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GENERAL INTRODUCTION

Energy exists in different forms according to thermodynamics, the science that deals
with different forms of the energy, or more specifically, the amount of energy in which a system
interacts with its surrounding, and the term energy here can refer to heat. However, in
engineering, the interest is the rate of the transferred heat, which is a heat transfer science matter.
The latter is the science that deals with the determination of that rate.

The heat transfer is encountered in many engineering applications such as cooling of
electronic devices, thermal design of building, nuclear power, solar collectors, heat exchangers,
refrigerators, radiators and many other systems. Those systems are mainly built on basis of heat
transfer analysis, or in particular, convective heat transfer analysis for most of them, which is
one of the mechanisms in which heat transfer occurs (in addition to conduction and radiation).
Convection as an interdisciplinary requires an understanding of a two older disciplines, fluid

mechanics and heat transfer.

Scientists and researchers have investigated many problems involving convective heat
transfer phenomena in cavities, where both fluid flow and heat transfer have a significant
importance, which makes the analytical solution of such problems very difficult to obtain, and
mostly available for limited cases, as complexities can arise because of complex geometries and
boundary conditions. To solve those problems and overcome those complexities and the high
cost and time consumption of the experimental approach, the numerical solution is introduced

which uses algorithms and computer development to yield a reliable solution for such problems.

In the present investigation, a more complex problem will be encountered since the
mixed convection (combined free and forced) will be investigated in a new geometry with the
objective of analyzing the heat transfer, thermal performance as well as the influencing
geometry and fluid flow parameters and to provide a correlation for the heat transfer
performance for such geometry. The solution will be obtained through solving the set of
governing partial differential equations of continuity, momentum, and energy, using the

commercial numerical, finite volume method based, CFD code of ANSYS Fluent.




General introduction

Although we will employ the numerical approach, the difficulty of the problem requires
assumptions and approximations, which we will build our solution around them, namely the
Boussinesq approximation, the negligible viscous dissipation in the energy equation and the
heat transfer by radiation, the incompressibility of the fluid and the constant thermos-physical

properties, and the fluid flow will be exclusively laminar.

The dissertation illuminating the present work will consist of four main parts or chapters,
in the first section, the basic fundamental concepts of the heat transfer in general, and mixed
convection in particular, will be introduced with examples of industrial applications of the latter
phenomena to point out its importance. Following that, a literature review of most recent works

in the field of combined convection will be presented as well.

Afterwards, a second chapter will focus on the mathematical formulation of the studied
problem, introducing the physical and mathematical model, relying on the cornerstone
equations of the computational fluid dynamic and the employed assumptions. Those equations
of continuity, momentum, and energy are then transformed into their dimensionless form to

point out to the governing non-dimensional parameters.

Thereafter, a third section in which, the basics and advantages of the numerical analysis
and the finite volume method will be presented, alongside the theory behind the latter numerical
method formulation with details of discretization process of the governing equations.
Algorithms of calculation and steps of setting up the solver from geometry modeling, meshing

and selecting the different solution required parameters will be the final part in this chapter.

Eventually, a mesh independency test and validation of the employed CFD code will be
conducted, and then a detailed presentation and discussion of the obtained results will be
undertaken. Finally, the dissertation is rounded off with a conclusion conveying the outcomes

and recommendations for present work.
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1.1 Introduction

Convective heat transfer, or just convection, is the study of heat conveyance process
effected by the fluid flow. The very word convection has its roots in the Latin verbs convecto-
are and conveého-veéhére [1],which mean to bring together or to carry into one place. Convective
heat transfer has grown to the status of a contemporary science because of our need to
understand and predict how a fluid flow acts as a “‘carrier’’ or ‘‘conveyor belt’’ for energy and

matter [1].

To study the interdisciplinary is worthy, but it must take place after one acquires the
major fields and branches, not counter wise. Obviously, convective heat transfer is a field in
which two older fields meets: fluid mechanics and heat transfer. So, the study of any convective
heat transfer issue must reset on a solid basic knowledge of the basic heat transfer and fluid

mechanics principles.

The main objective of this chapter is to review these principles in order to establish a

better understanding of the more specific issue addressed in present work.

1.2 Heat transfer mechanisms

The analysis of amount of heat transfer while a system goes through a transformation
process from an equilibrium state to another is the thermodynamics’ concern. However, the
determination of such energy transfers rate is the matter of heat transfer science, the transfer of
energy as heat is always from the higher-temperature environment towards the lower-

temperature one, the transfer stops when an equilibrium of temperature is reached.

Transfer of heat occurs within three mechanisms (modes): conduction, convection and

radiation, the main requirement for each mode is the temperature difference existence [2].
1.2.1 Conduction

Conduction is the transport of heat from the more energetic particles of a substance to
the neighboring less energetic ones as a result of interactions between the particles. Conduction
can occur in solids, liquids, or gases. In liquids and gases, it is due to the clash and propagation
of the molecules during their motion in random way. In solids, it is due to the combination of
oscillation of the molecules in a lattice and the energy transport by free electrons. The rate of
heat conduction in a medium depends on the medium's geometry, thickness, and its material, as
well as the difference of temperature across that medium [2]. The theory behind the heat

conduction was developed early in the nineteenth century by Joseph Fourier [3].
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1.2.1.1 Thermal Conductivity

The thermal conductivity of a substance can be expressed as the rate of heat transfer
within a unit thickness of the substance per unit area per unit temperature difference. The
thermal conductivity of a substance is a measure of the capacity of the substance to conduct
heat [2].

1.2.1.2 Thermal diffusivity

The thermal diffusivity is another material property that appears in the unsteady heat
conduction analysis, which represents how fast heat diffuses through a substance, it is defined

as the ratio of heat conduction to heat storage [2].
1.2.2 Convection

The convective heat transfer mode is comprised of two mechanisms. In addition to
energy transfer due to random molecular motion (diffusion), energy is also transferred by the
bulk, or macroscopic, motion of the fluid. This fluid motion is associated with the fact that at
any instant, large numbers of molecules are moving collectively or as aggregates. Such motion,
in the presence of a temperature gradient, contributes to heat transfer. Because the molecules in
the aggregate retain their random motion, the total heat transfer is then due to a superposition
of energy transport by the random motion of the molecules and by the bulk motion of the fluid.
The term convection is customarily used when referring to this cumulative transport and the

term advection refers to transport due to bulk fluid motion [4].

Convection is called forced convection if the fluid is forced to flow over the surface by
external means such as a fan, pump, or the wind. In contrast, convection is called natural (or
free) convection if the fluid motion is caused by buoyancy forces that are induced by density
differences, due to the variation of temperature in the fluid [2].

Free and forced, mixed (or combined) convection, for short, mixed convection, is a
coupled phenomenon of free and forced convection. As general case, the mixed convection is
formed simultaneously by an outer forcing flow and inner volumetric force, while the latter is
caused by the no-uniform density distribution of a fluid medium in a gravity field. Obviously,
there has been much challenge in research of mixed convection over that of net free or forced
convection [5]. The mixed convection is divided to two types, positive (adding) and negative
(opposing) flows. For the former flow, free and forced convections are in the same direction,
and the mixed convection parameter Gr (Grashof number) is positive. For the latter flow, free
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and forced convections are in the opposite directions, and the combined convection parameter

Gr will be negative [5].
1.2.3 Radiation

Radiation is the energy emitted by matter in the form of electromagnetic waves (or
photons) because of the changes in the electronic configurations of the atoms or molecules.
Unlike conduction and convection, the transfer of heat by radiation does not require the presence
of an intervening medium. In fact, heat transfer by radiation is fastest (at the speed of light) and

it suffers no attenuation in a vacuum. This is how the energy of the sun reaches the earth [2].

1.3 Internal and external flows

Convective heat transfer is closely tied with fluid mechanics, which is the science that
deals with the behavior of fluids at rest or in motion, and the interaction of fluids with solids or
other fluids at the boundaries. There is a wide variety of fluid flow problems encountered in
practice, and it is usually convenient to classify them on the basis of some common

characteristics to make it feasible to study them in groups [2].

A fluid flow is classified into two categories; internal and external, depending on
whether the fluid is forced to flow in a confined channel or over a surface. An internal flow is
in a channel bounded on all sides by a solid surface except, possibly, for an inlet and exit. Flows
through a pipe or in an air-conditioning duct are the examples of internal flow. Internal flows
are dominated by the influence of viscosity throughout the flow field. The flow of an unbounded

fluid over a surface is external flow [6].

1.4 Mixed convection heat transfer in cavities

Mixed convection in cavities is a matter of present-day importance, since cavities filled
with fluid are central components in a long list of engineering and geophysical systems. The
flow and heat transfer induced in a cavity differs fundamentally from the external mixed
convection boundary layer. Mixed convection in a cavity, is the result of the complex interaction
between finite size fluid systems in thermal communication with all the walls that confine it.
The complexity of this internal interaction is responsible for the diversity of flows that can exist
inside cavity [6].

The phenomenon of mixed convection in cavities is varied by the geometry and the
orientation of the cavity. Judging by the potential engineering applications, the cavity

phenomena can loosely be organized into two classes [6].
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1.4.1 Vented cavity

In a vented cavity, where the interaction between the external forced stream provided
by the inlet and the buoyancy driven flows induced by the heat source leads to the possibility
of complex flows. Therefore it is important to understand the fluid flow and heat transfer

characteristics of mixed convection in a vented cavity [6].
1.4.2 Lid-driven cavity

On the other hand, the fluid flow and heat transfer in a lid-driven cavity, where the flow
is induced by a shear force resulting from the motion of a lid, combined with the buoyancy force
due to non-homogeneous temperature of the cavity wall, provides another problem. Studied
extensively by researchers to understand the interaction between buoyancy and shearing forces
in such flow situation. The interaction between buoyancy driven and shear driven flows inside
a closed cavity in a mixed convection regime is quite complex. Therefore, it is also important
to understand the fluid flow and heat transfer characteristics of mixed convection in a lid-driven

cavity [6].
1.5 Industrial application of mixed convection

Cavities and enclosures are frequent in different industries and equipment such as
HVAC (Heating, ventilation, and air conditioning), heat exchangers, nuclear power, renewable
energies [7]. Oil extraction, cooling of electronic equipment, design of heat exchangers, flow
and heat transfer in solar ponds, crystal growth, dynamics of lakes and float glass productions

[8]. In the following, some of these applications will be presented.
1.5.1 Solar collectors

Flat plate solar collector (FPSC) is one of the most popular equipment among solar
energy systems, which can be utilized for heating of domestic or public buildings where the
demands for hot water are quite indispensable. Although they have a number of benefits such
as no need for sun tracking and low maintenance cost, their low thermal performance is

considered as a hindrance in their extensive development [9].

The solar flat plate collector operating under different convective modes has low
efficiency for energy conversion. The energy absorbed by the working fluid in the collector
system and its heat transfer characteristics vary with solar insolation and mass flow rate. The
performance of the system is improved by reducing the losses from the collector. Various

passive methods have been devised to aid energy absorption by the working fluid [10].
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Also, working fluids are modified using nanoparticles to improve the thermal properties
of the fluid [10].

In numerical study that was conducted by Yurddas Ali and Cer¢i Yunus [11], revealed
that the natural convection effects in the carrying pipe improves as the heat flux increases and
thus, higher Nusselt numbers are obtained in mixed convection in comparison with forced

convection.
1.5.2 Solar Ponds

Solar pond as a fairly new technology to collect and store solar energy. It seeks
sustainable and environmentally benign methods to supply thermal energy for various
applications. The first time the solar pond was discovered in the Middle East by Dave Grant in
1980 while he was working in an aquaculture project. The incident solar energy is mainly
transmitted through the water layers, absorbed by the lined darkened bottom and probably the
sides of the pond [12].

The accumulated heat will increase the water temperature in the lowest layer of the pond,
which could reach 80-90 °C. Water in such temperature can be used for many purposes e.g.

salty water desalination, aquaculture, and electricity generation [12].
1.5.3 Cooling of electronic components

Cooling requirements in microelectronics are among the toughest barriers of developing
faster, smaller, and still more reliable systems. In the past three decades, electronics has
developed to surround all faces of modern life. At the same time, with increasing number of
applications reliability has become a real crucial problem. The failure of a brand-new stereo
may be tolerable; however, a problem in the sophisticated computers supporting vital systems
of business, health and defense could result in not only disruption of that service, but also
disastrous events, perhaps, in terms of human lives. Realizing the importance of the problem,
much emphasis has been given to the improvement of the reliability level as well as to the

improvement of the electrical performances of the electronic devices [13].

The purpose of thermal design is to provide equipment to remove the heat from heat
sources to one or more heat sinks in the environment. The main goal of thermal control is to
maintain the temperatures of individual elements within their functional and maximum
allowable limits. Functional temperature limit is the range in which the electronic element's
performance is in accordance with the expectation of the electronic designer. If the operation

temperature goes over the limit, degraded electrical performance and logic errors are very likely
8
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to occur. In order to meet the cooling requirements of microelectronics, the task of thermal

design engineer is to find the most efficient thermal paths from the heat source to the ultimate
heat sink. For this purpose, emphasis must be given to find ways of reducing both internal and

external resistances [13].
1.5.4 The HVAC systems

Heat transfer by convection is when some substance that is readily movable such as air,

water, steam, or refrigerant moves heat from one location to another [14].

An HVAC system uses convection in the form of air, water, steam and refrigerants in
ducts and piping to convey heat energy to various parts of the system. When air is heated, it
rises; this is heat transfer by “natural” convection. “Forced” convection is when a fan or pump
is used to convey heat in fluids such as air and water. For example, many large buildings have
a central heating plant where water is heated and pumped throughout the building to the final

heated space. Fans then move heated air into the conditioned space [14].
1.5.5 Nuclear power

To achieve the massive production of hydrogen, a thermo-chemical cycle coupled to a
High Temperature Gas-cooled nuclear Reactor (HTGR) is considered as one of the systems
exhibiting high application potential. The Reactor Cavity Cooling System is a key safety system
that ensures the integrity of the HTGR during accident conditions; therefore, it is necessary to
verify its performance for the safety of the HTGR as well as for the reliability of the coupled
hydrogen production system. The RCCS performance depends on the heat transfer rate of riser
ducts; however, the mixed convection that is likely to occur in the riser ducts can complicate

the verification process [15].
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1.6 Literature review

Due to its practical importance, mixed convection in ventilated cavities has a great
interest in many technological and industrial processes, such as thermal design of buildings, air

conditioning, the cooling of electronic circuit boards, and the design of solar collectors.

