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Abstract

Fluid flow with heat transfer due to the combined effect of free and forced
convection (mixed convection) are ofien encounteied in engineering syslems ¢g., in
ihe design of building, air conditionmg, cooling of electronic devices, nuclear
reactors, chemical processing equipment, lubricating prooves and industrial process
Moat glass manufacturing ¢te. The simplest conligurations approximating some of
these practical flow sttuations arc the flow and heat transfer m a vented cavity, wheie
the Mow is induced by a shear force resulting from the external forced strcam and in
a fid-driven cavily whete the flow is induced by a shear force resulting from the
motion of a moving wall. In this thesis under the title “Numencal Study on the Effect
of Conduction in Mixed Convection Flow mn a Rectangular Cavily with a Heat
Conducting Horizontal Cylinder™, two problems have been studied. The study as

well depending on vanious [low and geometrical conditions are abstractad below.

Firstly, the effect of conduction in mixed convection flow in a rectangular vented
cavity with a heat conducting horizontal {circular/square} cylinder hase been
investipated. The right vertical wall of the cavity is kept at a uniform constant
lemperature, while the other walls (top, bottom and lefl vertical) are assumed
adiabatic. A hecat conducting horizontal cylinder is placed somewhere witlun the
cavity. An extemal flow caters the cavity through an epening in the lefl vertical wall

and exits to another opening in the opposite wall.

Finally, the effect of joule heating in the coupling of conduction with
magnctohydrodynamics (MHD) mixed convection flow in a lid-drisen cavity along
with a heat conducting horizontal {circular/square} eylinder have been investigaled.
The cavity consists of adiabatic horizontal walls and differentially heated verlical
walls, but it also contains a heat conducting horizontal cylinder located somewhere
wilhin the caviry. Temperature of the left moving wall, which has censtant flow
speed, is Jower than that of the right verlical wall. A uniform magnetc field is

applied in the honzontal direction normal 1o the moving wall

The physical problems are represented malhematically by different scis of governing

equations along with fhe corresponding boundary conditions. Using a class of
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appropriate transformations, the governing equations along with the Dboundary
conditions are transformed into non-dimensional forin, which are then solved by
employing a [linite-element scheme based on the Galerkin method of weighted

residuals.

Results are presented in terms of streamlines, isotherms, average Nusselt number
along the hot wall, average temperaturc of the fluid in the cavity and dimensionless
temperature at the cylinder center for different combinations of the governing
parameters namely Reyunolds number fe, Prandtl number Pr, solid-fluid thermal
conductivity ratio X, as well as the size, shape and localions of the inner cylindsr,
cavily aspect ratio AR, locations of the inlet and outlet port {for vented cavity),
Harimann number Ha, and Joule heating parameter J {for lid-driven cavity) at the
three values ol Richardson number Ri, varying from 0.0 to 5.0, This range of A{ are
selecied on the basis of calculation covening pure forced convection, pure mixed
convection and free conveclion dominated regimes. Comparisons with previously

published work are performed and the resulls are found to be in excellent agrecment

The results indicate that bath the flow and the thermal fields strongly depend on the
parameiers, Reynolds number Re, the size and locations of the innee cylinder, cavily
aspect 1alio AR, locations of the inlet and outlet port {for vented cavity), 1artmann
namber Ha, and Joule heating parameter J (for hd-driven cavity) at the three
convective regimes. It is also observed that the parameters Prandtl number Pr, solid-
fluid thermal conductivity ratic K, have insigmficant effect on the flow fields and

have significant effect on the thermal fields at the three convective regimes

The computational results also indicate that the average Nugsclt number at the hot
wall, average temperature of the fuid in the cavity and temperatwre at the cylinder
centet are depending on the aforementioned dimensionless parameters. For the
purpose of comparisen of the effect of cylinder shape on heal transfer, the results 1n
terms of average Nusselt number arc shown in tabular form. The oblained results
reveal that the average Nusselt number at the hot wall for the case of squarc cylinder

are generally higher than that of for the case of circular cylinder.
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Nomenc¢lature

AR cavity aspect ratio

By magnetic induction (Wbim)

s speeific heat at conslant pressure (Mg &)
d dimensional diameter of the cyhnder (s1)
D dimensionless diameter of the cylinder

g gravitational acceleration (ms ")

G Grashof number

convective heat transfer coefficient {Fim”.K)

height of the cavily (m)

Hartmann number

lincar shape function

joule heating parameter

thermal conductivity of fluid (Hm &)

thermal conductivity of solid (#m K1)

Solid fluid thermal conductivity ratio

length of the cavity ()

dimensionat distance between p-axis and the cylinder center ()
dimensional distance between x-axis and the cylinder center (rr)
dimensionless distance between y-axiz and the cylinder centor
dimensionless distance berween x-axis and the cylinder center
dimensional distance cither along x or v direction {#1)
not-dimensional distance either along X or ¥ direction
quadratic shape function

local Nusselt number

Avecrape Nusselt number

pressilie

non-dimensional pressure

Prandt] nomber

heat flux

Raleigh numbcr

Reynolds number

Richardson number

surface tractions along X-axis

sutface tractions along Y-axis

dimensional fluid temperature {(K)

dimensional solid lemperature (K)

dimensional temperature difference (K)

velocity in x-direction (#/s)
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£ dimenszionless horizontal velocity

Ly Lid velocity (mfs)

¥ velocity in p-direction (m/s)

¥ dimensionless vertical velocity

¥ cavity volume (m’}

X, ¥ Caresian coordinates (m)

ALY dimensionless Carlesian coordinates
Q circular eylinder

| square cylinder

Greek symbols

p thermal duffusivity (ms™)

A coefficient of thermal expansion (K')
& dimensonless [lnd lempeeature

&, dimensionlcss solid temperature

A# dimensionless temperare difference
T dynatnic viscosity of the fluid (s
v kinematic viscosity of the fluid (mzs")
P density of the [luid (kgm™)

& fluid electrical conductiviry (2 mr')
Subscripis

av average

h heated wall

i inlet state

c cylinder center

s solid

! local

Abbreviation

CBC convective boundary conditions

CED computational Muid dynamics

FD finite difference

Fy finite volume

FL finite element

nn bottom inlet and botlom ontlet

BT bottom inlet and top outlet

™ top inlet and bottom outlet

TT wop inlet and top outlet
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Introduction

Cite often we cncounter fluid flow and heat transfer in cavities at differcrt
orientations. These classical problems have some analytical and huge numerncal
solutions. The effect of conduction in mked convection flow in caviues ar channels
have been studied by many researchers and it has been a very popular reseatch topic
for many years. Conduction elfects on mixed convection flows are impartant in the
context of many engineering apptications for predicting the performance. desigmng
of many equipment, machine pars like small micrechips to large nuclear reactor But
things used in practical purpose are much more complicated 1n design and prediction
of their performance vsing results from simple geometry cause huge error. For this
complexity, in rceent years, attention has been given to study hydrodynaumic and
thermal characteristics of complex geometry, Among those the cavities incorporaling
solid bodies or parlitions are given special attention doe 1o their wide appheations in
computer hardware, heat exchangeais, solar heat collector, some air condibioning
equipment and fumaces ete. A swdy of the fow of electrically conducting fuid in
presence of magnetic Geld is also important from the technical point of view and
such types of problems have rcecived much attention by muny investigators
Mathematical models uscd to predict flow and thermal behavier are mainly of
coupled non-linear partial differential equations and their analytical solution is

umpossible cxcept some special cases.

The rest of this introductory chaptcr is as follows Since the problems that we shall
study in this thesis are conjugaie effect of conduction and mixed conveetion flow in
cavities, we begin with a brief description on mixed convection heat transfer in
cavitics in section 1.1. Then reviews on Magnetohydrodynamics (MHD) and Joule
heating have given in sections 1.2 and 1.3 respectively. For convenicnce of present
investigalion, literature related to this study has been presented bniefly in section 1.4.
Then the motivation behind selection of the present problem, description of the

present problem and objective of the current study are described in scctions 1.5 to
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I.7. Finally, in section 1.8, a brief outline of the remainder of the thesis has

prosented.

1.1 Mixed Convection Heat Transler in Cavities

Mixed convection in cavities is a topic of contemporary importance, because cavilies
filled with Auid are central components in a long List of engineering and geophysical
systems. The flow and heat transfer induced in a cavity differs fundamenially from
the extemnal mixed convection boundary layer. Mixed convection in a cavily unlike
the extermnal mixed convection boundary layer that is caused by the heat hansfer
interaction belween a single wall and a very large [uid reservoir 1s the result of the
complex interaction between {inite size fluid systems in thermal communication with
all the walls lhat confine it T he complexity of this internal interaction is responsible

for the diversity of Nows that can exist inside cavity.

‘Lhe phenomenon of mixed convection in cavities is varied by (he geometry and the
oncntation of the cavity, Judging by the potential engineering applications, the cavity

phenomena can loosely be organized into tvo classes.
1 Vented cavity and 2, Lid-driven cavily

In a vented cavity, where the interaction between the extemnal furced stream provided
by the inlet and the buoyancy driven flows induccd by the heat source leads to the
passibility of complex Mows. Therefore it is important to understand the flund flaw
and heat transfer characteristics of mixed convection in a vented cavity. On the other
hand, the Nuid flow and heat transfer in a Hd-driven cavity where the flow is induced
by & shear force resulting from the wotion of a lid combined with the buoyancy force
due 1o non-homogeneous lemperamre of the cavity wall, provides another problem,
sludied extensively by researchers to understand the interaction between bucvancy
and shearing forces in such Now situation. The interaction between buoyancy diiven
and shear driven flows inside a closed cavity in a mixed convection regime is quite
complex. Therefore it is also important to understand the Muid Mow and heat transfer

characteristics of mixed convection in a lid-driven cavity.
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1.2 Magnetohydrodynamics

Magnetohydrodynamics {MHIY} is that brench of science, which deals with the flow
of elecincally conducting [uids in electric and magnetic fields. The motion of the
conductmg fluid across the magnetic field generates electric currents which change
the magnetic field and the action of the magnetic field on these corrents give 1ise to
mechanical forces, which modify the Muid. However, MHD is usually regarded as a
very contemporary subject. Probably the largest advance towards an understanding
of such phenomena comes from the {iclds of aslrophysics and geophysics. It has long
been assumed that most of the maller in the umiverse is in the plasma or highly
iomized state and much of the basic knowledge in the area of clectromagnetic [luid
dynamics evolved from these studies. Morsover MHD explains cortam natural
phenomena. The molions of the sea induee magnetic field that perturh the earth’s
magnetic field. Allernatively the elcetromagnetic force due to the interaction of
currents and earth’s magnetic field propels ocean movements. The MHD was
originally applicd to astrophysical and geophysical problems, where it 15 stll very
important. Engineers employ MHD ponciples in the design of heat exchanger,
pumps and flow meters, in space vehicle propulsion, control and te-entry in creating
novel power gencrating systems and developing confinement schemes for controlied
fusion. Qther potential applications for MIID include electromagnets with fluid
conductors, various energy conversion or storage devices, and magnetically
controlied lubrication by conducting fluids ete. Domled discussion of the

Magnetohydrodynamics (MHD) can be found in Shercliff {1963).

1.3 Joule Heating
When current flows in & wire, the resistance of the wire causes a voltage drop along
the wire; as a result electrical energy is lost. This lost elecirical energy 15 converted

into thermal energy called Joule heating. The detail of discussion of the topic 13
available in Hagen {1999).

1.4 Literature Review

Combined frec and forced (mixed) convective flow in which ncither the free

convection nor the forced convection effects arc dominant and both modes arc i a
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comparable level arise in many natural and technological piocess. Various
researchers investigated the effects of mixed convective [lows in cavitics, channcls
by using analytical, experimental and numerical methods. Some important works anv

presented below,

Mixed convection in Vented Cavity/ Channel without Obstacle

The study of mixed convection in vented cavitics are important from both theoretical
and practical points of wiew. In addition, the vented geometry has been widely
studied in heat transfer because of its fundamental impormance and its many
applications, including electronic cooling and thermal environmental control of
dwellings. The existing literature in this domain has focused considerable attention

on mixed convection in venicd cavities or channcls.

Papanicolaou and Jaturia {1990, 1992, 1993 and 1994) cattied out a scries of
numerica! studies to investigate the combined forced and natural convective cooling
of heat dissipating electronic components, located in rectangular cnclosure and
cooled by an extemnal through fMow of air. Morcover, Raji and Hasnaouwi {1998a,
1998b) obtained numerical results by using a finite differcnee procedure for Opposing
Nows mixed {forced and nataral} convection flow in a rectangular caviby heated from
the side with a constant heat flux and submitted to a laminar ¢old jet from the bottom
of its heated wall. The fluid leaves the cavity wia the top or the bottum of the
opposite vertical wall, Later on, the same authors ie. Raji and Hasnaow (2000)
investigated the mixed convection in ventilated cavihies where the horizontal top wall
and the veriical lefl wall were prescribed with equal heat fluxes. At the same time,
Angirasa (2000) numerically studied and explained the complex interaction between
buovancy and forced [low in a square enclosure with an inlet and a vent situated
respectively, at the botlom and top edges of the vertical isothermal surface, where the
olher three walls are adiabatic. Also, Omr and Wasmallah (1999 performed
nurmerical analysis by a conirol volume finite element method on mixcd convection
in a rectangular enclosure with differentially heated vertical sidewalls. Later on,
Singh and Sharif (2003) extended their works by considering six placement
configurations of the inlet and outlet of a differentially heated rectangular enclosure

whercas the previous work was limited to only two different configurations of inlet
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and outlet, Hsu and Wang (2000) investigaled lhe mixed convective heat mansfer
where the heat source was embedded on a board mounted verrically on the hottom
wall at the middle in {he enclosure. The cooling airflow enters and exits the enclosure
through the openings mear lhe top of the verlical sidewalls. Gau et al. (2000)
performed cxpetiments on mixed convection in a horizontal rectangular channel with
side heating. A numetical study of mixed convection hcat transfer in two
dimensional open-ended enclosurcs were invesligated by Khanaler ¢t al. (2002} for
theee different forced Now angle of atlack, Wang and Jaluria {2002} numerically
investigated the characteristics of the instabilily and the resolting effect on Lhe heat
transfer in mixed convection flow in a horizontal duct with discretc heat sources. A
numerical analysis of laminar mixed convection in & channel with an open caviry and
a healed wall bounded by a horizontally msulicd plate was presented in Mantu ct al.
(2003}, where they considercd three heating modes: assisting [ow, opposing flow
and heating from below. Later on, sitilar problem for the case ol assisting forced
Mlow confipuration was tested experimentally by Manca et al. (2000} The ow and
temperature {ield for a two-dimensional confined slot jet impinging on an isothermal
hot surface compuicd by Sahoo and Sharif (2004} A finite-volume based
computational study of steady laminar forced convection inside a squaie cavity with
infet and outlet ports was presenled in Sagidi and Khodadadi (2006). Recently
Rahman et al. (2007) studied numerically the opposing mixed convection in a vented
enclasure. They found that with the inciease of Reynolds and Richardsen numbers
the conveclive heat transfer becomes predominanl over the conduction heat transfer
and the rate of heat transfer from the heated wali is significantly depended on the

position of the inlet port.

Mixed convection in Vented Cavity/ Channel with Obstacle

Heat trapsfers are needed in modemn technology and are very impertant in many
indusimial arcas. Henee it is necessary to study and simulate heat transfer phenomena.
Modilication of heat transfer in cavities due to introduction of obslacles, partitions
and fins atlached to the wall (8) has rcceived some consideration in recent years.
Many authors have recently studied heat ransfer with obstacles, partitions and fins,

thereby altering the convection flow phenomenon.
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In mixed convection, shuctures of laminar wakes and heat transfer in a horizontal
channel with a built-in square cylinder were studicd numencally by Biswas ¢t al.
{1990). In their siudy, they found that the chamnel walls and the surface of the bluff
body have higher temperaturcs than the incoming flow and the mixed convection
initiale periodicity and asymmetry in the wake at a lower Re than forced convection
alone. They also found that the mixed comscclion can enhance the heating of the
fluid within the channel up to a certain Gr and further increase in Gr leads to the
deterioration in the heal transfer rate, Later, the laminar [low of an incompressible
[luid in a channel past a single heated normal flat plate as well as cascades of heated
normal plales were studied numerically by Lin and sharif {1997). They showed that
both Be and btockage ratio have significant effects on the [low and the temperature
ield, cspecially in the wake region. At the same time, Gm:vda el al. (1997) studied
numerically the heat transfer and fluid low over a row of in-line cylinders placed
between two parallel plates. They concluded that there are considerable effeets of
buoyancy and the blockage on the flow heat transfer over the cylinders. Unsteady
mixed convection flows over a circular eylinder placed ingide an insulted vertical

channel have studied by Singh et al. (1998).

I'hree 1elated studies of mixed convection in a partially divided rectangular caclosure
were respectively carried out by Hsu et al. {1997), How and Hsu (1998) and Calmidi
and Mahajan (1998). The simulation was conducted for wide range of Reynolds and
Graghof numbers. They indicated that the average Nusselt number and the
dimensionless surface temperatre depended on the location and height of the
divider. Combined free and forced conveetion in a squarc cnclosure with heal
conducting body and a [inite-size heat source was simulated numerically by Hsu and
Mow {1999). They concluded that both the heat transter coefficient and the
dimensionless temperature in the body center strongly depend on the configurations
of the system. Shuja et al. (2000} examined numerically the naturai comection in 2
square cavity with a heat gencrating body. Air and water are considered as the fluid
in the cavity while steel subsirate is considered as the heat generating body. They
found that (he heat transfer from the selid body surfaces increases where the surfaces
facing the inlet and the exit of the cavity and the solid body losses more heat in the

air than in water, Shuja et al (2000a) numerically studied mixcd convection in a
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square cavity due to heat generating rectangular body and investigated the effect of
exit port lacations on the heat iransfer characteristics and ieversibility generation in
the cavity. They showed that the normalized ireversibility increases as the exit port
location number increases and the heat transfer from the solid body enhanced while
the irreversibility reduces. The same authors (2000b) considered heat transfor
enhancement due to [low over a twe-dimensional rectangular protruding blull body.
Hung and Fu (1999} studied the passive enhancement of mixed convectien heat
transfer in a honzental channel with inner rectangular blocks by peometnc
modification. Unsleady mixed convection in a horzonlal channcl containing heated
blocks on its lower wall was studied numerically by Najam et al. (2003), Tsay ¢l al.
{2003) nigorously investigated the thermal and hydmodynanue interactions among the
surface-mounted heated blocks and baffles in a duct Mow mixed convection They
focused particularly on the effects of the height of ballle, distance Detween the
heated blocks, balfle and number of baffles on the Mow structure and heat transter
characteristics for the system at various Re and GriRe’. Turki et a1, (2003) conducted
a numerical mmvestigation to analyze the unsteady flow ficld and heat transfer
characteristics in a horizontal channel with a built-in heated squarc cylinder. They
examined the effects of the blockage ratio, the Reynolds number and Richardson
numbers on asredynamic and heat transfer characteristics. Chang and Shiau (2003)
numerically investipated the effects of a hodzontal baflle on the heat transfer
characteristics of pulsating opposing mixed convection in a parallel vertical open
channel. Bhoite ¢t al. (2003) studied numerically the problem of muxed convection
Now and heat transfer in a shallow enclosure with a scnes of block-like heat
generating component for a range of Reynelds and Grashol numbers and block-to-
[luid thermal conduclivity ratios. They showed that higher Reynolds number tend to
create 4 recircnlation region of invreasing strength at the core region and the ciflcet of
buoyancy becomes insignificant beyond a Reynolds number of typically 600, and the
therma! conductivity ratic has a negligible effect on the velocity fields. Kecently
Rahman et al. {2008a) studied of mixed convection in a square cavity with a heat
conducting square cylinder at diffcrent locations. At the same ume Rahman et al.
(2008D) studied mixed convection in a vented square cavity wiih a heat conducting

hotizontal solid circular eylinder. Very recently Rahman ot al. {2009) analyzed
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mixed convection in a rectangular cavity with a heat conducting horizontal circular

cylinder by using finite element method.

Mixed convection in Lid-driven Cavity without Obstacle

The fundamental problem of combined forced and free convection heat transfer in @
closed cavity has received considerable atlention from researchers. Such a problem 15
nsually grouped under lid-driven cavity problems. This problem is often cncountered
in industrial process and in nature. The modeling and simulation of crystal growth,
plass production, muclear reactors and food processing are common examples ol
current industrial applications, while convective thermal curfents associated with the
Mow struclure oceurring in the lakes and reservoirs are classically cited as a namral

phenomernon.

Aydin (199%) conductcd a nomerical study te investigate the transport mechamsm ot
laminar mixed convection in a shear- and buoyancy- driven cavity. Two orientations
of thermal boundary conditions at the casity walls were considered 1o simulate the
aiding and opposing buoyancy mecbanisms Aydin and Yang (2000) numencally
studied mixed convection heat transfer in a two-dimensional square caviry having an
aspect ratio of 1. In their conliguration the isothermal sidewalls of the cavity were
moving downwards with uniform vetocity while the top wall was adiabatic. A
symmetrical isothermal heat source was placed at the other adiabatic botom wall,
Mixed convection heat transfer in a two-dimensional rectangular cavily with constant
heat flux from partially heated borom wall while the isothermal sidewalls are
moving in the vertical direction was numctically studied by Gau and Sharif (2004).
Steady stale two-dimensional mixed convection problem in a vertical two-sided lid-
driven differentially heated square cavity investigated numerically by Oztop and
Daglekin (2004b). ITossain and Gorla (2006) mvestigated the effects of viscous
dissipation on unsteady combined convective heat transfer to water near s density
maximum in a rectanpular cavity with isothermal wall. Two-dimensional Mow in a
mwo-sided lid-drivem cavity conilaining a temperaturc pradient was invesligated
numetically by Luo and Yang (2007).
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Conjugate heat transfer in Closed Cavity with Obstacle

Conjugate heat transfer in closed cavity with obslacle has received a great deal of
atlention by e research conununity due to its importance in many engingering
devices. Heal exchangers, underground spread of poliutants, environmental ¢ontrol,
food processing and nuclear reactor safety are just some applications of heat transfer

phenomena,

Conveelion in enclosures containing tlocks has gained tecent research significance
as a means of heat transfor cnhancement. One of the syslematic numerical
investigations of this problem was conducted by House et al {1990}, who considered
natural convection in a vertical square cavity with heat conducting body, placed an
center in order to understand the effect of the heat conducting body an the heat
transfer process in the cavity. They found that the heat transler across the enclosure
enhanced by a body with thermal conductiviry ratio less than unity. Laciows (1992)
performed a numerical study of nahiral convection heat transfor from two vericaliy
separated heated cylinder to a rectangular cavity cooled from above. Later on,
Lacroix and Joyeux {1995) conducted a numerical shudy of natural comvection heal
transfer from two horizontal heated cylinders confined to a rectangular enclosurc
having linite wall conductance’s. They indicated that wall heat conduction reduces
the average lemperature differences acmoss the cavity, partially stabilizes the [ow
and decreascs natural convection heat transfer around Lhe cylinders. Sun and Emery
(1997} investigated experimentally and numerically the conjugate heat transfer with
wternal heat source and intemal baflle. They used finite ditference method with
SIMPLE algorithm for numerical analysis. They found that for an enclosure with a
conductive baflle, heat transfer is strongly influenced by the coupling effect among
baffle conduction, fluid convection and the strenglh of internal heating when the
bafflc 15 located near walls. Yedder and Bilgen (1997) has been smidied laminar
natura! convection in enclosures bounded by a solid wall with its outer boundary at
constant temperature while the opposing side has a constant heat flex, Oh et al
{1997) studied the steady natural convection processcs when a temperafme
dilfcrence exists across the enclosure and at the same time, a conducting body
generatcs heat within the enclosure. They investigated the effects of Rayleigh

mumbers and temperature difference ratio on vanations of streamlines, 1sotherms,
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heat lines and the average Nussell numbers on the hot and cold walls, Misra and
Sarkar {1997) conducted a finite element analysis of conjupate natural convection in
a square enclosure with a conducting vertical wall. The nalural convection hear
transfer in vertical slender cavitics with conducting fing attached to the cold wall was
numetically analyzed by Yucel and Turkoglu (1998). Sasaguchi et at. {1998)
Performed numerical calculations to examine the effect of the position of a coeled
cylinder in a reclangular cavity on the transient coeling of pure water around the
cylinder, Ha et al. {1999} conducted a comprehensive numerical study to invesligale
the transient heat transfer and flow characieristics of the natural convection of three
different luids in & vertical square enclosure within which a centered, square, heat
conducting body gencrates heat. Later on, Ha and Jung {2000) conducted a
comprehensive numerical study to investigate three dimensional steady conjugate
heat transfors of natural convection and conduction in a differentially heated in a
vertical cubic enclosure within which a centered, cubic, heat-generating cubig
conducting body. They concluded that for the presence of a conducting body in the
enclosure, a larper variation of the local Nusselt number at the hod and cold walls in
the z-direction is seon. Kimara et al. (2001} studied heat transfer mm oan mclingd
enclosure with an inner rolating plate. The effect of an intermal volumetne heat
generating and conducting solid body on the mixed convection in a square cayvily was
investizated by Yilbas et al. {2002), The numercal visualization of mass and heat
transport for comugate heat transfer by streamlines and heat lines wele
comprehensively studied by Deng and Tang (2002}, Roychowdhury et al. {2002}
analyzed the natural convective flow and heat transfer features for a heated cylinder
kept in a square cnclosure with different thennal boundary conditions. Natural
convection heat transfer m a square cavity with a heated plate built-in verueally and
horizontally was investigated by Oztop and Dagiekin (2004a) They addressed the
effect of the positon and aspect ratio of heated plate on heat transfer and finid low
and it was found that mean Nusselt numbers ai both vertical and herirontal location
increased as Rayleigh number increased Dong and Li (2004) studied conjugate of
natural convection and conduction in a complicated enclosure. They investigated the
influences of material character, geomelrical shape and Rayleigh number on the heat

transfer in overall concerned region and concluded that the flow and heal transfer

