected Ra and corrected buoyancy ratio.
Moukalled and Darwish [55] have numerically conducted analysis for a rhombic
annulus geometry of porous type having steady double diffusive and free convective
laminar flow by using the Patankar’s finite-volume technique. In this study, the
working substances are air and H>O. It was observed that convection phenomena are

predominant with the rise of Darcy number and porosity. Mondal and Sibanda [56]
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have carried out a numerical study on the transient double diffusive free convective
flow within a square cavity involving porous media by utilizing the finite-difference
technique. Chowdhury et al. [57] have carried out the numerical simulation with the
aid of Galerkin’s iterative approach of the finite-element for the flow of Al,03-H20
nano-fluid within a porous cavity in triangle shape involving steady double-diffusive
and laminar free convection. This work reveals that the heat and mass transport rises
and reduces respectively by the increment of nanoparticle concentration. Hadidi and
Bennacer [58] have numerically reported by using the finite-volume technique for the
combined thermal and mass transport along with free convection phenomena within a
3-D cubical geometry involving porous medium and binary fluid in the form of two
partial vertical layers. Stajnko et al. [59] have considered a cubic geometry involving
a porous medium for analyzing the combined steady thermo-solute and free laminar
convective phenomena numerically with the help of the boundary element approach.
This work reports that heat and species transfer increase with the increment of the
positive value of N. Transient double diffusion free convection around a cylindrical
geometry inside a 2-D cavity having porous media is numerically estimated by Xu et
al. [60] with the use of lattice Boltzmann technique. This work implies that both Nuayg
and Shayg increase with the rise of Darcy number when Le is kept constant. Li et al.
[61] have used a general finite difference approach along with the Newton-Raphson
technique for numerical investigation of the thermo-solute mechanism involving the
steady and free convective flow of a porous medium within a parallelogram-shaped
cavity subjected to differential heating-concentration effect.

Al-Farhany and Turan [62] have carried out numerical analysis with the aid of
finite volume methodology along with the SIMPLER algorithm for the steady thermo-
solute free convective mechanism inside an oriented porous cavity of square shape. It
is found that Nuavg and Shayg reduce and enhance respectively with the increment of
Le for N < -1. Steady thermo-solute buoyant and MHD laminar convective flow of
Al>03-H>0 nano-fluid saturated with porous media inside a trapezoidal geometry has
been numerically investigated with the assistance of finite-difference technique by
Saha et al. [63]. The outcome of this work is that heat and mass transfer rises and
reduces respectively with the increment of nanoparticle concentration. Also, thermo-
solute transport (Nuavg and Shayg) enhances with the augmentation of geometry aspect
ratio. Wang et al. [64] have numerically reported by using the lattice Boltzmann

approach for the double-diffusive free convective phenomena involving Al.Os-H20
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nano-fluid flow within a 2-D oriented square porous enclosure imposed to differential
heating-concentration along with MHD effect. This work implies the significant effect
of the increase of cavity orientation on heat and species transfer at a large value of the
Darcy number. Habibi and Zahmatkesh [65] have used the finite volume code
together with TDMA for the numerical investigation of combined heat and mass
transfer problems by considering free as well as the mixed convective flow of salt—
H>O based nano-fluids within porous geometries. They have incorporated several
nanoparticles such as Ag, Cu, CuO, Al>Oz, CNT, Co, Fe30s, TiO2, MgO, and ZnO for
the analysis purpose. The study concludes that thermo-solute phenomena become
optimum when CuO-salt-H>O is utilized as the nano-fluid for both free and mixed
convection flow regimes. He et al. [66] have utilized the lattice Boltzmann technique
for numerical analysis of the thermo-solute buoyant convection within a differentially
heated-concentrated square cavity comprised of two distinct porous media. It is found
that improvement in heat and species transfer occurs with the increment of N at a high
value of porosity. Marzougui et al. [67] have numerically analyzed for the combined
heat and mass transfer together with buoyant laminar convection and entropy
evolution within a trapezoidal-shaped porous geometry involving a binary ideal gas
mixture. It is concluded that net entropy generation enhanced with the increment of
the positive value of N. Reddy et al. [68] have performed numerical simulation by
adopting the Galerkin’s iterative approach of finite element for unsteady heat and
species transfer involving laminar free convective cross flow inside an oriented
trapezoidal-shaped porous cavity subjected to the differential temperature-
concentration effect. Magnetic field impact on steady thermo-solute free convective
flow together with entropy formation within a 2-D square enclosure having a porous
circular cylinder located at the center has been numerically examined with the
application of the lattice Boltzmann technique by Vijaybabu [69]. This work reveals
that entropy evolution rises remarkably with the increment of buoyancy ratio, Darcy
number, and magnetic field inclination.