Lately, enhancement of heat transfer using heat fins in cavities due to introduction of
obstacles, partitions and fins attached to the wall(s) has gain great interest. A literature review
on the topic reveals that many authors have investigated mixed convection in ventilated cavities
with obstacles, partitions and fins, in the following section a literature survey on the heat transfer

in cavities is introduced.
1.6.1 Natural convection

Calcagni et al. [16], carried out an experimental and numerical study of free convective
heat transfer in a square enclosure heated from below. The study analyzed the heat transfer
development inside the rectangular cavity with the increasing of the heat source length; the heat

source was located at the bottom, and the cavity was cooled from the sidewalls (Figure 1.1).

cooling wall (Tc)

cooling wall (T.)

| W

heat source (Th)

Figure 1.1 : Sketch of the position of the thermocouples [16].

The experimental data was obtained by measuring the temperature distribution in the air
layer by real-time and double-exposure holographic interferometry while the commercial finite
volumes code Fluent 6.0 was used for the numerical study. The study was conducted for a range
of Ra number of 102 to 108, and heat source varied from 1/5 to 4/5 of H, The study concentrates
the attention on the effects of the dimension of the heat source on the convective heat transfer.

The finding of this study pointed out a heat transfer prevalently conductive for Ra <10* while
10
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the convective phenomenon develops completely for Ra =10°. As expected, an increase of the

heat source dimension produces a raise in heat transfer particularly for high Ra.
1.6.2 Forced convection

Sourtiji et al. [17] carried out a numerical study of turbulent forced convection flow
inside a square ventilated cavity. The position of the inlet port was fixed, while the outlet port
was varied along the four walls of the cavity. The diagram of the local and total Nusselt numbers
and the coefficient of the pressure drop were plotted with respect to the position of the outlet
port in order to realize the best configuration of the system. The governing equations were
iteratively solved by the finite-volume method using Patankar’s SIMPLE algorithm. The results
indicated that the best position of the outlet port is specified by considering both the maximum
overall Nusselt number and minimum system pressure drop in the cavity simultaneously. It was
found that the case with the outlet port positioned on the right side of the bottom wall for the
cases with wide ports, and the one with the outlet port located on the left wall for the cases with

thin ports are the best positions to obtain the best performance of the system.
1.6.3 Mixed convection

Rahman et al. [18] carried out a computational study to investigate the effect of
Reynolds number and Prandtl number on mixed convective flow and heat transfer
characteristics in a ventilated cavity, with a solid circular heat generating obstacle at the center.
The study was accomplished using Galerkin weighted residual finite element method to solve
the governing equations of mass, momentum and energy, with the assumption of a two-
dimensional, steady state, laminar and incompressible, mixed convection flow in the cavity,
with a constant fluid properties and negligible radiation effects. In addition to the Boussinesq
approximation. During their study, a wide range of Reynolds numbers (50 < Re < 200) and
Prandtl numbers (0.71 < Pr < 7.1) was covered. Their findings indicated that the flow and
thermal fields, the heat transfer rate, the Drag force and the average fluid temperature in the
cavity depend significantly on the Reynolds and Prandtl number. For the last one, it has a
remarkable influence on streamlines and isotherms; the increased Pr number values increased
the average Nusselt number at the heated surface and the drag force, and decreased the average
temperature of the fluid in the cavity. As for Re number, it has a significant effect on the flow
and temperature fields. An increased value of Re, increased Buoyancy-induced vortex in the
streamlines and the average Nusselt number, and made the thermal layer thin and concentrated
near the heated surface, The Drag force decreased and increased in the forced and free

convection region respectively. As for the average fluid temperature, it changed from highest

11
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to lowest as Ri number increased. In addition to that, Gupta et al. [19], examined the mixed
convective transport in a ventilated square cavity in presence of a heat conducting circular
cylinder placed at the center of the cavity. The fluid flow imposed through an opening at the
bottom of the left cavity wall and taken away by a similar one at the top of the right wall (Figure
1.2).
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Figure 1.2 : Physical problem Schematic, Case | heated sidewalls [19].

Two cases were considered depending on the thermal conditions of the cavity walls. In
the first case, the left and right vertical walls were kept isothermal with different temperatures
and the top and bottom horizontal walls were considered as thermally insulated. For the second
case, the top and bottom walls were maintained at different constant temperatures and the left
and right walls were considered adiabatic. Heat transfer due to forced flow, thermal buoyancy,
and conduction within the cylinder was considered. Effect of the cylinder size (0.1 <D <0.5)
and the solid—fluid thermal conductivity ratio (0.1 < K < 10) were explored for various values
of Richardson number (0 < Ri < 5) at fixed Reynolds (Re = 100) and Prandtl (Pr = 0.71)
numbers.  Assuming an incompressible flow with constant fluid properties along with
Boussinesq approximation, the governing differential equations consisting of mass, momentum,
and energy were solved using a finite volume based CFD package Fluent. It was found that the
aforementioned parameters have significant influences on the fluid flow and heat transfer
characteristics in the cavity. Moreover, Benderradji et al. [20] presented a numerical study of
mixed convection heat exchange in a cubic cavity of a laminar three-dimensional (3D)
incompressible flow. Their study predicted the behavior of the flow structure between Multi
clear structure dominated by natural convection when the Reynolds number is small, and a
Multi clear structure dominated by forced convection when the Reynolds number is high. They
effected the study based on two aspects, the first was that the Grashof number is fixed and the

12
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'Reynolds number is varied (Re = 10 to 2000), and the second case was to present the effect of
Grashof number (Gr = 102 to 10°). The flow was considered three-dimensional, stationary and
laminar, and the physical properties were assumed constant except for the density in the
expression of the buoyancy force term, also the Boussinesq approximation was used. Viscous
dissipation in the energy equation was neglected, the working fluid was air (Pr = 0.71). The
coupled governing equations were solved using the finite volume method by the SIMPLE
algorithm, and the convective terms are processed by the second order centered Upwind
scheme. The obtained results of their study show that the size and shape of the cells of a Multi
clear structure stationary flow regime depend strongly on the Grashof number and the Reynolds

number

Ahammad et al. [21], studied the performance of different inlet and outlet locations on
the flow and heat transfer for the MHD (Magnetohydrodynamic) mixed convection in a
ventilated cavity in presence of a heat generating square block. A Galerkin weighted residual
based finite element method was applied to obtain the numerical solutions of the governing
equations. Four different inlet and outlet locations with Re = 100, Pr = 0.71(air), Ha = 10 was
investigated for different Richardson numbers, (Ri = 0.1, 1, 10). with an adiabatic walls except
for the bottom wall which was kept at constant temperature Tn and a applied magnetic field
along the normal of the right vertical wall, and with the following assumptions : a two-
dimensional, steady, laminar, and incompressible with constant fluid properties, no viscous
dissipation, the radiation effects was neglected and the Boussinesq approximation was also
considered. They concluded that both flow and thermal fields was strongly influenced by the
position of inlet and outlet openings of the cavity and the BB configuration (An inlet port at the
bottom of the left vertical wall, exit port situated at bottom of the opposite sidewall) generates
more effective cooling than other configurations. In addition, Doghmi et al. [22], conducted a
numerical study on mixed convection heat transfer in a three-dimensional ventilated cavity, for
a combinations of thermal and geometrical parameters. Such as Reynolds number Re=100,
Richardson number (0.01< Ri < 10), relative height of the openings (B = h/L = 1/8) and relative
width (0.5 < A= w/L < 1). In order to investigate numerically the effects of conjugated
Richardson numbers and geometrical parameters on the thermal transport and fluid flow
phenomena in the considered enclosure. The working fluid was air, (Pr = 0.71), and it was
assumed laminar and incompressible with negligible viscous dissipation, All the thermo-
physical properties of the fluid were assumed constant except the density, giving rise to the
buoyancy forces (Boussinesq approximation). The mathematical model of their study was
solved by the home-developed FORTRAN code, and the incompressible Navier-Stokes and
energy equations are discretized by the finite volume method. The finding of this study was that

13
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the flow intensity and the heat transfer rate were improved significantly by an optimal choice

of: the Reynolds and Richardson numbers, as well as the inlet configuration.

A numerical study has been performed by Rahman et al. [23] on mixed convection flow
and heat transfer characteristics inside a square ventilated cavity with a heat-generating solid
circular body at the center. The inlet was at the bottom of the left wall, while the outlet one is

at the top of the right wall, and all the walls was assumed adiabatic (Figure 1.3).
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Figure 1.3 : Schematic diagram of the problem considered and coordinate system [23].

A Galerkin weighted residual finite element method was used to solve the governing
equations of mass, momentum, and energy. Their study incorporated the mentioned issue with
the effects of dimensionless cylinder diameter D of the body, thermal conductivity ratio K
between solid and fluid, and heat-generating parameter Q on the thermal and flow fields. The
medium was considered as air with a Prandtl number of 0.71. With the assumption of a two-
dimensional, steady state, laminar, incompressible, mixed convection flow, constant fluid
properties, and a negligible radiation, in addition to the Boussinesq approximation. From their
study, they managed to conclude that the previously mentioned parameters has remarkable
effect on the streamlines and thermal field as well as the heat transfer rate and the dimensionless

average drag force.

Furthermore, Karimi et al. [24] made a numerical study to investigate the steady-state
mixed convection around two heated horizontal cylinders in a square 2-D enclosure. The
cylinders was located at the middle of the enclosure height and the walls of the cavity was
assumed adiabatic. The study was conducted to analyze the effects of cylinders diameter,

Reynolds number and Richardson number on the heat transfer characteristics numerically. The
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was assumed negligible. It was further assumed that the water thermophysical properties were
constants except for the density in the body force term of the y momentum equation, which
follows the Boussinesq approximation. The flow was assumed to be steady state and viscous
dissipation and compressibility effects was considered negligible. The finite volume method
based CFD software package FLUENT was employed to solve the governing equations of
continuity, momentum and energy. The obtained results indicated that the shape of streamlines
was influenced by the size of the cylinders. The effect of natural convection on the left cylinder
was more than that of right one at higher Richardson numbers. The average Nusselt number
over the cylinder surfaces, and non-dimensional temperature inside the enclosure were also
increased gradually by enlarging size of cylinders. In addition, they concluded that increasing
Reynolds number from 50 to 200 at constant cylinder diameter (D=0.2), conduces to stronger
circulating vortices in the flow domain and the natural convection heat transfer was very weak
at Re=50.

Moreover, Mamun et al. [25], studied mixed convection heat transfer characteristics in
a ventilated square cavity with a heated hollow cylinder at the center. The wall of the cavity
was assumed adiabatic. Flows imposed through the inlet at the bottom of the left wall and exited

at the top of the right wall of the cavity (Figure 1.4).
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Figure 1.4 : Schematic diagram of the problem considered and coordinate system [25].

The Emphasis was on the influences of the cylinder diameter and the thermal
conductivity of the cylinder in the cavity. The study was conducted for a wide range of pertinent
parameters such as Reynolds number, Richardson number, cylinder diameter and the solid-fluid

thermal conductivity. Under consideration of a constant thermos-physical properties of the
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fluid, except the density in body force term of the v-momentum equation according to the

Boussinesq approximation, with a steady, laminar and two-dimensional incompressible with
negligible the radiation effects and viscous dissipation and pressure work. The laws of mass,
momentum and energy were solved using the Galerkin finite element formulation is used to
solve the governing equations along with boundary conditions. The obtained results indicated
that the flow and thermal fields depended on diameter of the hollow cylinder, the maximum
average Nusselt number and average fluid temperature was found for the largest value of the
cylinder diameter. In addition, the thermal conductivity ratio was insignificant for Ri = 0.0, but
significant at Ri=1.0 and 5.0. It was also observed that the maximum average Nusselt number
was found for the lowest value of K. However, the maximum average fluid temperature was
observed for the largest value of K. Chamkha et al. [26] have investigated mixed convection
from a heated square solid cylinder located at the center of a vented cavity filled with air (Pr =
0.71). The horizontal walls and the right vertical wall were kept adiabatic, while the left vertical
wall is maintained at a constant temperature Tc. The flow was assumed laminar, steady and of
constant physical properties except for the density in the buoyancy term, which follows the
Boussinesq approximation. The study aimed to investigates the effects of the outlet positions,
Richardson numbers, Reynolds numbers, locations, and aspect ratios of inner square cylinder
on the flow and the thermal fields. The parameters studied and their ranges was as follows: the
Richardson number and Reynolds number was varied in the ranges from 0-10 and 50-200,
respectively, location of the inner cylinder (0.25 < Lx <0.75, 0.5 < Ly <0.75), and aspect ratios
0f0.1, 0.2, 0.3, and 0.4. A finite difference method based on successive over-relaxation iterative
method was used to solve numerically the governing equations of continuity, momentum and
energy of the developed mathematical model. A computational program was written in Fortran
90 language to compute the values of the required variables. The study showed that the average
Nusselt number along the heated surface of the inner square values increases with increasing
values of the Reynolds and Richardson numbers. The effect of the locations of the inner square
cylinder and aspect ratio found to play a significant role in the streamline and isotherm patterns.