10
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increase with the increase of thermal conductivily in the solid region; both geometric
shape and Rayleigh number affect the overall Mlow and heat transfer greatly.
Buoyaney induced flow and heat transfer inside & squarc cavity duc to a thin ballle
on the hot wall was amalyzed numcrically in Tasnim and Collins (2004). They
investipated the effects of baffle height, length and Rayleigh number on heat transler
performance. It was found that adding baflle on the hot wall incrcased the rate of
heat transfer. Bilgen and Yamane (2004) examined numerically the conjugate heat
transfer by faminar natural convection and conduction in wo-timensional
rectangular enclosures with openings. A chimncy mnside the encloswie was sunulated
as a vertical tectangular body with a uniform heat Mux on onc side and insulation on
the other. They investigated the effects of the various geometrical paramciers and the
thickness of the insulation layer on the Muid flow rate and heat transfor
characterisites. Later, Bilgen (2005) numerically siudied heat transfer by natural
convection in differentially hcated square cavities with honizontal thin fin. He
concluded that nonnalized Nussell number is an increasing function of Rayleigh
number, and decrcasing function of On length and relative conductivity atio.
Merrikh and Lage (2005) studied numerically natural convection within a
diffcrentially  heated heterogensous square  enclosure  consisting of  several
disconnected and conducting solid blocks within a saturated fluid. Braga and Lemas
{(2005) numencally studied steady laminar natural eonvection within a square cavity
filled with a fixed amount of conducting solid material consisting of either cireular or
square obstacles. They showed that the average Nussclt number for eylindrical rods
is slightly lower than those for square tods. The problem of laminar natural
convection heat transfer in a square cavity with an adiabatic arc shaped batfle was
numercally analyzed by Tasnim and Collins (20035). They were identificd that tlow
and thermal [iclds are modified by the blockage effect of the haflle and incrcasing
the shape parameter of the balfle enhances the degree of Mow modilication due to
blockage. Lee and Ha (2005) investigated natural conveetion in a horizontal layer of
fluid with a conducting body in the intedor, using an accurate and elficicnt
Chebyshev spectral collocation approach. Later on, the same authors Lee and Ha
(2006) also studied natural convection in horizontal layer of fluid with heal

generating conducting body in the interior. Bhave ¢t al. (2006) were investigaled the
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effect on the stcady-state natural convection heat transfer enhancement of a centrally-
placed adiabatic block within a differentially heated square cavity with a fixed
temperature drop bebween the vertical walls, Kumar and Dalal (2006) sudied natoral
convection around a tilted heated square cylinder kept in an enclosure 1n the range of
10' < Ra < 108, They reponed detailed flow and heat transfer features for two
different thermal boundary conditions and found that the uniform wall temperature
heating is quantimtively dilfercat from the uniform wall heat [lux heating. Oztop and
Bilgen (2006) numetically studied a differentially heated, partitioned, squarc cavity
containing a heat generating [uid. The vertical walls were isothermal while the
horizontal walls were adiabatic and an 1gothermal cold partitioned was altached to
the botrom wall. They considered extemnal and internal Rayleigh numbers (Rap and
Rapy ranged from 10° 1o 10°, and concluded that the flow field was modificd
considerably with parial dividers and heat transfor was generally reduced
particularly when the ratio of internal and extemal Rayleigh numbers was from !
to 10°. Xu et al. (2006) experimentally observed the thermal flow around a square
obstruction on a verlical wall in a differentially heated cavity, Natural convecuon
conjugate heat transfer inside an inclined square cavity with an internal cenducting
block was carmicd oot in Das and Reddy (2006). Nakhi and Chamkha {2006)
considered sieady laminar natural convectve flow of a viscous fluid in an inclined
enclosure with pariitions. They predicted that the wall heat transfer and the flow
characteristics  inside t(he parfitioned enclosure depended strongly on the
dimensionless partilioned height, Rayleigh munber and the enclosure inclinution.
Later, Nakhi and Chamkha (2007} numerically studicd steady, laminar, conjugate
natural convection around a finmed pipe placed in the cenicr of a square enclosure
with uniform internal heat generation. Jami et al {2007) numerically investigated the
laminar nahiral convective flow in an enclosure with a heal-generating cylindrical

conductling body.

Heat transfer in a Closed Cavity/ Channel with MHD Effcct

A combined free and forced convection Bow of an clectrically conducting Duid in a
lid-driven cavity or in a channel in the presence of a magnetic field is of special

technical significance because of ils frequent occurrence in many industrial
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applications such as geothermal rcscrvoirs, cooling of nuclear reactors, thermal
insulations and petreleum reservoirs. These types of problems also arise in electronic

packages, micro electromic devices during their operations.

Qreper and Szekely (1983) siudied the cffect of an externally imposed magnetic field
on buoyancy driven flow in a rectangular cavily. They found that the presence of &
magnetic icld can suppress natural convection currents and that the strength of the
magnetic field iz one of the imporiant factors in determining the quality of the
crystal. Ozoe and Maruo {1987) investigated magnetic and gravitational natural
convection of melted silicon two-dimensional numerical computations for the rate of
heat transfer. Garandet ot al. (31992) studied natural convection heat lransler 1n &
rectangular enclosure with a iransverse magnetic field Rudraiah ct al. {1993a)
investigated the effect of surface tension on buoyancy driven Mow of an electncally
conducting Muid in a rectangular cavity in the presence of a vedical bansverse
magnetic fleld to see how this force damps hydrodynamic movements, At the same
time, Rudraiah et al. (1995b} also studied the effect of a magnetic field on free
conveciion in a rectangular enclosure. The problem of unsteady laminar cotubined
forced and free convection flow and heat transfer of an clectrically conducting and
lieat generating or absorbing fuid in a vertical lid-driven cavity in the pesence of a
magnetic fietd was formulated by Chamkha (2002). Mahmud et al. (2003} studiad
analylically a combined free and forced convection flow of an electneally conducting
and heat-generating/ absorbing fluid a vertical channel made of two parallel plates
under the action of transverse magnctic ficld, Samis et al. {2003} presented a
numerical study of unsteady two-dimensional nawral convection of an electrically
conducting fuid in a lateraily and volumetrically heated squarc caviry under the

mfluence of a magnetic field.

1.5 Motivation behind the Selection of Presenf Problemn

From the lilerature review it is clear that very little numencal study on the effect of
conduclion in mixed convection heat transfor in vented cavilies with inner obstacle
have been carricd out. The study of mixed convection in vented cavities with inner
obstacle is imporiant for numerous engineering applications. To apply a sysicru as an

effective heat transfer devices such as in designing nuclcar reactors, sotar collectors,
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elecirical, microelectronic equipments containers and in many other design problems
mixed convection heat transfer is pronominent. Thus the analysis of the effcct of
mixed convection for diffcrent boundary conditions and shapes are necessary to
cnsure efficient pedommance of heat transfer equipmenls. On the other hand, the
majotity of the conjugate mixed conveclion studics werc carmied out in channel with
immer obstacle and conjugate matural convection studics were carried out 1n closed
cavities with inocr obstacle. Thus far, none have conducted studies involving the
effect of conduction in mixed convection flow in a lid-duiven cavity containing an
obslacle, allhough they are widely used. Numerical studies are thercfore essential to
ohserve e vaoation in fluid flow and heat (ranster due to the above physical

changes, which forms the basis of the motivation behind the present study

1.6 Present Problems

Previously no work has been reported for the actual heat transfer augmentanon i
vented as well as lid-driven cavitics with inne: obstacie. So the present siudy is a
numerical investigation on the vented as well as lid-driven cavitics wath innes
obstacle for the purposc of actual heat transfer augmentation In the present
investigation, two dilferent types of cavities are considercd. One is reclangular
vented cavity containing a fixed amount of conducting solid material in the form of
circular as a case 1 and square cylinder as & case 2, where the nght side wall is
heated and the other sidewalls remain adiabatic. Another type is 2 vertical hd-dniven
cavity, where the top and bottom walls are assumed to be adiabatic while the left and
the tight walls are maintained at constant and different temperatures. The lefl wall of
the cavity is allowed to move in its own plane al a constant velocity. A magnenc
field is applied in the herizontal direction nonnal to the moving walt and Joule
heating term is considered in the cavity. A conducting sohd materal is also
considered inside the cavity. The solid phase is shaped into two dilferent geometries,
namely square and circular, which are horizontally or vertically displaced inside the
cavity. The proposed studies are expected to reveal that the heat transfers in such
armangemenls arc different from those stedicd in the above literaturc and it will
therefore prove usefil from the designer’s point of view in choosing the best physical

condition Lthat suits him.
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1.7 Objectives of the Present Study

The overall goal of this thesis is 1o nomerically simulale [uid flow and heat transfer
behaviors inside two different types of cavity configurations as stated in previous
section. ‘The investigations are to be carried oot at Jdifferent noo-dimensional
goverming parameters such as Reynelds number, Richardsen number, Prandtl number
golid-fluid thermal conductivity rtatio and diffcrent physical parameters such as
cylinder size, shape, locations inside the caviry and cavify aspect ratio. In addition,
the effect of inlet and outlet port locations is studied only for vented cavity where as
the effect of Harlmann number and Joule heating parameter are studied for the casc
of lid-driven cavity. The effect of the non-dimensional parametess on overall heat
transfer, velocity and temperature distribution will be examined both qualitatively
and quantitatively, Results will be presenied in terms of streamlines, isotherms. as
well as the average Nusselt numbcr, average temperature of the f{lud and
dimensionless temperanire at the cylinder center for different values of the governing

and the geometric parameters. However, the specific aims of the study are as follows:

¢ To modify 2 mathematical model regarding the comjugate effect of conduction
and mixed convection flow around a honzontal eylinder {circular/square ) placed
in a rectangular vented cavity and henee 1o solve that model using finite element
method.

v To modify a mathematical model for the effect of Jouls heating on the coupling
of conduction and magmetohydrodynamic mixed convection [low in a rectangular
lid-driven cavily along with a heat conducting horizontal cylinder
{citcularfsquare) and hence to solve that model vsing finite element method.

* To camy out the validation of the present finite element model by investigating
the effcet of natural convection heat wansfer in a square cavity with heat
conducting body in its ccater and the effect of hydro magnetic combined
convection flow in a vertical lid-driven cavity with internal heat generation or
absarption.

» ‘To find out the best location of the inlet and cutlet port for which optimum heat
transfer performance can be achueved in the case of vented cavity,

# To examine the effect of Reynolds number, Richardson number, Prandtl number,
as well as the size, location, and thermal conductivity of the conducting cylinder
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and aspect talio of the cavity on the Muid low and heat transfer characteristies in
the venicd cavity,

v To investizate the effcet of Reynolds number, Richardson number, Prandtl
number, Harlmann numhber, Joule healing parameter, as well as the size, location,
and thermal conductivity of the condueting cylinder and aspect ratio of the cavity
on the flow and thermal fields of the lid-driven cavity.

1.8 Outline of the Thesis

This dissertation contains five chapters. In this chapler a brief introduchion is
presentad with aim and objective. There is nothing new to say about it. This chapter
also consists a literature review of the past studies on Muid fow and heat ranster in
cavities or channels. In this slate-of-the arl review, differcnt aspects of the presious
studies have been mentioned categonically. This is followed by the post-mortem of 4
recent historical cvent for the illustration of Muid MNow and heat transfer effects in

cavities or channels.

Chapter 2 presents the computational procedure of the problem [or viscuss

incompressible flow,

In Chapter 3 a detailed parametric study on the comugate ¢ffect of conduction and
mixed convection flow in vented cavities with inner obstacle is conducted Rffect of
the major parameters such as Reynolds number, Richardson number, Prandt] number
solid-fluid thermal conductivity 1atio and different physical parameters such as
cylinder sizc, locations inside the cavity, inlet and outlet locations and cavity aspect
ratio have been presented to better understand the heat transfer mechanisms in vented

cavities.

In Chapter 4 the effect of joule lLeating in the coupling of comduction with
magnetochydrodynamic mixed conveclion [low in a rectangular vertical lid-diiven
cavity along with a heat conducting horizontal cylinder are conducied. Parametric

studies for the relevant parameters are also perfonned in this chapler.

Finally, in Chapter 5 the dissertation is rounded of with the conclusions and

recommendations for further study of the present problem are outlined.
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Computational Details

Mathematical model of physical phenomena may be ordinary or partial diflercntial
cguations, which have been the subject of analytical and numerical investigalions.
The parlial differential equations of {luid mechanics and heat transfer are salvable {or
only a limitcd number of flows. To oblain an approximate solution numerically, we
have to use a discrelization method, which approximated the differential cquations
by a system of algebraic equations, which can (hen be solved on a computer, The
approximations are applied to small domains in space and for lime so the numerical
solution provides results at discrete locations in space and time. Much as the
accuracy of experimental data depends on the quality of the tools used, the accuracy

of numerical solutions depend on the quality of discretizations used

Computational Muid dynamics (CFD) computation involves the formation of a set
numbers that constitutes a practical approximation of a real life system The outcome
of compulation process improves the understanding of the performance of a system,
Thereby, engineers need CFI) codes that can make physically realistic results with
good quality accuracy in simulations with linite grids. Conlained witmn the broad
field of computational Muid dynamics are activihies that cover the range [mom the
antomation of well established enginccring design methods to the use of detailed
solutions of the Navier-Stokes equations as substitutes for experimental research into
the nature of complex flows. CFD have been used for solving wide range of fluid
dynamics problem. It is more frequently used in fields of engineering where the
geometry is complicated or some important feature that cannot be dealt with standard
methods. More details are available in Ferziger & Perié (1997) and Patankar (1950},

2.1 Advantages of Numerical Investigation
The analysis of flow and heat transfer in thermodynamics can be petformed either
theoretically or experimentally. Experimental investigation of such problem could

not gain that much popularity in the ficld of thermodynamics because of their limited
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flexibility and applications, For every change of geometry body and boundary
condition, it necds separate investigation, involving separate experimental
requirement! armangement, which, in tum makes it unatrractive, especially from the
time involved as well as ceonomical point of views. The theoretical investigation on
ihe other hand, can be carmied out either by analytical approach or by numenical
approach. The analytical methods of solution are not of much help in solving the
practical problems. This is mainly due to the very involvement of a large number of
variables, complex geomelrical bodies, boundary conditions and arbitrary boundary
shapes. General closed formm solutions can be obtained only for very 1dcal cases and
the results obtained for a particular problem, uswvally with uniform boundany
conditions. For iwo-dimensional thermodynamics problems, mathematical mode!
involve partial differential equations are required to be selved simultaneously with
some boundary conditions. Therefore, there no altematives except the numencal
methods for the solution of the problems of practical interest. The details arc 10 be
had in Fletcher (19917 and Patankar {1980},

2.2 Components of a Numerical Solution Methods

Several components of numerical solution methods are available in Ferziger and

Peri¢ {1997), here only the main steps will be demonstrate in the [ollowing,

2.2.1 Mathematical Model

The starting point of any numencal method is the mathematical model, 1.¢. the set of
partial differential equations and boundary conditions. A solution method 1s usually
desipned for a particular set of equations. Trying to produce a general-purpose
solution method, ie. one which is applicable ta all flows, is impractical, is not
impossible and as with most general purpose tools, they are usually not optimum for

any one application.

2.2.2 Discretization Method

After selecting the mathematical model, one has to choose a suitable discretization

method, i.e. a method of approximating the differential equations by a system of
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slgebraic equatioms Tor the variable at some set of discrete locations in space and

tiime,

2.2.3 Numerical Grid

The mumerical grid defines the discrete locations, at which the variables are to be
calculated, which is essentially a discrete representation of the geometric domain on
which the problem is to be solved. It divided the solution domain into a finite number
of sub-domains (elements, conlmol volumes etc). Some of the options available are

structural (zegular) grid, Dlock structured gnid, unstructared grids ete.

2.2.4 Finite Approximations

Following the choice of grid type, one has to select the approximations to be used in
the discretization process. In a finite difference method, approximations for the
derivatives at the gnd poitls have to be selecled. In a finite volume method, one has
to zelect the melhods of approximating surlace and velume integals In a [inne

clement methad, one has to choosc the functions and welghting functicns.

2.2.5 Solution Method

Discretization yiclds a large system ol non-lincar algebraic equations. The method of
solution depends on the problem. For unsteady Mows, methods based on those used
for initial value problems for ordinary differential equation {marching in time) 1s
wsed. At each time step an elliptic problem has to be solved. Pseudo-time marching
or att equivalent iteration scheme wsually solves steady flow problems. Since the
cquations are non-linear, an iteration scheme is used to solve them. These methods
use successive lineanzation of the equations and the resulting lincar systems are
almost abways solved by iterative techniques. The choice of solver depends on the

grid type and the number of nodes involved in each algebraic cquation.

2.3 Discretization Approaches

The first step to numerically solve a mathematical model of physical phenomena is
its numerical discretization. This means that cach component of the differential

gquations is iransformed into a “numerical analogue™ which can be represcnted in the
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computer and then processed by a computer program, built on sone algorithm. There
are many different methodologies were devised for this purpose in the past and the
development still conlinues. In order to short them, we can at first divide the spatial
discretisation schemes into the following three maimn categories. nite difference
(FI¥), finite volume {TY) finite element (FE} methods, Doundary element (BIZ)
method and Boundary volume {(BY) method.

In the present numerical compulation, Galerkin finite element method (FEM) is used.
Dictailed discussion of this method is available in Chung {2002} and Dechaumphai
(1999).

Finitc Element Method

The finite element method (FEM} is a powerful computationsl method for solving
problems, which are described by partial differential equations. The lumdamental
idea of the finite element method is to outleok a given domain as an asscmblage of
simple peometric shapes, called [bnite elements, for which it is posable to
systematically gencrate the approximation functions needed in the solution ol partial
differential equations by the weighted residual method. ‘The computational domains
wilh irregular geometries by a collection of finite elements makes the method a
valuable practical tool for the solution of boundary value problems arising in vanous
fields of engimeenng. The approximation functions, which satisfy the governing
equations and boundary condirions, are often construcied using ideas from
interpolation theory. Approximating functions in finite clements are detenmined in
terms of nodal values of a physical field, which is requited. A continuwous physical
problem is transformed inlo a discretized [inite eiement problem with unknown nodal
values. For a linear problem, 4 system of linear algebraic equations should be solved,
Values inside [inite elements can be recovered using nodal values.

The finite element method is one of the numerical methods that have reccived
popularity due to its capability for solving complex structural problems. ‘The method
has been extended to solve problems in several other fields such as in the field of
heat transfer, computational fluid dynamics, electromagmetic, biomechanics elc. In
spitc of the great success of the method in these fields, ils application to fluid

mechanics, particularly to convective viscous flows, is still under intensive research.
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The major steps imvolved in finite element analysis of a typical problem are-

1. Discretization of the domain into a sel of finite elements (mesh generation}.

2. Weighted-integral or weak formulation of the differential equation to be
analyzed.

3. Development of the (inite element model of the problem using its weighted-
intepral or weak form.

4, Assembly ol finite elements to obtain the global system of algebraic
equations,

5. Imposition of boundary conditions.

6. Solulion of equations,

7. Post-computation of solution and quantities of intcrest,

2.3.1 Grid Generation

The arca of numerical grid generation is relatively young in practice, although its
roots in mathcmatics are old. The arangement of discrete poinis throughout the llow
field is simply called a grid. The determination of a proper grid for the [low (hrough
4 given peometric shape is important. The way that such a grid 1s deteimined is
called prid gencration. The grid gencralion is a significant consideration in CIFD
Finite element method can be applied to unstrectured grids, This is becavse the
poverning equations in this method are written in intepral forny and numerical
integration can be carried out directly on the unstructured grid domaim in which no
coordinate transformation is required, A two-dimensional domain may be
triangulated as shown in Figure 2.1, In finite ¢lement method, the mesh genesation is
the technique to subdivide a domain into a set of sub-domains, called hnite clements.
Figure 2.1 shows a domain, A 1s subdivided into a set of sub-domains, A" with

boundary £, Detailed discussion of this issue is available in Anderson {1995) and
Chung (2002).
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Figure 2.1: A typical FE discretization of a domain, Reddy & Gartling {19%4}

2.3.2 Finite Element Formulation and Computational Procedure

Viscous incompressible thermal Mows have been the subject of our investigabion.
The prohlem is telatively complex dus to the coupling between the energy equation
and the MNavier-Stokes equations, which govern the Muid motion. These cquations
comprse 4 set of coupled nonlinear partial dilfercntial cquations, which is dilficult o
solve especially with complicated geometries and boundary conditions. The finite
element formulation and computational procedwe for Navier-Stokes equations along

with energy equations will be discuss in the chapter 3

2.3.3 Algovithm

The algorithm was orginally put forward by the iterative Newton-Raphson
algorithm; the discrete forms of the continuity, momentum and energy equations ang
solved to find out the value of the velocity and the temperature. It is essential to
guess the initial values of the variables. Then the numerical solutions of the vanables
are obtained while the convergenl cnitcrion is fulfilled. The simple algorithm 1s

shown by the flow charl below.
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Figure 2.2: Flow chart of the computational procedure

23



Chapter 2

bt S sritiln oo

2.3.4 Solution of System of Equations

A system of linear algebraic cguations has been solved by the UMFPACK with
MATLAB interface. UMFPPACK is a sct of routines for solving asymmetsic sparse
linear systems Ax = b, using the Asymmetric MultiFrontai method and direct spatse
LU factorization. Five primary UMFPACK routines are requiced to factorize A or Ax
= b

1. Pre-orders the columns of A to reduce fill-in and performs a symbolic
analysis.

2. Numerically scales and then factorizes a sparse matnx.

3. Solves a sparse linear system using the numeric factorization,

4, Trees the Symbolic object.

8. TFrees the Numerc objcct.
Additional routines are:

1. Passing a different column ordering

2. Changing default parameters

3. Manipulating sparse matrices

4. Getting LU factors
3. Solving the LU factors

6., Computing determinant .
UMFPACK factorizes PAQ), PRAD), or PR™'AQ into the product LU, where Land U
are lower and upper triangular, respectively, T' and Q are permutation matrices, and R
18 a diagonal matrix of row scaling factors (or R = I il row-scaling is not used}. Both
P and Q are chosen to reduce fill-in (new nonzeros in L and U that are not present in
A). The permutation P has the dual ole of reducing fill-in and maintaining numerical
accuracy (via relaxed partial pivoling and row interchanges). The sparse matris A
can be square or rectangular, singular or non-singular, and real or complex (o1 any
combination). Only square matrices A can be used to solve Ax = b or related
systems. Rectangular matrices can only be factorized UMFPACK [wst finds a
column pre-ordcring that reduces fill-in, without regard to numerical values. Tt scales
and analyzes the matrix, and then automatically sslects one of three strategies for
pre-ordering the rows and columns: asymmctne, 2-by-2 and symmetric. These

strategies are described below.
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{One notable atlribute of the UMFPACK is that whenever a matrix 1s [actored, the
factorization 1s slored as & part of the onginal matrix so that further operations on the
matrix can reuse this factonzation. Whenever a factorization or decomposition is
calenlated, it is preserved as a list (element) in the factor slot of the eriginal object. In
this way a sequecnce of operations, such as determining the condition number of a
matrix and then solving a linear system based on the malrix, do not require multiple

factorizations of the intermediate results.