Definite industrial operations deal with fluids possessing non-Newtonian
characteristics. Newtonian fluids do not obey Newton’s law of viscosity. Bingham
plastic, Pseudo-plastic and dilatant fluids are a very popular class of non-Newtonian
fluids. Examples of these fluids are fruit juice, ketchup, starch solutions, toothpaste,
soap solution, shampoo, lubricants, blood, saliva, colloidal suspensions, lava, glues,

paints, polymers (molten state), and so on. These fluids are imposed to combined heat
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and species transfer through free convection mode while their synthesis. Past studies
conclude that very less literature is available on non-Newtonian fluid flow, and it is
very difficult to numerically estimate the behavior of such fluids.

In this connection, Tizakast et al. [70] have conducted the numerical analysis
with the aid of the finite volume method for the double-diffusion mixed and laminar
regime of convection inside a rectangular enclosure containing non-Newtonian fluid.
In this work, the upper and bottom walls of the geometry are adiabatic and
impermeable moving with the same uniform velocity in opposite directions. However,
the vertical walls are given constant mass and heat flux. Kefayati [71] has worked on
Bingham fluid (Pr = 1) flow within a 2-D inclined differentially heated and
concentrated square enclosure involving laminar and free convective heat-mass
transport phenomena along with entropy evolution by using the finite-difference
lattice Boltzmann method. The investigation reveals that reduction in heat and mass
transfer happens with the increase of Bingham number. Also, this study tells that
reduction in net entropy generation is noticed for the increment of Bingham number
and Eckert number. The combined heat and species transport process involving 2-D
steady and laminar free convective flow of viscoplastic fluid as the working medium
within a porous square enclosure has been numerically analyzed with the aid of the
Lattice Boltzmann technique by the Kefayati [72]. This investigation reveals that
when Darcy number is varied from 102 to 10° then heat-mass transport decreases.
Hussain et al. [73] have utilized Galerkin’s technique of finite-element for numerical
computation of thermo-solute MHD and steady laminar free convective flow of
Casson fluid together with the entropy evolution within a 2-D staggered porous
enclosure. It is observed that both Nuayg and Shayg enhance for the rise of Casson
parameter. Additionally, net entropy generation reduces with the increase of Ha and
Le.

Makayssi et al. [74] have conducted a numerical study with the aid of the
finite difference method on combined heat and mass transfer phenomena involving
laminar free convective flow of Carreau shear-thinning non-Newtonian fluid medium
within a square-shaped enclosure. Nag and Molla [75] have numerically worked on
the thermo-solute free convective Al>Os- H>O-based nano-fluid flow inside a 2-D
square enclosure imposed to differential temperature-concentration effect for
analyzing the non-Newtonian impact by utilizing the finite volume code. In this work,

the non-Newtonian response of the fluid is illustrated with the application of the
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viscosity model of the power law. It is observed that both heat transfer (Nuavg) and
species transport (Shayvg) reduce with the increment of the power-law exponent. Kolsi
et al. [76] have used the Galerkin’s iterative approach of finite-element for numerical
investigation of the steady dual diffusion buoyancy-induced laminar convection
phenomena inside a square geometry comprising working substance as a porous
medium and non-Newtonian fluid layer distinguished through a sinusoidal interface.
It is observed that both Nuayg and Shayg reduce with the increment of the power law
exponent.

Liquid metals consist of low melting point alloys. They are in the liquid phase
at room temperature conditions, and this leads to their wider use as a cooling agent in
several engineering applications like nuclear reactors, metal processing and so on. In
such context, Sathiyamoorthi and Anbalagan [77] have conducted a numerical study
by using the lattice Boltzmann technique on combined heat and mass transfer along
with steady laminar buoyant MHD convective flow of NaK as liquid metal (Pr =
0.054) and entropy generation within a square geometry involving an insulated block
of rectangular shape placed at the very middle. The study reveals that total entropy
evolution enhances with the increment of Ra and Le. However, it reduces with the
increase of Ha. Further to that, Sathiyamoorthi et al. [78] have performed a numerical
investigation by adopting the lattice Boltzmann method on the steady double diffusion
and laminar buoyancy-induced MHD convective flow of liquid metal inside a 2-D
square enclosure incorporating an adiabatic block of rectangle shape positioned at the
very center. In this study, the various operating parameters are Ra (= 10°— 10°), Le (=
=2-10), N (=-2t0 2), and Ha (= 0 — 50).