A numerical investigation of mixed convection flow through a copper—water Nano-fluid
in a square cavity with inlet and outlet ports was carried out by Shahi et al. [27]. The natural
convection effect was attained by heating from the constant flux heat source, which was
symmetrical located at the bottom wall and cooling from the injected flow. The study was
carried out for the Reynolds number in the range 50 <Re <1000, with Richardson numbers 0
<Ri <10 and for solid volume fraction 0 <¢ < 0.05. The thermal conductivity and effective
viscosity of Nano-fluid were calculated using Patel and Brinkman models, respectively. In
addition, the effects of solid volume fraction of Nano-fluids on the hydrodynamic and thermal
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characteristics was investigated. A two-dimensional square cavity filled with a suspension of
copper nanoparticles in water was considered. The shape and size of solid particles was assumed
uniform and the diameter of them to be equal to 100 nm. In order to induce the buoyancy effect,
the bottom horizontal wall had an embedded constant heat flux source, q” on part of it. The non-
heated parts and the remaining walls were insulated. The flow was entering the cavity from the
bottom opening on left vertical wall and leaving from upper opening of the opposite vertical
one. It was assumed that both the fluid phase and nanoparticles are in thermal equilibrium and
there was no slip between them. Except for the density, the properties of nanoparticles and fluid
was taken constant. It was further assumed that the Boussinesq approximation is valid for
buoyancy force. Under these assumptions, the governing equations for the steady, two-
dimensional laminar and incompressible mixed convection flow, were solved numerically
based on the finite volume method using a collocated grid system. Central difference scheme
was used to discretize the diffusion terms whereas a blending of upwind and central difference
was adopt for the convection terms. The finding of this study indicates that the increase in solid
concentration leads to increase in the average Nusselt number at the heat source surface and

decrease in the average bulk temperature.
1.7 Motivation behind present work

In light of the literature review of previous studies, it is obvious that numerous numerical
studies were carried out on mixed convection for different geometries, but no work has been
done on a T-shaped heat fin placed at the center of a ventilated cavity, in addition, only few
works were accomplished for 3D cavities. Moreover, mixed convection is a part of many
industrial applications as mentioned in this chapter, and it can improve the performance and
increase the lifetime of industrial equipments. Therefore, the present work was proposed with
the objective of investigating mixed convective heat transfer in an enclosure with an
isothermally heated T-shaped heat fin as a heat source at the center of a cavity with two

ventilation ports on the sidewalls.
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1.8 Conclusion

The purpose of this chapter was to present the fundamental principles of the heat transfer
in general, and the mixed convection in particular, to provide a clear idea and a solid base for

the problem discussed in this study.

This section of the thesis was also meant to present and discuss the difficulty of heat
transfer and fluid flow problems in cavities and the importance of the phenomena for industrial
activities and equipments such as the solar collectors, the HVAC systems and the nuclear power.
A literature review was also a part of this chapter, in which we presented the most relevant
previous works carried out to the studied problem of the present work. This review indicated
that the study of this phenomenon is difficult, however, very important and can be controlled

by different parameters and geometries.

For the next sections of this work, the mathematical and numerical representation of the
studied problem will be introduced to carry out a detailed analysis of the heat transfer and fluid

flow in a vented cavity with an isothermally heated T-shaped heat fin.

18



Chapter I Mathematical modeling
——————————————————————————————

CHAPTER Il : MATHEMATICAL MODELING



Chapter I Mathematical modeling

I1.1 Introduction

The fluid mechanics and heat transfer problems are governed by a set of complex partial
differential equation (PDE) that are solvable for only some limited cases, most of the times,
using empirical correlations obtained from experiments and dimensional analysis. Because in
order to solve a convection problem, we must solve the equations of fluid motion along with
the energy equation. Therefore, we have to use a discretization method to solve those equations
numerically using a computer to obtain an approximated solution. As much as the precision and
quality of experimental results depends on the quality of the used tools, the precision and quality
of the numerical results depends on the quality of the used discretization method.

The purpose of this chapter is to introduce the basic conservation equations
corresponding to mixed convection. For this intent, the general conservation equations of

continuity, momentum and energy are expressed to deeply understand fluid convection.
I1.2 Physical model

The geometry sketch of the investigated problem is represented in Figure I1.1. The
system is composed of a rectangular cavity with side’s length of L and a height of H (meters or
physical unites). The cavity is supplied with two ventilating opening, an inlet at the bottom left
side and an outlet at the top right side. The cavity contains a heat generating T-shaped solid fin
with foot length of Ht, and a thermal conductivity ks. The walls are considered adiabatic except

for the cold side of the top wall.

B Hot wall
_ Cold wall
Adiabaric wall

Figure 11.1 : 3D Schematic view of the physical model.
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I1.3 The fundamental principles

The fundamental of computational fluid dynamics is the governing equations of
continuity, momentum and energy, these equations speaks the physics, and they are the
mathematical representation of three fundamental physical principles upon which fluid

dynamics is founded [28].
11.3.1 Conserved mass

The first principle to review is undoubtedly the oldest: It is the conservation of mass in

a closed system or the “‘continuity’’ of mass through a flow (open) system [1].
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Where mcy is the mass that is trapped instantaneously inside the control volume, while

the 111’s are the mass flow rates associated with flow into and out of the control volume [1].

From this principle, we can derive a general differential equation for conservation of

mass, known as the continuity equation:
op =, o
—+ V.(pV)=0 1.1
Where p is the fluid density.

11.3.2 Newton’s second law

Newton’s second law is an expression for momentum balance and can be stated as the
net force acting on the control volume is equal to the mass times the acceleration of the fluid
element within the control volume, which is also equal to the net rate of momentum outflow

from the control volume. We express Newton’s second law of motion for the control volume as

[2]:

Acceleration > _ (net force (body and surface))
in a specific direction) acting in that direction '

(Mass)x (
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11.3.3 Conserved energy

The heat transfer part of the convection problem requires a solution for the temperature
distribution through the flow. The additional equation for accomplishing this ultimate objective

is the first law of thermodynamics or the energy equation [1].

<Rate of energy) Net transfer Net heat Net of internal Net work
accumilation |= | of energyby |+ (transfer by ) + ( . ) - ( )
in the CV Fluid flow conduction heat generation transfer fromthe CV

11.4 The governing equations

From these fundamental principles, we can derive the differential equations of fluid
motion, namely, conservation of mass (the continuity equation). Newton’s second law (the
Navier—Stokes equations). These equations apply to every point in the flow field and thus enable
us to solve for all details of the flow everywhere in the flow domain. Unfortunately, most
differential equations encountered in fluid mechanics are very difficult to solve and often

require the aid of a computer [29].

For the fluid flow and heat transfer, these equations must be coupled with additional

equations, such as an equation of state and an equation for energy [29].
11.4.1 Simplifying hypotheses

Due to fact that the governing equations of fluid flow and heat transfer can be very

complicated, we adopt the following hypotheses to model of the problem of the current study:

e The heat transfers by radiation and mass are negligible.

e The fluid is Newtonian incompressible fluid.

e The fluid flow and heat transfer are three-dimensional.

e The flow is laminar.

e Viscous dissipation is neglected in the energy equation.

e At the interface, we have a thermal and dynamic balance.

e The thermo-physical properties of the fluid are assumed to be constant, except for the
density on the buoyancy term which is temperature dependent and the Boussinesq

approximation is used
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Using the mentioned assumption and applying the fundamental laws of conservation of

mass, Newton’s second law (momentum balance) and energy conservation, we can express the
governing equations of the fluid flow and heat transfer problems with as set of coupled,

nonlinear, partial differential equations.
11.4.2 Continuity equation

Ju OJv Jw _

a‘F@‘Fa—O 11.2

Where u, v and w are the velocity components in X, y and z direction respectively.

Equation 11.2 is the incompressible form of the continuity equation in Cartesian
coordinates; it is applicable for both steady and unsteady flow. (Density is not a function of

time or space) [29].

11.4.3 Momentum Equations (Navier-Stokes Equations)

Equation 11.3 is known as the Navier-Stocks equations, it has four unknowns (three
velocity components and pressure), yet it represents only three equations (three components
since it is a vector equation). Obviously, we need another equation to make the problem
solvable; the fourth equation is the incompressible continuity equation. Equation 11.3 is an
unsteady, nonlinear, second order, partial differential equation, it is valid in any orthogonal

coordinate system [29].

The Navier—Stokes equations is expanded in Cartesian coordinates (X, y, z) and (u, Vv,

w) respectively as follows [29]:

<6u+ 6u+ 6u+ au)_ 6P+ 62u+62u+62u N 4
P Yox T oy T Vaz) T H\oxz " ay2 " 922) T PIx '

at ' ox  dy  9z) ox
(au+ 6u+ 6u+ au) B 6P+ 62u+62u+62u N L5
Plac THax " Vay "W az) T Tay T M axz Tayz T 92 ) T P9y ‘

1.6

(6u+ 6u+ 0u+ 0u> 3 6P+ 62u+62u+62u
P \ac THax " Vay TWaz) T Taz T H\axz Tayz T 922) T Pz
Where P is the pressure, p is the fluid density, g is the gravitational constant and u is

fluid viscosity.
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11.4.3.1 Boussinesq approximation

Fluid motion in free convection is driven by density change and gravity. Thus, the
assumption of constant density can not be made in the analysis of free convection problems.
Instead, an alternate simplification called the Boussinesq approximation is made. The basic
approach in this approximation is to treat the density as constant in the continuity equation and
the inertia term of the momentum equation, but allow it to change with temperature in the

gravity term [30].

Assuming that p is constant in the inertia (first) term but not in the gravity term pg.
Thus, equation 11.3 is rewritten as
DV

pooD_t: —|_7)P+ ,LLVZV)'F pg 1.7

Where p,, is fluid density at some reference state, such as far away from an object where
the temperature is uniform and the fluid is either stationary or moving with uniform velocity.

Thus at the reference state we have

2y =0 1.8
Dt

DV —
Applying equation 11.7 at the reference state co and using equation 11.8 gives

Subtracting equation 11.9 from equation 11.7.

Popr = — V(P = Po) + u7?V + (p = p)g '1.10

Now we eliminate the (p — p) term in equation 11.10 and express it in terms of
temperature difference. This is accomplished through the introduction of the coefficient of

thermal expansion £, defined as

_1[0p .11
ﬁ_PaTP .
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Pressure variation in free convection is usually small and in addition, the effect of
pressure on S is also small. In other words, in free convection 8 can be assumed independent
of P. We further note that over a small change in temperature the change in density is

approximately linear [30]. Thus, we can write.

1 (p - poo)
= —-—= .12
=TT
This result gives:
(p = Px) = —BPos(T — Teo) 11.13

Equation 11.13 relates density change to temperature change [30]. The importance of
this approximation lies in the elimination of density as a variable in the analysis of free

convection problems. However, the momentum and energy equations remain coupled [30].
11.4.3.2 Momentum equation in y direction

The Boussinesq approximation leads to simplify the momentum equation in y direction,

by substituting (p — ps) from the equation I11.13 in equation I1.5.

T oz

(6u+ 6u+ 6u+ au) apP 62u+62u+62u
p u v K\ ox2 dy?  0z?

s - 1114
ot " Yox " Vay T oz >+93(T Te)

Where B is the volumetric coefficient of thermal expansion, T and T, are the fluid

temperature and the reference temperature respectively.
11.4.4 Energy equation

Then the energy equation for the three dimensional flow of a fluid with constant

properties and negligible shear stresses is obtained by the following equation [2]:

11.15

(OT oT oT (')T)

LT, 9°T 92T 9°T
ot “ax " Vay "oz

022 9y oz

In addition to these equations, the heat conduction for the solid fin is valid and it is given

in the following equation:

11.16

ks (0°T T 0°T\_
pC, \0x? = dy?  0z* B
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Where C, is the fluid specific heat, k and ks are the thermal conductivity of fluid and

ks
pCp

solid respectively, and is the thermal diffusivity.

I1.5 Dimensional analysis

Sometimes it is preferable to put the governing equations in dimensionless form to
generalize the analysis of the physical problem considered. In order to do that we have to select
a characteristic quantities that describes the flow, such as a characteristic length, velocity,
pressure and temperature...etc. Using these characteristic quantities, we can obtain the

following non-dimensional parameters

= ) x = = ) = — ) Z = = ) u = ) v = ) W = _'
L/u., LY 7L L oy Uoo Uoo
po PoPe o T-Ta K
o opud AT '’ kg

Where T* is dimensionless temperature, K is thermal conductivity ratio. These non-
dimensional parameters can be used to obtain the dimensionless form of the governing

equations and to identify the governing parameters.
11.5.1 Continuity equation

au* Jdv* oJw”

+ + =0 .17
dx* dy* 0z*

11.5.2 Momentum equation in x-direction

ou* o ou* o ou* . ou”  0P" N 1 [0%u* N o0%u* N o0%u* 1118
ot Y axr U oyt Wz 9x' ' Re\ax? ' 9y @ 927 '
11.5.3 Momentum equation in y-direction
6v*+ *av*+ *av*+ Lov" 0P*+ 1 azv*+02v*+62v* i T 1119
ot L axr TV oy W oz T Ty TRe\ax? oy’ 09z7) " '
11.5.4 Momentum equation in z-direction
ow* e ow* oy ow* o ow*  0P* N 1 [(9%w* N 92w* N 92w* 1120
ot axr TV 9y "W 927 T T az"  Re\ax? @ ay? | 927 '
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11.5.5 The energy equation

aT*+ LoT” N *aT*+ LoTr 1 aZT*+aZT*+aZT* 121
o Tt oY oy " 8z° " Re.Pr\ox*’ dy**  0z*? '
11.5.6 The heat equation in the solid fin
0%T* 0%T* 9*T*
=0 11.22

+—+
ax**  0y**  0z*?