Conceptually, the simplest tepresentation of a sparse mainx is as a triplet ol an
integer veclor & giving the row numbers, an integer vector j giving the column
numbers, and a numeri¢ vector x giving the non-zero values in the matrix, The triplet
representation is row-oriented 1f elements in the same row were adjacent and
column-oriented if elements in the same column were adjacent. The compressed
sparse row {csr) or compressed sparse column (csc) representation is sinular to row-
oriented  triplet or column-oriented triplet respectively. These compressed
representations remove the redundant row or column in indices and provide faster

acecess to a gven kocation in the matrix,

2.4 Concluding Remarks

This chapler has presented a tutoral introduction to computational method with
advantages of numerical investigation. Because numerical method has played a
central role in this thesis, Various components of numerical method have been also
explained. Finally, the major steps involved in finite element analysis of a nypical

problem have been discussed.
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Effect of Conduction in Mixed Convection Flow in a
Rectangular Vented Cavity filled with a Heat Conducting
Horizontal Cylinder

Mixed convection in vented cavities have received sustainable attention, duc to the
mtercst of the phenomenon in many technological processes, such as the design of
solar collectors, thermal design of building, air conditioning and recently the cooling
of electronic circuit boards. The details are available in Papamcolaocu and Jaluria
(1990, 1994), Omr and Nasmallah {1999} and Raji and Hasnaoui (1998a, 998D,
2000). In vented cavitics, the interaction between the cxternal forced stream and the
bugyaney driven {low induced by heat source could lead to complex [low structwes.
Analysis of the above phenomena incorporating a heat conducting sohid cyhinder
extends 1is usability to many other practical situations such as any projections en a
motherboard of a conputer and a conductive material in an iner atmosphere inside &
furnace with a constant flow of gas from outside constitute practical applications tor
the present problem. To have a clear understanding of heat transfer angmentalion and
Muid Now characteristics in an obstructed vented cavity a number of studies were
carried out in the past by different researchers Papanicolaou and Jaluria (1993},
Shmija et al. (20004, 2000b} and Hsu and How {19499}

'Fhis chapter describes the e¢ffect of conduction in mixed convection flow in
rectangular vented cavities (ifled with a heat conducting horizontal cireular or square
cylinder. Here buoyancy is generaled because of the diflerence in lemperatuncs
hebween the hot wall and through stream. The interaction betwesn the buoyancy and
the forced flow is examined in detail. The goveming egualions along with
appropriate boundary ¢onditions for the present problemt are first transformed into a
non-dimensional form and the resulting non-lincar system of partial differcntial
equations are then solved ymmerically using a very cflicient finite element meihod.
Here numerical soluticns are obtained over a wide range of non-dimensional

parameters i.e. ﬁeynﬂlds number Re, Richardson number Ri, Prandtl number Pr,
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solid-Muid thermal conductivity ratio X and various physical paramelers 1.¢. the nlet
and outlet position of the cavity, the sizes and locations of the inner cylinder and
aspect ratio of the cavity. Parametric results arc presented in tenms of streamlines and
isotherms. As the heat transfer at the heated wall depends upon a number of factors. a
dimensional analysis is presented to show the important non-dimensional parameter
(Nusselt number} that will influence the dimensionless heat transfer at the heated
surface. Finally, the average Nussclt number at the hot wall, average tomperature of
the fluid in the cavily and temperature at the cylinder center, obtained from the cavity
with circular cylinder and are compared with those calculaied with square cylinder

for several parameters,

The remainder of this chapter is as follows. In section 3.1, thc physical
conligurations of the current research inlerest are shown. Then the appropriate
mathematical model (both governing equations and boundary conditions) is
considered in seclion 3.2. Afler (hat a numerical scheme that is employed in this
study are described in the section 3.3, Next parametric results are presented in the

section 3.4. Finally, section 3.5 gives a summary of our conclusions.

3.1 Physical Confligurations

The schematic drawing of the system and the coordinates are shown in figures 3.1
and 3.2, which consider rectangular vented cavitics filled with a heat conducting
harizontal solid mateda) in the form of eircular cylinder as a case ) (figure 3.1} and
square cylinder as a case 2 {figure 3.2). In both cases, the quantity of s0lid material is
the same. The cavity dimensions are defined by height /7 and length L. The cavities
ate heated from: the right vertical wall, with a uniform constant temperature 7 while
the remaining walls are considercd perfectly insulated. In both of the cascs, the
inflow opening located on the lefl vertical adiabatic wall and the outflow opening on
the opposite vertical healed wall is arranged as shown in the schematic figures and
may vary in location eithcr lop or botom position. The cavities presented in figures
1.1 (a) and 3.2 (a) are subjccted to an external flow which enters via the bottom of
the insulated vertical wall and leaves via the botiom of the opposile heated verlical

wall.
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Fieure 3.1: Four schematic diagrams of thenmally dnven ventilated cavily
with a circular cylinder (case 1}.

For reasons of brevity, this case will be referred to as BB conhguration from now
When the horizontal cold [uid enters into the cavity from the hottom of msulated
wall and leaves at the top of the other verlical one in figures 3 1 (b) and 3.2 (b}, these
case will be refermmed as BT configuration. Similarly, figures 3.1-3.2 (c) and 3.1-3.2
{d) are referred o a5 TB and TT configurations respectively, Tor simplicily, the
heights of the two openings are set equal to the onc-tenth of the enclosure height. It 15
assumed that the incoming Tluid Mow through the inlet at a unitform velocity u; al the
ambicnt temperature T; and the outgoing Mow are assumed to have zere diffusion
(lux for all variables i.e. convective boundary conditions {CBC). All solid boundaries

are assumed 1o be rigid no-slip walls.

The mathematical model developed in the last section is used (o investigate the

mutual interaction conduclion-mixcd convection in an obstructed vented cavity.
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Figure 3.2: Four schematic diagrams of thermally driven venlilated cavity
with a square cylinder {case 2).

3.2 Mathematical Formulation

The several steps of the mathematical formulation for the above physical

conhgurations are shown as fullows

3.2.1 Governing Equations

The fondamental laws used to solve the fluid flow and heat transfer problems ale the
conscrvation of mass {contimniy eguations), conservation of momentums
{momentumn cquations), and comservation of energy (energy cquations), which
constitute a set of coupled, nonlinear, partial differential equations. For laminar
incompressibie thermal flow, the huoyancy foree is included here as a body force in
the v-momentuin equation. The governing eq;aaiir:rns for the two-dimensional steady
Now alter invoking the Boussinesq appioximation and neglecting radiation and

viscous dissipation can be expressed as
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Contnuily Equation

du v
Z+Z 2o (3.1)

gx &y

Momentum Equations

- 1 1
u@”ﬂt:_l@,w[EJrﬂ] (3.2)

o iy P o act @’
- i a2

i!$+v@=_lﬁ_p+u E+ﬂ—1: +g (T -T)) (3.3}
g v pdy i dy

Energy Equations

- 7 .
L8k [OT &7 (3.4)
x dy peyldv
For solid cylinder
=2 ks
o=t [‘;x{+;§] (3.5)
P,

where x and y are the distances measured along the hotizontal and verlical directions
wespeetively; » and v are the velocity components in the x and j directions
respectively; Tand T, denote the fluid and solid temperature respectively, T; denotes
the reference temperature for which buoyant force vanishes, pis the pressuie and 2 is
the fuid density, g is the gravitational constant, # is the volumetric coefficient of
thermal expansion, ¢, is the fluid specific heal, k and £, are the thermal conductivity

of fluid and solid respectively.

3.2.2 Boundary Conditions

The boundary conditions for the present problem are specificd as follows:
At the inlet: w=w,,v=0,7=71,

At the outlet: convective boundary cendition (CBC), p =0

At all solid boundaries: ¢ =0,v=0
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At the heated right vertical wall. T =T,

At the left, top and bottom walls: Z—T =0
"

At the Auid-solid interface: [-B—T] = LE%J
ﬂurd k aﬂ sofld

Where » is the non-dimensional distances either along x or ¥ direclion acting novmal
to the surface and £ and %, arc the thermal conductivity of the fluid and the solid

cylinder reapectively.

The local Nusselt number at the heated surface of the cavity which is defined by

Cengel (2007} is calculated by the following expression,
Ny = h{y]L;‘k

Such local values have been further averaged over the entire heated surface to obfain

the surface averaged or overall mean Nusselt number
15
r
=y, N
11

where L, and kfy) are the length and the local convection heat transfer coefficient of
the heated wall espectively. The average Nusselt number can be used in process

engineering design calculations 1o estimate the rate transfer from the heated surtace.

3.2.3 Dimensional Analysis

Non-dimensional varables arc used for making the govermmmg equanons (3.1-3.3)

into dimensionless form are stated as follows:

!
=ty p=_~ D:i,Lx=fL,L,=L,
%, L Lt i

Where X and Y are the coordinates varying along horizontal and vertical dircetions,
respectively, I7 and ¥ are the velocity components in the A and Y directions,

Tespactively, & is the dimensionless temperature and P is the dimensionless pressure,
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+ i e
Aller substitution the dimensionless variables into the cquations (3.1-3.5), we get the

following dimensionless equations 5

Continuity Equation

U W _, (3.6)
() )
Momentum Equations
o 2 2
gV poU__ef 1 5_L; gy (3.7)
ox oY axX Re\ox® or
av v 8P 1(d% &
etV m et — | —+—— |+ RiF . (3.5)
ax g @y Re(ax’f ariJ
Energy Equations
pg 80 _ 1 (&9 &%
U—4y—== + (3.9
ax = ay Reﬁr[ax" arz]
For solid |
- 2 2
— !L 5 'IE‘IJ +5 E_., {'ﬁlﬂ}
RePr| ax®  ay?

The dimensionless parameters appeanng in the equations (3.6} through (3.10) ale the
Reynolds number Re, Grashof number Gr, Prandtl number Pr, Richardson number
Ri, and solid fluid thermal conductivity ratio K. They are respeetively defined as

follows:
Re=ULfuo ,Gr=g fAT Ljfuz, Pr=ufa, Ri= Gr,erez and K =k [k

where AY =%, -T anda@ =k{pC_arc the temperature differcnce and thermal

difTusivily of the fluid respectively.

‘I'he dimensionless boundary conditions under consideration can be wnilten as’
Attheinlet: /=1, F=0,8=0

At the ouilel: convective boundary condition (CBC), P=0
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L -

Ad all solid boundaries: {F=0, V=1,

At the healed right vertical wall: =1

oy

At the left, top and bottom walls: I;fr" =

At the Nuid-selid interface: E =K (%
N St i solrd

Where M is the non-dimensional distances either along X or ¥ direction acting normal

to the surface and K (ks ! .ﬁ.’) is the dimensionless ratio of the thermal conductivity.

According to Singh and Shanf (2003), the average Nussell numbcer at the heated wall
of the cavity based on the no-timensional variables may be expressed as

Iuif -
No=— I %(ﬂ" and the bulk averape temperatire defined as 8, = JEfEVIV,
1

where ¥ 15 the cavity volume.

3.3 Numerical Analysis

The governing equations along with the boundary conditions are solved numenically,
employing Galerkin weighted residual finite element techniques discussed below.
3.3.1 Finite Element Formulation and Computational Procedure

To derive the finite element equations, the method of weighted residuals Zienkiswicz

(1921} iz applied to the equations (3.6) — (3.10} as

Lhd oy gf]fm 0 (3.11)
ax oy

nz
(¥, [UE_U Vﬂ] ], Hj[ap]dd+—nj‘h [i+a{;' dd (n12)
4 axy  ay ax Lax? gyt )

2 2

F
_[N[ il V—-u) --{H [ }Lx; — | N, 5—};+a—2 dA
A ax Re “lax? art) (3 13)
+Ri |, N, T dA
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ag  ag ] Fe a0
N |U=+F—|di= N + dd 314
k [ ax ar] RePr 4 l [ax* aer G19
K a0 &g
= N_|—+—=|d4 3.15
Re.lr ! [ ar’  ar ] 313
where A is the element arca, N, (@ =1, 2, ... ..., 6) are the element interpolation

functions for the velocity compongnts and the lemperaure, and 77, (2 =1, 2, 3} arc

the element interpolation functions for the pressure,

Gauss’s theorem is then applicd to equations (3.12)-(3.15) to generate the boundary
integral terms associated with the surface tractions and heat fiux. Then equations
{3 123-(3.15) beeome,

[, ¥e [Ua—;’- V%E]da jH,[ X]dA

N, {3.16)
1 [aw v, au}m INMSa
Re M ax -::'X d¥ aF
a P
= |da+ | H,| — |dd
J'h [ +VBI’] +L ’1[5}’} )
{317

1 (ow av  aN, ov
+— —t+—=

d4~Ri [ N, 6dd=[ N,5d5
ax ax = ayY a}’] g Jo NS850

Iha[U-ai APy j[aN or N, OT di=[ N, q,dS, (3.18)
& Y 8y Rerr W\ X ax oy or 510

N a3
X j[aﬂvﬂrﬂﬁ “ﬂ]ﬂ*fi:[ N, iy, dS, (3.19)
Re.Pr M\ ax ay oY ay S

Here (3.16)-(3.17) specifying surface tractions (S;, 5,) along cutllow boundary Spand
(3.18)(3.15} specilying velocity components and fluid temperature or heat flux (g.)

{that Mows into or out from domain aleng wall boundary §,.

The basic unknowns for the above differential equations arc the velocity components
If ¥ the temperature, @ and the pressure, P. The six node tiangular element is used
in this work for the development of the finite element cquations. Al six nodes are

associated with velocities as well as lemperature; only the cemer nodes arc
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associated with pressure. This means that a lower order polynomual is chosen fon
pressute and which is satisfied through conlinnty equation. The velocily component
and the temperature distributions and linear interpolation for the pressure distribution

according to their highest derivative orders in the differential equations (3.6)-(3.10)

a5

U(x,Y)=N,Uyg (3.20)
V(X Y}=N,V, (3.21)
TX,Y)=N; T, (3.22)
L{X,¥)=N,T,, {3.23)
P{x,Y)=H, P, {3.24)
where f=1,2,......,0; 2=1,2,3.

Substituting  the element velocity component distributions, the lempcrature
distribution, and the pressure distribution from equations (3.20)-(3.24), the finic

element equations can be wrilten in the form,

K, Ug K, ¥y =0 (3 25)
1 o

K U, 4K WU M Pt [?ﬂﬁ“+saﬁy,)bﬁ_ga,, (3.26)

K_UF,+K VY, e M, P+
| (3.27)

E(Sﬂ‘ﬂﬂ +SQ'HJ'} )I;ﬂ _RI Kﬂ'ﬂgﬁ = Qﬂ_v
1
K aUs0+K Va2 Pr(?ﬂrﬂ“ +Saﬁ»,]£?ﬂ -0, (3.28)
K

s )a - 3.29
Re.Pr (Sﬂﬂ“ * ap? |7 Qa‘g&' (3:29)

whete the coefficicnts in €lement matrices are in the form of the integrals over the

element area and along the element cdges Spand 5, as

K o= [ N, o4 | (3.30)
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K o= |, Mol 4 (3 30b)
K on= [ NN g, dd (3 30c)
Ky = [ Naligh, 4 (3.30d)
Kop= [ NoNydd {3.30e)
= [ N W g, 04 {3.30D)
a,fr*} L Nowtpy {3.30g)
M= j AT, a4 (3.30h)
M= [, HoH 04 {3.301)
Q. = |, ¥aS:05s (3.307}
Q.= L,D N,8,dS, (3.30Kk)
Q5= Isw N_ g,,4d5,, (3.300)
2 95 = Lw No 42,45, (3.30m)

These element matrices are evaluated in closed form ready for numerical simulation.

Dielails of the derivation for these element matrices are omitted herein.

The derived [inite element equations (3.25)-(3.29) are nonlinear. These nenlingmn
algebraic equations are solved by applying the Newton-Raphson iteration technique

by frst writing the unbalanced values from the set of the finite element equations
I (3.25)-(3.29) as,
F,= KaﬁIU-ﬂ + Kﬂﬁ}Vﬂ {3.31a)

o

Fu =K Uy +K WUy + M,
: (3.31b)
+E(Sﬂﬁ'ﬂ + Sﬂﬂy_}r)Uﬂ _Qalr
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Fo=K UV, +K_ V¥, +M P+

23

1 (3.31c)
E( Saﬂ“ t S:rﬂ” Wa=RIK 58, - Qav
|
F"E - K‘*’ﬁf’xU‘S gf +Krr.f3.vy Vaby + Re Py [SHE“ +Saﬁ” ]Hﬁ _Qaf? (3.31d}
P, == g .
&% Re.Pr (Scrﬁx'r +Saﬁ”’ =8 _ng’: {3.31e)

This leads to a set of algebraic equations with the incremental wnknowns of the

element nodal velocity components, temperatures, and pressuies in the form,

(K, K, 0 0 0 Ap) o
Ko W D g & Adr Fgu
Ky Ky Kgg 0 0 1488 =-<Fay (3.32)
K, K, Ky, K, ¢ A Fa“
(00 0 0 K, i8] F o

- ; L (e
where K, = Kaﬂ,/xUﬂ +Kwﬂxur + Kaﬂy}. Vi + (5

K =K U
BT g ¥

K:r{? = Ku‘i‘_.; =0, K:rp ':Mﬂ,

ot

K =K ¥Fr

v iyt

|
K=K _Up+K W, +K .V, +E{SWr +5 )

K’It?:-RfIKﬂ,ﬂ, K":P =M ¥

=71
Kg =0, Ky, =Kam;ﬂfr Ko :Kaﬁryg:"
1
K=K Vyr—— +8
oo =K g Vs K Vot e oy g s

Koy =Kgp, =0, Ky =Koy = Rgp=K,y, =0
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i
= § _+§
8- Re Pr ( ﬂﬂ“ aﬂj’:" ]

K, =&

B apt

va:Kuﬁy and K ,=0=K_ =K,

The ileraiion process is terminated if the percentage of the overall change compared

to the previous iteration is less than the specified value.

To solve the sets of the global nonlinear alpebraic equalions in the form of matrix,
the Newten-Raphson iteration technigque has been adapted through PDE solver with
MATLAD interface. The convergence of solutions i5 assunied when the relative enror
{or each variable bebween consecutive Herations is recorded below the converpence

criterion £ such that [4'°" =¥ <&, where n is number of itcration and

¥ = [/, F,{ . The convergenee criterion was setto £ = 10°%

3.3.2 Grid Size Sensitivity Test

Geomctry studied in this chapter is an obstructed vented cavity; thercfere several
grid size sensitivity tests are conducted in this peometry o determine the sefficiency
of the mesh scheme and to ensure that the solutions are grid independenl. This 1s
obtained when numencal rcsults of the average Nusselt number Nu, averape
temperature &, of the fluid and solutien time become grid size independent, although
we continuc the relinement of the mesh prid. Tive different non-uniform grids with
the following number of nodes and elements were considered for the gnd refinement
tests: 24545 nodes, 3788 elements; 29321 nodes, 4556 elements, 37787 nodes, 3900
elernents; 38163 nodes, 5962 elemenls and 42030 nodes, 7516 elements as shown in
Table 3 1, Considering bolh the accuracy and the computational time, the values,
38163 nodes and 5362 clements can be chosen througheut the simulation 1o optimize

the relation bebween the accuracy required and the computing time

The numerical grid defines the discrete locations, at which the variables are to be
calcu]atled, which is essentially a discrete represcntation of the geometry domain on
which (he problem is to be solved. It divides the solulion domain into a {inife number
of sub domains arc called elements. Unstruetured triangular grids are used in the

present [inite element simulation, The mesh mode for the obstructed vented cavity
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. - . o
problem penermied by Delaunay Trangular method. The Delaunay triangulation is a

gromettic structure that has enjoyed great populanty in mesh generation since the
mesh genemation wes in ils infancy. The mesh mode for the present numerical
compulation is shown in figure 3.3,

Table 3.1; Grid Sensitivity Check at Re = 100, Ri= 1.0, K~ 50, D=02, L,
= [, =15and Pre={0.71 for the casc |

|
Nodes | 24545 | 29321 | 37767 38163 | 45030
(clements) | (3788) | (4556) | (3900) | (5962 | (7516)
Nu_ |4.167817[4.168185| 4.168376 | 4.168394 | 4,168461
6., |0.157191]0.197204] ©.197233 | 0.197224 | 0.197227
Time (s) | 323.610 | 408.859 | 563.203 | 588.390 | 793.125
PRt
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Flgure 3.3: Grid used for numerical simulations at the case 1 and case 2,
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3.3.3 Validation of the Nomerical Scheme

In order to verify the accuracy of the numerical results and the validity of the
numerical scheme obtained ihmughout the present study, comparisons with the
previously published results are mecessary. But due to the lack of availahility of
experimental dala on the particular problems along with its associaled boundary
conditions investigated in this study, validation of the predictions could not be done
against experiment. The present numerical scheme is validated [or natural convection
heat transfer in a square cavity with differentially heated sidewalls reporicd by House
et al. {1990}, which is based on [inite volume scheme. However, we recall hoie some
results obtained by our scheme in comparizon with those reported in House ct al.
(1990) for Re = 0.0, 10° and three values of K = 0.2, 1.0 and 5.0. The physical
problem studied by House et ab. {1990) was a vertical square enclosure with sules of
length £.. The vertical walls were isothermal and differentially heated, where as the
bottom and top walls were adiabatic. A square heatl conducting body with sides of
length cqual to £/2 was placed at the center of the enclosurc. We have compared
results for the avcfagrz Nusselt munber (at the hot wall) as shown in Table 3.2, The
present tesults have an excellent agreement with the results obtained by Housc et al,
{1990). Based on the above study, it was concluded the numerical scheme could be

reliably applied to the considered problem,

Table 3,2: Comparison of Nussclt Number values with numerical data for £

=0.71
M
K r—
" ILE;:; l ;:.Dfl]s;ﬂ?} Error {0}
0.2 0.7071 0.7063 011
1.0 1.0000 1.0000 0.00
0 5.0 1.4142 1.4125 0.12
1 0.2 4.6237 4.6239 0.00
107 1.0 4.5037 4.5061 0.03
10° 5.0 43190 43249 (.14
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3.4 Results and Discussion

Numerical results are presented in order (o determine the effects of the presence of
dimensionless parameters in rectangular vented cavities with a heat conducling
horizontal cylinder (cireular/square). The dimensionless parameters that must be
specified for the system are Reynolds number Re, Richardson number Re. Prandt]
number Py, ratio of the cylinder diameter and cavity length D, ratio of the solid and
fluid thennal conductiviry K, cavity aspect ratio AR, and physical parameters for the
system ate the location of the inlet and the out posilions of the cavity and the location
of the cylinder in the cavity Since so many basic dimensionless parameters arc
required to chalacterize a system, an analysis of all combinations of these parameters
is not practical. The numerical results will be aimed to explain the effect of several
parameters at a small fraction of the possible silvations by simphiving the
configuration. The presentation of the results will begin with the streamline and
1sotherm patterns in the cavity. Representative distributions of average Nusselt
number al the heated surface, averape temperature of the floid i the cavity and
temperature at the cylinder center will then be prescoted. Fimally, the cffeet of

cylinder shape on Nuid Now and heat ransfer are compared i talwlar foon.,

3.4.1 Effects of Inlet and Outlet Locations

The localion of the inflow and outflow opening i3 one of the major parameters
affecting the fluid Now and heat transter in a vented cavity, Keeping the position of
the ccntercd cylinder wnchanped results are obtained for valious locations of the
infllow and outflow opening at AR = 1.0, Be =100, =02, Pr=071, K =5 and
vanous values of R in teoms of slreamlines, isotherms, average Nusselt number at
the heated wall, average lemperature of the (luid in the cavity and dimensionless
temperature at the cylinder center. Here four different cavity configurations namely
LR, BT, TO and 11 and three values of Bf i.e. Ri = 0.0 for purc forced convection, R:
= 1.0 for pure mixed convection and R = 5.0 for free convection dominated region
are investigated in order to comparc the fluid flow and heat transfer for different

relative inlet and outlet locations at the three convective repimes.
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Figure 3.4: Streamlines for the (0) case § and (b) case 2 at difTerent inlet and
outlet locations and various values of Richandzon number i, while AR = 1.0,
Re= 100, KX =50, Pr=07],L,=L,=05md D=02. .
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The effect of inlet and outlet positions on streamlines for the case of circular cylinder
{case 1) and the case of squarc cylinder (case 23 is shown in [figure 3 4. The fiow
structure for the BR configuration at the three-convection regime is presented in the
lefi column of the figure 3.4 in bolh of the cases. Now for the BB configuratien and
at Rf = (.0, ihe induced flow enters into cavily through small inlet area and sudden
expansion of the bulk [uid in the cavity is occurred duc to pressure rise into the
cavity. Thus the hulk fluid occupics most part of the cavily and a small recirculation
cell appears just at the top of the inlet port near the left wall. Next for Ri = 1.0, it is
seen (hal recirculation cell spreads significantly and thereby squeezes the indueced
flow path, which is duc to the presence of natural convection effect in the cavity. As
R ingrease further to 5.0, the recirculating cell further ingreases in size and leads to a
large change in the streamlines structure, indicating a sign of supremacy of natural
convection in the upper part of the cavity. As the outlet port 15 meved along the
heated wall at the top comer and keeping every thing else Gaed, (e for BT
configuration) the recicculation cell become shrinking in size and oceupies the space
just at the top of the inlet port adjacent to the leNl wall at Ry = 0.0, In this folder, as Ry
increases to 1.0, the recicculation cel! hecomes large and two cellular. Further as Ri
increases to 5.0, the two cellutar cell meirge into a large uni-cellular, due to the
supremacy of the convective current in the cavity Neat for TB configuration, the
bulk induced fluid flows throughout the cavily and a small rotating cell 15 developed
just at the below of the inlet port at low Ri. Further at R = 1.0, the exisience of two
cells indicates that natural conveciion ¢ffect is comparable with forced convection
elfeet. Finally at /i = 5.0, the two cells merge into a Jarge one, this scenano indicates
that the forced convection is overwhelmed by the nanwal convective current. Lastly
for TT configuration ihe induced [low enters into cavity through small inlet area and
sudden expansion of the bulk [nid in the cavity s occurred duc to pressure rise inlo
the cavity. Thus the bulk Nuid occupies most parl of the cavity and a small
recirculation cell appears just at the below of the inlet port near the left wall at Rf =
0.0. Next at Ri = 1.0, it is secn that recirculation cell bocomes small i size. As Ri
increase further W 5.0, the recirculating cell becomes large and shilted at the upper
mid section in the cavity. Thereby it squeezes the entrance stream (o flow in it

indicaling the dominant natural conveetion contribution in the mixed convection.