1.3 Inspiration and Purpose behind the Work

Evidently, the above literature survey reveals that dual diffusive laminar
mixed convective flow of water within a square cavity subjected to differential
heating from left to right and differential concentration from top to bottom in the
absence and presence of magnetic effect has not been numerically investigated till
date. Therefore, this inspires us to perform further computational analysis on the
double diffusion hybrid convection mechanism having newly flow configuration to
cover such a study gap in the research domain and this also asserts the novelty of the

current work.
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The main purpose of this work is to conduct numerical simulation on
combined heat and mass transfer convective phenomena of H>O inside a lid-driven
square enclosure with differential temperature-concentration boundary conditions by
adopting two situations: a) without a magnetic field and b) with a magnetic field.
Here, the Finite Element Method based solver is used to numerically solve the
problem in hand and the results are interpreted in terms of the various non-
dimensional parameters namely Reynolds number (Re), Richardson number (Ri),
Lewis number (Le), Buoyancy ratio (N), and Hartmann number (Ha). The effects of
variation of these parameters are reported on Streamline contours, Isotherm plots, Iso-
concentration curves, Heatlines, global heat (Nuag) and mass transfer (Shavg)
characteristics to explore the thermo-fluidic behavior along with the species flow

within the geometry taken.

1.4 Structure of the Work

At the very beginning of Chapter 1, the introduction section incorporates the
fundamentals of the double diffusion convection process along with their practical
significance and utilities. Further to that, the associated literature review is
extensively provided and after that aim of the study along with its novelty is covered.
In continuation of this, Chapter 2 includes the mathematical modeling and numerical
technique associated with the problem, which is appropriately covered in sub-sections
2.1, 2.2, and 2.3. Then, Chapter 3 comprises of simulation results along with their
discussion as described in sections 3.1, 3.2, 3.3, 3.4, 3.5, and 3.6. Finally, the scope of
future extension of the present work is mentioned in Chapter 4. The list of pertinent
citations utilized to perform this numerical verification is provided at the end of
Chapter 4.

17



18



CHAPTER -2

Mathematical Modelling and Numerical Technique

2.1 Physical Description of the Problem

Here, Fig. 2.1 (a) represents a model of the problem adopted with the
computing domain as a 2-D square cavity (A = 1) having width W and height H,
incorporating H2O (Pr = 5.83) as the working medium. It is quite clear that the left-hot
wall and right-cold wall of the cavity is kept at uniform temperatures of Th and T¢
respectively and they are impermeable as well, causing no mass transfer through
them. Further to that the top and bottom walls are insulated, ensuring no heat transfer
through them and they are subjected to high concentration (cn) and low concentration
(cc). Also, the upper wall surface is imposed to rightward motion with velocity Uo
which results in the lid-driven enclosure. Gravity (g) works in a vertically downward
direction. It is important to mention here that buoyant forces are developed because of
differential heating-concentration conditions provided to the walls and these forces
are employed with the assistance of Boussinesq’s approximation. Therefore, the
referred problem can be defined as the double diffusion mixed convection one; where
forced convection effects are accounted for due to lid-driven geometry configuration
and buoyant forces establishing free convective flow.

U‘7 Uo

Adiabatic Adiabatic
Ch Ch
9, 9
(uvp,Te) B (uvp,Te)
Th HZO Te 8 : Th Hzo Te "
A AT
- Adiabatic C. T - Adiabatic C. 1
| W=H/A — | W=H/A —>|
(a) (b)

Fig. 2.1: Schematic Diagram for the Considered Problem Geometry (a) Absence of
the Magnetic Field and (b) Presence of the Magnetic Field.

In continuation of the above, Fig. 2.1 (b) shows the very similar type of
problem. Only the change is that a total and uniform magnetic field represented by the
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notation B; is applied to the computational domain in a horizontal direction to study
the magneto-hydrodynamic effects associated with the double-diffusive mixed
convective phenomena. Here, the magnetic field produces the magnetic force namely
Lorentz force which opposes the existing buoyant forces within the enclosure. The
intensity of such magnetic force is controlled by changing the value of Ha and which
is further utilized to govern the thermo-solute flow mechanism.

It is supposed that the fluid is Newtonian and incompressible. In the
momentum equation, body forces are considered by using the Boussinesq
approximation indicated by equation (1).

p = poll—pPr(T—T,) — Bs(c—c.)] 1)

For the current problem, the governing transport equations are formulated, and
they are given by the 2-D steady continuity, momentum, energy, and concentration

equations as follows:

=0 @
(ugp+ v5) = 22 +v(5E+55) ©)
(uf+ v3) = =224 0 (224 22) 4 gIBr (T~ T) = fs(c — )] (4)
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The above dimensional form of governing equations can be reduced to non-

dimensional form with the help of some suitable scaling factors as given below:

x=2y=2y=Ly=2Lp= p219=T_TC,C=_C_CC (7)
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The dimensionless equations are expressed as
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The pertinent boundary conditions are as follows:
Velocity: U=V =0atX=0,X=1,Y=0andV=0,U=1atY =1.
Temperature: 0 =1at X =0, 6=0at X=1 and