11.6 Dimensionless numbers

It is obvious that the dimensionless equations are very similar to their dimensional form
and there are four governing parameters in them, which characterize the flow of the fluid and

the heat transfer inside the cavity.
11.6.1 Grashof number

The Grashof number (G,-) is a dimensionless number in a fluid dynamics and heat
transfer that approximates ratio of the buoyancy to viscous force acting on a fluid. It frequently
arises in the study of situations involving natural convection. The transition to turbulent flow
occurs in the range 108 < G, < 10° for natural convection from vertical flat plates. At higher
Grashof number, the boundary layer is turbulent; at lower Grashof numbers, the boundary layer

is laminar [31].

gpB .AT. L3
r=——
VZ

11.23

11.6.2 Prandtl number

The Prandtl number is a fluid property that represents the ratio of kinematic viscosity v,
also known as momentum diffusivity of the fluid, to the thermal diffusivity « of the fluid. With
definitions of fluid kinematics viscosity v and thermal diffusivity «, the new form of Prandtl
number Pr can be defined as [32] :

C
proto W) kG 11.24

a (k/pcp) K
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11.6.3 Nusselt number

Nusselt number Nu is a dimensionless temperature gradient of the fluid at a surface [32],
and it is also described as a rate of two heat transfer coefficients or the ratio the contribution of
convection, to the contribution of heat conduction. Therefore, the Nusselt number can be written

generically as [33]:

Nu=— 11.25

11.6.4 Reynolds number

Fluid flow is generally categorized into two flow regimes: laminar and turbulent.
Laminar flow is characterized by smooth and constant fluid motion. Whereas turbulent flow is
characterized by vortices and inertial flow fluctuations. Physically, the two regimes differ in
terms of the relative importance of viscous and inertial forces. The relative importance of this
two types of forces for a given flow condition, or to what extent the fluid is laminar, is measured
by the Reynolds number (Re) [34]:

P UL

Re 11.26

11.6.5 Richardson number

It expresses the ratio of the buoyancy term to the flow shear term. If the Richardson
number is much less than unity, buoyancy unimportant in the flow. If it is much greater than
unity, buoyancy is dominant (in the sense that there is insufficient kinetic energy to homogenize
the fluids). If the Richardson number is of order unity, then the flow is likely to be buoyancy
driven: the energy of the flow derives from the potential energy in the system originally. In
thermal convection problems, the Richardson number represents the importance of natural
convection relative to the forced convection. Typically, the natural convection is negligible
when Ri < 0.1, forced convection is negligible when Ri > 10, and neither is negligible when
0.1< Ri <10. It may be noted that usually the forced convection is large relative to natural

convection except in case of extremely low forced flow velocities [31].

Gr

- 11.27
Re?

Ri
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I1.7 Dimensionless boundary conditions

The developed mathematical model is used to examine mixed convection heat transfer
in a vented cavity with a T-shaped heat fin placed at the center; the domain is subject to the

following dimensionless boundary conditions.
e Atthe inlet

ut =1 vi=w"=20 11.28
e At the outlet

oU QU _ U _ T*  aT"

—=0—=0—=0—=0,—=0 11.29
0x dy 0z dx 0z
e Atthe hot fin
uw=vr=w'=0T'=1 11.30
e At the cold wall
uw =v'=w'=0T'=0 11.31
e At the horizontal and vertical walls
oT* o0T* aT*
ut =vr=w*= 0, = = =0 11.32

11.8 Evaluation of Nusselt number

As a result of temperature difference between a fluid and a solid wall, heat will flow
into the wall or out from it, depending on which one is hotter than the other. The heat flux at
the wall q,,, depends on the velocity and temperature fields in the fluid; their evaluation is quite

complex and can lead to considerable problems in calculation. However, we can write [35]:

Gw = h(T, — Ts) 11.33

Were h is known as the convective heat transfer coefficient At the very adjacent to wall
fluid, the fluid velocity is zero, the energy is transferred through heat conduction, and Fourier’s

law, which states that heat flux is given by equation 11.34, is valid [35]:

oT
q, = —k <@) 11,34
w
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Thus, we can say that the heat transfer coefficient can be expressed as follows:

(%)
/., 11.35

R P

. . . T-T .
Using the non-dimensional parameters y* = % and T~ =A—T°° we can write the

convective heat transfer coefficient in a non-dimensional form, then equation 11.35 gives:

()
_ —k _\oy'J, 11.36
L T, — T
Alternatively, we can write:
(55)
hL ay*/, 11.37
kT — T*y

The right and left hand sides of the equation 11.37 are different expressions for the
dimensionless parameter known as Nusselt number [35]. This equation indicates that Nusselt
number is the dimensionless temperature gradient normal to the wall, this is the local Nusselt
number (Nurec), the average Nusselt number can be calculated as the integral of the local Nu

over a given surface, one could write:

N = ljj T ds 11.38
Yave = g L 0x*dy* '
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11.9 Conclusion

This section of present work stands for the main conservation laws that governs the
mixed convective heat transfer in the cavity and the fundamental basic principles behind them,

and presents the physical and mathematical model of the present study.

Using the previously mentioned assumptions and through one of the derivation methods,
the governing equations are presented, first in their dimensional form as a set partial differential
equations. Then afterwards those equations are transformed into dimensionless form to present
the non-dimensional governing parameters of the problem, which makes it possible to assume
that Re and Ri numbers are among the principle influencing parameters. Finally the boundary
condition corresponding to present problem are presented as the final principle component to
make the study valid, this section was closed with the method of evaluation of average Nusselt

number since it is an important parameter to represent the thermal performance.

Based on this chapter, the next chapter will introduce the numerical method to derive an

approximate solution of the problem using the finite volume method.
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II1.1 Introduction

Physical phenomena are represented mathematically using partial differential equations,
these equations include analytical or numerical solution, and as much as any other phenomena,
fluid mechanics and heat transfer problems involves a lot of this kind of equations, but the

solution for them is limited to only a number of flows.

In order to obtain an approximate numerical solution, we need to approximate the
governing partial differential equations to a system of algebraic equations that we can solve
using a computer. This simplifying process is applied to a small part of the domain in which we
can obtain a numerical solution, and then we can provide the whole result through the
integration of the values of the discretized location. The discretization process is a very
important factor for the solution, it is also important for the numerical procedure so it should

match our desired results.
I11.2 Advantages of Numerical Analysis

Researchers and scientists have performed many experimental investigations on heat
transfer and fluid flow problems. But, the experimental approach is not desirable for many cases
due to the fact that it is very costly and time consuming process, to reduce and avoid those
problems, the numerical approach is becoming more usually performed to solve such problems
today, which on the other hand provides time reduction and accurate results. The most important

advantages of this technique are mentioned below:
e Direct and exact solution (if exists).
e Time reduction much less costly.
e Very useful and powerful for cases with complex structures or geometries.
e |t discretizes the model to small domains.

e Converts the geometrical problems from complex to simpler.
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111.3 Solution of differential equations

In many cases sufficient precision of the solution is obtained with the use of well defined
finite number of components (discontinuous problems), for the other problems, infinite number
of sub-divisions or elements is possible (continuous problems). However, a finite number of
elements is used to solve continuous problems; this is because the capacity of computational
machines is limited (finite). Therefore, to make the problem domain subdivided to a number of
points, elements or volumes, a number of computational methods are suggested. Based on the
way of discretization there are different types of solving methods such as finite difference
method (FDM), finite element method (FEM) and finite volume method (FVM).

Many other methods are available such as BEM and SEM.to solve a CFD problem.
Moreover, there is many software packages such as ANSYS, COMSOL Multiphysics today.
For the present work, we will be using ANSY'S Fluent for the simulations, which is a code based
on the FVM [36].

I11.4 Finite volume method

The finite volume method (FVM) is a numerical technique used to find the approximate
solution for CFD problems through the transformation (discretization) of the governing partial
differential equations to a set of algebraic equation over a finite volume, element or cell the first
step in the solution process is to discretize the geometrical domain to a finite volumes. Then the
partial differential equations are also discretized to algebraic equations by integrating them over
each discrete element. The system of algebraic equations is then solved to compute the values

of the dependent variable for each of the elements [37].

In the finite volume method, some of the terms in the conservation equation are turned
into face fluxes and evaluated at the finite volume faces. Because the flux entering a given
volume is identical to that leaving the adjacent volume, the FVVM is strictly conservative. This
inherent conservation property of the FVM makes it the preferred method in CFD [37].
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For the next section, we are going to be covering how we can discretize the governing

equation and to write them in the form of system of algebraic equation in the following form:

M®d=B .1

Were M is coefficients matrix.

The control volume shown in Figure I11.1 illustrates a centroid point P , E and W (East
and West) the neighbors points in x direction while N and S (North and South) are the neighbors

in y direction. The faces of the control volume are at e and w in x direction, nand s in y direction.

Ax
D
N
() = w0 O
Sy "I
\4 P E

O<t--® ‘5_>Q Ay

Ox
Figure I111.1 : Finite volume method notation [37].
IT1.5 Discretization of the governing equations

111.5.1 Basic concept

Similar to other numerical methods, the finite volume method transforms the set of
governing partial differential equations to a system of linear algebraic equations. However, the
discretization process of the finite volume method is quite different and distinctive, it involves
to major steps, firstly the partial differential equations are integrated over the control volume
and this involves transforming the volume integrals to surface integrals using Gauss theorem
(Divergence theorem), which results a set of semi-discretized equations. Then as a second step,
we need to approximate the variables variation within the finite volume and relate the surface
values to their cell values and which results a set of algebraic equations, this can be achieved

by choosing interpolation profiles.
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111.5.2 The transport equation

The conservation equations mentioned in CHAPTER 1l can be written in the form of a

single equation over a given control volume (Figure 111.2).

g L L
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/ Y /
NW N NE
o ES & ® /
o, t /
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D ®-—vw ® ¢— @ { Ay /
oo & ; #
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ix,u
’ )
av, | O,
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Figure 111.2 : Typical control volume in 3D.

This equation provides us the ability to discretize the governing equations for one time

only; this equation is called the transport equation [37].

(pd
(gt ) + V. (pv®) = V. (TuVP) + Sg 1.2

Were @ is the transported quantity such as velocity, mass or temperature ... etc. 'y iS
the transported quantity’s diffusion coefficient. This equation is a second order equation since
the diffusion term involves a second order derivative of @ in space [38]. Table 111.1 summarizes
the definition of diffusion coefficient I'y, the source term Sg, and the transported quantity @ for

the governing equations mentioned in CHAPTER II.
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Table 111.1 : Cases for transport equation for fluid domain.

Quantity ® I'p So
Equation 11.17 1 0 0
: 1 *
Equation 11.18 u* — — op
Re dx*
: 1 * _
Equation 11.19 v* — - + Ri.0
Re ay*
Equation 11.20 w* i — op
Re dz*
Equation 11.21 0 - 0
Re.Pr

111.5.3 Discretization of the transport equation

We can right the equation I11.1 in the integral form over a given control volume V as

the one shown in Figure 111.2 as follows [38]:

dpd
j% dV+]‘7- (pu@)dv = ]\7. (ILV)dV + quD((D)dV 1.3
74

14 14 14

111.5.3.1 Gauss theorem

A very important theorem in the FVM. It states that the volume integral of a divergence
of a vector field equals to the surface integral of the outward flux normal to face of the control

volume, this theorem can be written as follows [39] :

j-V.adVZIT_l)dS.a 1.4
%4 S

Were S is the surface the control volume’s face and dS is the infinitesimal surface
element with the normal n outward of S. Using this theorem, we can derive the following
equation out of equation I11.2.

d
af(pcb) dv + f(pﬂ(b) n.ds = f(Fd,V(D) n.ds + de,((D)dV s
v 5 5 v

The equation above is a statement of conservation that the change of the quantity @ in
the control volume equals the diffusive and convective fluxes across the faces of control volume

plus the rate of creation of that quantity in the control volume.
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111.5.3.2 Approximation of surface and volume integrals

To calculate the surface integrals in equation I11.4 we need to find out the value of & on
the faces of the control volume, but since the variables are calculated at the center of the control
volume, the value of @ is unknown at the faces of the control volume so we need to take an
approximation. We assume that @& varies linearly over all faces f of the control volume, so that
we can represent it by its mean value at the face center, now we can use the midpoint rule to
approximate the surface integral as a product of transported quantities at the face centroid f and

the area of the face [40].

Using those assumptions and approximations, the fluxes in equation 1ll.4 can be

expressed as follows [40] :

jgs(puqb) n.ds = Zj-(puqb.ﬁ)f ds =~ ZSf.(pu_CD)f = ZSf.(puCD)f 1.6
f s f f

jg(rq)qu) n.ds =Zf(r¢|7cp.ﬁ)f dS = ZSf.(RpWD)f =ZSf-(F¢V‘P)f 1.7
$ 7S 7 7

For the approximation of the volume integrals in equation I11.4 we make a similar
assumption, that is @ varies linearly over the control volume, which we are integrating over,

thus we write [38] :

f d(x)dV = f[cbp + (x —xp). (VD) ]aV

S \'%

(VO),

=&, | dV +|] (x —xp). (VP),dV
PV_]- f[ 14 14

= @,V 1.8

38



Chapter 111 Numerical technique

If @ varies linearly or constant this approximation becomes exact, otherwise it is
considered as a second order approximation. Introducing equations I11.5 into equation I11.4, we

get:

d
f f

Since all variables are computed and stored at the control volumes centroid, the face
values in equation 111.8, the convective flux [S. (pu®)] and diffusive flux [S. (I, V@) f] in or
out of the faces need to be determined using some form of interpolation from the centroid and
the neighboring control volumes

111.5.3.3 Convective term spatial discretization

We can write the convective term obtained in equation 111.8 in another form as follows
[38].

f f f
Were F, is the mass flux through the face.
F = S;.(pu.n); 11.11

This flux is obviously depends on the face value of u and p which can be calculated

similarly to @, with keeping in mind that the velocity field from which the fluxes are derived

must satisfy continuity equation

JV.udV= fu.ﬁd5= > Ju.ﬁds =) Sppwy= Y F=0 11,12
f f

v S f \r

The interpolation schemes of the convection are used to compute the value of the
transported quantity @ on the faces f, therefore, using the neighbors control volumes to
compute the value of the transported quantity, and here we present tow of most used schemes,

which we are going to use combined.
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i.  Central Differencing (CD) scheme

Known also as the linear interpolation, this scheme indicates that the variation of the
dependent variables is linear. The face value is computed from a weighted linear interpolation

between the control volume V, and its neighbor V) [40].