43



\

Chapter 3

n :WV.Z SN
= /\\ﬂ

T

;:—qr b r: e

Figure 3.5: Isotherms for the (a) case 1 and {b) casc 2 at difierent inlel and
outlet locations a nd various values of Richardson number Ri, while A% — 1.0,
e=100, K=50,Pr=07], D=02and L,=1,=05.
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The effect of inlet and outlet locations on isotherms for the aforementioned two cases
i shown in [igure 3.5. For BB configuration, it is seen that the thermally influenced
region is bulky in the upper part of the cavity for all values of Ri. This is because, the
fresh fluid entering at the lower part of the cavity and lravels (he shortest distance
possible leaving at the lower part in the cavity, as a result the cold fluid cannot clese
with the hotter Muid. On the other hand, the inverse isothenm pattems are found for
TT configuration at low Ry, which iz due to, (he entering fresh fluids travels the
shorlest distance possible Icaving, but it come inte intimate mixing with the hotter
Muids before Icaving the cavity. Next at i = 1.0 the isotherms become clustered near
the heat source, indicating mixed convection gominated heat transfcr in the cavity.
Furlher as B¢ increases to 5.0, the concentrated thin thermal layer is secn near the
heated wall and nonlinearity of the isotherms is found. Morcover. the isotherms arc
clustered near the heat souree for the 31 and TB configurations at Ri = 0.0, which
points to the forced convection and conduction-like heat transfer at the vicimty of the
heat source. This is hecause, the fresh [(luid entenng the cavity travels the long
possible distance before leaving the cavity and come into intimate mixing with the
hotter fuids. As Bi increases to 1.0, nonlinearity in the isothcoms are found for these
cases. Further as Rr increases to 5.0, nonlincarity of the isotherms becomes higher
and plume formation is philosophical for these cases, indicating well cstablished

natural convection heat transfer in the caviry.

If we compare the results of the distribution of streamlings and isotherms for the case
2 with those for case 1, the distribution of streamlines and isotherms for the casze 2
(square eylinder) is gencrally similar to that for case ! (circular cylinder) at each
values of Richardson numbers considered, except some slight dilferences duc to the

varation in the cylinder shape.

The effect of inlet and outlet port locations on average Nusselt number {Nu) al the
hot wall, average temperature () of the fuid in the cavily and lemperature at the
eylinder center () for both of the above cases is shown in figure 3.6. In both of the
cases, as Ri increases averape Musselt munber inereases sharply for the BT and TT
configurations. On the other hand, the values of Nu decreases sharply in the forced
convection dominated region and increases mildly in the free convection dominated

region with increasing Ri for TB configuration, while the values of Nu is independent
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Table 3.3 (a); Vanation of average Nusselt number with intet and outlet
locations for the case 1

R Nu
BR BT TT TT

0.0 3.359446 4112887 4107176 3.326240
0.5 3.284949 4.532330 3584707 3.77452%
1.0 3.289600 4. 532878 3351737 429387
1.5 3298392 5 044868 3.504415 4.726882
20 3.305957 5203415 3.637501 5.060423
23 3312125 5329231 3.734022 52776010
30 3317211 54332706 LA 5 404791
3.5 3.3214598 5521770 3.86544] 5 487388
4.0 33251594 5508567 3.913473 5.548004
4.5 3.328443 5660231 3.954230 5.599212
5.0 33313350 57726561 3 ORO5T4 5642250

Table 3.3 {b): Variation of average Nussclt number with inlet and outlet
locations for the case 2

Ri Nu
BB Br TH TT

0.0 3.354834 4.140904 4 145356 3340152
0.5 3268273 4.553558 3638081 3.785130
1.0 3274215 4852818 3353925 4. 285950
1.5 3285747 5.063939 3483720 4. 710881
2.0 3.295700 5220678 3.019473 50460848
2.5 3.303773 5344344 3721080 5.2766031
30 3.310331 5446298 3.79RE9E 5417247
3.3 31315753 5532912 1860968 5.507134
4.4 3320323 5.608074 3012083 5.5719%0
4.5 3.324248 5.674337 3955573 5623495
5.0 3327677 5733475 3993104 5666875
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of Ri for BD configuration. However, for particular values of f2{ maxinuum average
Nuszelt number is found for BT confliguration. The average tcmperature of the fluid
in the cavity and temperature at the cylinder center are the lowest for the BT
configuration in the forced convection dominated region and for the 1T
configuration in the free convection dominated region. Even though the overall
trends of (he plots of the average Nussell numbcr (M), average fluid temperature
(8,) and temperature al the cylinder center (&) are similar for both of the
aforementioned cases, a slight difference can be noticed at the munerical values of
these items. Finally, the numcrical vafues of the average Nusselt numher (Wu) for
both of the cases are listed in Tables 3.3 {a) and 3.3 (b). It 15 obscrved from (hese
tables that the valucs of My for the case 2 arc slightly higher than those obtained for

case 1 only for BT configuration.

Due to the better performance of the BT conhiguration in heat translee, the

computations will be done for the BT configuration m the following subsections.

3.4.2 Effects of Cylinder Diameter

‘Lhe effect of cylinder diameter on the Mow licld at AR = 1.0, Re = 100, Pr=0.71, K
=50and L, = L, = 0.5 are displayed in figure 3.7 for the case | and casc 2. In both
of the cases, the flow structure in Lhe absence of free convection effect (A7 = 0.0} and
for the four different values of D is shown in the botiom row of the figure 3.7, Now
at X = 0.0 and 7 = 00, it is seen that a comparatively large um-cellular vortex
appears at the left top comer of the cavity, due to the eflect of buoyancy driven {low
and a very small vortex of very low intcnsity appears at the right bottom comer of
the cavity, which is owing to shear driven effect of the inconung fluid. Jurther with
the increase of D at lixed Rf (Rf = 0.0) the size of the large vortex sharply decreases
and the small vortex disappear. This is due 1o increasing the size of the ¢ylinder
which gives rise to a decrease in the space available for the flow induced by the heat
source and shear force. Nexi for Ri = 1.0 and the different values of £ (D= 0.0, 0.2,
0.4 and 0.6), it is clearly seen from the figure that the nalural convection effect is
present, but remaing rclatively weak al the higher values of D, since the open lines

characterizing the imposed flow are still dominant.
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As Ri increase from 1.0 to 5.0, the size of the vorex increases sharply for the lower
values of D (D = 0.0, 0.2 and (.4} and divided into three small vorlices at the highest
value of D = (.6, This expansion of the size of the vortex squeeres the induced
forced Now path resuliing almost same kinetic energy in the bulk-induced flow as
that of the inlet port.

The effect of cylinder diameter on the thermal field at AR = 1.0, Re = 100, Pr=10.71,
K=50and L,=L,=0.5 are displayed in figure 3.8 for the case } and case 1. The
isotherms in the absence of cylinder (D = 0.0) and for the three values of A7 are
shown in the lel column of figure 3.8. At 7= 0.0 and £ = 0.0, the high temperahure
region is concentrated near the hot wall and the isothermal lines are lmear and
parallel to the vertical walls in the cavity, indicaling conduction and foreed
conveetion dominated heat iransfer in the cavity. Tt is also seen that the thermally
influenced region increases and the lower values isothermal lines become bend in the
cavity with increasing values of D. As Ri increases to 10, the concentrated
temperature region near the hot wall become thin for all values of 2 and the lower
valugs isothermal lines become almost similar with increasing values of 2 when
compared to that for the corresponding values of 2 at Ki = 0.0. As R/ incieases
further to 5.9, the nonlinearity in the isotherms become higher and plume formation
is decp, it can also be seen that the thermal boundary layer near the hot wall become
more concentraled than that of for the previous cascs, indicating the well established
conduction heat transfer at the vicinity of the hot wall and namral convection heat
transfer in the remaining part of the cavity.

As compared the streamline and isotherm plots thal are for both circular and square
shape cylinders, a noteworlhy difference is found 1o the streamline plots for the
highest values of D at ail values of Ri, but the isothermal lines are almost identical
for both of the cases at all values of D and Ri considered.

The effects of cylinder diameters on average Nussclt number () at the heatcd wall,

average temperature {&,} of the fluid in the cavity and the dimensionless temperaturc

(6. at the cylinder center as a function of R are shown in figures 39 for the
aforementioned two cases. From these figures it is seen that as Ri incrcascs, the
valucs of average Nusselt number {Nw) increases monolonically for all values of D,

which is due to increasing Ri cnhances convective heat transfer.
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Table 3.4 (a):
[or the case ]

Chaptes 3

YVanation of average Nusselt number with cylinder diameter

Nu

R

D=040 D=02 =04 D=006
0.0 3.9255%0 4. 112987 4254335 4.438162
0.5 4.379906 4.532336 4.584969 4617113
1.0 4.704789 4 832878 4858178 4786173
1.5 4941247 5.0448608 5.073061 4943543
2.0 5121619 3203415 5.237451 5088078
23 5.265161 5329231 3 364877 5219107
3.0 5.383142 5433276 5467139 5336458
13 5482503 5521770 5552104 5.440404
4.0 5567771 5598567 5.624698 5.531758
4.5 5.642055 5.666231 5.6BBO5Y 5611729
5.0 5.707576 5726561 5.744269 5081745

Table 3.4 (b):
tor the case 2

Vanalion of averape Nusselt number with eylinder diameter

B Mt

PD=00 D=01 =04 D =04
0.0 3.929540 4.140904 4310178 4596143
0.5 4.379900 4. 553558 4.603354 4 723150
1.0 4, 704784 4 852818 4. 855125 4. 845404
L.5 4941247 5063939 5002938 4962107
2.0 5121619 5320678 5229566 50725681
2.5 5.265161 5.344344 5362034 5176729
ip 5383142 5446298 5.408814 5274025
3.5 5482503 5.532912 5.557016 5.364493
4.0 5567771 5608074 5.631717 5448195
4.5 5.642055 5.674337 5.696357 5,525318
5.0 5707576 5.733475 5753277 5.594145
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On the other hand, averape Nusselt number (M) 15 the highest for D = 0.6 in the
forced convection dominaled region (0.0 < Ri =1.0), and for /3 = 004 in the free
conveetion dominated region with increasing R in both of the aforementioned cases,
which are also clearly obssrved in the Tables 3.4 {a) and 3.4 (b). However, avelage
temperature (&) of the fluid in the cavily decreases for the lower values ol D (12 =
0.0 and 0 23 at Ri < 0.5, but beyond these values of Rf il 15 gradually increascs with
Ri. It is also seen that the values of &, increases gradually with increasing Ri for the
higher value of D (D = 04 and 0.6). Moreover, the values of average fluid
ternperature ¢, is the lowest for D = 0.2 at the pure forced convection (R = 0.0}, for
D = 0.0 at the mixed convection region and for D = 0.6 at the fize convechon
dominated region for the case 1, but it is different for case 2. It is also seen thai the
dimensionless temperature (&) at (he cylinder center in the cavily increases gradually
with Ri for all values of £. Furthermore, it is also seen that the salucs of @ is the
lowest for the values of Bf up to 4.0 at the lowest values of £2 (L = 0.1), but beyond
these values of & it is the lowest for the highest valug of 1 {2 =0 6). Although the
in general trends of the plots of the average Nussclt number (Vu), average fluid
temperature {£,,) and the temperature at the cylinder center () are similar for both
of the aforementioned cases, a considerahle dilference is found at the numerical
values of these objects. Lastly, the numerical values of the average Nusselt number
{Nu} for both of the cases are presented in Tables 3.4 (a) and 3.4 (b). It is clearty seen
in ‘Iables 3.4 (a) and 3.4 {b) that, the overall values of average Nusselt nunibers,
when square eylinder is considered {cagc 2) are always superior lhan those obtaimed
with the cireular cylinder (casel) only for D = 0.2, but different nature arc observed
{or the higher values of D{D = 0.4 and 0.6). -

3.4.3 Effects of Thermal Conductivity Ratio

The effect of the solid-fluid thermal conductivity ratio X on streamhines at AR = 1.0,
Re=100, Pr=0.71,D=02,L,=L,= 0.5 and various Ri (i = 0.0, 1.0 and 5.0) for
the case | and case 2 are presented in figure 3.10. At low Ri (Ri = 0.0) and for
relatively small values of X (X = 0.2}, a small recirculating cell is located just at the

top of the inlet port of the cavity in both of the cases. The formation of circulation
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cell is because of the mixing of the fluid due (o the buoyancy driven and convective
currents, In both of the cascs, from the bottom row of Ligure 3.10, it is be seen that
the streamlines for the different values of £ (K =02, 1.0, 5.0, 10.0) at B{ = 0.0 are
almost identical. This is because thermal conductivity ratios have insignificant
influence on velocity distribution. When Af increases from 0.0 to 1.0, the natural
conveclion efféct is comparable with forced convection effect, as a result the size of
the recirculating cell increases, compared with that for R = 0.0 and different values
of X, Furlher when £i mncreases to 5.0, the elTect of natoral convection is far more |
compated to the forced comveetion effect. In this case, conditions are strongly
favoring the phenomena of natural convection and significant increase in

recirculating cell is found.

The effect of the solid-fluid thermal conductivity ratio K on isotherms at 48 = 1.0,
Re=100, Pr=071,0=02,L,=/7,=10.5 and various Ri (Ri = 0.0, 1.0 and 5.0 for
the case 1 and case 2 ate presented in figure 3.11. From the figure 311, it is clearly
seen that the thermal conduetivity of the inner cylinder alfects strongly on the
izotherm struciures in both of the cases. Now at B = 0.0 and X' = 0.2, the sothermal
lines are almost parallel and concenhated to the hot surface as shown in the bollom
row of lgure 3.11 in both of the cases, which implics that heat transfer between the
heat source and the extermally induced air [ow 13 provided mainly by heat
conduction and forced convection. Since the buoyancy eflect is everwhelmed by the
shear effect of the external induced Mow. Moreover, making a comparison of the
isothermal lincs for Ri = 0.0 and various values of X, no signilicant difference is
found except (hat the isothermal lines are shilied from the center of the cylinder with
increasing K. As Ri incrcases to 1.0, nonlingarity of isotherms are seen and plome
formation are iniiatcd for sll valees of X, which indicates the launch ol natural
convection current. Furlhet, as Rf increases to 5.0, plume formation become deep and
isotherms bocomes ¢lustered near the heat source, which points o the conduction
heat transfer at the vieinity of the heat source and convection, heat transfer in the

remaining part of the cavity.

Thetefore, the influence of the cylinder shapes on the (luid flow and heat Lansfer

charactenistics are almost considerable at all values of & and Rr.
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Figure 3.11: Isotherms for the {a) casc 1 and (b) case 2 at different values of
thermal conduetivity ratio & and Richardson number R7, while AR =14, Re=

100, 2, =L,=0.5 Pr=071and D=0.2.
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Table 3.5 (a): Variation of average Nusselt number with solid fuid thermal
conductivity ratio for the casc 1

Ri Nt

K=02 E=10 K=50  K=100
0.0 4115668 4114514 4112987  4.112573
0.5 4552985 4543402 4532336  4.520588
1.0 1851970  4.843239 4832878 4 830231
1.5 5059429 5052769 S.044868  5.042832
2.0 5216205 5210251 5203415 5.201697
2.5 5342343 5336126 5329231 5.327537
3.0 5447763 5440815 5433276  5.431454
3.5 5538055  5.530204 5521770 5.519752
4.0 5616735 5.607964 5508567  5.596329
4.5 5686198 5676565  5.066231  5.661773
5.0 5748166 5737760 5726561 5723893

Table 3.5 (b): Varation of average Nusselt number with solid fluid thermal
conductivity ratio for the case 2

Ri M
K=02 K=10 K=30 K=100

0.0 4,144315 4.143092 4.140%04 4.140141
0.5 4.582596 4569476 4.553558 4.549042
1.0 4.882094 4. 860002 4 852818 4. 548154
1.5 5.086654 5.076538 5063030 5060270
2.0 5239650 5231079 5220678 5217683
1.5 5.362401 5.354070 5.344344 5.341604
3.0 5465065 5436269 5.440293 5443550
3.5 5553184 3.543584 5532912 5530014
40 5.630170 5019650 5.608074 5604961
4.5 5698319 5.686874 5674337 5670082
5.0 3959270 5.746954 5733475 5. T18599
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The efTect of thermal conductivity tatio X on average Nusselt number (A} at the
heated surface, average temperature {&,} of the fluid in the caviry and dimensionless
temperature (1) at the cylinder center for the case 1 and case 2 with AR = 1.0, Re =
100, Pr=07, D =02and L; = L, = 0.5 arc shown in figure 312, From these
figurcs it is clearly observed that as A7 increascs, average Nusselt number (Vi) at the
hot surface sharply increases for all values of . A carefu] observation on thesc
figures also shows that the variation of Mu with ithe values of X is not significant al
all valves of i, However, as Rr incrcascs average temperature (&) of the fluid and
the temperature (&) at the cylinder cenler increases very slowly i the forced
convection dominated region and very sharply in the free convection dominated
region with increasing Rf for afl values of X in the cavity. On the other hand, the
average lemperature (@) of the fluid in the cavity and the temperature (&) at the
evlinder center are the lowest in the forced convection dominated region for the
lowest value of K (£ = 0.2) and in the {ree convection dominated region for the
larger values of X (& = 5.0, 10.0). From these figures 1t is clearly observed that the
plots for Nu, &, and & are appear to be almost qualitatively similar but not
quantitatively for both of the cases considered. Finally, the quantitative
measurements for the values of N are tabulated in the Tables 3.5 (a) and 3.5 (b} to
compare the values of average Nussclt number for the two shapes of cylinder
{circular and square). It is cleaily seen from the Tables 3.5 {a) and 3 3 {b) (hat the
overall values of average Nusselt number for the case 2 arc slightly higher than those

obtained fur the case | at all values of £.

3.4.4 Eftects of Reynolds Number

The ¢llcet of Reynolds number on the flow hcld for the case 1 and case 2 arc
illustrated in the Ggore 3.12 by ploting the streamiines, while AR = 1.0, A»= 071, D
=02, L, =L,=0.5 K=50and 8 =00, 1.0 and 5.0. The basic forced comveclion
flow, presented in the lcft of the bottom row for Ri = 0.0 and Re = 50. is
characterized by a perfect symmetry of the solution with respect to the diagonal
joining the inlet and outlet ports. Because, of the small value of Re the thermal
transport cftect by the external cold air is litfle. Now for Re = 100 and Ri = 0.0 it can

be seen that the symmetry already observed is destroyed and a small recirculating
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cell is ;ﬂevelnped just at the top of the inlet port and the recirculating ccll became
large with the increased of Re (150 and 200). On the other hand, at any particular
Reynolds number, there is 2 marked changed m {low patterns as the flow regime
chanpes from dominant forced convection to dominant natural comvection with

increasing Ri.

The effect of Reynolds number on the temperature distributions for the case 1 and
case 2 are illustrated in the Ggure 3.14 by pleting the isotherms, while 4#8 = 1.0, Fr
=071, D=02,L,=L,=035 K=50and Ri = 0.0, 1.0 and 5.0. The corresponding
isotherms tesulls from combined effects of conduction and pure lorced conveetion is
shown in the left bottom comer of figure 3.14, which indicated that a large area of
the cavity remains at higher temperature. On the other hand, at any particular
Reynolds number, there is a marked changed in i1sotherms as the tlow regime
changes from dominant forced convection to dominant matural convecnon with
increazing #£. It is also observed that Tor a particular R/, the isotherms became denser
toward the hot wall as the Re increases. The main cause is that the region aficcied by

the heat source became smaller due to the strong external fow.

Figures 3.13 and 3.14 are also be used for comparisen of streamling and isotherm
plots between the case | and case 2. A noteworthy dissimilarity is found on the

resulting streamiine and isotherm plots between the two-abovementioned cases.

The eflfect of Reynelds number on average Nus-selt number (&) al the heat sowice,
average Muid lemperature (£,) in the cavily and the emperature (8} at the cylinde:
center for the case 1 and case 2 are prescated in figure 3.15 as a function of
Richardson number. Keeping the valugs of Re constant, the average Nusselt number
at the heated surface increases gradually with increasing valucs of Ri Also, the
average Nusselt number at the heated surface is found to increase as Re mercases at
fixed Bi in both of the cases. Therefore, it can be concluded that more heat teanster
from the heat source 18 expected in the case of large parameter value of Re or i, The
average temperature of the fluid domain and temperature at the cyhinder center in the
cavily increases gradually with B for afl valucs of Re. Moreover, for a fixed value of

Ri, the values of ,, and &, are the lowest for the largest Re.
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Table 3.6 (a):

for the case |

Variation of average Nusselt number with Reynolds number

Chapter 3

R N

Re=30 Re=100 Re= 150 fle =200
{0 2687645 4.112937 5321188 6.325433
0.5 2 B2458 4532336 5867555 G.932840
16 2902725 4 832873 6 259965 7398234
1.5 2983341 5.044868 6.502965 7176306
2.0 3.046527 5203415 6.809539 B OO66RS
2.5 3096509 5.329231 017861 8375714
3.0 1136951 5433270 EAETUED! 8.622583
5 3170484 5521710 7.353750 £.843093
4.4 3 198911 5.5983467 7492447 0041450
4.5 3223467 5.666231 T.016359 0220057
5.0 3245013 5726561 7727943 0384290

Tahle 3.6 (b):

[or the case 2

Varation of average Nusselt number with Reynolds numbe

Ri N

Re = 50 Re=100 Re=150 Re =200
0.0 2.695308 4.140%04 5383585 418461
0.5 2803944 4.553558 5927040 7.009310
1.0 2900274 4 852818 6315675 7464387
1.5 2979390 5.063939 6612105 T RASZEN
20 3.042455 5220078 B.E51874 2.149303
25 3002843 5344344 7053212 k431041
30 3133811 5440298 7.226430 B.0062465
15 1167845 5532912 7377990 8.876971
4.0 3.196703 5.608074 T51228] 9. 069835
4.5 1221625 5674337 7632464 0.244498
50 3.243475 5.733475 7.740006 0403565
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Although the qualitative nature of the plots of average Nusselt mumber (Nu}, average
flutd temperature {&,,) and cylinder center temperature (1) for the case 2 are similar
with that for the case 1, bul arc quantitatively different. Here only the average
Nusselt number values comparison are shown in the Tables 3.6 {a) and 3.6 {b). 1015
ctearly found in Tables 3.6 (a) and 3.6 {b) that the overall values of average Nusselt
number for case 2 are considerably higher than those obtained for the case 1 at the
higher values of Re (Re = 100, 150 and 200} and this trend is not trug for the lowest
valuc of Re {Re = 50)

3.4.5 Effects of Prandd Number

We now discuss the effect of Prandt]l number on the flow and heat transfer in mixed
convection flow on taking AR = 1.0, Re= 100, =02,/ =/, =05 K=350and
various values of Ri (Ri = 0.0, 1.0 and 5.0} for the casel and case? Figure 3.16
depicts the streamilines for the values of Prandtl mamber #r = 0.71, 1.0, 3.0 and 7.1 at
the three valucs of R in boyh of the cases. At Ri=0.0and #r=0.71, The Muud tlow
iz characterized by the imposed flow covering most of the cavity space and a small
rotating cell is formed just at the top of the inlet port in the cavity. Moreover the sizc,
position and strength of the rotating cell are almost identical for the fow cases
presented at & = 0.0, It is therefore confirmed that for £: =1 0. the Mow in the cavity
dominated by shear action of the incoming fluid and buoyancy induced flow al fow
Pr=0.7t. The buoyancy induced Mow become mrelatively weak with increasing the
value of £r al Ri = 1.0, since the open lines characterizing the imposed fMow are still
dominant. Further at B = 5.0 a strong effect of buoyancy foiced is observed fot
lower values of Pr(Pr=0.7] and 1.0} and relatively weak effect of buoyancy forced
is observed for hipher values of Pr (Pr = 3.0 and 7.1). This phenomenon 15 very

logical because, highicr Prandtl number fluids are highly viscous.

The influence of Prandtl number on isotherms for ditferent values of Rf and the
gbove mentioned two cases arc shown in the figure 3.17. From this figure we can
ascertain that (he isotherms are almost linear and distributed inside the cavity for Ri =
0.0 and Pr = 0.71, which is due to the combined effect of conduction and forced

convection As Biincrcases, nonlinearity of isotherms is found and plume formation
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of Prandt] numbers Pr ad Richardson number Ri, while AR = 1.0, Re = 100,
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o

is initiated for lower values of Pr (Pr =071 and 1.0}, which indicates the launch of
natural convective current. Moreover, these trends in isotherms are not found for
higher values of Pr {Pr = 3.0 and 7.1). On the other hand, an increase in Prandtl
number also increases the crowding of isotherms for all values of Ri. It 18 also seen
from the fipure 3.17 that in both of the cases izotherms are confined to a smaller
region at high values of the Pranditl number thereby suggesting the bulk of the
resislance 1o heat transfer confined to a thin layer of fluid. This is clearly duc to the
thinning of the thermal boundary layer with the increasing Prandt! number. However,
a visual examination of the streamline and isotherms plots does reveal a trivial

difference between the two aforementioncd cases.