P _0atY=0Y=1 (13)

ay
Concentration: C:1atY:l,C:0atY:0andZ—;= 0atX=0,X=1
Again, the global parameters such as average Nusselt number and average

Sherwood number can be estimated by using the following formulas:

1 a0 1 ac
Nuayg = Jy (—55),_ dY and Shag = [ (=50) dX (14)

2.2 Numerical Technique

Here, Galerkin’s weighted residual iterative approach of finite elements is
employed to solve the problem by considering an appropriate grid size. The technique
is used to discretize the non-dimensional governing transport equations and
subsequently, solution results are generated. The results are presented through contour
plots like streamlines, isotherms, iso-concentration, heat lines and global parameters
(Nuavg and Shayg). The detailed working procedure of FEM is represented by the block

diagram as shown in Fig. 2.2.
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Fig. 2.2: Block Diagram Representation of the Solution Technique using FEM
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2.3 Validation Study

The previous published numerical work of Al-Amiri et al. [1] is considered
here for the validation of the present FEM code. In such context, Fig. 2.3 represents
the variation of the average Nusselt number with N (= -100 to 100) for two different
values of Ri viz. 0.01 and 1 by keeping Re = 100 and Le = 1 as a fixed value. It is
obvious that the results of the present work are in good agreement with the past
referred work of Al-Amiri and hence this justifies the validity of the solver.
Ultimately, the solver can be frequently adopted for the extensive simulation works
leading to good accuracy.
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Fig. 2.3: Comparison of the present FEM code with the Al-Amiri [1] work.
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CHAPTER -3

Results and Discussion

In the present chapter, the impacts of the change of distinct flow governing
variables along with their broad range like Re (= 10 — 100), Ri (=0.1 - 10),Le (=1 -
5), N (= -10 — 10), Ha (= 0 — 80) at Pr = 5.83 are highlighted for the chosen
computational domains involving the steady double-diffusive mixed convective
laminar flow of H>O together with imposed boundary conditions. The effects of these
controlling parameters are presented and discussed using the contours of streamline,
isotherm, iso-concentration, heat line and overall thermo-solute features represented

by average Nusselt (Nu) and average Sherwood (Sh) numbers, respectively.

3.1 Effect of Variation of Ri and Re

Fig. 3.1 represents variation of streamlines for various values of Ri (= 0.1, 1,
10) and distinct magnitudes of Re (= 10, 50, 100) at fixed valuesof N =1, Le =1, and
Ha = 0. It is noted that clockwise circulation is established within the cavity
throughout the study range. At Ri = 0.1 for all values of Re, the flow pattern is almost
identical having an increased density of streamlines in the middle of the cavity.
However, for Ri = 1 at Re = 50 and Re = 100 the vortices slightly shift towards the
upper right corner as compared to the Re = 10 cases. Again, it is observed that for Re
= 50 at Ri = 10 significant change occurs in the flow structure as compared to the Re
= 10 situation: with irregular and distorted vortex shape along with the appearance of
additional vortex formation near the bottom left corner. On the contrary, with a high
value of Re = 100 at Ri = 10 the additional vortex separates out from the main
vortices with expansion in the right direction. This is because, at a high value of Re,
the velocity of flow would be more leading to the enhancement in the transport

phenomena.
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Fig. 3.1: Streamline Contoursfor N=1, Le=1at Ha=0.

The distribution of the isotherms for distinct values of Ri (= 0.1, 1, 10) and
various values of Re (= 10, 50, 100) by keeping N =1, Le = 1, and Ha = 0 as fixed
parameters is represented through the figure Fig. 3.2. At Re = 10 for all values of Ri,
the temperature distribution is very much similar. Near the left wall, it is entirely
vertical but shows some orientation at the middle of the cavity. However, at Re = 50
significant change is noticed in temperature behavior, especially at Ri = 10 case,
where the temperature profile reflects the wavy pattern in the vicinity of the left hot
wall and non-linear feature throughout the cavity. Further to that for Re = 100 at Ri =
10, the non-linear isotherms shift towards rightward. As at a high Re value increase in
velocity leads to subsequent enhancement in heat transfer where forced convection

effects would dominate over the natural one.
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Fig. 3.3 represents variation of iso-concentration contours for various values
of Ri (= 0.1, 1, 10) and distinct magnitudes of Re (= 10, 50, 100) at fixed values of N
=1, Le =1, and Ha = 0. At Re = 10 for all values of Ri the mass contours are almost
identical with flat lines at the bottom and orientated towards the top right corner. Now
with all values of Ri for both Re = 50 and Re = 100, a major change in mass transfer
behavior is observed. This is because thinner concentration boundary layers are
produced near the low concentrated bottom wall. Also, the flow velocity is increased

at high magnitude of Re leading to subsequent enhancement in species transfer rate.
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Fig. 3.3: Concentration Curves forN =1, Le =1 at Ha = 0.