The simple case is when the face is at midway of the two neighboring control volumes

(uniform mesh), this approximation is then reduced to the following average:

_ (Dp+ Dy)

;= > 11.13
For the other cases, we use the following interpolation formula [40]:
(pp = fx(pp + (1 - fx)¢N |“14

Were f, is the ration of the distances fN and PN, given by the following formula and

shown in Figure 111.3

N =l
PN |d|

fe

Figure 111.3 : Face interpolation, CD scheme.
ii.  Upwind Differencing scheme

An alternative scheme called the Upwind differencing scheme (UD), in which the face

value is determined according to the flow’s direction as shown in Figure 111.4 [40].

& — Py = Pp for F=0
! Py = Dy for F<0
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Figure I11.4 : Face interpolation, UD scheme, A) F > 0. B) F < 0.

This scheme has the advantage of the boundedness, but, it is a first order accurate while
the central differencing scheme (CD) scheme is a second order, however, it causes non-physical
oscillation in the solution for convection problems. Therefore, in order to overcome those
issues, linear combination of Upwind scheme (UD) and central differencing scheme (CD) to fit
to the accuracy of the discretization and preserve the boundedness and stability of the solution
[40].

For the present study, we are going to use a second order upwind scheme for the

momentum and energy equation.

111.5.3.4 Diffusion term spatial discretization

The discretization of the diffusion term is obtained using a similar approach as before in the

equation 111.6

j V(oL V@)V = ) Sp. (oI, V0); = Y (pl)y Sy (70); 11115
14 f f

In equation 111.13 [40], I3 is the diffusion coefficient, for the case of a uniform I3 its
value is the same for all control volumes. However, for situations where I, is non-uniform, it

can be computed using linear interpolation between the control volume Vp and Vy as shown in

Figure 1.5

(Ty), (Ts), (To),,
P .d—“—’. N
7

Figure 111.5 : Diffusion coefficient I, variation in neighboring control volumes.
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The interpolation for I3, is shown in the following formula [40] :

)y = fillo)e + A= fIT)p  With =10 b 111.16

PN

For the case where the face f is midway between the control volumes Vp and Vy
(uniform control volumes), f, isequal to 0.5 and (I5) r is equal to the arithmetic mean. However
in this method and if (I,)y is equal to O, there would be no diffusion out of the face f but in

fact equation 111.15 do approximate a value for (I5) .

For a better approximation for the variation, and as a solution to this issue, we use the

harmonic mean, which is expressed in the following equation:
(Ia)nUs)p : Ny —x 117

o) = e + A= )T " A== g

= The gradient term

From the process of discretization of the diffusive terms, a face gradient come out
namely (V®), (equation 111.15), this gradient can be computed using a central difference
approximation or the Green-Gauss cell based gradient evaluation, but for the present study we
are going to use the Least-Square fit. Which is a method that assumes a linear variation of ¢ and

evaluate the gradient error at each neighboring control volume using the following expression:
ey = Oy — (Pp +d.(VP),) 111.18

Were the objective is to minimize the least-square error at the centroid of control volume

Vp given by

2 2 -2
€2 = ZWNEP 11.19
N

Were the function w is given by wy = 1/|d|, then we use the following expression to

evaluate the gradient at the centroid of control volume Vp.

V), = Z wTw.G1.dT (D — p)
N

G = ZWT.W. dTd
N
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Were G can be easily inversed since it is a symmetric matrix N x N were N is the number

of spatial dimension. After evaluation, the neighbor control volume gradient, they can be

interpolated to the face.
111.5.3.5 Source term spatial discretization

All The terms of the transport equation other than convection diffusion or temporal are
generally classified as source terms, in general and as a function of @, needs to be linearized
first, such that [38]:

Were S, is the constant part of the source term, S, depends on @

Following equation 111.8 the volume integral of the source term is computed as [38]:

fScp(@) av = SV + SpV o, .21
174

111.5.3.6 Temporal discretization

Considering the time derivative of equation, and integrating in time we get

t+At t+At
[ |52 ar+ [ ac= || [oummnar s sumarfac maz
t 14
Using equations I11.6. and equation I111.21 we can write equation 111.22 as
t+At 90D t+At
f (L) v+ Zsf.(pucp)f dt = f [Zsf.(r¢v¢)f+scv+spv¢p de  11.23
ot Jp f t

t

This expression is called the semi-discretized form of the transport equation; keeping in
mind the assumed variation of @ with t, the temporal derivative and time integral can be

calculated as follows [38]:

(_ap‘p) _ PROE — pROR 111.24
at Jp At '

(aqu) _ ppPp — ppPp 111.25
at Jp At '
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Were O™ = P(t + At) 111.26

@0 = P(t) 11.27
Assuming that the density and diffusivity keeps constant with time, equations 111.23,
111.24 and 111.25 gives [38] :

ppPy —pp®p 1 1 1 0
SV + EZFcp;l -5 Z(pr¢)f S. (V0)} +§ZF<1>f

1 1 1 i
-= Z(prq,)f S.(7@)} = S,V + 5 SpVf +5 SVt
f

111.28
2
This form of discretization is called the Crank-Nicholson method, which is a second

order accurate [38].

Using the appropriate scheme for convection term and the diffusion term, we can now
apply a general form of the equation to each control volume in the domain to create our linear
algebraic system, which will be solved later on using a CFD code (ANSYS Fluent) using an
appropriate algorithm, this equation is of the following form:

ap®p + Zfazvd’fv‘ =B 111.29

This will create a system of algebraic equations of the form:
M® =B 111.30

Were M is a square matrix, with the coefficient ap on the diagonal and ay off the
diagonal, @ is the transported quantity vector for all control volumes and B is the source term

vector.

This discretization method is applicable for any shape of control volumes and any type
of mesh and for three dimension transient problems, for the steady state cases, we just drop the
transient term in equation I11.2 and following the same process of discretization, we get our

linear algebraic system of equations.
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Now, we have our system of linear equation we need to solve it in order to get our

solution, however, this process is not that easy, and there is a lot of algorithms to solve the
Navier-Stocks equations numerically such as the SIMPLE algorithm (Semi-Implicit Method for
Pressure-Linked Equations). Created by Patankar, in the early 1970s [38], which is going to be

used for in present work.
111.5.4 SIMPLE algorithm

Since we have only the Navier-Stocks and the continuity equations in x, y and z
directions and four unknowns, namely the three components of velocity filed u, v, w and the
pressure filed P. Nevertheless, we cannot solve this system of equation because we do not have
an equation for the pressure. And here comes the key tricks of the SIMPLE algorithm, which
are to derive an equation for pressure from the momentum and continuity equations, and derive
a corrector for the velocity filed, so that is satisfy the continuity equation [40]. The processes

and steps of this algorithm are summarized in the following steps:
e The first stage is to express the momentum equations in the general matrix form:
M@= —VP 11.31

Were the matrix M is the coefficient matrix that are calculated by discretizing the terms

in the equation. These coefficients are all known.

e The second step is to separate the matrix M into a diagonal and off-diagonal

components:
AP —H=-VP 11.32

Were A is diagonal of M and the matrix H is evaluated from the off-diagonal terms and

the velocity from the previous iteration, hence it is known.
H= Ad—-— M@ 111.33

Now that we have the decomposed form of the momentum equations (equation 111.32)

and the continuity equation, V @ = 0, we can derive an equation for the pressure.
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e The next step is to rearrange the momentum equation and substitute into the continuity

equation.
®=—-A"TH-A"1vp 111.34
V[-A"H —A"1VP] =0 111.35
We get a Poisson equation for pressure.
V.[-A"'VP] = V.[A"!H] 111.36

Now we have all our equations (velocity components and pressure equation), but we

still have to solve them in the following manner:

e Solve the momentum equation (equation 111.31) for the velocity field. However, the

velocity field does not satisfy the continuity equation

e Solve the Poisson equation (equation 111.36) for the pressure filed and use it to correct

the velocity filed so that it satisfies the continuity equation. (equation 111.34)
e The velocity filed now does not satisfy the momentum equations.

e Repeat the cycle

Since we use it to correct the pressure, it is called a pressure corrector algorithm, it is
iterative because it is in the form of a loop, and we can add the energy equation to the loop to

get the following diagram.
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< nitaizs >

Step 1 : Solve the momentum equation
to calculate the velocity field

Y

Step 2 : Solve for corrected pressure

Update values from
last calculation

Y
Step 3 : Correct pressure and velocity
Y
Step 4 : Slove the energy equation
v

Step 5 : Correct pressure and velocity

Converged ?

Yes

=~ Stop |

Figure 111.6 : The SIMPLE algorithm diagram [37].

I11.6 Numerical procedure

ANSYS Fluent is a state-of-the-art computer program for modeling fluid flow, heat

transfer, and chemical reactions in complex geometries. ANSYS Fluent is written in the C

computer language and makes full use of the flexibility and power offered by the language.

Consequently, true dynamic memory allocation, efficient data structures, and flexible solver

control are all possible [41].

ANSYS Fluent provides complete mesh flexibility, including the ability to solve flow problems

using unstructured meshes that can be generated about complex geometries with relative ease.

Supported mesh types include 2D triangular, quadrilateral, 3D tetrahedral, hexahedral, pyramid,

wedge, polyhedral, and mixed (hybrid) meshes. ANSYS Fluent also enables to refine or coarsen

mesh based on the flow solution [41].
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As all CFD problems, our fluid flow and heat transfer solution process goes through
three major steps, preprocessing, processing and the post processing, in the following section
we are going to discuss the first two steps and leave the post-processing to CHAPTER IV.

111.6.1 Preprocessing

Before executing the analysis, and after we have defined the objectives that need to be
achieved through the CFD analysis of our problem, figure out the necessities, and the
requirements such as the objectives, modeling options, required physical models, boundary
conditions, domain space ... etc. and by identifying the assumptions and model simplification
that will be required during the analysis. We are set to start the analysis, starting with the
following first main steps.

111.6.1.1 Geometry model

Since we have enough information available, the next step is to develop the geometrical
model based on the assumptions and simplifications decided. For that, the built-in geometry
builder ANSYS Design Modeler will be used, the application is intended for the purpose to be
used as a geometry editor of computer-aided design models. The geometry model of present
study consists of a solid T-shaped heat fin of 0.01 m in thickness, 1 m length in z direction, 0.5
m in X, and 0.3 of its width in y, surrounded by 1 m cube of air domain (L x H x W), sliced into
two sub-domains; a 0.7x0.35 m at the fin surrounding, and the rest is a far of the fin surrounding.
The fluid domain contains an inlet at the left bottom side and an outlet at the top opposite side
of a dimension D1 = D». The top wall contains a cold part of H/4. The resulted geometry is

shown in Figure 111.7.

.

0.000 0.500 1.000 {m)
I T ]

0.250 0.750

Figure 111.7: The computational domain geometry.
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111.6.1.2 Meshing

It is well known that the entire simulation relies on how well the computational domain
is transformed into small elements (control volumes). This process known as Meshing, is one
of the most important aspects for any CFD simulation, and should be precise enough to consider
the complexity in geometry, flow and achieve accurate results. Depending on that fact and
knowing that regions with high gradients should be identified and the mesh must be refined
accordingly. the meshing of present investigated problem domain was done with extra caution,
a very fine mesh with over a million element was used to assure the precision of the solution, it
was done using a body sizing of 10 mm and a Multi-zone method for the solid fin mesh, a bit
bigger body sizing of 15 mm body size with Multi-zone method as well for the far-surrounding
fluid, while a smaller and finer than the latter body sizing, with a 13 mm was assigned for the
fin surrounding fluid. To assure more accuracy, an inflation at the fin boundaries of 5 layers
was added for a better capture of the phenomena, the mesh and the meshing process detail,
characteristics, with the assigned various geometrical faces and volume entities are shown in

Figure 111.8 and Figure 111.9 respectively.

As for the heat transfer between the fluid and the solid, a contact region was established,
to assure the connection and interaction solid-fluid, and since we have divided the fluid domain
into two sub-regions, and to get fine mesh. The meshing process was arranged in such a way so
that the fin surrounding fluid fits to the other regions, this was established by meshing it last.

As result, worksheet for the mesh was needed to keep the order of created mesh.

Figure 111.8 : The discretized domain.
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Figure 111.9 : Various geometrical faces and volume entities (a), and Mesh details (b).

111.6.2 Processing

111.6.2.1 Selecting the solver type

The following step after meshing is to decide to the type of the needed solver. for our
case and since we have an incompressible fluid flow and heat transfer problem, we used the
pressure based solver with the steady solver for the time independent cases, and unsteady for

time dependent cases.

The basic principle of this type of solver is to use a projection method, in the projection
method, wherein the constraint of mass conservation (continuity) of the velocity field is
achieved by solving a pressure (or pressure correction) equation. The pressure equation is
derived from the continuity and the momentum equations in such a way that the velocity field,
corrected by the pressure, satisfies the continuity. Since the governing equations are nonlinear
and coupled to one another, the solution process involves iterations wherein the entire set of

governing equations is solved repeatedly until the solution converges [42].
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There is two types of the pressure-based solvers the coupled, and segregated algorithm,

which is used by the SIMPLE algorithm in our case, is illustrated in figure. Figure 111.10.

Update properties

Solve sequentilly : u, vand w

Y

Solve pressure correction equation

A Y

Update mass flux, pressure and velocity

Y

Solve energy equation

Yes [ Stop |

Converged ?

Figure 111.10 : The Pressure-Based Segregated Algorithm [42].
111.6.2.2 Physical model

The next step is to select the | madels

physical model; ANSYS Fluent i a | |y e

very powerful CFD code that Energy - On

Viscous - Laminar

Radiation - Off

ability for a wide range of flows, Heat Exchanger - Off
Species - Off

Discrete Phase - Off
incompressible ... etc. Steady-state or | | solidification & Melting - Off

provides comprehensive modeling
laminar, turbulent, compressible and

transient analyses can be performed, | |Acoustics - Off

] ] ] ] Eulerian Wall Film - Off
and for that it provides us with awide | |glectric patential - off
range of mathematical models for

transport phenomena such as heat

transfer, for our case and according

to the objectives and assumptions we ) . .
Figure 111.11 : Selecting the appropriate Models.
have chosen the laminar model for

the fluid flow, and we have activated the energy equation for the heat transfer phenomena as
shown in Figure 111.11.
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111.6.2.3 Material properties, operating and boundary conditions

Following the selection of solver and physical model, is the step of defining the material
properties, operating and boundary conditions. Regarding the material properties, a Boussinesq
approximation for buoyancy flow was established, and the material properties of the working
fluid air was taken to so that the air is at 20 °C. The following table and Figure 111.12 summarizes

the different properties of the working fluid.