The cffect of Richardson number on the average Nusselt number (Mu) at the heated
surface, avcrage ternperature (@) of the fuid in the cavity and dimensionless
temperature {&) at the cylinder center at different Prandtl number is shown n fignre
3.18 for the case 1 and case 2 respectively. In both of the aforesaid cascs, as Rt
increases, average Nusselt number (M) increases monotonically for all values of £r,
Maximum average Nusselt number is oblatned, without the effect of RY, for the
highest Pr=7.1. The average temperature of the foid domain and the temperature at
the cylinder center in the cavity increases gradually with the increases of &+ for the
lower values of Pr (Pr = 0.71 and 1.0}, while the average tcmperature of the [lud
decreases gradually with inereasing R for the ngher values of Pr (Pr = 3.0 and 7.1).
Cn the olher hand, the ternperature at the cylinder center is independent of Ri for the
higher values of Pr (Pr = 3.0 and 7.1). However, minimum average tcmperature of
the fluid and the temperature at the cylinder center in the cavity are obtained, without
the effect of Ri, for the highest P+ = 7.1. Tt is further observed that, although the
variation of the average Nusselt number (Nu) with i and Pr is qualitatively similar
for bath of the abovementioned cases, but has quantitatively disstmilarity, which are
well documented in the Tsbles 3.7 {a) and 3.7 (b). By Companng the values of
average Nusselt number between the case | and case 2, it is cleatly seen in Tables
3.7 (a) and 3.7 (b) that, the overall values of average Nusselt number, when circular
cylinder is considered (case 1) are significantly lower than thosc obtained with the

square cylinder (case 2) for all values of Fr.

68




L

| -0k
e —
|~k

.

Pp=14 b P10

Jr= ?.1

Fignre 3.17: Isotherms for the (a) case 1 and (b} casc 2 at difterent values of
Prandil numbers Pr and Richardson number Ri, while AR = 1.0, Re =100, L,
=L,=05K=30and D=02.

&9



Chapter 3

18.0 18.0
— Fr:mﬂ —_ ::?;1
Tl O —o= e [
150f" =~ Fre? I 1171 -
120 a7 . 120} -7 " |
% rf'-' -'_._.'_._,_.-—"""_' E .JHI’ ___..-"""-.r.-'__'_
gaf -7 gaf =T
..-""‘r .--""-'r
60y _L--"7" gop _Lo--TTTT
L] L L) )
68 10 20 30 40 50 00 10 2G 30 45 80
0.35 Fruti 7t Q35 — :r:?P
il 4 ——— peac D
oegf-— - R°™ gagl- - 7
021 —" 0.24 -
L I |
Iz ‘_.---"" (=] _l__--"'
Qidf - o e T L4 ~am-""
4 e o
W T T T T T W T Tt
00 10 20 30 40 50 a5 10 20 30 40 50
525_ Bi=pT 0.25 [ Y Y]
-ooea O oo O
020l- - - P Gant- - — m=ma
015 ] 015} ="
- —
= H,-*’ o+ -~
o.10f . o tof
.f't -
- -
ons H__,..—” 005f L
O0Qf - - -memimemrere = o = T
AN T R o 30 %@ 5.0 00 14 20 - 30 20 50
a b

Figure 3.18: Effect of Prandd number Pr on (i) average Nusselt
number, (it} average fuid temperature and (i) femperature at the
cylinder center in the cavity for the (a) casc 1 and (b) case 2, while 4R
=1.0,L,=L,=05KX=30,Re=100and D =02,

Fi;



Chapier 3

Table 3.7 (a): Varation of average Nussclt number with Prandtl
number for the case |

Ri N
FPr=10.71 Fr=10 Pr=30 Pr=1.1
0.0 4112987 4 818053 7.440991 10187403
0.5 4.532336 5.334980 B.177176 11164742
1.0 4832878 5.737606 8776704 11 850491
1.5 5.044868 6044782 9.285501 12 483071
2.0 5.203415 6.283370 9.725844 13.036041
2.5 5.320231 6.476995 10.1258220  13.52967%
3.0 5433276 6.639949 10483920 13977156
3.5 5521770 6. 780603 10811168 14387546
4.0 5598567 6 904201 11112009 14767386
45 5.666231 7014271 11.389353 15121558
5.0 5.726361 7113319 11.644908 15 453813
Table 3.7 {(b): Variation of average Nusselt number with Prandtl aumber for
the casc 2
Ri M
=071 Fr=110 Pr=310 Fr=7.1

0.0 4.140904 4 866317 7.559704 10.364761
0.5 4.553558 5373153 §.270079 11.241093
1.0 4852818 5771176 8.852934 11901860
1.5 5063939 6.070713 0350436 12578009
20 5220678 6.312980 0.786626 13.119316
74 5344344 6503511 10.176474  13.604200
30 5440298 6.663233 10.529872  14.044830
3.5 5532912 6.800845 10.85361%9  14.4496%94
4.0 5.608074 6.921710 11.152328 14824962
4.5 5 674337 7.028374 11428765  15.175277
50 5733475 7.126324 11.684315 15504224
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3.4.6 Effects of Cylinder Locaticns

The distribution of streamlines and isothermal lines for the case 1 and case 2 in a
square cavity at various locations of the inner cylinder, while Re = 100, Pr = 0.71, D
=02 K =250 and R = 0.0, 1.0 and 5.0 are shown in figures 319 and 3.20
respectively, When the imner cylinder is placed near the lefl wall along the mid
horizontal plane, & two cellular vortex is developed at the A top comer in the cavity
and a very small pocket of fluid is seen at the right botlom comer in the cavily for Ri
= 0.0 As R{ increases to 1.0, the two cellular voriex becotnes large in size and the
pocket of fluid becomes disappear. Further as Xf Increascs to 5.0, the two cellular
voriex become uni-cellular and large in size. Next when the inner cylinder is placed
near the night wall along the mid horizontal plane, a uni-cellular voriex is exist at the
left top comer in the cavity for all vaiues of Af und a tiny vortex is seen only at Bf =
.0. Another observation also shows that the size of the vortex increases with
increasing Af. Further when the inner eylinder is placed ncar the bottom wall along
(he mid vertical plane, the inner vortex become very small in size and placed just at
the top of the inlet port for R = 0.0, But at Ri = 1.0, another smatl vortex 15 also
appeat at the left top comer in the cavity, Further as Ri increascs ta 5.0, the Mow
paltcen changes drastically. Finally when the inner cylinder is placed near the top
wall along the mid vertical ptane, a uni-ccliular vortex is fonned just at the top of the
imlet port and a pocket of fluid is seen further at the right bottom comer in the cavity
at Bi =0.0. As Ri increases to 1.0, the vorlex increases in size and the pocket of fluid
becomes disappear. As Ri increases furlher lo 5.0, the vortex become large in sizc
and squeezes the induced fow paths, due to the dominating behavior of the

convective current.

The distribution of isolherms inside the cavity for the four various locations of the
inner cylinder and fixed Ri = 0.0 is shown in the bottom row of the figure 3.20 for
both of the cases. As ihe inner cylinder moves closer Lo the left wall aleng the mid-
herizontal plane, the uniformly distributed isotherms around the heat source display

thal the heat is mainly tansported by diffesion due to zeto buoyancy force.
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Flgure 3.19: Streamlines for the {8) case 1 end (b) caze 2 at diflerent
locations {L,, L,) of the inner cylinder and vanous volucs of Richardson
number Ri, while AR = 1.0, Re= 100, K= 5.0,D = 0.2 and Pr=0.71,
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The isothermal lines surrounding the heat source secem to have no significant
dilferenice as the cylinder moves closer to the right wall along the mid-horizontal
plane and closer to the top wall along the mid-veitical plane In addition, morc
vertical isolherms near the hot wall gencrates when the inner cylinder moves closer
to the bottom wall along the mid-verical plane. Now going through the middle row
of the figure 3.20, which is for i = 1.0 and different locations of the innce cylinder,
w¢ can observe an insignilicant change in isotherms when compared with that for the
case Bi = 0.0. The distribution of isotherms for the highest value of £/ at dafferent
locations of the inner cylinder in the cavity is significantly different from that at the
lower values of Ri, beeause the buoyancy induced econvection bocemes more

domimant than conduction at higher &i.

Howevet, a visual examinaiion of the streamline and 1sotherins plots does rescal an

imporlant differcnce between the two aforementioned cases.

The effect of the inner cylinder locations on avetape Nusselt number (M) at the hot
wall, average temperature {&,,) of the fluid in the cavity and the temperature at the
cylindee center () comresponding to the aforementioncd cases is shown in [gure
3.21. For a fixed position of the inner cylinder, wicreasing the values of Ri ¢nhances
conveetion, as a result the averape Nusselt numbers curves increases with increasing
B, On the other hand, a maximum value of M is found when the cylinder center 15 at
{0 25, 0 5) and (0.5, 0.73), which are also documented in the Tables 3.8 {a) and 3.8
(). It is scen that average temperature (&) of the fluid in the canity decreases
slowly as Rr increases up to a cerlain value and after then it increases smoothly with
Ri when the eylinder center is at (0.25, 0.5) and (0.5, 0.75). It 1s also seen that the
values of &,, in the cavity decteases quickly as Ry increases up to a cortain value and
beyond these values of Rf it goes up gradually with £ when the cylinder center 15 at
(0.5, 0.25) and {0.75, 0.5). The values of temperature at the cylinder center {&)
increases sharply with incrcasing Rf when the cylinder center is al (0.25, 3.5) and
(0.5, 0.75) and decreases gradually with increasing Ri when the cylinder center is at
{0.5, 0.25) and (0.75, 0.5). Finally, the average Nusselt number is slightly lngher for

the case 2, as compared to the case 1 only when the cylinder center is at (0 25, 0.5).
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Table 3.8 (a); Yaration of average Nusselt number with cylinder tocations

for the cazc 1

Chapter 3

Ri Nu

(0.25,0.5) (05,025 (05075  {0.75,0.5)
0.0 4013307 3.58B855 4110274  3.682389
0.5 4402548 3916998 4430361  3.988678
1.0 4.711121 4270096 4703937 4.3{57%9
1.5 4.944565 4.610498 4926638  4.623450
2.0 5.124008 4.880849 5107266 4.894137
2.5 5.266557 5087932 5253358 5.121223
3.0 5.383400 5247661 5378622 5306178
3.5 5.481646 5375210 5482805 5455489
4.0 5563932 5.480391 5572112 5.576830
4.5 5.639400 5.569321 5649631 5.676813
50 5.704267 5.645980 5717670 5 760409

Table 3.8 (b): Variation

for the casc 2

of average Nusselt number with cylinder locations

Ri Nu
(025,05  {0.5,025)  (0.5,0.75) (0.75,0253)

0.0 4.070518 3.559750) 4175597  3.668232
0.5 4.443486 3.840374 4463337 3917497
1.0 4.740979 4.172244 4717478 4.197024
1.5 4967794 4.498648 4930528 4475881
20 5.143(023 4783805 . 5.107190  4.737571
75 5.282625 5.009991 5254209  4.973039
1.0 5397258 5.183636 5377726 5177381
34 5493776 5.320598 5482694 5349676
4.0 5.57667% 5432590 5572939 5492745
45 5.649025 5.526805 5651379  5.611370
50 5712975 5.607783 5720248  5.710447
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3.4.7 Effects of Cavity Aspect Ratio

In order to assess the effect of peometric aspect ratio of the cavily, four different
values of cavity aspect ratios AR (48 = 0.5, 1.0, 1.5 and 2.0) are considercd here.
Figures 3.22 show the suwcamlines in a cavity along with a circular cylinder (case 1}
and square cylinder {case 2} at four different values of aspect raties AR and three
different values of R, while Re =100, Pr=071,D=02, K=50and L, = L, = 0.5,
Now for AR = 0.5 and R¢ = 0.0, it is observed that two small counter rotating cells are
formed in the cavily for both of the cases The clockwise rotating cell is at the night
botrom corner and the anti-clockwise rotating celi is at the top of the inket port. As Ry
increases 1o 1.0, the anti-clockwise cell remains unchanged and clockwise cell
become disappear. Further at Rf = 5.0, comparatively large another anti-clockwise
cell is also seen at the left top comner in the cavity. Next for AR =1.0 and rero
huoyancy effect, a small recirculation cell exists in the cavity, With the increasc of &
to 1.0, the recirculation cell becomes into two cellular. These twe cells merged and
formed a single cell cocupying the lelt lop portion in the cavily at Br = 5.0, Finally
for the largest valucs of AR (AR =1 5 and 2.0} and the low value of Kf {Ri = 0.0, a
recirculation cell is developed just at the top of the inlel 1o the cavity. As Ri increases
from 0.0 10 1.0, an additional recirculalion cell is appeared, which is comparatively
small and formed just at the lefi of the exit porl ncar the top wall. As Af increascs
further from 1.0 to 5.0, the recirculation cell becomes large 1n size whieh occupies
the major portion of the cavily as a result the extermal induced flow bocomes

squeezes due to the buoyancy duminant effect in the cavity.

From the isotherm plots shown in [igure 3.23, it is noticed that in both of the cases
the high tcmperature zone is confined 10 a narrow region close to the hot wall for the
higher values of AR (AR = 1.0, 1.5 and 2 0) al Ri = 0.0. The temperature gradient
near the hot wall gets steeper as Ré increased [or the mentioned cases. This is
beeause, for low values of Bi, where forced convection dominates, the bulk of the
cavity remains at a lower temperature, whereas the temperature distribution becomes

more stratified when natural convection stars to dominate,
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AR= |0 AR=05

AR=20 AR=15

Chapler 3

Flgure 3.22: Streamlines for the (a) case | and (b) case 2 at difTerent values
of cavity aspect mtio AR and Richardson number Ri, while Re = 100, L, = L,
a5 Ke50,D=02amd Pr=071.
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Figure 3.23: Isotherms for the (a) case 1 and (b) case 2 at dhfferent caviry
aspect ratios AR and Richardson number Ri, while Re = 100, L, =1, =05, K
=50,D=02and Pr=0.7].
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cylinder center in the cavity for the {a} case 1 and (b} case 2, while Re
=100, Pr=07L,K=50,L,=L,=05and D=0.2.

81



Chapter 3
Table 3.9 (a): Varation of average Nussclt number with cavity aspect ratio
for the case 1

Ri MNu
AR=05  AR=10  AR=15  AR=20
0.0 4865716 4112987  3.809091  3.675604
0.5 S021038 4532336 4307424 4.21194]
1.0 5165367 4832878 4700704  4.644760
i35 5207432 5.044868 4970800 4939920
2.0 5416783 5203415 5149616 5120057
2.5 5523620 5329231 5280363 524983
10 5618664 5433276 5383899  5.351866
35 5702990 5521770 5469789 5436549
40 5777845 5598567 5543210  5.508891
45 S844491  5.666231 5607320 5.571975
5.0 5904104 5726561  5.664197 5627849

Table 3.9 (b): Variation of average Nussell number with cavity aspect ratio
for the casc 2

Ri Nu

AR =105 AR=110 AR =15 AR=21
0.0 4.939903 4.140904 1825512 I6E71ER
0.5 5076266 4 553558 4310535 4.219868
1.0 5204888 4 852818 47057114 4.640877
1.5 5.324715 5063930 4578836 4044845
2.0 5435172 5220678 5. 157762 5.126336
2.5 5.536080 5.344344 5.287461 5254608
3.0 5.62760% 5446298 53859755 5.356052
1.5 5710221 5532012 5474616 5.440302
4.0 5.784600 5008074 5.547139 5.51230
a5 5.851546 5674337 5.61049% 5.575107
20 5911893 5733473 5.666747 5630748
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Bul at the lowest value of AR (AR = 0.5}, most of the area of the cavity remains the
high temperatre due lo strong buoyancy for all values of Ri. This happens because

as aspect ratio decreases, the hot wall comes closct to the incoming cold Mwd.

By comparing the simulation results bebween the two aforementioned cases, it is
obscrved that the cylinder shapes has insignificant effect on both {low and thennal

fields for diffceent cavity aspeet ratio and Richardson number.

Variation of average Nusselt number (M) at the hot wall, average temperatore ((.)
of the fluid in the cavily and the temperature (&) at the cylinder center with Ri at
different values of AR is shown in figure 3.24 for the aforementioned cases. In both
of the cases, averape Nusselt number increases sharply with increasing Ri for all
values of AR. On the other hand, averape temperzature of the fluid in the cavity and
the temperalure at the cylinder cenler increase gradually with Ri. Moreover,
maximum values of Nu is found at AR = 0.5, which 15 owing Lo the shorlest distance
hetween the hot wall and the inlet port. Also the minimum valucs of &, and & are
found at AR = 2.0, which is duc to the fact that the cavity volume mereases wilh
aspeet ratio and more volume of the cavity is involved in cooling the fuid. Finally,
Tables 3.9 (a) and 3.9 (b} compare the values of average Nusselt numher for the two
cases. It is clearly scen in Tables 3.9 {a) and 3.9 (b) that the overall values of average
Nusselt number, when square cylinder is considered are noticeably higher than those

oblained with the circular cylinder for all valucs of AR,

3.5 Concluding Remarks

In this chapter, different characteristics of a two dimensional comugate mixed
convection problem in venled cavilics with a heat-conducting horizontal cylinder
(circular/square) are studicd numericaltly using a finite element method. Results arc
obiained for wide ranges of parameters Reynolds namber Re, Richardson number £i,
Praudil number #r, solid and fluid thermal conductivity ratio K and various physical
parameters i.c. (he inlet and outlet position of the cavity, the sizes and locations of

the eylinder and aspect ratio of the cavity. The majot resuits are drawn as follows:

¢ Cavity orientation has a great influcnce on the sireamlines and isotherms
distributions at lhe lhree convective regimes, The average Nusselt numbers at the
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hot wall have been used to compare the heat transfor rate among different
configurations. Results show that the conliguration BT has the highest heat
transfer rate, whercas the configuration BB has the less effective heat transfes
rate at the three convective regimes. Moreover, bulk average tomperature and
cylinder center temperalure are the lowest for BT configuratien in the forced
convection dominated region and for TT confipuration in the free convection

dominated region,

Cylinder size affects strongly the streamline distribution in the cavily. As a result,
buoyancy-induced circulation ccll reduces with increasing cylinder diameter A
significant influence of cylinder diameter on isothermal lines is also established.
However, maximum average Nusselt number (¥w) is Tound for £2 = 0.6 1n the
forced convection deminated region (0.0 = Ri £1.0), and for 2 =04 in the free
convection dominated region. Morcover, the values of average fluid temperatuie
&, is the lowest al the purc forced convection (8f = 0.0) for £3 = 0.2, at the nuxed
convection region for It = 0.0 and at the free convection dominated region [or £
= 0.6, Also the valucs of & is the lowest for the values of R up to 4.0 at the
lowest values of D (D = {.1), but beyond these valucs of 7 it is the lowest for the
highest value of D ({3 =0.6).

Material properties (K) have insignificant cffect on the Dow held, and have
sinificant effect on the thermal ficlds. The variation of average Nusselt number,
Wi, average fluid temperature &y, and temperature at the cylinder center & wilh
the values of X is not signilicant at all values of R for the smallest value of D).
{On the other hand, the variation of average Nusselt number Ny, average fluid
temperature &, and temperature at the eylinder center & wath the values of & is
more significant at all values of 87 for the largest value ol £,

Forced comvection parameter Re has a great signilicant effect on the streamlings
and isotherms field. Buoyancy-induced voriex in the streamlines increased and
thermal layer near the heated surface become thin and concentrated with
increasing Re. The average Nusselt numbers at the heated surface is always upper
and the average temperature in he cavily is inferior for the largest valuc of Ke.

Recirculation cell in the streamline plot decreascs and thermal boundary layer
thickness ncar the heated wall decrcases strongly with increasing values of Pr.
Maximum average Nusselt number, minimum average fluid temperature and
cylinder center temperature are oblained, without the effect of RY, for the highest
Pr=171.
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Cylinder locations have significant cffect on the flow and thermal fields.
Comparatively Jarge recirculation cell is developed for the cases when the
cylinder moves near the 1clt, top and right wall, this cell becomes into two parls
and small in size when the eytinder is located near the boltom wall. Maximum
value of Ny i1s found when the cylinder center is at (0.25, 0.3) and (0.5, 0 73}
Averape [luid temperature is the lowest at the forced convection domninated
region when the cylinder cenfer is at (0.25, 0.5) and (.5, 0.75) and al the {rce
convection dominaled region when the cylinder center 15 at (0.5, 0.25).

Cavity aspect ratio has significant effect on the sireamlines and isotherms plots.
Buoyancy effect increases with decreasing the cavity aspect ratio. The average
Nussclt mumber at the heated surface is always higher for AR = 0.5 and the
average temperature of the fluid in the caviry and temperature at the cylmder
center are always lower for the highest valuss of AR {48 = 2.0).

The dilference of the values of average Nussell number between the case of
circular cylinder and the case of square cylinder are pot significant from the

engineering point of view.
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Effect of Joule Heating in the coupling of Conduction with
Magnetohydrodynamics Mixed Convection Flow in a
Rectangular  Lid-Driven Cavity along with a Heat
Conducting Horizontal Cylinder

The problem of combined free and forced convection heat lransfer in a closed cavity
has received considerable attenlion now a day. Such a problem customary grouped
under the lid-drven cavity problems. Flow and heat transfer investigaton in lid-
driven cavities is one of the most widely studied problems in thermo-fuids arca.
Numerous investigations have been conducted in the past on lid-driven cavity flow
and heat transfer considering various combinations of the imposed temperatuce
gradients and cavity configurations. This is becaust the driven cavity configuration is
encountered in many practical engincering and indusirial applications. Analysis of
mixed convective flow in & lid-driven cavity finds appheations in materials
pracessing, Mow and heat transfer in solar ponds, dynamics of lakes, rescrvoirs and
cooling ponds, crystal growing, foat glass produclion, metal casting, food
processing, galvanizing, and meial coating, among others. Combined forced and free
convective flow in lid-driven cavitics occurs as a result of two competing
mechanisms. The frst is due to shear flow caused by (he movement of onc of the
walls in the cavity, while the second is duc to buoyancy flow produced by thermal
non-homogeneity of lhe cavity boundarics. Understanding of these mechamsms is of
great signiticance from technical and enginecring standpoints. When a temperature
gradient is imposed such that the shear driven and buoyancy effects arc of
comparable magnitude then the resulting Mow falls under the mixed convection
regime and the interaction or coupling of these effects makes the analysis morc
complex. This problem has been studicd in detail in the past, most of the research is
directed toward the Tluid mechanics studies (Aydin (1999}, Aydin and wang (2000,
Chamkha (2002}, Gau and Sharf (2004) Luo and Yang (2007)). However, the
mechanism of heat transfor under such flow in a lid-driven cavity with the inseition

of a cylinder has not been investigated yet.
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In the present chapter the major objective is 1o cxamine the effect of Joule heating in
the coupling of conduction with maguetohydrodynamics mixed conveetion flow in a
rectangular lid-driven cavity along with heat conducling horizonlal cylinder. The
soverning equations along with appropriate boundary conditions for the present
problem are {irst ransformed into a non-dimensional form and the resulting non
linear system of partial differcntial equations are then solved numerically using
Galerkin’s finile elcment method. The variation of streamlines, isotherms, average
Nusselt number at the healed surface, average temperaiure of the fluid in the cawvity
and the temperalure at the cylinder center for the various relevani dumensionless
patametlers Hartmann number Ha, Joule heating parameter J, Reynolds number Re,
Richardson number R:, Prandt] number Pr, solid-tluid thermal conductivity ratio K
and various physical parameters i.e. the sizes and locations of the inmer cylinder and
aspect Tatio of the cavity are shown graphically. In addition, numerical values of the
average Nusselt number at the heated surface for the above mentioned parameters

have been presented in tabular form.