The distribution of the heat lines for distinct values of Ri (= 0.1, 1, 10) and
various values of Re (= 10, 50, 100) by keeping N =1, Le = 1, and Ha = 0 as fixed
parameters is represented through the figure Fig. 3.4. It is observed that with both Ri
=0.1and Ri =1 at Re = 10 the distribution of thermal energy is similar. However, for
Ri = 10 at Re = 10 heat lines slightly shift towards the left wall. In such a situation at
a high value of Ri, the transport of thermal energy happens through free convection
mode. When Re is further increased up to 50 and 100 then heat lines reflect the
notable change for all values of Ri; especially at Ri = 10. Since at a high value of Re,
transport of heat energy takes place in the rightward direction through the forced

convection regime.
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Fig. 3.4: Heat linesforN=1,Le=1at Ha=0.

3.2 Effect of Variation of Ri and Le

Fig. 3.5 represents variation of the streamlines for various values of Ri (= 0.1,
1, 10) and distinct magnitudes of Le (=1, 3, 5) at fixed values of Re =50, N =1, and
Ha = 0. It is noted that clockwise circulation is established within the geometry
throughout the study range. For all values of Le at Ri = 0.1, streamline contours are
almost identical. When Ri is increased up to 1 then the flow structure slightly shifts
towards the right direction. On the other hand, flow structure reflects irregular and
distorted vortex shape along with the appearance of additional vortex formation near
the bottom left corner for Ri = 10 at Le = 1. Further to that for Ri = 10 at Le = 3 and

Le =5 the additional vortex separates out from the main vortices.
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Fig. 3.5: Streamline Contours for Re =50, N = 1 at Ha = 0.

The distribution of the isotherms for distinct values of Ri (= 0.1, 1, 10) and
various values of Le (= 1, 3, 5) by keeping Re =50, N = 1, and Ha = 0 as fixed
parameters is represented through the figure Fig. 3.6. It is quite clear that temperature
distribution is almost identical for both Ri = 0.1 and Ri = 1 for all values of Le. On the
contrary, when Ri is increased up to 10 then significant change is recognized in
isotherms such that the temperature profile reflects the wavy pattern in the vicinity of
the left hot wall. However, they are very similar for all values of Le. It is important to
note here that the free convective mode of heat transfer is governing one at a high
value of Ri and at a high value of Le thermal diffusive effect would pre-dominate

over the mass diffusivity.
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Fig. 3.6: Isotherm Plots for Re =50, N = 1 at Ha = 0.

Fig. 3.7 represents variation of the mass contours for various values of Ri (=
0.1, 1, 10) and distinct magnitudes of Le (= 1, 3, 5) at fixed values of Re =50, N =1,
and Ha = 0. It is observed that the mass transfer pattern varies for all values of Ri at
Le = 1. However, these lines are almost identical for both Le = 3 and Le = 5 for
various values of Ri. As at the high value of Le, the thermal boundary layer would be
thicker than the concentration boundary layer. This ensures the enhancement in
species transfer which is going to take place from the top wall to the bottom wall of

the geometry.
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Fig. 3.7: Concentration Curves for Re =50, N=1atHa=0.

The distribution of the heat lines for distinct values of Ri (= 0.1, 1, 10) and
various values of Le (= 1, 3, 5) by keeping Re =50, N = 1, and Ha = 0 as fixed
parameters is represented through the figure Fig. 3.8. It is quite clear that thermal
energy distribution is almost identical in the case of both Ri = 0.1 and Ri = 1 for all
values of Le. On the contrary, when Ri is raised up to 10 for all values of Le then a
major change in the pattern of heat transfer is observed. At high Ri, transport of the
thermal energy is governed by the free convection regime of heat transfer from the

left to the right wall in the cavity.
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Fig. 3.8: Heat lines for Re =50, N=1at Ha=0.