Table 111.2 : Thermophysical properties of air at 20 °C [43].

Thermophysical property Magnitude
Density : p 1.204 kg/m3
Specific Heat : Cp 1007 J/kg/K
Thermal conductivity : k 0.025 W/m.K
Thermal diffusivity : a 2.074. 10 m2/s
Dynamic viscosity : u 1.82. 10°% kg/m2.s

Properties

il

Density (kg/m3)[ boussinesq

|1.204 ]

Cp (Specific Heat) (j/kg-k)‘constant

|1006.1 ]

Thermal Conductivity (w/m-k){ constant

10.02579 |

Viscosity (kg/m-s)l constant

|1.82e-05 ]

Figure 111.12 : Air properties implemented to Fluent.
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ANSYS fluent is has a wide
range of boundary condition types, for
our computational domain which was a
cavity with an inlet and outlet we had 3
types of boundary condition according to
the assumption and
conditions discussed in CHAPTER 1I, a

the boundary

velocity inlet, a pressure outlet and walls
111.13).  Those
conditions were implemented to ANSY'S

(Figure boundary

fluent in proportion to each of the

simulation cases.

Boundary Conditions
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v

<

<

<

Inlet
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Interface
interface_fin-interface_fin_solid-src
interface_fluid-interface_fin_solid-trg
Internal
interior-fin
interior-fluid
Qutlet
outlet
wall
cold
wall-14
wall-15
wall-8

wall-2-shadow

Figure 111.13 : Boundary conditions.

For the operating condition, it was set to perform the assumption of the Boussinesq

approximation under the ambient pressure, temperature and density of 1 atm, 293 K and 1.204

kg/m? respectively, also in presence of the gravitational filed in y direction of 9.81 m/s?. Figure

I11.14 shows the operating conditions implemented to ANSY'S Fluent.

Pressure

Operating Pressure (pascal)

1101325 | [7]
Reference Pressure Location

X(m)|0

Y (m) |0

Z(m)lO

Gravity

Gravity

Gravitational Acceleration
X (m/s2) |0 | [F]
Y (m/s2) [-9.81 | [F]
Z (m/s2) ID ] [F]

Boussinesq Parameters
Operating Temperature (k)
293

| [

Variable-Density Parameters

Specified Operating Density

Operating Density (kg/m3)
1.204

| [

Figure 111.14 : Operating conditions in ANSYS Fluent.
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111.6.2.4 The solution methods

The most important task in solving a CFD problem is setting up the solution methods to
specify the schemes of solving algorithms and the accuracy of the code. For our simulations we
used the SIMPLE algorithm for the pressure-velocity coupling, Least Squares Cell based for
the gradient term evaluation of the diffusion terms and a second order upwind for the
momentum and energy equation,. All these algorithms and schemes were presented previously
in this Chapter, and shown in Figure 111.15.

Solution Methods
Pressure-Velocity Coupling
Scheme

| SIMPLE ~|

Spatial Discretization
Gradient
|Least Squares Cell Based

Kl

Fressure
|Secnn|:| Order

L

Momentum

Kl

|Secnnd Order Upwind

Energy

L

|Secnn|:| Order Upwind

| ans [ TILHETIoN J

Figure 111.15 : Solution methods in ANSYS Fluent.
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111.6.2.5 Solution monitoring

Solution monitoring during computing process is also important, it helps in determining
the accuracy of the physical models, meshing and problem setup. For that we have established
two convergence monitors for convergence criteria on each of the 157 simulations, first one is
the residuals, which was set to 10 for the energy equation and 10" for the continuity and
momentum equations, the second is the stability of the average Nusselt number over the fin
surface during iterating process, both of those convergence monitors are shown in Figure 111.16.
Once it is all done, the domain, mesh, solver and physics are set up; we initialize the flow field
to start the solving process.

1e-06

1e-07

1e-08 — + . - + T T |
o 100 200 300 400 500 600 700
lterations

12 . , ‘ = Nuge

10 -

Average Nu number
[o)]
1
1

0 . : : : i

T T T T T T T T T T T T
100 200 300 400 500 600 700
Iterations

o -

Figure 111.16 : Monitoring the convergence criteria.
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I11.7 Computing average Nusselt number

The average Nusselt number in Figure 111.16 and following sections was calculated

using the surface heat transfer coefficient and the surface Nu Number as defined in ANSYS

Fluent [44]:

q

hepr = Tw_—Tref 11.37
Nu = W 111.38
Usi . . _ q Lref
sing equation 111.37 and 111.38: Nu = —k(T .0 111.39
w ~ lref

111.8 Algorithm of numerical procedure

The CFD code of ANSYS Fluent is built around numerical algorithms that can tackle
fluid flow problems, the general steps of solving a fluid flow and heat transfer problem using

this CFD code are summarized in the following algorithm (Figure 111.17).

< niaae=>

Initial guess for solution

h 4

Iteration Ioop

Y

Momentum conservations

4

Mass conservations : SIMPLE based
n pressure correction. update of velocities

A 4

Energy conservations

A 4

Update properties

Figure 111.17 : General SIMPLE-based numerical procedure.

Yes [ Stop |
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I11.9 Conclusion

The intent of this chapter was to clarify and elaborate on the numerical solution
introduced in present work, where the point was to provide the reader a summarized and useful

sense of the used numerical schemes involved to derive a CFD problem solution.

In spite of ultimate effort, the restricted framework of the thesis has compelled to
introduce only brief notion about numerical formulation and theory behind it. After a short
introduction on the methods used to derive a numerical solution, the finite volume methods with
discretization of the governing equation is provided alongside the different numerical schemes
and algorithms used for each term of the governing equations. Afterwards the numerical
procedure of ANSYS Fluent CFD solver is then presented with detailed description of each
step.

The next section of the thesis will consist of a mesh test and code validation to provide
validity to the CFD code used for present study, and then a detailed analysis of the provided

solution.
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Chapter IV Results and discussion

IV.1 Introduction

In this Chapter, different features of mixed convection heat transfer in a ventilated cavity
in the presence of T-shaped heat fin are studied, a wide range of Reynolds numbers, Richardson
numbers and Prandtl numbers (10-1500), (0.1- 10) and (0.71-7.10) are respectively covered in
this analysis, Firstly, the effects of the mentioned dimensionless numbers on the governing
equations are focused. Then the effect of K the thermal conductivity ratio between the fluid and
the solid fin is also investigated in wide range of (0.1-10). Further, the effect of different
geometrical parameters is also examined, namely, the inlet and outlet dimensions and locations,
the fin foot length and location, in addition to effect of AR, i.e. the aspect ratio of the height to
the length of the cavity. The qualitative analysis is mainly developed by the use of isotherms
and streamlines contours at the cavity canter (z = 0.5). The quantitative analysis which is the

analysis of the heat transfer rate, is accomplished using average Nusselt number at fin surface.

The objective of this chapter is to present a clear idea about the addressed problem by
showing, commenting and interpreting the results accomplished on this work, to explain the
physics behind the phenomena, and to provide a correlation relating the dimensionless
parameters (Re and Ri) corresponding to this new geometry. Since we will be interested in the
final temperature distribution and the overall thermal performance, we will be performing a

steady state analysis.
1V.2 Mesh sensitivity test

For numerical solution of different fluid flow and heat transfer problems, a mesh
sensitivity test is performed to reduce the cost of computation and emphasize on the accuracy
of the numerical solution, generally, higher number of cells (volumes or elements) provides
more accurate solution. However, increasing the number of element in the computational
domain has a limit up on which a more accurate solution can be obtained by increasing elements
number, that limit is reached when a particular derived parameter becomes constant with the
increase of the elements number, then a more mesh refinement is not necessary and it is just
more computational cost. Depending on this concept and since high number of elements
involves high number of calculation operations, which produces more calculation time and cost.
To avoid this, a particular parameter is selected to observe the change in its value for alteration
of number of elements or nodes while all other parameters kept constant. Once the number of
elements is sufficiently high for satisfactory of the solution, implementing a finer mesh does
not change the value of the selected parameter significantly. That mesh is considered optimum

and standard for the solution.
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The results of the mesh test for present work are shown in Figure I1V.1. The test was

Chapter IV

performed for Reynolds number, Re = 100, Richardson number, Ri = 1, Prandtl number, Pr =
0.71, thermal conductivity ration, K = 0.1, inlet and outlet location of BT configuration, H/5 in

dimension, fin length Hr = 0.3, location at the cavity center, and cavity aspect ratio, AR = 1.

The figure shows that increasing the number of elements increases the value of average
Nusselt number over the fin surface. However, from about a number of 1173264 cell elements,
the value of average Nusselt number becomes constant at 5.158, and further increment in
elements number does not change Nuave significantly. Hence, for all subsequent simulations,

the mesh grid having number of 1173264 elements is selected as optimum mesh size.
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Figure IV.1 : Variation of average Nusselt number with different mesh size for Re = 100, Ri
=1,Pr=0.71, K=0.1, inlet and outlet of BT configuration, H/5 dimensions, fin location at
the cavity center, Hr = 0.3, and AR = 1.
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1V.3 Validation of the model

An important part of all CFD analysis is the validation of the model that is under study.
The accuracy of used CFD code must be verified with respect to other previously validated
numerical models, in present work validation is checked qualitatively and quantitatively using
isothermal, temperature contours and average Nuave Number respectively, with the experimental

and numerical studies of Calcagni et al [16].

Comparison of average Nusselt number has been accomplished for € = 4/5 and Hs = 0,
between present study and the experimental and numerical outcomes of Calcagni et al [16].
Results are presented in Table 1V.1.

Table 1V.1 : Comparison of average Nu number at the isothermal heat source, for ¢ = 4/5

and Hr = 0 between the present study (numerical) and the experiments of Calcagni et al [16].

Calcagnietal  Present study (numerical) Error
Experimental (Ra = 1.205x10°) 7.15 6.81 4.75 %

Numerical (Ra = 10°) 6.4895 6.4301 0.9 %

For isotherms and temperature contours validation, a comparison with the experimental
and numerical results of Calcagni et al.[16], and present numerical study was realized,
temperature contours of their study (a, b) on top, and (c) present study on bottom respectively
for Ra=10°, & = 4/5 and Hs =0, (Figure I1V.2). From the two comparison between the results, it
can be said that the numerical method and CFD code for the present study is reliable.
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(@) ()

Figure 1V.2 : Temperature contours comparison for the experimental and numerical results

of Calcagni et al [16] (a, b) respectively and (c) present numerical study Ra = 10°, £ = 4/5
and Hs = 0.
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1V.4 Effects of dimensionless parameters

For this section, all geometry parameter mentioned above are kept constant in the
following manner: inlet and outlet dimensions of (D1 = D> = H/5), at location of BT

configuration, fin length Hf = 0.3, at the cavity center, having an aspect ratio AR = 1.
1V.4.1 Effects of Reynolds number (ventilation velocity)

Ventilation in the cavity can be controlled by changing Reynolds number. As
Richardson number was fixed so that the convection regime is mixed Ri =1, Pr=0.71, K=0.1.
We note that the increase of Re (velocity) causes a decrease in temperature (Figure 1V.3), for
the heat transfer, i.e. heat flux, the increase of Reynolds number results in an increase in the
Nuave, thus we can conclude that the Reynolds number has a remarkable effect on fin cooling
process. Effects of Re number on the temperature and flow fields are shown in Figure 1V.4, the
effect of Re number is clearly evident and significant since we note that at low Re number (Re
= 10) the convection regime is dominated by the buoyancy flow driven convection. As Re
increases, the convection is shifted from natural to forced convection dominant, and vortices
start to appear in the cavity (Figure 1V.5).
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Re=10 Re =500 Re = 1500
Figure IV.4 : Temperature contours (a) and streamlines (b) for different Re numbers (Ri =1,
Pr=0.71K =0.1).

Figure 1V.5 : 3D streamlines for Re = Figure V.6 : Slices of temperature
500, (Ri=1,Pr=071K=0.1). contours atz =0, 0.5, for Re =500, (1, Ri
=1,Pr=071K=0.1).
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1V.4.2 Effects of Richardson number (convection regime)

The effect of Richardson number on the average Nusselt number (due to the change of
Grashof number) over the fin surface at constant Reynolds number is illustrated in Figure 1V.7.
It was found that Nuave increases with the increase of Ri number while preserving a constant Re
number, and this shows the effect of the buoyancy induced convection, which becomes more
dominant over the forced convection for higher Ri number. For low Ri values (0.1 < Ri <1), the

rate of change of Nuave is small, however that change gets steeper as Ri increases (1 < Ri <10).

Figure 1V.8 shows the effect of Richardson number on the flow and thermal fields for
constant Re number. For Ri > 0.1, and since the external driving force remains constant as Re
was fixed, the isotherms contours are more disseminated and vortex in the cavity appears at Ri
= 10. Therefore as Ri number increase, Gr number also increases, and thus the induced
buoyancy flow (distorted isotherms in Figure 1V.8) indicates that the natural convection is
dominant over the forced convection. The natural convection is so dominant at high Ri values
(Ri > 1) which makes the hot fluid from the fin tends to the top of the cavity towards the outlet
(Figure 1V.9).
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Figure IV.7 : Average Nu number for different Ri values at Re = 100 (Pr = 0.71, K =0.1).
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Ri=0.1 Ri=1 Ri=10
Figure 1V.8 : Temperature contours (a) and streamlines (b) for different Ri numbers (Re =
100, Pr=0.71 K = 0.1).