The test of ihis chapter is as follows. In section 4.1, the physical models of the
cnment investigation are presented. Then the suilable mathematical model (both
governing equations and boundary conditions) is considered in section 4 2. Aller that
a briel description of solution method along with grid sensitiviry test and validation
of the numerical scheme arc presented in the section 4.3, Subsequently parametric
resulls are presented in the section 4.4, Finally, section 4.5 gives a summary of out

conclusions

4.1 Physical Configurations

The physical configuration under consideration and coordinates choscn are depicted
in figures 4.1 and 4.2, A Cartesian co-ordinate sysiem is used with origin at the tower
lefl comer of the computational domain. T 15 & two dimensivnal rectangular lid-
driven cavity wilh a fixed amount of conducting solid material in the form of circular
cylinder (case 1) and square cylinder {case 2). The left wall of the cavity is allowed
1o move wpward in ils own plane at a conslant velocity Uy and to be kept at a
constant temmperature T,. Horizonlal walls of the cavily arc insulated while the right

vertical wall is assumed to be heated isothcrmally at a constant temperature T,
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Figure 4.1: Schematic of the problem with the domain and boundary
conditions for the case 1
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Figure 4.2: Schematic of the problem with the domain and boundary
conditions for the case 2

In these figures, A and L are the height and length of the cavity tespectively Here
the fluid is assumed to be electrically conducting, all walls of the cavity are assumed
to be electrically insulating. However, gravity acls in vertical directions and magnetic
field is effeciive in the horizontal dircction normal to the moving wall. The mapnetic
Reis assumed to be small so that the induced magnetic field 1s neglected and the Hall

effects of magneto-hydrodynamics are to be negligible. All {luid physical properties
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are assumed to be constant except the density variation in the body force term of the
momentum equation according to the Boussinesg approximation. In addition, the
effect of Joule heating is considered, but pressure work and viscous dissipation are

assumed to be negligible,

4.2 Mathematical Formulation
The scveral steps of the mathematical formulation for the above problem are shown

as follows

4.2.1 Governing Equations

Thermeophysical properties of the flvid in the flow model are assumed to be constant
except the density variations causing a body force term in the momentum cquation.
The Boussinesq approximation ig invoked for the fluid properties to relate densily
chanpes to temperature changes and to couple in this way the temperature ficld to the
flow field. The povemning cquations for sleady mixed convection flow using
conservation of mass, momentum, and ¢nergy modified to account for the presence
of magnetic field, Joulc heating term, and thermal conductivity of the sohd ¢an e

writlcil as
Continuity Equation

&Ly (4.1)
o o

Monientumn Egqualions

¥ 2
y B 1, a—’;+a—’; (4.2)
g v 2 ox e By
- 2 2 2:l
BECLAPNC LA .0 SO (B i 4 +gB(r-T,)- 2 (4.3)
ox & pdy ot &y o
Energy Equations
Te  ad 22
L . ai-l-a?; +Z% Y (4.4)
x oy Py e By 2,
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For sahid
k 2 )

ey @
gepl &

where x and v are (he coordinate directions. The variables #, v, p, T and T, are the
Muid velocity components in the x and y directions, pressure, fluid temperature and
solid temperature respectively. The parameters £, g, & & o, ¢p, 2. Bp atc the fluid
volumetric thermal expansion coefTicient, Muid density, thermal conductivity ol the
fluid, thermal conductivity of the solid, electrical conductivity, the fluid specific heat,

ihe acceleration due to gravity, magnetic induction respeclivoly.
4.2.2 Boundary Conditions

The boundary conditions for the present problem can be wntien as follows:
Althe leftwall: w=0,v=U,, T =T,
At the heated right verlical wall: #=0,v=0,T =7,

At the cylinder surface: w=0,v =0

At the tap and bottom walls: #=0,v= D,aa—T =0
i

~ru k
At the fluid-solid interface: (?—IJ = —"[ﬂ]
87 J g K N0 o

whete 1 is the non-dimensional distances either along x or y direction acting normal
1o the surface and & and k. ave the thermal conductivity of the flnids and the solid

respectively.

Heat transfer rate is measure by local and avernge value of Nusseit number. Local
Nusselt number at the heated surface of the cavity defincd by Cengel (2007) is

calcutated by using the equations:
Ny, =h{y)L/k

The aveiage value of Nusselt number is calculated by integrating the local value over

the total length of the hot wail using the relation
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[
Nu = 7 Jh’u, dy

T q

where L, and Afy) are the length and the local convection heat transfer cocfiicient of
the heated wall respectively.
4.2.3 Dimensional Analysis

The following dimensionless variables are used for making the governing equations

(4.1-4.5) in dimensionless from as:

; { {
X =E—1‘ Y = 1: U = u b ] V :-V_! P =L2?D :i*LI = i’l{‘l}' = L1‘
" (r-1,) (T,-T.)

where X and ¥ are the coordinates varying along horizontal and veriical directions,
respectively, U and ¥ are, the velocity components i the X and V duecnons,
respectively, & and #, arc Lhe dimensionless tcmperature of [ld and solid

respectively, and P is the dimensionless pressure.

Introducing the above dimensionless dependent and independent variables nto the

governing equations (4.1-4.5) vields the fellowing cquations

Continwaly Equation

U B _, (4.6)
ax  ar

Momentum Equations

2 2
p 2P 118U 38U @7
gr 8y oxr Relax® &y
2 2 z
gy L[ 8F O pie- Ty (4.8)
ax ' 8y ar Relsx® ar Re

Energy Equations
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2 2 '
p 0 ol (”ﬁﬂur* (4.9)

Ay  8Y Reprrlar® ar’
2 'z
__K (2%, o', (4 10)
RePri ax?  ay?
whers

Re=UyLju,Gr =g AATE J0?, Ha® =aBL [n, J =0 BELU, [pC AT,
Pr=vja, Ri= Gr/Re* and K =k, [k,

(here AT =T, -T, anda=kfpC,are the temperaturc difference and thermal

diffusivity respectively} ate the Reynolds number, Grashof number, square of the
Hartmann number, Joule heating parameter, Prandtl number, Richardson number and

solid fluid thermal conduclivity ratio respectively.

The dimensionless boundary conditions of the present problem under considciation

can be written as follows:
Atthe lell wall: IF=0,F =1, 8=0
At lhe heated right vertical wall: &/ =0, =0, 6 =1
At the cylinder surface; U =0,V =10
a8

At the top and bottom walls: U =0, ¥ =0, e 0
At the fuid-solid inlerface: [ﬁ] =K [@ij
N } g BN o

Where N is the non-dimensional distances cither along X or ¥ direction acting normal

to the surface.

The average Nusselt number at the hcated wall of the cavity based on the

| I

. . .. . af
dimensionless quantities may be expressed by Nnw=- J
o

dY and the average

temperature of the Muid in the cavity js defined by &, = j{;‘ dV IV, where ¥ is the

cavity volume as recommended by Singh and Sharif (2003).
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4,3 Numerical Analysis

In this section numerical method adopted in the present study is discussed briefly.

4.3.1 Solution Method

The solution of the governing equatiens along with initial and beundary conditions
are solved through the Galerkin finite element formulation. The continuum domain is
divided into a set of non-overlapping regions called elemcnts. Six node triangular
glements with quadratic interpolation funchions for velocity as well as lemperature
and lincar interpolation funciions for pressure are wlilized to discretize the physical
domain. Moreover, interpolation functions in terms of local nommalized element
coordinates are employed to approximate the depcndent variables within each
glement. Substitution of the oblaincd approximations into the system of the
governing eguations and boundary conditions yields a residual for each of the
conservation cquatiens. These residuals are reduced to zero in a weighted sense over
each element volume using the Galerkin method. Details of this method have alrcady

been discnssed in the Chapter 3.

4.3.2 Grid Size Scnsitivity Test

In order to deternine the proper grid size for this study, a grid independence (est are
conducied for the case | with Be =100, Ri= 1.0, £=50,D=02and Pr=10.71. The
following five types of mesh are considered for the grid independence study. These
grid densities are 24427 nodes, 3774 elements; 29867 nodes, 4040 clements; 37192
nodes, 5814 ¢lements; 38229 nodes, 5968 clements and 48073 nodes, 7524 clements
The extreme value of the average Nusselt number Nu, that relates to the heat transfer
rate of the healed surface and average and average temiperahue £, of the [lnd it the
cavity are used as a sensitivity measure of the accuracy ef the solulion and are
selected as the monitoring variables for the gnd independence study. Table 4.1
shows the dependence of the quantitics My and &, on the grid size and the
computational time. Considering both the accuracy of the numerical values and the
compulational tinme, the following calculations are performed with 38229 nodes and

5968 elements grid system.
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Table 4.1: Grid Sensitivity Check ot Re = 100, Ri = 1.0, X = 5.0, D = 0.2 and
Pr={.7i for the cosc |

Nodes 24427 29867 9 18225 48073
{clements) | (3774) | (4640) {5814) {(5968) (7524)
N 1.022636 11022643 1.022650 | 1.022651 | 1.02265!
Oy 0.525566 | 0.525507) 0.525566 | 0525567 | 0.525567
Time{s) | 226.265 | 292594 | 388.157 421328 | 627.375

The present numernical technique will discretize the computational domain inio
unstruciured triangles by Delaunay Triangular method, The Delaunay toiangulation is
& peomelric streciure that has enjoyed great pepularity in mesh genemntion since the
mesh genemtion was in its infancy. 1n two dimensions, the Delaunay triangulation of
a vertex 66t maximizes the minimum angle among all possible wiangulaiions of that
vertex ket The mesh modes for the present numerical computztion are shown in

figures 4.3, Mesh generetion has been done meticulously.
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Flgtre 4.3 Gnid used for numerical simulations at the ¢ase 1 and case 2.
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4.3.3 Validation of the Numerical Scheme

To validale the present numerical scheme, a two-dimensional lid-driven square
cavity Fow problem Chamkha (2002) has been solved and compared. The enclosurme
veometry treated in Chamkha (2002} is & two-dimensional lid-driven square caviry
filled with an electdeaily conducting Fluid that generates or absorbs heat at a rale.
The left wall is moving upward with a velocity and maintained at cooled condition.
The right wall is hooted whereas lhe two herizoutal walls are under adiabatic
condition. In the present work numerical predicliens, using the modificd numesical
scheme, have been obtained for Hartmann number between 0.0 to 50 0 and Grashof
mmber between 107 10 10°. The comparison of the results oblained by the present
numerical scheme with those of Chamikha (2002) for average Nusselt number (at the
hot wall) are shown in Tables 4.2 and 4.3. The computed results are in very good

aprecrment with the Chamkha (2002} solution.

Table 4.2: Comparison of the present data with those of Chamkha (2002} for

Ha
Pararmcter Present study | Chamlha (2002} Crror (%)
Ha Nu My
0.0 2.2004 22692 2.75
10.0 2.1132 21050 (.82
20,0 1.8206 1.6472 10.53
5.0 1.1862 09164 29 44

Table 4.3: Comparison of the present data with thuse of Chamkha (20602) for

Gr
Parameicr Present study | Chamlha {2002} Crror (%)
r Nt M
10° 1.0298 0.9819 4,88
10° 1.1059 1.0554 4.78
17 1.5231 1.4604 4.29
10° 2.4622 23620 424
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4.4 Results and Discussion

A5 stated carlier, the overall objective of the current chapier is to explore the
conjugate effects of conduction and laminar mixed convection heal transter in & lid-
driven cavity in the presence of a magnetic field, Joule heating and heat conducting
horizontal cylinder. The implications of varying the Reynolds nomber Re,
Richardson number Ri, Prandil number 7, Hartmann number Ha, Joule heating
parameler J, solid fluid thenmal conductivity ratio X and physical parameters for the
system are the cavity aspect rafio AKX, cylinder diameter and locations of the inner
cylinder in the cavity will be cmphasized. The resulis are presented in lerms of
streamling and isolherm patterns at the three different regimes of [low, viz., pure
forced convection, mixed convection and dominating nalural convection with Ki =
0.0, 1.0 and 5.0 respectively. The variations of the average Nussel number at the
heated surface, average Auid (emperature in the cavity and temperamre al the
cylinder are plotted for the different valucs of the parameters. Morcover, the
variation of the average Nusselt number at the heated surface is also highlighted in

tabular form.

4.4.1 Effect of Cylinder Diameter

The effect of cylinder diameter {placed at the center of the cavity) on the Now felds
as streamlines in a square cavity operating at theee different values of Ry, while the
values of K, Re, Ho, Pr, and J are keeping [ixed at 5.0, 100, 10.0, 0.7] and 1 & arc
presenied in the figure 4.4 for the circular cylinder situation {case 1} and the square
cylinder situation (case 2). As well known from the literature, the valucs of the
Richardson number is a measure of the imporlance of natural convection 1o forced
convection. First, in the casc 1, [igure 4.4 (a) shows that the forced convection plays
a dominant role and the recirculation [low is mostly generated only by the moving
lids al low Ri (Ri = 0.0) and D (D = 0.0). The recirculation flow rotates in the
clockwise direction, which is expected since the lid is moving upwards, Further at
low Ri (Ri = 0.0) and the higher values of I (D = 0.2, 0.4 and 0.6}, the flow pallerns
inside the cavity remain unchanged except the shape and position of the core of the

circulatory flow. Next at Ri = 1.0, the natural convection effect is comparable with
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the forced convection effect, a pair of counter rotating rolls appear in the flow
domain for the lower valoes of I3 {0 = 0.0, 0.2 and 0.4), whercas the {luid [ow 15
characterized by a clockwise rotating vortex generated by the movement of the lelt
wall and two minor counter clockwise vortices penerated by the buoyant force at the
highest value of I} {0 = 0.6). This behavior is very logical because the large cylinder
reduces the available space for the buoyancy-induced recirculation, Further at B¢ =
5.0, which is a buoyancy dominated regime, the counter clockwise rotating roll duc
to buoyancy force grows rapidly as a result the clockwisc rotating rell due to shear
doven Dow becomes weaker and smaller at the four different valucs of 2 {D =010,
0.2, 0 4 and 0.6) considered. Now in the case 2, it is clearly observed from the figure
4.4 (b) that the distribution of streamlines are atmost similar at (he lower vatues of I
(D= 0.0 and 0.2) and have significant difference at the higher values of D (D = 0.4

and 0.6) for all values of Ri, compared with that for the case 1 as shown in figure 4.4
(a).

The correspending effect of the cylinder diameter on thermal fields as isotherms al
varous values of B is shown in the figure 4.5 for the abovementioned two cases. [n
both of the cases, we can ascertain that for R = 0.0 and D) = 0.0, the isothermal lines
near the hot wall are parallel to the heated surface and parabolic shape isotherms arc
seen at the lefl top corner in the cavily, which is similar to forced convection and
conduction like distibution. Making a compansoen of the isothermal lines [or the
higher values of D (D = 0.2, 0.4 and (.6) with those for the casc of without cylinder
(D) = 0.0) at B¢ = 0.0, a significant difference is found al the lefl top comer in the
cavity for the aforementioned (wo cases, Further for Bi = 1.0 and the case of without
eylinder (D = 0.0), the isothermal lines arc nearly parallel to the verrical walls in the
cavity and parabolic shape isotherms at the left top comer in ihe cavity becomes
insignificani. Furthermore, similar rend is observed in the isotherms for ditfesent
values of D at Ri = 1.0, which is due to the conjugate effect of conduction and mixed
convection flow in the cavity, As Rf increases further from 1.0 to 5.0, the 1sothermal
lines near the cold wall are almost parallel to the verfical walls and parabolic shaps
isotherms arc developed at the right top corner in the cavily, which 15 owing to the

strong influence of the convective current in the cavity.
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Ri=0.0

Hi=35.0
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Figure 4.4: Streamlines for the () case | and (b} case 2 at different values of
cylinder diamcter D and Richardson number R/, while AR = 1.0, Re = 100,
Ha=100,5=10,L,=L,=05 K=50and Pr=071.
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while AR = 1.0, & = 100,

nd Pr=0.71.

the (a) case 1 and (b) casc 2 at diffesent
1ber Ri,
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Figurce 4.5: Isotherms for

Ha
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I—am == =00

Figure 4.6: Lffect of cylinder diameter /) on {1) average Nusselt
number, (i) average [luid temperalrc and (iii) temperature at the
cylinder center for () casc 1 and (b) case 2. while 4% = 1.0, Re = 100,
Ha=100,7=10,L,=1,=05Pr=07Tand K =3.0.
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Table 4.4 (a): Varialion of average Nussclt number with cylinder diameter

for the case 1

Chapter 4

Ri Nt

D=0 p=02 D=04 D=06
0.0 1643882 1.710726  1.706358  1.733162
0.5 1141781 1239607 1410516 1.643498
10 0985516 1.022651  1.195203 1347871
15 1009741 1028463 1127000 1471043
50 1055573 1064352 1.126294  1.419320
7 5 1009580 1.100379 1142134  1.389025
3.0 1.137945  1.132416  1.159800  1.373009
25 1170292 1139872 1175287 1363026
10 1197434 1.182924 1187359  1.360830
45 1219715 201938 1196579 1357858
50 1237833 1217358 1.202627  1.354560

Table 4.4 (b): Variation of average Nusselt number with ¢y hnder diaimetes

for the caze 2

Xi Nu

D=00 D=02 D=04 D=06
00 1.643882 1.712326 1.706780 1830880
0.5 1.141781 1.260904 1.469466 1 771889
1.0 0.985516 1.034922 1278355 1713880
1.5 1.009741 1.034007 1189873 1.6a5830
2 0 1.055573 1.068257 1.171764  1.623963
95 1.099580 1.103024 1.179114 1591151
1.0 1.137943 1.133777 1.192075 1566817
35 1170392 1.159927 1.204092 1549360
4.0 1.197434 1.181688 1.213212  1.536788%
4.5 1.219715 1.199469 1219018 1527199
50 1.237833 1.213701 1221634 1.519032
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In addition, the convective distortion in the isothermal lines near the right top corner
in the cavity pradually decreases wilh increasing the values of 2 for both of the
mentioned cases. This behavior is very logical because the larger cylinder reduces
the buoyancy force effecis. From these fipures it also seen that cylinder shapes have

insignificant sifects on isothermal lines at each values of Bf,

The wvariation of the average MNusselt number (Wu} at the heated surface, average
temperature { &) of the fluid in the cavity and temperature (&) at the cylnder center
against Ri at various values of £ is shown in the figure 4.6 for the aforementioned
cascs. From these figures it is obscrved that in the pure forced convection region (Ri
= .07 the valucs of Nw is the top for the highest value of £ but the valucs of Nu
decreases very quickly in the forced convection dominated region and increascs
gradually in the free convection dominated region at the lower values of 2 {0 =00,
.2 and 0.4). On the other hand, the average Nusselt number (M) decrcascs mildly
with increasing R for the highest valug of £ and maximum average Nussell number
is always found at the highest /2 for both the aforcsaid cases This is also supported
from {he obtained actual numerical values of Nu as shown in the Tables 4.4 {a) and
4.4 {b). From thesc Tables it is also observed that the values of M for case 1 18
quantitatively lesser comparcd te that for the case 2 at the ugher values of £, owing
to poor mixing and heat transfer from the iscthermal wall. However, average
lemperature (&} of the [luid in the cawvity and temperature at the cylinder conter
increascs slightly at the highest D (D = 0.6} and rapidly at lower values of L (D =

0.0, 0.2 and 0.4) with increasing Rf for both of the sbovementioned cases.

4,4,2 Effect of Solid Fluid Thermal Conductivity Ratio

The Oow ficlds in terms of computed streamlincé for the four representative valucs of
the solid Nuid thermal conductivity ratio X (K =02, 1.0, 506 and 10.0), while AR =
1.0, Re=100,0=02,L,=£,=0.5, Ha=10.0, f= 1.0 and Pr = 0.7] arc shown 1t
ligure 4.7 for the case of cirenlar cylinder and the casc of square eylinder. For A7 =
0.0 and £ = 0.2, it is be seen from the [igures 4.7 thal a unicellular clockwise vorlex
is developed in the cavity for both of the cases, dve to the only shear ferce induced

by the left moving wall.
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However, the strcamlines for the four values of K at R = 0.0 appear to be almost
identical. This behavior is rational because thermal conductivity of the solid has
nepligible effect in flow Geld. Now for Ri = 1.0 and K = 0.2, it can be seen from the
figure 4.7 that a pair of counter tolating vortices are formed in the NMow domain, of
which the clockwise vorlex near the left wall is small in size than the counter
clockwise vortex neat the right wall. It is also observed that the counter clockwise
vortex is two-—cellular. In addition, visual examination of the streamlines docs not
reveal any significant difference among the different valucs of K at Ri = 1 0, owing
to the same reason as stated beforehand. Furiher at Ri = 5.0 and different values of K
it is clearly seen that the counler clockwise vortex spreads and thereby squeezes the
clockwise vorlex, indicating a sign of supremacy of natural convection in the cavity.
It is also seen that the stecamline plots are independent of the thermal conductivity
ratios K. In addition, the cylinder shape has insignificant effect on sircamlines at the
pure forced convection region and has significant cffect on streamlines al the purc

mixed conveetion and free convection dominated region.

Now from the higure 4.8 it is reminder that the thermal conductivity of the inner
cylinder affects strongly the isotherm structures in both of the cases At low Ri = 0.0
and K = 0.2, the isolherms ncar the hot wall are parallel to the vertical walls and the
isothermal lines start to mm back towands the hot wall near the left top corner of the
caviry, which gives a clear indication that a conduction dominated heat transfer at the
vicinity of the hot wall and higher forced convection and conduction dominated heat
transfer in the wpper part of the cavity, Making a comparisun of the isothermal lines
for different values of K at Rf = 0.0, no significant difTerence is found cxcept the shift
of the isothermal lines from the center of the imner cylinder As Rf increases from 0.0
io 1.0, the distortion in isothermal lines become immatevial, as a result the 1s0therms
become parallel (o the vertical walls, indicating the comparable effect of the
conduction and mixed convection mechanisms. As Ri increases further to 5.0,
convective distortion of the isotherms occur throughoul the cavity due to the sirong
influence of the convective current in the caviry. In this casc it is alsn seen that a
therma!l boundary layer is developed near the cold walt for the four different values

of K. However, the cffects of the cylinder shape on isotherms are not noticeable.
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Figure 4.9; Effect of thermal conductivity X on {i) average Nussclt
numbet, {ii) average fuid tempcrature and (iii) temperature at the
eylinder center for {a) case | and (b) case 2, while 4% =10, Re — 100,
Ha=100,7=10,L,=L,=05, Pr=071 and D=0.2.
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Table 4.5 {a): Varialion of average Nusselt number with solid fluid thermal

conductivity tatio for the case 1

Chapter 4

Ri M

E=02 k=140 E=350 E=100
0.0 1.735825 1.722377 1710726 1.70843%
0.5 1.136467 1.187800 1.239607 1.251436
1.0 0.950693 0.9819462 1.022651 1.033299
1.5 1.015338 1.0 8857 1.028463 1.031755
2.0 1.078242 1.069832 1.064352 1.063740%
75 1.128226 1,113792 1.100379 1.097649
3.0 1.168726 1150669 1.132416 1128377
1.5 1.202060 1.181486 1.159872 1.154619
4.0 1.229628 1.207111 1.182024 1.177271
4.5 1.252361 1.228240 1.2{H 544 1195726
5.0 1.270942 1.245442 1.217358 1210650

Table 4.5 (b): Vanation

of average Nusselt number with solid [lnid thermal

conductivity 1atio for the case 2

Ri ha

K=02 K=140 K=50 K=100
0.0 1.742490 1.725562 1.712326 1.709784
0.5 1.1316933 1.195332 1 260504 1.277769
i.0 0.934124 0.977425 1.034922 1051808
1.5 1.008590 1016403 1.034097 1040593
20 1.079863 1.071453 1.068257 1068680
35 1.134641 1.117716 1.103024 1.099931
3.0 1.177762 1.155640 1.133777 1.128537
335 1.212499 1.186784 1.159927  1.153146
40 1.240778 1.212332 1.181688 1.173735
4.5 1.263829 1.233166 1.199409 1.190574
50 1.282502 1.249960 1.213701 1.204016
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Average Nusselt number (M) at the hot wall, average Quid temperatore (2} in the
cavity and temperature al the cylinder center (&) is plotted as a function of
Richardson number at four diffcrent values of solid [luid thermal conductivity ratio
{(#} is shown in the [ipure 4.9 for the aforesaid two cases. Concentrating on each plot
separately for a particular values of X, the trend of the values of Nu are deereasing
with increasing Ri up to 1.0 and beyond these valucs of Rf, the values of N 1s found
to inereases gradually with Bi. However, in the pure forced convection {Ri = 0.0 the
value of Nu is highest for the lowest valuc of K, in the forced convection dominated
region it is the top for the highest values of K and beyond these values of R, the
average Nusselt number Nu is also the peak at the lowest valuc of K, which are
documented in the Tables 4.5 {a-b}. Refernng to these Tables, markedly different
values of Ni are found due (o the cylinder shape al the four valugs of K and the three
different flow regimes. Yinally, from these figures it is also observed that the average
temperatue (&) of the fuid in the cavity and the temperature (£1) at the cylinder

center increase monotonically with Ri.

4.4.3 Effcets of Hartrnann Number

The influence of Hartmann numbet Fa on the flow patterns at three different values
of B is shown in the Lgure 4.10 for the case | and case 2, where AR = 1.0, Be = 10,
E=50,D0=02)=10,L,=L,=05and Pr=0.71 arc kept fixed. In the absence of
the magnctie field {Ha = 0.0) and the natural convection ellect (Ri = 0.0}, the fuid
flow s characterized by a primary rotating uni-cellular vortex of the size of the
cavity generated by the movement of the lefl wall. Again for Ri = 0.0 and the
different higher values of Ha (10.0, 20.0 and 50.0), it is evident from these figures
that the size of the vorlex remain unchanged, but the core of the vorex shifled
towards 1he left top corner of the cavity wilh increasing Az up to 20.0 and the core
divided inlo two parts located at the boilom and top comer near the left wall at the
highest value of Ha = 50.0. When natural conveclion and forced convection become
cqually dominant, namely R = 1.0, the fluid flow is characterized by a clockwise
rolating vorlex generated hy the movement of the lefl wall and two minor counter

clockwise vorlices penerated by the buoyant force at the highesi value of ffy = 301

0%



Ha=100 b FHa=200

Vigure 4.10: Sueamlines {or the {(a) case 1 and (b) case 2 at dilferent values
of Hartmann number Ko znd Richardson number BRI, while AR = 1.0, He »

100, /= 1.0, Ly L, =05 Pre(7], K=500nd D=02.
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As Ha decreases from 50.0 to 20.0, the minor counter clockwise vortices merge into
a two cellular single one and become comparatively large, as a result the clockwise
rotating vortex become smaller in size. Furthermaore, the size of the clockwise vortex
decreases and counter clockwise vortex increases with decreasing Ho at Ri = 1.0.
This i5 because application of a transverse magnetic field has the tendency to slow
down the movement of the buoyancy-induced {low 1n the cavity. Further when &i =
5.0, the elfect of natural convection is far more compared 1o the forced convection
effect, consequently the size of the counter clockwise vortices at Rf = 5.0 are larger
than that at Ri = 1.0, It is also note that slight differcnces in streamlines are found

bebween the abovementioned two cases.