3.3 Effect of VVariation of Ri and N
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Fig. 3.9 represents variation of the streamline for various values of Ri (= 0.1,
1, 10) and distinct magnitudes of N (= -10 to 10) at fixed values of Re = 10, Le = 1,
and Ha = 0. When N is increased from -10 to 1 for both values of Ri=0.1 and Ri =1

then there is no significant change noticed in the flow structure. However, it changes

for the increment of N from -10 to 1 at the higher magnitude of Ri = 10. Further to

this, for both Ri = 0.1 and Ri = 1 at N = 10 additional vortices appeared in the

geometry. In such connection, it is important to note that solute buoyancy force

counteracts thermal buoyancy force at a negative value of N. At N= 0, only thermal

buoyancy force exists. However, they become equal at N = 1. Also, for a positive high

value of N solute buoyancy force dominate over the thermal one.
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The distribution of isotherms for distinct values of Ri (= 0.1, 1, 10) and
various magnitudes of N (= -10 to 10) at fixed values of Re =10, Le=1,and Ha=0
is shown by Fig. 3.10. Here, temperature behavior remains almost the same for all
values of N along with various Ri values except for N = -10 and Ri = 10. This is
because, at a higher value of Ri, free convection governs the associated heat transfer
phenomena. Also, at a negative higher value of N solute buoyancy force opposes the
thermal buoyancy force.
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Fig. 3.10: Isotherm Plots for Re = 10, Le = 1 at Ha = 0.

Fig. 3.11 represents variation of the Iso-concentration contours for various
values of Ri (= 0.1, 1, 10) and distinct magnitudes of N (= -10 to 10) at fixed values
of Re = 10, Le = 1, and Ha = 0. Here, distribution of species transfer remains almost

similar for all values of N together with different Ri values except for the cases of N =
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-10, Ri = 10 and N = 10, Ri = 10. Since solute buoyancy force strongly resists the

thermal one at N = -10, Ri = 10 leads to the enhancement in species transfer. On the

other hand, the mass contours become almost flattered at the bottom and very middle
of the cavity for N = 10, Ri = 10.
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Fig. 3.11: Concentration Curves for Re =10, Le=1at Ha=0.
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Fig. 3.12: Heat lines for Re =10, Le =1 at Ha = 0.

The distribution of heat lines for distinct values of Ri (= 0.1, 1, 10) and

various magnitudes of N (= -10 to 10) at fixed values of Re =10, Le=1,and Ha=0
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is shown by Fig. 3.12. Clearly, the thermal energy transport pattern varies
significantly for different values of Ri at a particular value of N. In such a context, it
IS important to note that solute buoyancy force counteracts thermal buoyancy force at
a negative value of N. At N= 0, only thermal buoyancy force exists. However, they
become equal at N = 1. Also, for the positive high value of N solute buoyancy forces
dominate over the thermal one. Again, when Ri is increased from 0.1 to 10 then the

flow of heat energy is reported through the free convective heat transport mechanism.

3.4 Effect of Variation of Ri and Ha

Fig. 3.13 depicts the variation of the streamlines for various values of Ri (=
0.1, 1, 10) together with distinct Ha figures (= 20, 40, 80) at constant values of Re =
100, Le = 1, and N = 1. It is noted that clockwise circulation is established within the
cavity throughout the study range. With the increase of Ri at a particular value of Ha,
major changes happen in the flow structure. At a low value of Ha = 20, the magnitude
of Lorentz force is low and in such a situation buoyancy force dominates over the
earlier. However, when the value of Ha is raised up to 40 and 80 then enhanced
Lorentz force resists the fluid flow, leading to a decrement in the circulation strength.

The isotherm contours for various values of Ri (= 0.1, 1, 10) together with (=
20, 40, 80) at constant values of Re = 100, Le = 1, and N = 1 are presented by the Fig.
3.14. It is observed that temperature distribution within the cavity changes in a
notable manner for different Ri values together with a particular value of Ha. At a low
magnitude of Ha = 20 together with a higher value of Ri = 10, the natural convective
heat transfer rules over the conduction mechanism. However, the reverse mechanism
is noticed for a higher value of Ha = 80 at Ri = 10. This is due to the resistance
imposed by the Lorentz force; generated by the external magnetic field against the

buoyant forces.
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Fig. 3.15 illustrates the variation of the iso-concentration contours for various
values of Ri (= 0.1, 1, 10) together with distinct Ha figures (= 20, 40, 80) at constant
values of Re = 100, Le = 1, and N = 1. It is observed that for the distinct values of Ha
at Ri = 0.1, the concentration curves are flatter at the bottom and at the very middle of
the cavity. However, they appear with non-linear behavior at both Ri = 1 and Ri =
for the different Ha values. It is important to mention here that at the high magnitude
of Ha fluid flow is arrested, leading to the decrement in the mass transfer phenomena.
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Fig. 3.15: Concentration Curves for Re =100, Le=1,and N = 1.
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The heat lines for various values of Ri (= 0.1, 1, 10) together with (= 20, 40,
80) at constant values of Re = 100, Le = 1, and N = 1 are highlighted through the Fig.