4

Figure 1V.9 : 3D streamlines for Ri =1, Figure 1V.10 : Slices of temperature
(Re =100, Pr=0.71, K=0.1). contoursatz=0,0.5, 1 for (Ri=1,Re =
100, Pr=0.71 K=0.1).

66



Chapter IV Results and discussion

1VV.4.3 Effects of Prandtl number

The variation of average Nusselt number for different Pr number values at constant Re
and Ri numbers (Re =500, Ri = 1, K =0.1) at the hot fin surface is shown in Figure 1V.11, it is
clearly noted that the increase in Pr number causes an increase in the average Nu number and
reaches the highest values for Pr = 7.1. This is because the fluid with high Pr number can carry

more heat away from the fin and dissipate it through the outlet of the cavity.

The flow and temperature fields for different Pr number values at (Re =500, Ri =1, K
=0.1) are shown in Figure 1V.12. The temperature fields indicates that the increase in Pr number
reduces the thermal boundary layers, and the isothermal lines are denser near the hot fin (Pr =
7.10), it is also noted that the isothermal lines almost disappear in the low part of the cavity for
high Pr number (Pr > 3.91) as shown in Figure 1V.14, oppositely to the low Pr values. This is
due to constricting the thermal boundary layers in small region for the viscous fluid and the
forced convection. For the flow field, for low Pr number (Pr = 0.71) it is remarked a small
vortices starting to appear in the cavity, those vortices becomes larger with the increase of Pr

number (Figure 1V.13), this is due to the effect of the inertia forces.
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Figure 1V.11 : Variation of Nuave number for different Pr numbers (Re =500, Ri =1, K=
0.1).
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Pr=0.71 Pr=3.91 Pr=7.10
Figure 1V.12 : Temperature contours (a) and streamlines (b) for different Pr numbers (Re =
500,Ri=1K=0.1).

Figure 1V.13 : 3D streamlines for (Pr = Figure 1V.14 : Temperature contours at z
3.91,Re=500,Ri=1K=0.1). =0, 0.5,1 for (Pr=3.91, Re =500, Ri = 1,
K=0.1).
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1V.4.4 Effects of the thermal conductivity ratio

The effect of the fluid-solid thermal conductivity ratio on the average Nusselt number
forRe =1, Ri=1, Pr=0.71is shown in Figure 1V.15, it is remarkable the thermal conductivity
ratio has a significant effect on the heat transfer rate since the increase in K value causes a
decrease in the average Nu number. This is because the solid fin becomes more conductive
while the fluid becomes less conductive. Thus, the fluid becomes carrying less heat from the

hot fin towards the outlet.

The illustration of the effect of the thermal conductivity ratio on the flow and thermal
fields for constant Re, Ri and Pr numbers is represented in Figure 1V.16. It is evident that for
the higher values of K, the temperature gradient is concentrated around the hot fin, this is
because low conducting fluid draws less heat from the hot fin (Figure 1V.18). With the decrease
in thermal conductivity ratio the fluid carries more heat from the fin and the isothermal lines
becomes more widely spreading around the fin. On the other hand, K has insignificant effect on
the flow fields for different K values (K = 0.1 - 10).

] —u Nuave
12 - \ -
114 . -

10 [ ] -

Average Nu number

10* 10° 10*
K (k/k)

Figure 1V.15 : Variation of average Nu number for different K values (Re =500, Ri =1, Pr =
0.71).
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K=0.1 K=5.05 K=10
Figure 1V.16 : Temperature contours (a) and streamlines (b) for different Pr numbers (Re =
500,Ri=1K=1).

Figure 1V.17 : 3D streamlines for K = Figure 1V.18 : Slices of isotherms at plans
5.05, (Re =500, Ri =1, Pr=0.71). z=0,0.5, 1 for (K =5.05, Re =500, Ri =
1, Pr=0.71).
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IV.5 Effects of geometrical parameters

In this section, the emphasize is on the effective geometry parameters for the studied
problem, therefore all following simulations were conducted for constant Reynolds number (Re
= 500), Richardson number (Ri = 1), Prandtl number (Pr = 0.71) and constant thermal

conductivity ratio (K = 0.1), for all cases.
1VV.5.1 Effects of the inlet and outlet dimensions

To study the effect of inlet and outlet dimensions on the heat transfer rate, thermal and
flow fields, several simulations for different cases were conducted, where all other parameters
are fixed, namely, the inlet and outlet configuration (BT), the fin location (at the cavity center),
fin length (Hr = 0.3) and the aspect ratio (AR = 1). Only the dimensions of the inlet and outlet
were varied (D1 = D2 = H/5, H/4, H/3 and H/2). It is remarkable from Table V.2 that the inlet
and outlet dimensions has a significant effect on the heat transfer rate since we note that for

higher D1 and D2 we get high average Nusselt number values.

The thermal and flow fields for the different inlet and outlet dimension is shown in
Figure IV.19. We can note that isothermal lines gets denser around the fin with the augmentation
of the inlet and outlet dimensions (D1 = D2 = H/2 - H/5), which indicates that for low values of
D: and D», the natural convection gets more dominant. It is also can be remarked from the
streamlines contours, which shows a vortex on top of the fin surface gets bigger when D1 and

D2 are at high values.

Table 1V.2 : Average Nu number for different inlet and outlet dimensions.

D1 =Dz (m) NUave
H/5 11.85527
H/4 11.79651
H/3 11.86793
H/2 12.68214
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(@)

D1=D2=H/4 D1=D2=H/3

(@) (b)

D1 =D2=H/2
Figure 1V.19 : Temperature contours (a) and streamlines (b) for different inlet and outlet

dimensions (BT configuration, Hs = 0.3, fin at the center, AR = 1).
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1VV.5.2 Effects of inlet and outlet locations

Variation of average Nusselt number for different inlet and outlet configuration is
presented in Table IV.3 for D1 = D2 = H/5, Hf = 0.3, fin at the cavity center and AR = 1. It is
noticeable that maximum Nuave values (12.51129 as an average) are measured when the inlet is
at the middle of the cavity for all outlet positions. That value is decreased as the inlet is at the
bottom of the cavity with an outlet at the top and middle opposite side of the cavity and at its
minimum value for a BB configuration. When the inlet is at top side of the cavity, Nuave reaches
its minimum limit for a TM and TT configurations respectively, except for the case when the

outlet is at the cavity bottom.

Isotherm and streamlines contours are shown in Figure 1V.20 as D1 = D> = H/5, Ht =
0.3, fin at the cavity center and AR = 1. We can note that for bottom inlet, a wider isotherms
distribution as the outlet is moved from the top side of the cavity towards its bottom and the
presence of big vortex for the last configuration, which indicates the increased dominance of
the buoyancy driven flow convection and confirms the decrease in Nuave in Table IV.3. For a
middle cavity inlet and all outlet configurations, isotherms contours shows a dense isotherm
lines surrounding the fin, and the air flow covers most of the fin surface, this shows the
dominance of the forced convection and reveals the reason behind the optimum values of Nuave.
For an inlet at the top of the cavity, and as the outlet gets shifted down from top to bottom, the
isotherms gets denser and closer to the fin surface. We also note a decrease in the vortex size in
the cavity, this manifest the transition of the convection regime from natural to mixed, this

agrees with the increase in Nuave in the table below.

Table 1V.3 : Average Nusselt number for different inlet and outlet locations.

Configuration NUave
BT 11.85527
BM 9.817084
BB 5.488905
MT 12.19863
MM 12.8905
MB 12.44476
TT 4.160865
™ 5.421927

B 10.98742
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: , I RS
MT configuration MM configuration MB configuration
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(b)

TT configuration TM configuration TB configuration

Figure 1V.20 : Temperature contours (a) and streamlines for the different configurations (D1
= D, = H/5, Hf = 0.3, fin at the center, AR = 1).
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1\V.5.3 Effects of fin location

Table V.4 shows the variation of average Nu number for different fin locations for D1
= D2 = H/5, BT configuration, Hs = 0.3, and AR = 1. It is evident that the heat transfer rate can
be significantly affected by fin location since the average Nusselt number was varied from
5.2155 for the top left side fin location, to 11.8552 for a cavity center fin location. This is due
to the change of the thermal and flow fields, and the dominance of the convection regimes one

over the other.

The flow and thermal fields for different fin locations are presented in Figure 1V.21. It
is noted form the isotherm contours that the isotherm lines spreads wider as the fin get closer to
the inlet (BL and BR locations), which is also shown in the streamline contours, as the fin gets
in the way of the air flow, a bigger vortex is developed on the top side of the fin surface. The

average Nusselt number for different fin location also confirms this.

When the fin is at the top of the cavity, the isotherm and streamlines distribution changes
significantly, for the TL location the isotherms spreads wider from the fin surface and less fluid
is on contact with the fin surface, this indicates the dominance of the natural convection for this
configuration. On the other hand, when the fin is in TR location, it is notable that the isotherms

are clustered around the fin surface; this is attributed to the higher forced convection currents.

Table 1V.4 : Average Nu number for different fin locations (D1 = D2 = H/5, Hf = 0.3,
fin at the canter, AR = 1).

Location Nu
BL 10.63233
BR 11.18585
TL 5.215505
TR 11.52942

Center 11.85527
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BL fin location. BR fin location.

(@)

(b)

TL fin location TR fin location

Figure 1V.21 : Temperature contours (a) and streamlines (b) for different fin locations.
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I1VV.5.4 Effects of fin length

Average Nusselt number for different fin length while D1 = D> = H/5, BT configuration,
fin location at the cavity center, and AR = 1, is shown in Table IV.5, it is clearly evident that
there is a decrease in Nuave from 13.88489 to 11.49496 as the fin length Hs increases from 0.1
to 0.4. This change in the average Nusselt number can attributed to the change in the thermal

boundary layers and temperature gradient over the fin surface.

Figure 1V.22 illustrates the changes in the thermal and flow fields due to the change of
fin length Hs, the variation in the thermal field is clearly noticed. For Hr = 0.1 the temperature
gradient surrounding the fin clearly dense, and it is propagated wider and far from the fin surface

as its length increases (Hs = 0.4).

The reason for the thermal field changes is shown in Figure 1V.22 through streamlines
contours as it exhibits an appearing vortex as Hr increases. It is also evident that as the fin length

is increased, the mainstream flow gets away from the fin bottom right side.

Table 1V.5 : Average Nu number for different fin length Hs.

Hy NUave
0.1 13.88489
0.2 12.92308
0.3 11.85527
0.4 11.49496
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(@)

(b)

(@)

(b)

Hf=0.3

Figure 1V.22 : Temperature contours (a) and streamlines (b) for different fin lengths.
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IVV.5.5 Effects of the aspect ratio (AR)

The effects of cavity aspect ratio on average Nusselt number while D1 = D, = H/5, BT
configuration, Hr = 0.3, fin at the cavity center is revealed in Table IV.6. From the table below,
it is observed that as the aspect ratio is increased from 1 to 2, the average Nusselt number is
decreased, while increasing it from 0.5 to 1, Nuave gets slightly increased. Thus we can say that
an aspect ratio of 1 (AR = 1) is the optimum configuration that provides maximum average
Nusselt number, and therefore the best thermal performance.

Thermal and flow fields for D1 = D2 = H/5, BT configuration, Hf = 0.3, and the fin at
the cavity center are shown in Figure 1V.23. The figure outlines the effect of different aspect
ratios through isotherms and streamlines. For an aspect ratio of 0.5, it is evident that convection
regime is dominant by the forced convection since the isotherm lines are the closest to the fin
surface; the flow is surrounding the fin surface, with the presence of small vortices on top and
bottom sides of the fin as well as at the cavity corners. When the cavity is a square (AR = 1),
the isotherms are more wider in the vertical direction (y direction) which can indicate that the
convection regime is now mixed, and that is confirmed as the average Nusselt number is at its
maximum values for AR = 1, For aspect ratios of 1.5 and 2, the flow field is almost identical.
However, the thermal field is not, we can note that for AR of 1.5, the convection regime is still
mixed, but with more natural convection dominance, this dominance of the buoyancy driven
flow convection is increased as the aspect ratio is increased to 2, which explains the decrease

in NUave, as shown in the table below.

Table 1V.6 : Average Nusselt number for different aspect ratios (D1 = D, = H/5,BT

configuration, Hs = 0.3, fin at the cavity center).

AR NUave
0.5 11.6224
1 11.85527
1.5 11.07772

2 9.089359
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(@)

(b)

AR =05 AR=1
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(@)

(b)

AR=15

Figure 1V.23 : Temperature contours and streamlines for different aspect ratios.
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1V.6 Overall effects of Re and Ri numbers

To further emphasize on the combined influence of the dimensionless parameters.
Namely Reynolds and Richardson numbers, and confirm or deny the assumption proposed at
the end of CHAPTER I, additional cases were studied were all geometrical parameters were
kept constant, (D1 = D2 = H/5, BT configuration, fin at the cavity center, Hf = 0.3 and AR = 1),
in addition to Prandtl number (Pr = 0.71) and the thermal conductivity ratio (K = 0.1). So that
the variation of the heat transfer rate (measured through the evaluation of average Nusselt

number) exclusively depends on Re and Ri values, results are shown in Table IV.7.

The set of data of the table below recapitulates the results of the 81 cases studied in this
section, it is noted form the values of average Nusselt number that for a low values of Re
number, the rate of change in Nuaw Is insignificant. However, the rate increases with the
increase in Re number. On the other hand, even for low Ri numbers, the increase in Nuave due
to the increase of Re number is clearly important, and even more significant at higher Ri number

values.

Table 1V.7 : Average Nusselt number for a wide range of Re (10 - 1500) and Ri (0.1 - 10)

numbers.