The corresponding eflects of Hartmann number Ha on the isotherms is shown i the
figures 4.11 for the hwo aforesaid cases. From these [gures it can be seen easily that
the isotherms are almost parallel to the vertical walls for the highest value of Ha (Hu
= 50.0) at the three values of Ri, indicaling that most of the heat transfer process is
carried owt by conduction. However, some deviations in the conduction dominated
isothermal lines are initiated near the Ieft Wop surface of the cavity for the value of Ha
= 20.0 at Ri = 0.0. The distortion of the isotherms near the left top surface of the
cavitly increases quickly with decreasing values of Ha al Ri = 0.0, F'rom these figures,
it is also be seen that the isolhermal lines are dominated by conduction and mixed
cotiveciion heat transfer in the cavity for different Ha at Ri = 1.0, Although the
isotherms are almost parallel to the vertical surface for the highest value of //a at Rf
= 5.0, bul the isotherms arc drastically changed with decreasing the values of Ha at
Ri = 5.0. Moreover, the formation of the thenmal boundary layer near the lett cold
wall is to be initiated here for the lower values of Ha at & = 5.0. This 15 owing to the
dominatng influence of the convective cument in the caviry. Furthermore, no major

differences in isotherms are found belween the two aforementioned cases.

The effects of Hartmann number on average Nusselt munber (Vi) at the hot wall,
average tempemture {&,} of the fluid in the cavity and the temperature (£:) at the
cylinder center for the case of circular cylinder and the case of square cylinder along
with Richardson number is shown in the figure 4.12, whilc AR = 1.0, Re =100, K =
50,0=02,7,=L,=05J=10and Pr=0.71.
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Figure 4.12; Tffect of Hartmann number Ha on {1} average Nussell
numbers, (i) average fluid temperature and (i) temperatore at the
cylinder center for the (a) case 1 and (b) case 2, while AR = 1.0, Re =
100, J=1.0,7,=1,=05 Pr=07] and D=0.2.
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Table 4.6 {a):
for the case |
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Vanation of average WNussclt number with Hartmann number

Ri i

Ha=00 Ha =100 Ha=200  Ha=500
0.0 1915505 1,710726 1.453429 1.163656
0.5 1.178991 1.239607 1.238799 1.129542
1.0 0.971513 1.022651 1.G90087 1.100483
1 5 0.931170 1.028463 1.040413  1.077260
2.0 0.942201 1.064352 1.055125 1.060369
2.5 0.941420 1.100379 1.096165 1.049969
3.0 0.945165 1.132416 1.144865 1.045867
3.5 0.950924 1.159872 1.193686 1.047576
4.0 0.957196 1,182924 1.235?33 1.054409
45 0.963109 1.201949 1.281993 1.065591
50 0063160 1217358 1320236 1080330

'Table 4.6 (b): Variation of average Nussclt number with Harlmann number
for the case 2

Ri ! MNu

Ha=00 Ha=10.0 Ha=200  Ha=300
0.0 1.916441 1.712326 1.458135 1.175298
05 1.212084 1.260904 1.252004 1.142403
1.0 0.984203 1.034922 1.105978 1.114291
1.5 0.969411 1034097 1.052516 1.091673
2.0 0.961875 1068257 1.062562 1075018
7.5 0.959547 1.1(3024 1.100104 1 (64485
10 0.960528 1.133777 1.146354 1.059919
35 0.963127 1.159927 1.193424 1060804
4.0 0.966220 1.181688 1.238171 1.066798
4.5 0.969116 1.199469 1.279425 1.076922
50 0.971356 1.213701 1.316859 1.090543
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From these figures, it is observed thal the average Nusselt number (Nu} goes down
very rapidly with increasing Rf in the forced convection domuinated region and goes
up pradually with increasing i in the [rec convection dominated region for the lower
values of Ha (0.0, 10.0 and 20.0). But the average Nusselt number {Nu) decrcases
mildly with increasing R7 for the highest value of Ha (Ha = 50.0). On the other hand,
the valucs of NMu is the uppermost in the pure forced convection (Ri = 0.0) at Ha =
0.0, in the mixed convection region (Ri = 1.0) at Ha = 50.0 and in the natural
convection dominated region at Ha = 20.0. However, the average temperaturc ()
of the fluid in the cavity and 1empcrature (€.} at the cylinder center increases sharply
with Ri for the lower values of Ha (0.0, 10.0 and 20.0) and increase very slowly with
Ri at the highest value of Ha. Last of all, thc quantitative differcnces of the vahes of
Mu at different values of Ha between the {wo aforcmentioned cascs arc listed in the
Tables 4.6 {a) and 4.6 (b). From these tables it is found that the values of Nu tor the

case 1 are slightly lower than that for the case 2 only at the lughest value of Ha.

4.4.4 Effects of Joulc Heating Parameter

The flow fields in tenms of computed streamline;s for the both case 1 and 2 at the four
representative valvues of the dimensionless Joule heating parameter J (S =0.0, 1.0, 5.0
and 7.5) is shown in the figure 4.13. Plots arc shown for AR = 1.0, Re = 100, K= 5.0,
D=02,L=/,=05Ha=100,Pr=07land R =00, 1.0 and 5.0 for each case.
In the absence of free convection cffects (R = 0.0) the flow exhibits a simple
clockwise recirculation pattern, which becomes concentrated along (he cold maving
wall for all values of J. As Ri increases from 0.0 1o 1.0, two counter rotating cells
appear in the cavity at all values of J, i.c. the fluid flow in the cavity is established by
a relatively balanced interaction of the two driving mechanisms. Finally, for #= 5.0,
which is a buoyancy dominated regime, the counter clockwise circulating ccll on the
right grows furlher and occupies most of the pasl of the cavity at J = 0.0, as & result
the clockwise cell becomes weaker and smaller. A similar phenomena is also
obscrved at Bf = 5.0 and J = 1.0. However, for Ri = 5.0 and J = 5.0, another
clockwisc circulating cell is developed at the right top comer in the cavity. 1t is also
seen that the third cell increases sipmificantly at the highest value of J (f = 7.5).

Moreover, the streamlines for both of the aforementioned cases are almost identical
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Fipure 4.13: Streamlines for the (n) case 1 and () case 2 ot difTerent values
of Jaule heating parameter J and Richardson number RY, while AR = 1.0, Re =
100, /a=100, L, L,=0.5, K= 50,D=02and Pr=0.7I.
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Fipure 4.14 illustrate the isothenms for the case 1 and case 2 at different velues of
Joule heating parameter Jf and Ri (Ri = 0.0, 1.0 and 5.0, while AR = 1.0, Re = 100, &
= 5.0, Fle = 10.0, L, = L, = 0.5, Pr = 0.7]. From these fipures, it is seen that
conductive dislorion of isoihermal lines start 1o appear at the vicimiy of the heated
surface and upper part of the caviry at the lower values of J (7= 0.0 and 1.0} and #i —
0.0. But ihie conductive distorlion in the isothermal lines become disappears and
convective current becomes active with increasing the values of Joule heating
paramieter J at B = 0.0, as a result isothermal lines are concentrated at the cold wall
with & ¢lear indication of the existence of thermal spots. The isothermal hines al £ =
1.0 and lower values of J (J = 0.0 and 1.0 are near)y parallel 1o the vertical walls of
the cavity, which pives a clear indication of conduction and mixed convection
dominated heat transfer in the cavity, Further, the 1sothermal Jines at Ri = 1.0 and
higher values of J (f = 5.0 and 7.5) start to turn hack {conveciive distortion) towards
the cold wall near the top wall due to the dominating influsnce of the convective
current. Finally, at Ri = 5.0, the convective distortion of isethcrmal Jines ocours
throughout the cavity for all values of J due to the strong influence of the convective
current. Moreover, in this case the extreme conveelive distortion in isotherms 13
chserved at the higher values of £ In addition, the effect of cylinder shape on

isptherms 1s trvial for all values of Jand Ri.

In order to evaluate how the presence of Joule heating in the cavity aflecls the heat
transfer rate along (he hot wall, average Nusselt number (Nu} is plotied as a function
of Richardson nomber Ri in the figere 4.15 for the above two cases at the four
different values of Joule heating parameters J. It is observed that average Mussell
number decreases very slowly with the increase of Rf in the forced convection
dominaled region and increases gradually with R in the free conveclion dominated
region for J = 0.0. Further, the values of Nu decreases with increasing Rr in the
forced convection dominated region and become independent of &t mn the fiee
convection dominated Tegion for J = 1.0, But for the higher values of J, the valucs ot
Nu decreases with increasing Ri. It is also note thal N is always higher at J = 0.0 for
the lwo cases, which is expected. Figure 4.15 also explain the average temperalure of
the Auid (&} in the cavity and temperalure at the cylinder center (&) as a function of

Richardson number (R} for the two cases at different values of [
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Figure 4,15: Effect of Joule heating parameter J on (i) average
Mussclt number, (ii) averape fuid temperature and {iil) temperahue al
the cylinder center for the {a) case 1 and (b) case 2, while 4R = 1.0,
Re=100,Ha=10.0,f,=£,=05,K=50,Pr=07l and D=072.
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Table 4.7 (a): Variation of average Nusselt number with Joule heating

parameter {or Lhe case 1

Chapter 4

Ri N
J=0.0 J=1.0 J=50 J=735

0.0 1.896161 1.710726 0.968986  0.503393
0.5 1.323444 1.239607 0.873431  0.584622
1.0 1224756 1.022651 0.650031  0.718246
1.5 1.391699 1.028463 0.387293  0.332607
10 1.562487 1.064352 0.165841 0098974
25 1 715601 1.100379 0.001544  -0.100411
3.0 1853496 1.132416 -0 116068  -0.248419
3.5 1.979290 1.159572 -0.196830  -0.367913
4.0 2.095305 1.182924 -0.248595  -0.5663521
4.5 2203237 1.201949 0284071  -3.700918
50 2.304356 1.217358% -0.310494  -7.869844

Table 4.7 (b} Variation of average Nusselt number with Joule healing

parameter for the case 2

R Nu
J=0.0 J=1.10 J=50 J=7.5

0.0 1.89939% 1.712326 (.962035 0.493103
0.5 1.344722 1.260904 (. B&3H66 0587414
1.0 1218293 1.034922 0.683504 0.5428749
1.5 1.376441 1.034097 (.435438 6.374181
2.0 1.548035 1.068257 0209266 0.146429
75 1703224 1.103024 0.028319 -0.068742
1.0 1.843106 1133777 -0.109801 -0.244520
15 1.570)588 1.159927 0210907 -0.394927
4.0 2.087981 1.1816&8 0281762 -D.6ITEYD
4.5 2.1970172 1.199469 -0.331545 -3.627633
5.0 2.208994 1.213701 -0.371923  -7.928919
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The values of 8, and & ate increases mildly with increasing 87 at the lower values of
J(J=0.0 and 1.0} also increase steeply with increasing Mi at the higher values of J (/
= 5.0 and 7.5). Moreoaver, the vahues of &, and &. are found minimum for the lowest
value of J, which are very logical. Although the overall trends of the streamlines,
isolhermas, average Nusselt number, average fluid temperature and temperature at the
cylinder center are the same, some differences in the values of ANu belween the

mentioned two cases are tabulated in the ‘Tables 4.7 (a) and 4.7 (b).

4.4.5 Effect of Reynolds Number

The Muid fow patterns inside the cavity for the case 1 and case 2 aie presented n
terms of streamlines in the figure 4.16 at the four values of Reynolds number Re (Re
= 50, 100, 150, and 200} and the three different values of R/ (&7 = 0.0, 1.0 and 5.0},
while AR=1.0,K=50,D=02,L,=L, =05, Ha=100,J=110, Pr=071 As
expecled duc to the upward motion of the left wall fluid rise up along the side of the
cold vertical wall and flow down along the right vertical wall forming a 1oli with
clockwise rotation inside the cavity for the four valucs of Re at X = 0.0, It is also
observed that the orientation of the core in the recirculation cell changes as Reynolds
number Re changes. Next at R = 1.0, two counter rotating cells arc developed in the
cavily for all values of Re, which indicates both the buoyant force and the shear
driven force are present in the cavity. In this folder at low Re = 50 the clockwise ocll,
which is due to shear driven force occupies most of the part of the cavity and two
small anticlockwise rotating cells due 1o buoyant force arc developed at the bottom
and top comner in the cavity near the right wall. However, as Re increases the
anticlockwise rotating cells come together inte one and become large in size. It is
also seen from the right column of these Lpures, that size of the anticlockwise
rotating cell increases sharply and thereby squeezcs the ¢lockwise cell, indicating a
sign of supremacy of natural convection in the cavity at £ — 5.0 and difterent Re.
However, in both of the aforementioned cases, a little influence on the strcamlines by

the cylindcr shapes is observed.

Now we draw the attention to see the cflect of increasing Reynolds number Re on the

temperature distribution in the cavity.
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st 2 at difTerent vatues

6: Streamlines for the {8) case ) end (b) ca
umber Re and Richandsan number Bf, while 48 = 1.0, Na =
10,L,=20,=05 K=50,D=020nd Pr=071.
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From the figures 4.17, il can be seen ihat isothermal lines are nearly parallel to the
hot wall at Re = 50 and R = 0.0 for both of {he cascs, which iz similar to conduction-
like disidbution. It is also seen that isothermal lines start to tum back from the cold
wall to the hol wall near the top wall at R = 0.0 and Re = 50 due to the dominating
inMecnce of conduction and forced convection in the wpper part of the cavity, Mo
significani distortion in isothermal lines near the lelt top corner of the cavily are
observed at the higher values of Re. Furlher at R/ = 1.0, both the buoyant force and
the shear force are same order of magnitude, the isotherm patlerns rellects a
conductive pattern of energy transfer at the lower valucs of fe (Re = 50, 100) and a
convective pattern of cnergy transfer at the higher values of Re (Re = 150, 200} for
hoth of the cases. On the other hand, the convective distortion of isothermal lncs
slarl to appear at Re = 50 and Ri = 5.0. Next at Rf = 5.0 and fle = 100, 11 15 scen that
the isothermal lines turm back towards the leli cold wall near the top of the cavity and
a thermal boundary layer is devcloped near the lelt vertical (cold) wall due to the
dominating influence of the convective current in the upper part of the cavity. Finally
at Ri = 5.0, the convective distortion in the isotherms become more and the thermal
boundary layer near the cold wall becomes more concentrated with furher increasing
the values of Reynalds number duc to the shong inflluence of the convective curent,
However, the streamlincs and isotherms for the mentioned two cases appear 10 be

almosi identieal at different valucs of Reynolds number.

The effect of Reynolds number on average Nusselt number (M) at the heat source,
average Muid temperatire (&} in the cavity and the temperature (£.) at the cylinder
cenler are displayed as a function of Richardson number at some particular Reynolds
number in figure 4.18 for the aforesaid two shapes of cylinder. It 13 observed that 1o
both of the cases the average Nusselt number at the hot wall decreascs very sharply
in the forced convection dominated region and incrcases gradually in the free
convection dominated region with increasing Ri for the higher values of Reynolds
number Re (Re = 100, 150 and 200}, but is diflcrent for the lowest value of Reynolds
number Re (Re = 50). However, maximum values of Nu is found for the highest
vilue of Re (Re = 200) at the pure forced convection region (Ri =10 0, at the pure

mixed convection region (Ri = 1.0) and free convection dominated region.,
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Figurce 4.18: Effcct of Reynolds number Re on (i) average Nusselt
number, (i) average fluid wemperature and (i} temperature at the
cylinder center for the (a) case 1 and (b) case 2, while AR =10, Ha =
100, 7=1.0,7,=L,=0.5K=50,Pr=071 and D=1.2.
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Table 4.8 (a): Vanation of average Nusselt number with Reynolds number
for the case 1

Ri Mu

Re=50 Re=100 Re=150 Re =200
0.0 1.255431 L7726 2.113681 2.44041%
.5 1.167179 1.239607 1.140568 1155502
1.0 1.086457 1.02265]1 1.120741 1 252180
1.5 1.027479 1028463 | 1.173439 12993110
2.0 0.992551 1.064352 1.220219 1.3510%1
25 0976718 1100379 1.263060 1.4034817
3.0 0.973097 1.132416 F.303509 1451683
3.5 0976214 1.159872 1.338008 1 492843
4.0 0.582533 1.1820924 1367189 1.526435]
4.5 0.589973 1.201949 1391163 1352771
5.0 997365 1.217358 1.410237 1.572461

Table 4.8 (b): Variation of average Nusseli number with Reynolds number
for the case 2

Ri Nu

Re=>50 Re=100 Re =130 Re =200
0.0 1261492 1.712326 2.130720 2479379
0.5 1.176203 1.260904 1.1613%1 1 148622
1.0 1.101123 1.034922 1.121194 1.253349
1.5 1.044776 1.034097 1.175372 1.299454
0 1.009633 1 0683257 1.220769 1.348373
15 0992108 1.103024 1.262476 1.398438
3.0 0.986443 1.1337%7 1.300050 1444860
75 0.987662 1.159927 1.332835 1.484935
4.0 0.992356 1.181688 1.360598 1.317%08
4.5 0.998427 1.199469 1.383430 1.543896
50 1.004651 1.213701 1.401602 1.563438
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But it is different in the forced convection dominated region. On the other hand, the
average fluid temperature (&,,) in the cavity and the temperature (&.) at the cylinder
center increases smoaothly for higher values of Re (Re = 100, 130, 200) and increascs
gradually for the lowest value of Re {(Re = 50) with increasing &/, In addition, the
values of &, and &, are found minimum for Re = 200 at the purc foreed conveclion
{(Ri = 0.0) and for Re = 50 at the pure mixed convechion (B = 1.0} and frce
gonveclion dominated region, But in the forced convection dominated region the

variation of . and & are found irregular,

However, a visual examination of the figure 4.18 show qualitatively similar plots tor
hoth of the cases al different values of Re and Ri. Lastly, the quantitative diffcrences
of the values of Nu at dillerent values of Re are indicated in Tables 4.8 (a) and 4.8

(b} betweon the two mentioned cases.

4.4.6 Effect of Prandtl Number

The effect of Prandil number on the flow fields as streamlines in the caviry for the
case 1 and case 2 at three different values of Ri 15 shown in figure 4.19, while AR =
1.0, Re=100, P =02, Ha=100,7=1.0,1L,=£,=0.5 and X = 5.0, The flow fields
for all valucs of Pr {Pr=0.071,0.71, 1.0 and 3.0) and tow Rf (Rr = 0.0) arc found to
be established due to the shear induced force by the moving Jid only. Nexl at R =
1.0, the balance between the shear and buoyancy elfect 15 manifested in the
formation of two voriices inside the cavity. It is also scen that the shear effect
produces the clockwise vortex, which is comparatively small than that of the two-
celiular covnter clockwise vortex produced by the buoyant force. As the Richardson
number increases further to 5.0, the heat transfer is mostly by convection in the
cavity, as a result the two-cellular counler clockwise vortex become um-cellular and
large enough and the clockwise vortex becomes shrink in size at each values of £r
comsidered. Besides, the fows represented by the streamlines are almost independent
of e Prandil numher at each Ri. It is also notable that cylinder shape has

wnimportant effect on streamling plots for various values of Prandtl number.
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while AR = 1.0, Re = 100,

4.19: Streamlines for the (2} case | and (b) case 2 at difTerent va
Ha= }{}.ﬂ. J=10, L=/ =05 K=50,0nd D~ 02

of Predt] number Pr end Rickardson number R,

Flgure
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The effect of Prandt] number on thermal characteristics as isotherms in the cavity for
the case | and case 2 at three diflerent values of Ri are shown in figure 4.20, while
AR=10,Re =100, 0 =02 Ha =100, 7= 10, £, =L, =05and K =50 The
isotherms at very low Pr {(Pr = 0.071) and lower R (Rf = 0.0, 1.0) become almost
parallel 1o the verlical walls, resembling the conduction like heat transfer in the
cavity. A closer examinations also show the isothermal lincs are symmetric about the
line ¥ = 0.5. As Ki increases Lo 5.0, the symmetry in isotherms become disappears in
the cavity. But in this folder the degrec of distortion from the conduction heat
transfer is very noticeable and the isotherms become more packed near the loit top
surface in the cavity at each values of Rf and the higher Prandil numbets (Pr = 0.71,
1.0 and 3.0). The bend in isothermal lines appears due o the high conveclive current

inside the cavily.

Figures 421 depicl the variations of aversge Nusselt number (¥u) at the heated wall,
average temperatare (&) of the fluid in the cawry and temperature (&) at the
cylinder center at various values of Pr and Ri for the casel and case 2. It 15 shown
that, for the lowcst Pr the average Nusselt number decrcases gradually with
increasing Ri and for the higher Pr (Pr = (.71 and 1.0) the values of Nu decreases
with increasing R in the forced conveetion dominated region and increases gradually
with R in the free convection dominated region. But for the hughest Pr (P» =3 0), 1t
is seen that the values of Nu decreases sharply with increasing Ri in the foiced
convection dominaled region and increases smoothly up to B < 1.8, aller then Mo is
independent of Ri. In addition, maximum values of M are found for the highest
value of Pr al all valuecs of Ri. Moreover, (he average fluid temperature ((,,) in the
cavity and the temperature {f}) at the cylinder cenler increase smoothly for higher
values of Pr (Pr=10.71, 1.0 and 3.0) and increases gradually for the lowest value of
Pr (Pr=10.071) with increasing Ri. On the other hand, minimum values of &, and &,
are found at the highest Pr {(Pr = 3.0) in the forced convection dominated region and
al the lowest value of Pr (Pr = 0.071) in the free convection dominated region
Finally Tables 4.9 (a) and 4.9 {b) compares the values of average Nusselt number
between the two-ahovementioned cases considered From these tables it 15 also seen

that the variation of the values of My are unsystematic with cylinder shapes.
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Table 4.9 (a): Variation of average Nusselt number with Prandtl number for

Chapter 4

the case 1

Ri Mu

Fr=0071 Pr=0.71 Fr=110 Pr=1314
0.0 1.039148 1.710726 2041835 3136956
0.5 1.034628 1.230607 1.369443 2235250
1.0 1.024186 1.022651 1.071852 1.422283
1.5 1.008087 1.02846G3 1098935 1.500875
10 (.986682 1.064352 1.13607% P.023106
25 0.960397 1100379 1.170740 1.621783
310 0.920720 1.132416 1203577 1.616093
3.5 0.895172 1.159872 1.234383 1.616437
A0 (L857280 i.182924 1,2627R0 1610037
4.5 0 816544 1201940 1.288545 1.6280860
50 0773427 1.217358 1.311545 1.642432

Table 4.9 (b):

Vanation of average Nusselt number with Prandt] number for

the caze 2

7, M

Fr=0.07] Pr=0.71 Pr=1.0 Pr=30
0.0 1.052335 1.712326 - 2056506 3.234548
0.5 1 O4REDS 1.260004 1.404421 2.394429
1.0 1.039677 10349232 1.076873 1383427
1.5 1.024919 1.034047 1.100272 1.582687
2.0 1.004945 1008257 1.138322 1.624153
35 0980141 1.103024 1.172607 1.623403
3.0 0950926 1.133%77 1.204383 1616298
35 0917758 1.150027 1233887 1.612982
490 0.881106 1.181688 1.260961 1615782
A5 0.841431 1.199465 1.285453 1.624225
0 0790172 1.213701 1.307249 1.637122
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4.4.7 Effect of Inner Cylinder Locations

The dependence of flow [ields on the locations of the inner eylinder can be obscrved
in the plots of streamlines for the case 1 and the case 2 al vanous values of the
Richardson number are shown in the figure 4.22, while 4R = 1 0, Re = 100, Ha —
100, S=1.0,/0=02, Pr=071 and X =5.0. From the bottom row of this figure, it is
seen thal in the purc forced conveclion region (& = (.0 the [low patterns inside the
cavily remain unchanged at the different focations of the cylinder, except the shape
of the core of the circulatory flow. As Ri increages to 1.0, the effcct of buoyant force
and the shear force are of the same order of magnitude, a shear ccll is formed
adjacent to the moving wall and a voriex ccll cansed due to buoyant force is seen
ncar the hot wall at different locations of the cylinder. Howcever, in the mined
conveclion region it is also seen that, when the immer cylinder moves closer (o the left
cald wall along the mid-horizonial plane, the shear driven vorlex becomes two
cellular and buoyancy induced voriex becomes uni-ccllular for both of the cascs, If
the cylinder moves further closer to the heat source along the mid-horizontal plane an
opposite result is observed as compared to the previows position. Furthermors when
the cylinder moves near the top and bottom insulated wall of the cavity alony the mid
vertical plane, then two counter 1otating vortices are formed in the cavity for the both
cascs. It is also seen that the size of the vortices arc almost identical. Finally, when
the Richanizen number Rf increascs to 5.0, the magnilude of the velocity circulating
in the cavity increases, the size of the buoyancy induced voriex becomes larger than
ihe sharc induced vortex al all valucs of the cylinder locations considered, because of

the stronger convection effects of the increased Richardson number.,

The dependence of the therma! fields on locations of the inner cylinder in the cavily
can be obtained in the plots of the isotherms for the casel and case 2 at various
values of the eylinder locations arc shown in figure 4.23, while AR = 1.0, Re = 100,
Ha =100, 7=10, D =02 Pr=071 and K = 5.0. At R = 0.0 and diffcrent
locations of the immer cylinder, the isolhermal lines near the heat source are parallel
1o Lhe tight vertical wall and become skewed near the lefl top corner of lhe cavity,
due to the dominating influence of the conduction and mixed convection heat

transfot.
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Ri=50

Ri=1.0

Ri=0.0

Ri=50

Ri=1.0

Ri=0.0

(0.25. 0.5} {0.75.0.5y b {05 025 {0.5.0.75)

Flgure 4,22: Streamlines for the (a) case 1 and (b) case 2 at difTerem values
of cylinder locations (L,, L} and Richardson number &I, while AR = 1.0, Re =
100, Ho= 10,0, J= 1.0, K= 5.0, D=0.2 and Pr=0.71.
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"Fable 4.10 {u): Yariation of avernge Nusselt number with cylinder locations

for the case |

Chapter 4

Ri Nu

025,05  (0.5,025  (0.5075 (0.75,0.5)
0.0 1702954 1449321  1.389233  1.468700
0.5 1342464 1.154362  1.134795 1208068
10 1.100091 1033496 L030037 1044595
15 1.008073 028374 1020831  1.009662
20 0.995173 1.050638  1.048289  1.035423
25 026419 1000846 1088562  1.076644
30 078620 1139807 1131534  1.118232
; 1136758 1.176249  1.172479 1135607
1.0 1192977 1208107 1.209340  1.187580
45 1243755 1235211 1241419 1214120
50 1287813 1257767 1268085 1.235600

Table 4.10 (b): Variation of average Nusselt number with cylinder locations

for the case 2

By Nut
{0.25, 0L.5) {0.5,0.25) (05,075 (0.75,0.5)
0.0 1. 714455 1.419111 1.348573 1.443793
0.5 1.380974  1.159858 1137167 1.229474
1.0 1.140098  1.049525 1.048052 1072343
1.5 1.028226  1.040025 1035186 1018390
76 0.988133  ).065955 1055393 1.031070
15 0993000 1.102441 1089870 1.066217
3.0 1.026872  1.140287 1129556 1.105324
1.5 1.075883  1.175815 1.169421 1.142015
4.0 1.130156 1207575 1.206751 1.174241
4.5 1.183827  1.235106 1.24025% 1.2001523
5.0 1.233794  1.258404 1.269486 1.2239%)
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Further incrcase of Ri to 1.0, the isothermal lines become almost parallel to the
verlical walls for all the locations of the cylinder owing to the conjugate effect of
conduction and mixed convection. Lastly, at B = 5.0, convective distortion of the
isothermal lines occurred throughout the cavity due (o the strong influence of the
conveelive current and a thermal boundary layer is developed near the cold wall at
all values of the eylinder locations considercd. In this folder it is also seen that no

significant difference is found due to cylinder shapc.