3.16. It is noted that thermal energy distribution varies in a drastic way with different

Ri values at a particular value of Ha. Further to the dampening effect is less at a low

value of Ha = 20 but when Ha is raised to the high value say 80 then sufficient

dampings is imposed to the heat energy density.
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Fig. 3.16: Heat lines for Re =100, Le =1, and N = 1.

3.5 Heat and Mass Transfer Characteristics
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The global parameters such as Average Nu and Average Sh represent heat and

mass transfer features respectively and they are studied for a wide range of distinct

study parameters Ri, Re, Le, N, and Ha. The relevant discussion is as given below:

Fig. 3.17 shows the variation of average Nu with various values of Re and Ri

by keeping other parameters to be fixed. It is quite evident that Nuavg increases with

the increase of Re for various values of Ri taken. Further to this maximum average Nu
= 5.5381 is noted for high value of Re = 100 at low value of Ri = 0.1. This is because

at a high Re value, fluid velocity would be more and subsequently, heat transfer

would be augmented as forced convection effects would be dominating over the free

convection.
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Fig. 3.17: Variation of Average Nu with Reand Ri forLe=1,N=1,Ha=0.

Fig. 3.18 shows the variation of average Sh with various values of Re and Ri
by keeping other parameters to be fixed. It is quite evident that Shayg increases with
the increase of Re for various values of Ri taken. Further to this maximum average Sh
= 4.0278 is noted for high value of Re = 100 at low value of Ri = 0.1. This is because
at a high Re value, fluid velocity would be more and subsequently, species transfer

would be enhanced.
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Fig. 3.18: Variation of Average Sh with Reand Ri forLe=1, N=1,Ha=0.

Fig. 3.19 shows the variation of average Nu with various values of Le and Ri
by keeping other parameters to be fixed. It is quite evident that Nuavg increases with
the increase of Le for various values of Ri taken. Further to the maximum average Nu
= 4.5064 is observed for the high value of Le = 5 at a high value of Ri = 10. This is
because at a high Le value, thermal diffusivity would be more and subsequently, heat
transfer would be increased. However, it is noted that the free convection mode of

heat transfer would be dominating over the forced one at a high Ri value.
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Fig. 3.20 shows the variation of average Sh with various values of Le and Ri

by keeping other parameters to be fixed. Clearly, Shayg rises with the rise of Le.

However, Shayg decreases with the increase of Ri. Further to this maximum average,

Sh =5.4501 is observed for a high magnitude of Le = 5 at a low figure of Ri = 0.1.

This is because, at a low Ri value, fluid velocity would be more, and subsequently,

the associated mass transfer would be increased.
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Fig. 3.20: Variation of Average Sh with Le and Ri for N =1, Re = 50, Ha = 0.

46



Fig. 3.21 shows the variation of average Nu with different values of N and Ri
by keeping other parameters to be fixed. It is obvious that Nuayy decreases with the
increase of N for various values of Ri taken. Further to the maximum average Nu =
4.4102 is noted for a negative value of N = -10 at high magnitude of Ri = 10. Since at
a high N value, solute buoyancy force dominates over thermal buoyancy force and a
negative value of N the previous one counteracts the last one. Also, at a high value of
Ri free convection is the governing mode of heat transfer.
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Fig. 3.21: Variation of Average Nu with N and Ri for Le = 1, Re =10, Ha = 0.

Fig. 3.22 shows the variation of average Sh with various values of N and Ri by
keeping other parameters to be fixed. It is quite evident that Shayg decreases with the
increase of N for various values of Ri taken. Further to this maximum average Sh =
4.3188 is attained the negative value of N = -10 at the high magnitude of Ri = 10.
Since at a high N value, solute buoyancy force dominates over thermal buoyancy

force and at a negative value of N, the previous one counteracts the last one.
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Fig. 3.22: Variation of Average Sh with N and Ri for Le =1, Re = 10, Ha = 0.

Fig. 3.23 shows the variation of average Nu with various values of Ha and Ri
by keeping other parameters to be fixed. Evidently, Nuayg decreases with the increase
of Ha for various values of Ri taken. As with the increase of Ha, Lorentz force
enhance which counteracts associated buoyant forces. In view of the same, the
maximum average Nu = 5.5381 is obtained in the absence of a magnetic field (Ha =
0) at a low value of Ri = 0.1. Also, at a low Ri value, fluid velocity would be more,
and subsequently, heat transfer would be enhanced as forced convection effects would

be dominating over the free convection.
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Fig. 3.23: Variation of Average Nu with Ha and Ri for Le =1, N = 1, Re = 100.