Ri

Re 0.1 0.5 1 2 4 6 8 9 10

10 1.7796 1.7802 1.7947 1.7804 1.7947 18014 1.8175 1.8383 1.88596
50 3.6947 3.7015 3.7084 3.7242 3.7452 3.7651 3.7961 3.7885 3.81480
100 5.0731 5.1045 5.1167 5.1912 52876 54191 5.6670 5.7657 5.87514
300 8.3981 85174 8.6712 9.4899 10.048 10.487 10.870 11.150 11.2843
500 11.032 11.366 11.855 13.274 13.829 14513 15.171 15.600 15.8854
700 13.365 13.720 14501 15.884 17.000 17.581 18.997 19.359 19.8446
900 15415 15.767 16.891 17.899 19.725 21.110 22.282 22926 23.9679
1200 18.169 18.5315 19.8024 20.8547 23.9170 25.2221 26.9907 27.9469 28.55202
1500 20.518 20.9061 21.6393 23.2862 27.1845 28.5622 30.4749 32.2730 33.21859
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The data of Table V.7 is represented in three-dimensional plot (Figure 1V.24) to point
out the variation of average Nusselt number with Re and Ri numbers. The figure below shows
that for a fixed Ri number, there is a significant and quick increase in average Nusselt number
due to the increase of Re number. However, when Re is fixed, the increase in average Nu

number due to variation of Ri number is small or even insignificant for low Re number values.

Thus, the natural convection induced by the increase of Ri number (due to the increase
of Grashof number) contributes with less effects on overall heat transfer performance within

the cavity in compered with forced convection due to the increase of Re number.

Figure 1V.24 : 3D plot of average Nusselt number as a function of Re and Ri numbers.
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One of the principle objectives of this study was to develop a correlation to predict the
average Nusselt number for a given Reynolds and Richardson numbers and relate the non-
dimensional parameters. The correlation provided in the present study (equation 1V.1) is casted

in the terms of the following power low

Nugpe = 0.29633Re6001R{011052 V1

The correlation was obtained for range of Reynolds number of 10 — 1500 and
Richardson number 0.1 — 10, while Prandtl is 0.71, the Figure V.25 represents a party plot of
the numerical average Nusselt number and the obtained correlation-based one. Consequently,

the goodness of the fit is clearly evident.
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Figure 1V.25 : Party plot showing agreement between numerical and correlation-based

average Nusselt number.
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The correlation provided in present work is compared with the correlations of the works

of Moallemi and Jang [45], and the correlation provided by the experimental study of
Radhakrishnan et al [46], those two studies yielded the following correlations respectively:

Ri \7
Nuave = A-ReO'S. PT‘m [1 + B (m) l IV2
Rl 0.0331
Mitgse = AR (1) V3

Were A and B are constants, the exponents m and n are 0.4 and O forPr<land qisa
constant of the order 0.2 to 0.25. For the present comparison, those constant were set in the
following manner: for equation 1V.2, A =0.33522, B = 0.5, m=0.4,n =0, and q = 0.2, while
for equation V.3, the value of the constant A was set of the range (0.142 to 0.2) depending on
the value of Ri number. Results of the comparison are shown in Figure 1V.26, which indicate
that it is clearly evident that present work results, and correlation tends to have an excellent
agreement with correlations and the predicted average Nu number of equations 1V.2 and IV.3.

354 —m— Present work results (Ri = 10) N

—@— Present work Correl (Ri = 10)
30 —A— Moallemi and Jang [45] Correl (Ri = 10) a
—w— Radhakrishnan et al [46] Correl (Ri = 10)

Average Nu number

T T T T T T T T
10 100 1000
Re number

Figure 1V.26 : Comparison of Nuave results and correlations for present work, and the studies
of Moallemi and Jang [45] and Radhakrishnan et al [46] for Ri = 10.
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IV.7 Conclusion

In this Chapter of present work, results of numerical study of mixed convection in
rectangular ventilated cavity with T-shaped heat fin has been presented and discussed in details,

several dimensionless and geometrical parameters were considered.

After a short introduction about the general scope of this study is conducted, a mesh
sensitivity test was performed to select the optimal mesh configurations, afterwards, validation
of the present model with the experimental and numerical study of B. Calcagni et al [16] was
carried out. Then the effects of the dimensionless parameters was examined, the steeper effect
of Re number was clearly evident on the augmentation of average Nu number, while it was
found that the augmentation of K causes a decrease in Nuae Vvalues. For the geometrical
parameters, it was found that the inlet and outlet configuration has the most significant effect

on the average Nu number, the flow and thermal fields, on the opposite to their dimensions.

Those results allows us to say that the selection of the ventilation speed, its type, the
cooling fluid properties, and the convection regime, as well as the cavity configuration, and the

fin properties and location can enhance significantly the thermal performance.
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GENERAL CONCLUSION

Mixed convective heat transfer in ventilated rectangular cavity in presence of a T-shaped
heat fin has been studied numerically. Investigating the enhancement of the thermal
performance, the study was carried out by solving the Navier-Stokes equations, continuity and
energy equation using the FVM based CFD code of ANSYS fluent, and the SIMPLE algorithm.
The analysis was accomplished for a wide range of physical parameters, namely Reynolds
number (Re = 10 - 1500), Richardson number (0.1 - 10), Prandtl number (0.71 — 7.10) and the
thermal conductivity ratio K (0.1 - 10). Furthermore, the influence of several geometrical
parameters on the thermal performance such as the inlet and outlet dimensions, locations, fin
length and position, and AR was examined. The analysis was performed qualitatively and
quantitatively, the latter was in terms of average Nusselt number indicating the thermal
performance, while the other in terms of temperature and streamlines contours, from this

analysis the following outcomes can be drawn.

The ventilation velocity of the cavity (Re number) has a significant influence on the
thermal performance in the cavity and Nuave reaches maximum values at maximum Re number,

the latter has also a significant effect on the flow and thermal fields.

The effect of Richardson number was also important, however, more significant at high

Re numbers and the shear driven flow convection is more significant than buoyancy driven one.

The influence of Pr number and K was the opposite for each other, an augmentation in
Pr number presented an increase in Nuave and affected the thermal and flow fields, meanwhile,
as K was augmented Nuave Was decreasing, and no significant effect on the flow fields.

The geometric parameters influence was also present and considerable; the change of
inlet and outlet dimensions and locations caused important changes in Nuave, flow and thermal
fields. The fin length and location also introduced significant changes in Nuave, and affected the
flow and thermal fields; however this was not the case for the aspect ratio of the cavity. This
indicated that the thermal performance could be enhanced through either physical or

geometrical parameters.

The present work has the potential to be further extended for more studies, such as
considering a turbulent flow since laminar is not practical for many cases, it is also possible to
extend the study to unsteady state and investigate the effects of other parameters such as the

cold wall dimension, and furthermore it can be examined experimentally.
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Appendix A

A. Non-dimensionalization of the governing equations

A.1 Continuity equation
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A.3 Energy equation
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Appendix B

B. Miscellaneous combined effects

B.1 Combined effects of Pr, Re and Ri numbers on Nuave

The effects of Pr number for different Reynolds and Richardson numbers on the average
Nu number at K = 0.1, H/5 inlet and outlet dimensions, BT configuration, fin at the cavity
center, Hf = 0.3 and AR =1, is shown the Tables B.1-3 below.

Tab B.1: Nuae = f(Pr, Re) Tab B.2: Nuae = f(Pr, Ri) Tab B.3: Nuae = f(Pr,Re,Ri)
Re Pr Nu Ri Pr Nu Re Ri Pr Nu
10 0.71 1.759063 0.1 0.71 10.17585 10 0.1 0.71 1.849437
50 151 5.010827 0.5 151 14.46915 50 05 151 5.013458
100 2.31 7.546913 1 2.31 18.11638 100 1 231 7.727761
300 3.11 15.71657 2 3.11  21.6595 300 2 311 16.5935
500 3.91 2211354 4 3.91 24.40684 500 4 3.91 24.52482
700  4.70 26.93288 6 470 27.93902 700 6 4.7 32.74473
900 550 32.05629 8 550 30.58322 900 8 55 39.90809
1200 6.30 38.34907 9 6.30 32.28561 1200 9 6.3 47.53223
1500 7.10 43.44324 10 7.10 33.74096 1500 10 7.1 54.95511

The combined effect of Prandtl number and Reynolds number on the average Nusselt
number (for Ri = 1) is illustrated in Tab B.1. While the combined effect of Richardson number
and Prandtl number (for Re = 500) is shown in Tab B.2, form the two tables above we can note
that the effect of the external force convection is more important for the thermal performance
since its effect is steeper and more significant than the effect of the buoyancy driven flow
convection. A further combination of the effect of the inertia force, external force flow
convection and the buoyancy driven flow convection is shown in Tab B.3, in this table, an
important note is that the effect of the free convection is insignificant at low Ri values (Ri = 0.1
- 4), and the importance of the latter convection regime appears only at high values of
Richardson number, which shows the importance of the inertia force and external force flow
convection contribution in the thermal performance, in compered with the contribution of

natural convection.
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B.2 Combined effects of K, Re and Ri on Nuave

The influence of the thermal conductivity ratio K for different Reynolds and Richardson
numbers on average Nu number at K = 0.1, Pr = 0.71, H/5 inlet and outlet dimensions, BT

configuration, fin at the cavity center, Hs = 0.3 and AR =1, is shown the Tables B.1-3 below.

Tab B.4 : Nuae = f(K, Re) Tab B.5 : Nuae = f(K, Ri) Tab B.6 : Nuae= f(K, Re, Ri)
Re K Nu Ri K Nu Re Ri K Nu
10 0.1 1.79556 0.1 0.1 11.02067 10 01 01 1.907965
50  1.3375 3.628971 0.5 13375 10.25618 50 0.5 1.3375 3.605339
100 2,575 4.720361 1 2.575 9.997938 100 1 2575 4.720361
300 3.8125 7.128651 2 3.8125 10.0038 300 2 3.8125 7.513016
500 5.05 8.630269 4 5.05 9.404042 500 4  5.05 9.404042
700 6.2875 9.344196 6 6.2875 9.105578 700 6 6.2875 10.49603
900  7.525 9.560268 8 7.525 8.804329 900 8 7.525 11.12044
1200 8.7625 9.55594 9 8.7625 8.44853 1200 9 8.7625 11.28661
1500 10  9.422835 10 10  8.149605 1500 10 10 11.27091

The combined impact of the thermal conductivity ratio K and Re number (while Ri = 1)
is outlined in Tab B.4, while Tab B.5 presents the effect of Richardson number and K
combination (at Re = 500) on the average Nu number. The first table indicates a significant
effect of the increased Re number which produced an important increase in Nuave. However the
rate of the increase gets decreased and then reversed at high Re number and this shows the
importance of the thermal conductivity effect on the heat flux and thermal performance, on the
other hand, although we increase Ri number, Nuave is decreasing which makes it possible to say
that the effect of K is more significant on the dominant natural convection regime. The
combination of the previously mentioned cases (i.e. Nuae = f(K, Re, Ri)) is depicted in Tab
B.6, it is clearly evident that the latter combination results are similar to that when Nuaye IS
affected by a combination of Re and K values which indicates and emphasizes ones again the

importance of the forced convection contribution in the thermal performance.
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Abstract

Theme de mémoire: Etude numérique de la convection mixte dans une cavité ventilée
contenant une ailette.

Auteurs: Abdelhak KEDDOUDA, Mohammed Ridha BOUDEBIA. Département de génie
mécanique, Université d'EI-Oued.

Master: Energétique.

Le transfert de chaleur par convection mixte a l'intérieur d'une cavité rectangulaire
ventilée avec une ailette chauffée en forme de T a eté étudié numeériquement, de large intervalles
des nombres de Re (10 - 1500), Ri (0,1 - 10) et Pr (0,71 - 7,10) ont été considérées dans le
présent travail, les effets de la conductivité thermique solide-fluide (K = 0,1 - 10) ont été
également etudiés. En outre, les effets de plusieurs parametres géométriques ont été examinés,
a savoir, les dimensions d'entrée et de sortie (D1 et D), leur positions, I'emplacement de I’ailette,
sa longueur (Hs) et le rapport d'aspect de la cavité (AR). Le modéle étudié est régi par un
ensemble d'équations aux dérivees partielles, et soumis a des conditions aux limites selon les
hypotheses considerées; le modéle mathématique a été transformé en une forme
adimensionnelle, puis résolu en utilisant le code CFD de ANSYS Fluent basé sur la méthode
des volumes finis. Les résultats ont éte présentés en termes d'isothermes, des lignes de courant
et de nombre de Nusselt moyen pour une multitude de combinaison des parameétres
gouvernantes. Les résultats indiquent que le champ thermique et le champ d'écoulement, le taux
de transfert de chaleur et le nombre de Nusselt moyen sur la surface de I’ailette, ainsi que la
dominance d'un régime de convection sur l'autre, dépendent significativement des paramétres

mentionnés ci-dessus.

Mots clés : convection mixte, ailette, ANSYS Fluent, méthode des volumes finis, nombre

de Nusselt.
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Abstract

Thesis title: Numerical study of mixed convection heat transfer in a ventilated cavity containing
a heat fin.

Authors: Abdelhak KEDDOUDA, Mohammed Ridha BOUDEBIA. Department of
mechanical engineering, University of El-Oued.

Master: Energetics.

Abstract

Mixed convection heat transfer inside rectangular ventilated cavity with an isothermally
heated T-shaped heat fin have been investigated numerically, wide range of Re number (10 -
1500), Ri number (0.1 - 10) and Pr number (0.71 — 7.10) were covered in the present work,
moreover the effects of the fluid-solid thermal conductivity (K = 0.1 — 10) has been also
investigated. Furthermore, the effects of several geometrical parameters have been examined,
namely, the inlet and outlet dimensions (D1 and D), locations, fin location, its length (Hs), and
the aspect ratio of the cavity (AR). The studied model is governed by a set of partial differential
equations, and subjected to a boundary conditions according to the considered assumptions; the
mathematical model was transformed to a dimensionless form, and then solved using ANSYS
Fluent (finite volume method based CFD code). Results were presented in terms of isotherms,
streamlines and average Nusselt number for multiple combinations of the governing parameters.
The results indicates that the thermal and flow fields, the heat transfer rate and the average
Nusselt number over the fin surface, as well as the dominance of a convection regime over the

other, depends significantly on the above mentioned parameters.

Keywords: Mixed convection, Heat fin, ANSYS Fluent, Finite Volumes Method, Nusselt

number.
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