The average Nusselt number {Nu) at the heated suiface, average fluid temperature
() in the cavity and the temperature (&) at the cylinder center are plotted against
Richardson numbers in figures 4.24 (a) and 4.24 (b) for the aforementioned cases at
the four different locations of the cylinder respectively. For each locations ol the
cylinder, the Nu-R profile is parabolic shape shows two distinct zones depending on
Richardson numbecr. Up to a certain value of Ri the distnbution of M smoothly
dccreases with increasing Ri and beyond these values of R it is increases with Ri
Furthermore, the valves of My are found maximum, when the inner cylinder moves
closer to the leNl wall along the mid-honizontal plane at the values of R{ < 1.5, and
beyond these values of Ri it is the highest when the cylinder moves near the hottom
insulated wall of the cavily along the mid vertical plane. This is also supported from
the numerical values obtained for the aforcmentioned cases shown in the Tables 4.10
(@) and 4.10 {b). On the other hand, average Muid temperature (&) n the cavity
increases monclonically with R¢ at cach locations of the cylindeir Bul the
temperature (&) at the cylinder center is nol monotonic with R at lhe different
locations of the cylinder, Besides, the values of &, and &, ate always lower, when the

cylinder center is at (.23, 0.5) for both ¢f the abevementioned cases

4.4.8 Effect of Cavity Aspect Ratio

The infivence of the cavily aspeet ratio on lhe Now field in the cavity is shown in the
figure 4.25 at three conveclive regime for the abovemenlioned two cascs, while Re =
100, P=02,K=50Ha=100,7= 1.0, L, =L, = 05 and Pr =0.71. The aspect
ratio is the tatio of the length L and height &, The resulls presented in the preceding

subscetions are for a square cavity in which the aspect ratio A% 15 1.0,
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Chapter 4

Figure 4,25: Streamlines for the (a} case 1 and (b) case 2 at different values
of cavity aspect ratio AR and Richardson number R/, while Re = 100, Ha =
10.0,/=10,L,=£L,=05K=50,0=02and Pr=0.7].
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Figure 4.26: Isotherms for the (a) case 1 and (b} case 2 at dilferent values of
cavity aspect ratio AR and Richardson number £, while Re = 100, Ha = 10.0,
J=10,L,=L,=05K=50,D=02and Pr=0.7]
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In order to investipate the convective heat lransfer behavior at other aspect ratios,
computations are also done for cavities at three additional aspect rtios o 0.5, 1.3
and 2.0, Now at £ = 0.0 and 4% =0 5, it is secn that a two cellular vortex which we
catled proimary vortex is generated dug 1o the motion of the left wall. It is also seen
from these fgures ihat the vorlex become uni-cellular and large in size with
increasing AR at fixed Rf = 0.0, Next at Bi = 1.0 and AR = 0.5 it is observed that the
primary vortex remain unchanged and two secondary vorlices are developed at the
top and botlom corner near the right wall due to the natral convection cffect. With
e increase of A8 at Ri = 1.0, it is secn that the size of ilhe secondary vorlex
increascs rapidly as a result the size of the primary vortex decreases rapidly. Hurther,
at B¢ = 5.0 and all valves of AR (AR = 0.5, 1.0, 1.5 and 2.0), it is seen that the
secondary vortex spreads and thereby squeezes the primary voriex. indicating a sign
of supremacy of natural convection in the cavity. However, it is also seen thatl the

strcamlines are independent of cylinder shape at all values of AR and &,

The effects of the cavity aspect ratio on the thermal ficld in the cavity s revealed in
the figures 4.26 (a) and 4.26 (b) al thrce convective regime for the casel and casc 2
respectively, while Re =100, 0=02, K =50, Ha =100, /=10, L =4, = 0 3 and
Pr = (.71. For the low Ri = 0.0 and the four cavity aspect ratios (AR = 0.5, 1 (, 1.5
and 2.0), the isolhermal lines nearly follow the geometry of the right vertical surface
and start to tum back lowands the hot wall at the left top comer of the cavity due to
the dominaiing influence of conduction and forced convection heat transter Now
making a comparison of the isothermal lincs for Ri = 1.0 and dilforent 4R that of for
Ri = 000 and diffcrent A8 no sipnificant difference is found al lower AR, but for
higher AR the isolhcrmal lines start to turn back towards the cold wall in the upper
part of the cavily. Further at &f = 5.0 and low AR = 0.5 the sothermal lines are
almost patalle! to the left vertical and start to lum back towards the cold wall at the
right top corner of the cavity due to the dommaling influence of convective heat
transfer. On the other hand, at Bi = 5.0 and higher values of AR (1.0, 1.5 and 2.0) a
significant conveetive distortion in the isothermal lines occurs due 1o the strong
influence of the convective current as a result a concentraled thermal layer near the

cold wall is developed.
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Figurc 4.27: Effect of cavity aspect tatio AR on (i} average Nusselt
mumber, (ii) average fluid temperature and (iii) temperature at the
cylinder center for (a} case 1 and (b) case 2, while Re = 100, Ha =
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Table 4.11 (a): Varation of average Nusselt number with cavity aspect ratio

{or the case 1

ERi Nu

AR=10.5 AR =10 AR=15  AR=20
0.0 2.709510 1.710726 1.078983  0.715308
0.5 2.608611 1.239607 0733203 0.396536
1.0 2.500252 1.022651 0.785437  0.677311
15 2.391729 1.028463 0.847057  0.745028
2.0 2.297422 1.064352 0.901585 0 800972
55 2.210390 1.100379 0.5948050  0.846863
3.0 2.148919 1.132416 0.956563  0.853972
35 2.106212 1.155872 1.017821  0.913439
40 2.077815 1.182924 1.042681 0 936301
45 2.059003 1.201949 1.061977  0.953475
5.0 2.045923 ].217358 1.076461  0.965751

‘Table 4.11 (b): Variation of average Nusselt numbcr with cavily aspeet ratio

for the case 2

Ri Nu

AR=05 AR=10  AR=15  AR=20
00 3743597 1712326 1072806 0.712698
0.5 7654432 1260004 0734511 0.594594
10 3550823 LO034922  0.782060  0.672767
T3 2465723 1034087 0842505  0.739944
>0 7379547 1068257  0.596381  0,795811
2 5 2307770 1103024 0042011  0.841777
3.0 3353479 1133777  0.081407  0.879035
35 3215600 1.159927  1.012687  0.008605
10 2.150931 1.181688 1037582 0.931776
A5 2175474 1199469 1056918  0.949180
50 3165766 1213701 1.071248  0.961692
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‘The average Nussclt number {Ne) at lhe heat source, average temperatuie (£,,) of the
fluid in the cavity and the temperature {83 at the cylinder center arc plotted as a
function of Richardson number in ligures 4.27 {a) and 4.27 (b} for the bwo cases at
AR = 0.5, 1.0 1.5 and 2.0. For each higher AR, the Nu-Ri profile shows two distinet
7ones depending on the Richardson numbcr. The distribution of the average Nussclt
number goes down sharply in the forced convection dominated region. and goes up
gradually in the free conveclion dominated region with increasing Ri. On the other
hantd, for the lowest valuc of AR (4R = 0.5), the average Nussell number decreases
monotonically with increasing Ri. However, maximum average Nussclt number is
found {for the low AR = 0.5 at each Bf owing to the shortest distance between the hot
and cold wall, From the figures 4.27 (2) and 427 (b), it is also scen that average
terperanire of the Muid in the cavity and the temperatore at the cyhnder center goes
up sharply for the higber values of 4R (1.0, 1.5 and 2 0) and gradually for lowest AR
wilh increasing Ri. In addition, the values of the average temperature of the fluid in
{he cavity and the temperalure at the cylinder center arc lower for the gher values
of AR in the forced convection dominated tegion, also for the lowest value of 48 n

ihe frce convection domimaled region.

However, a visual examination of the strearnline and isotherms plots does not reveal
any significant diffcrence bebween the two cases considerad. On the other hand,
Tables 4.11 (a) and 4.11 (b) compare the values of average Nusselt number berween
the case 1 and case 2 respectively, It is clearly seen from the Tables 4.11 (a) and 4.11
(b} that the values of average Nussclt number, for the case 1 are considerably lower

than (hose obrained for the case 2 only at the lowest value of AR.

4.5 Concluding Remarks

Steady mixed conveclion flow and heat transfer in a rectangular lid-driven cavity
with the presence of a joule heating, magnetic ficld and heat-conducting horizontal
cylinder operaling under Jaminar regime were numencally investigated. An cxternal
excitation was imposed on the lid motion. A detaifed analysis for the distribution of
streamlines, isolherms, average Nusselt number at (hc hot wall, average fluid
{cmperature in the cavity and temperature at the cylinder center were camed out to

jnvestigate Lhe effect of the dimensionless parameters, The investigation was carmed
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out for a number of relevant dimensionless groups, nmamely the Reynolds number Re,
Richardson number i, Prandtl number Pr, Harimann number He, Joule heating
parametet J, as well as various conlipurations of the cylinder, thermal property of the
eylinder, various location of the cylinder in the cavity and cavity aspect tatic From
an examination of the heat transfer and fluid flow phenomena revealed by the

mumerical exporiments, the following major conclusion have been drawn as follows:

»  Cylinder diameter has significant influence on the flow ficld tn the purc torced
convection dominated region and on the thermal fields in the fiee convection
dominated region in the cavity. On the other hand there are noticeable changes in
the fow and thermal ficlds as the Richardson numbcr increascs for particular
values of cylinder diameter. Higher average Nusselt number is always found for
the Jargest value of D for both of the abovementioned cases. the average
temperaiure of the fluid and temperature at the cylinder center i the cavity atc
lesser for D = 0.0 in the forced convection deminated tegion, but for D = 0.6 in
the free convection dominated Tegion,

+ The thermal conductivity ratio of the solid to that of the fluid, K affects the
1sotherm distribution in the inner body, thus it alfcets alse isotherms in the entire
cavity, whereas the distribution of streamlines arc independent on the thermal
conductivity ratio K. The cffect of X on the average Nussclt number Nu depends
upon the cylinder size. Relatively large elfcct on thermal phenomenon is
observed for a big size cylinder. A deticiency in the heat transfer rate is obtained
when the cylinder size is decrcased. A similar trend is also observed on the
average temperature of the fluid and temperature at the cylinder center in the
cavity.

e It is Tound that the Mlow behavior and the heat transfer characteristics inside the
cavity arc sirongly depending upon fhe strength of the magnetic field. In the
absence of the magnetic force, the convection-dominated zong 18 extended in (hu
forced convection dominated region resulting better conveclive heat transfor
perfurmance. Increasing Hartmanm numiber retards the flmd eirculation causing
the lower temperature gradients throughout the cavity in the forced conveclion
dominated region. Therefore, major poriion of the heat is transferred mainly by

conduction. The inverse phenomcna are observed in the free convection
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dominated arca. However, lesser average [luid temperalure and cylinder center
temperature are obscrved for lower values of Ha (Ha = 10.0, 20.0) at the forced
convection dominated area and for 7fa = 30.0 at the free convection dominated
arcd.

The Joule heating parameter has insigni(icant on sheamlines in the pure forced
convection region, but have significant cffect in the pure mixed convection and
free convection dominated region. An increase in the value of the Joule heating
parameter leads to increasc in the [ow rates in the shear induced 1eciiculation
cell. Further increase in the value of Joule heating parameler causcs for
development of more cells in the cavity. On the other hand, the Joule heating
parameter has noteworlhy ¢ffcct on isotherm plots The temperatute of the fluid
in the cavity and the temperaturc at the cylinder center ncrcase due o the
increases of J and hence that negates the heat transfer from the heated surface.
The effect of Reynolds number Re on sticamlines are not sigmbicant in the pure
forced conveciion rogion, but in the pure mixed convection and fiee convection
dominated area {hese cffeeis are significant. On the other hand, Reynalds number
Re affecls strongly on isothenn structures in the cavity al all convective 1egime
Howcver, the valuss of average Nussclt number is the maximum for the highest
value of Re at the pure forced conveclion, purc mixed convection and free
convection dominated arca, but some unexpecied behavior 1s seen in the lorced
convection dominated region. Moteover, average temperalure of the fluid in the
cavily and lemperature at the cylinder cenier become smaller for the higher
values of Re al the forced convection dominated region, but heyond these region
that are smaller Tor Re = 30,

The influence of Prandil number on the streamlines in the caviry is found to
similar for all the cases, whercas the influence of Pr oon the isctherms is
remarkable for different values of Pr. For low values of Fr the heat transfer is
dominated by conduction and it become reducces with increasing Pr. Furthermore,
clearly different flow behaviors and heat transfer characteristics are cbserved
among he three different Mow regimes. The average Nussclt number is always
superior for the large value of Pr. The average temperaiure of the fluid in the

cavity and the temperature at the cylinder center are inferior for Pr = 3.0 in the
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forced conveclion dominated region, also for Pr =0.071 in the free convection
dominated region.

It is observed that the location of the inmer cylinder is one of the most important
parameter on fluid flow, temperamure fields and heat tansfer characteristics,
Moregver, noliceably different flow behaviers and heat transfer characteristics
arc observed among the three differcnt flow regimes. The value of the average
Nussell number is greater if the solid cylinder is placed ncar the cold wall along
the mid-horizontal plane at Ri < 1.5 and beyond these values of Ri it 1s the
highest when the cylinder moves ncar the bottomn msulated wall of the cavity
atong the mid vertical plane. On the other hand, the average fluid temperatuee
and temperaturc at the cylinder center are always lesser when the solid cylinder 1s
placed near the cold wall along the mid-horizonlal plane.

Cavity aspect ratio has significant effects on the streamlines and isotherms
distributions. Buoyancy-induced vortex in the streamlines and convective current
in the isotherms increases with increasing aspect ralio of the cavity. Morsover,
markedly different flow behaviors and heat transfer characteristics are observed
among the thrce different flow regimes. On the other hand, average Nusscii
number is always higher for lowest value of the cavity aspect tatio AR (4= 0.5).
The values of average temperature of the fluid in the cavity and lemperature at
the cylinder center are lower in the forced convection dotninated regon tor the
highor values of AR and in the free conveclion dominated region for the lowest
value of AR,

The difference of the values of average Nusselt number between the case 1 and

casc 2 are not significant from the engincering point of view.,
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Conclusions

A numerical study on the conjupate effect of conduction and mixed convection in
obstructed cavity has been studied by solving steady state two-dimensional Navier-
Stokes equations, energy equations and continuity equation. The work reported in
this thesis are basically dependent on two types of caviry configurations namely (i)
vented cavity and (ii) lid-driven cavity. The various ideas and results have boen
discussed in individual detail at the relevant chapler of the thesis [n the present
chapter an attempt is made to summaries the concepts presented and results obtained
in the work reporred already. A section on the scope of further work en associated

ficlds of investigation is also included.

5.1 Summary of the Major Qutcomes

The analysis has been confined to cases of vented as well a5 lid-driven obstructed
cavities, Tn cases of vented cavity the nature of flow and thermal fields as well as
characteristics of heat transfer process particularly its augmentation due to the
intraduction of solid material has been evaluated in chapter 3. On the basis of the

analysis the following conclusions have been drawn:

(i) The inlet and outlet locations have significant effect on the flow and thermal
distributions at the three convective regimes. The average Nussell number (V)
al the hot wall is the highest for the BT configuration, whereas Lhc BB
confieuration has the lowest heat transfer rale at the three convective regimes.
Mareover, the average Nusselt number, when circular cylinder is considered is
slightly Jower than those obtained with square cylinder for the BT configuration
wheteas the inverse scenario is found for the BB confipuration.

(i) Flow and thermal field’s modifications are obscrved due to the blockage effect
of the solid cylinder. Morgover by introducing the cylinder, the heat transfer
capacity on the hot wall is always increased. However, the average Nusselt
number (Nu) for the case of square cylinder (case 2) is slightly higher than thosc
gbtained for the case of circular eylinder (case D only at D=0.2.
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(iiiy Although the thermal conductivity ratio X is not an elTective paramecter on the

flow field, it has an imporiant cffect on the thermal [eld. The variation of
average Nusselt number {Nn) with the values of K is nod significant at all values
of Ri for the smallest value of /2, On the other hand, the average Nussclt number
(Nw) with the values of X is more significant at all values of #¢ {or the laigest
value of /2. Moreover the average Nussell number (M) for the case of square
eylinder {(case 2) is slightly higher than those obtained for the case of circular
cylinder (casc 1) at all values of K considered.

fiv) In gencral the Reynolds numbcr Re has a stronger influence on fow and the: mal

(v)

fields. The average Nusselt number (Nu) 15 always upper {or the largest value of
Re. Moreover the average Nussell number (M) for the case of square cyhinder
{case 2) is higher than those obiamed for the case of circular cylinder (case 1) al
the higher values of Reynolds number Re (Re = 100, 130 and 200).

Fluids with a smaller Prandil number Fr ate more sensitive to changes in the
buoyancy force than Muids with a higher Prandil number. Increasing the Prandt]
number increases the average Nusselt number (Mw). In addition, the heat tiansfer
rate at the hot wall for the case of squarc cylinder (case 2) is higher than those
obtained for the case of circular cylinder (case 1) at all values of #¥ congidered.

(vi} Locations of the inner cylinder are onc of the most important parameter on How

and tempcerature fields as well as heat transfer at the hot surface. Maximum
value of Ny is found when the cylinder center is at (0.25, 0.5) and (0.5, 0.75)
Morcover, the average Nusselt number (Nn) for the case of square cylinder (case
23 is higher than those obtained for (he case of circular cylinder (case 1) when
the cylinder center 18 at (0.25, 0.5). On the other hand, the inverse 1esults are
found when the cylinder center is at {0.25, 0.5} and (0.75, 0.5).

{(vil)The inlluence of cavity aspect ratio on fluid flow and lemperature field is found

to be pronounced. The heat teansfer rate for lower cavity aspecl ratio iz higher
than for higher aspect ratio. Moreover the average Nussclt number {M) for the
case of square cylinder {casc 2) is higher than those obtained for the case of
circular cylinder {casc 1) at all values of AR considered.

The effect of joule heating in the coupling of conduction with MHD mixed

convection Mow in a rcetangular Hd-driven cavity along with a heat conducting

horizontal cylinder has been investigaled numerically in chapter 4. From the

investigation the following conclusions have been drawn:
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Cylinder diameter has significant influence on the Nlow in the forced convection

domipated region and on the thermal fields in the free convection dommated
region in both of the cases. {figher average Nusselt number is always found for
the largest value of D for both of the abovemcntioned cases. The average
temperature of the fluid and temperature at the eylinder center in the cavity are
nol lincar. Moreover, the average Nusselt number (Nu) for the case of square
cyhnder (case 2) is slightly higher (han those obtained for the case ol circular
cylinder {case 1) at the higher values of 2 (D = 0.4 and 0.6)

Thermal conductivity ratio X has a negligible eftect on the velocity field and
has significant cffect on the thenmal ficld at the three convective regimes. The
e[Tect of X on the average Nussch number M depends upon the ¢ylinder size. In
addition, the heat transfer cocfficient is influenced signilicantly by the thermal
conductivity ratio for a big sizc cylinder. Moreover lhe heat ransfer coeflicient
i not monotonic with the values of & for the abovementioned lwo cases.

(iif} Magnetic field affeets the flow and temperature fields and il retards the heat

wransfer from the heated surface. However, the average Nusselt number (Mu) for
the case of square cylinder {case 2) is slightly higher than those obtained for the
case of circular cylinder (case 1) at Ha = (.0 and 30.0.

(iv} Joule heating paramcter J has insignificant on flow field at the puec forced

)

convection region, but have significant effect at the pure mixed corvection and
free convection dominaled region, On the other hand, Joule heating parameter
has significant effect on thermal field at the three convective megmmes. The
termperature of the fluid in the cavity and the temperature at the cylinder center
increase due to the increases of J and hence that negates the heat transfer from
the heated surface. Moteover, the average Nusselt aumber (Nw} for the casc of
square cylinder {tase 2} is higher than those obtained for the case of circular
cylinder {case 1) only at the value of J=1.0.

Reynolds number Re has significant ellects on the flow feld at the pure mixed
convection and free convection dominated region. On the other hand, Re has
significant effect on lemperature field at the three convective regimes. However,
thc values of avernge Nusselt number with R arc not linear for the higher values
of Re. Moreover, the average Nussclt number (Nu) for the case of squarc
cylinder (casc 2) is higher (han those obtained for the case of circular cylinder
{vase 1) only at the value of Re = 30.
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{v1) Prandtl number Pr does not have significant contribution on flow field, whercas
there are noticeable changes in the thermal field as Pr changes for a parhicular
Ri.‘The vaniation of the average Nusselt munber Nu is nonlinear with higher 7
and linear with the lowest values of Pr. ITn addition the values of Nu is always
superior for the large valuc of Pr. Moreover the heat transfer cocfficient is not
monotonic with the values of P for the abovementioned two cases

{vi1) Location of the inner cylinder is an effective parameter on fluid Now;
temperature fields and heat transfer characterisiics. Moreover, the variation the
average Nussclt number is nonlinear with the location of the inner cylinder. In
addilion the heat transfer coefficient is not monotonic wilh the values of eylnder
location for the abovemcntioned two cases.

{viii} The influence of cavity aspect ratio on fluid flow and temperature distribution is
found to be pronounced. The average Nussell number is abways higher for
lowest valuc of the cavity aspect ratio AR (4R = 0.5). Moreovcr, the average
Nusselt numbet (Vi) for the case of square cylmder (case 2) 15 higher than those
obtained for the case of circular cylinder (casc 1) only at the value of AR =0.5.

{ix) The difference of the values ol avcrage Nusselt number bebveen the case 1 and

case 2 arc not significant from the engineering point of view.

(x) Moreover, markedly different flow and heat transfer behavior are obscrved
among the (hree different Now regimes.

5.2 Further Works
The following can be put forward for the further works as follow-ups of the presuat

rescarch as.

% In the fulure, the study can be cxtended lry incorporating different physics like

radiation effects, inlernal heat generalion / absorption, capillary effects.

& Double diffusive mixed convection can be analyzed through including the

governing equation of concentration conservalion.

&+ Investigation can be performed by using magnetic fluid instead of clectrically
conducting fluid within the porous medium and changing the boundary

conditions of the eavity's walls,
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% The study can be extended for turbulent flow using diffcrent fluids, different

thermal boundary conditions such as constant heat flux or radiation and unsleady

Now,

Only two-dimensional fluid flow and heat transfer has been amalyzed in this
thesis. 5o this deliberation may be extended 1o three-dimensional analyses to
investigate the effecis of parameters on flow ficlds and heat transfer in cavines.
In addition, the problem of Muid Mow and heat transfer along with heat

gencrating cylinder may be studied in three-dimensional cascs.
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