Fig. 3.24 shows the variation of average Sh with various values of Ha and Ri
by keeping other parameters to be fixed. Evidently, Shayg decreases with the increase
of Ha for various values of Ri taken. As with the increase of Ha, Lorentz force
enhance which counteracts associated buoyant forces. In view of the same, maximum
average Sh = 4.0278 is obtained in the absence of a magnetic field (Ha = 0) at a low
value of Ri=0.1
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Fig. 3.24: Variation of Average Sh with Ha and Ri for Le =1, N =1, Re = 100.
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3.6 Conclusions

The current numerical work is established by considering the Galerkin’s finite
element iterative method for the solution of steady thermo-solute gravity-induced
laminar and mixed convective flow regime of H>O within a square enclosure
subjected to differential heating and concentration under magnetic and non-magnetic
effects. Here, the phenomena of fluid flow, heat flow, and mass flow within the cavity
is demonstrated by utilizing the effect of relevant study parameters such as Re, Ri, Le,
N, and Ha with their wide range of variations on streamline contours, isotherm curves,
iso-concentration plots, and Heat line contours as well. Also, the study reveals for the
parametric figures at which the optimum heat and mass transfer within the computing
geometry would be attained as indicated by the maximum value of Nuayg and Shayg
successively. The major outcomes of the present research work are summarised as
shown below:

a) Itis observed that Nuayg increases with the increase of Re for various values of
RiatLe =1, N =1, Ha=0. Also, maximum value of Nuay = 5.5381 is noticed
at Re = 100, Ri = 0.1. Here, forced convection is the governing mode of
thermo-solutal transport.

b) Shay enhances with the rise of Re for various values of RiatLe =1, N =1, Ha
= 0. Consequently, maximum average Sh = 4.0278 is obtained at Re = 100, Ri
=0.1.

c) It is concluded that average Nu increases with the increase of Le for various
values of Ri at N = 1, Re = 50, Ha = 0. Here, the maximum average Nu =
4.5064 is reported Le = 5 at Ri = 10 and the natural convection mode of heat
transfer would be dominating over the forced convection effects.

d) It is observed that average Sh rises with the rise of Le and decreases with the
increase of Ri at N = 1, Re = 50, Ha = 0. Thus, average Sh = 5.4501 is attained
forLe=5atRi=0.1.

e) Nuavg decreases with the increase of N for various values of Riat Le = 1, Re =
10, Ha = 0. Again, average Nu = 4.4102 is noted for N = -10 at Ri = 10.

f) Average Sh decreases with the increase of N for various values of Ri Further
to this maximum average Sh = 4.3188 is attained negative value of N = -10 at
high magnitude of Ri=10at Le =1, Re =10, Ha = 0.
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g) Itisfound that Nuayg decreases with the increase of Ha for various values of Ri
at N =1, Le = 1, Re = 100. Ultimately, maximum average Nu = 5.5381 is
obtained for Ha = 0 at Ri = 0.1. As with the rise of Ha, the increased Lorentz
force opposes the buoyant forces.

h) Shavg reduces with the rise of Ha for various values of Riat N =1, Le =1, Re

= 100 and maximum average Sh = 4.0278 is achieved for Ha=0 at Ri = 0.1.

From the above outcomes, finally it can be concluded that optimum thermal
transport phenomena within the geometry is noticed under the parametric conditions
of Re =100, Ri =0.1, Le=1, N =1, and Ha = 0 at which Nuayg = 5.5381. Further to
that, optimum species transfer within the cavity is established under the parametric
conditions of Re =50, Ri = 0.1, Le =5, N = 1, and Ha = 0 at which Shay = 5.4501.
The findings of this study will enrich the knowledge on the thermo-solutal transport

process.
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CHAPTER -4

Scope of Future Work

As dual diffusion hybrid convection mechanism is frequently observed in the
nature, various domains of science and engineering, and a lot of industries. Although,
it is an extremely complicated thermo-solute transport phenomenon. In the past,
several studies were conducted on it numerically as well as experimentally. Also,
plenty of the research work is going on the subject topic of interest by multiple
investigators nowadays.

In the current study, we have limited our attention on the 2-D, steady, laminar
combined heat and mass transfer convective flow problem involving differentially
heated-concentrated classical lid-driven square cavity comprising of H.O as the
working media imposed to both magnetic and non-magnetic effects by performing
numerical verification.

In view of the above, this steady mode of study can be further extended in the
upcoming future works by implementing the distinct conceptions such as 3D,
unsteady, and turbulent flow regime, several working substances (air, nano-liquids,
porous media, non-Newtonian fluids), complicated geometries, non-uniform boundary
conditions of heating and concentration, mass line analysis and entropy evolution
phenomena within the computational domain of interest.

Furthermore, the investigation could be extended by designing a suitable
experimental setup involving various multiphysical scenarios. In fact, the mixed
convective double-diffusive transport process could be explored by adopting free
aspiration of the surrounding fluids, which will provide more insights into the

practical application process.
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