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ABSTRACT

Mixed convection in a two-sided parallel and opfmokd-driven differentially heated parallelogranmnecavity has
been investigated and solved numerically usingfithiee volume method. The top and bottom walls lo¢ tcavity are
horizontal and thermally insulated, whereas thé #&id right moving walls are maintained at différéwt and cold
constant temperatures, respectively. Two differgigntations of the wall movement have been comsitieepending on
the direction of moving walls, and then four cases considered. Calculations have been made forda vange of
Richardson numbers from 0.01-100 and various sidl mclination angles with gravitational directiqp60’<®<60°).
Effort is focused on the interaction of forced cectwon with natural convection. The working fluigl &ir, so that the
Prandtl number equals to 0.71. Flow and heat tesrtdfaracteristics inside the cavity have beengmtesl and discussed in
terms of streamtraces, isotherms and local andageeNusselt number along the cold and heated vi@llvarious
combinations of different governing parameters. @heuracy of the numerical method is checked bypasisons with
previously published works and the results showeéxellent agreement. The obtained results shahatdthe positive
values of® cause a greater increase in local Nusselt nunhiaer the same negative valuesigfand both of them have

great effects on the heat transfer phenomenon.
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Finite Volume

Table 1
Nomenclature
Symbol Description Unit
Gravitational acceleration m's”
Grashof number
Length of the parallelogrammic cavity sidewall m
Thermal conductivity of fluid W/ m. K

The normal direction with respect to the left sl
Average Nusselt number
Dimensionless pressure
Pressure N/m?
Prandtl number
Reynolds number
Richardsonnumber
Temperature
Temperature of the cold surface
Temperature of the hot surface
Dimensionless velocity component in x-direction
Velocity component in x-direction nvs
Dimensionless velocity component in y-direction
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Table 1: Contd.,

% Velocity component in y-direction nvs

Vp Lid velocity of two sided lid-driven side walls m/'s

W Width of the parallelogrammic cavity m

X Dimensionless Coordinate in horizontal direction

X Cartesian coordinate in horizontal direction m

Y Dimensionless Coordinate in vertical direction

y Cartesian coordinate in vertical direction m
Greek Symbols

P Thermal diffusivity /s

B Volumetric coefficient of thermal expansion Kt

0 Dimensionless temperature

D Sidewall inclination angle from vertical degree

9 Kinematic viscosity of the fluid /s

P Density of the fluid kg/m®

Subscripts
h Hot
c Cold

INTRODUCTION

Fluid flow and heat transfer in enclosures drideyn moving boundaries are encountered in a varidty o
engineering and industrial applications, includicmpling of electronic components, ventilation inilimg and fluid
movement in solar energy collectors, furnaces, itation technologies, material processing, chemijgsaicessing
equipments, drying technologies, etc. Analysis @fewt convection flow requires usually an understagddf the two
limiting regimes: force and natural convection. Thizged convection transport is complex becausée@irteraction of the
buoyancy force with the shear force. The most irgydrquestion in a mixed convection process isdfiect of the
buoyancy on the forced convection transport rabepending on their relative directions to the di@t of the inertia
driven flow, the buoyancy forces may aid or opptiee forced flow, causing an increase or a decragaseat transfer
rates [1]. Nakauura and Asako [2- 4] investigated/@dimensional free convection heat transfer wmith cavity having a
parallelogram shaped cross section and definedvbyvertical walls of different temperatures and teldique parting
walls. Different thermal conditions on the partimglls were considered. The first ref. [2], two tmai conditions
namely, (1) linear temperature variation and (Pedect thermal insulator. Then, the second rdfp[ed five cavities of
the same shapes vertically, and very thin filmsenvesed for the parting plates. Vise verse, in thedtref. [4], the
thickness of the parting plates and the heat cdmmudn them were taken into account. Experimemesults were
compared and agreed with the numerical ones. Tweional free convection flow in a parallelogramsged cavity has
beennumerically studied by Naylor and Oasthuizdn Ifshas been found that the positive wall angieises a greater
reduction in the overall Nusselt number than thenesanegative value. Double diffusive natural coniectin a
parallelogrammic cavities was numerically studigdCosta [6], and the same cavities filled with dhdaturated porous
media was numerically studied by Costa [7] too. UResshowed clearly the strong potential of patafjeammic
enclosures filled with fluid-saturated porous mefdiaheat and mass transfer applications. New eogpicorrelations at
high Rayleigh number for steady-state free conwecin two dimensional air filled parallelogrammiavities with
isothermal discrete heat sources were proposed &yaMet al. [8]. The proposed calculations covewide range of
Rayleigh numbers and apply to natural convectioparallelogrammic cavities with slight to high imations. The same
parallelogrammic cavity that proposed by Marialef& was numerically treated by Bairi et al. [@]t in case of transient

two dimensional natural convection. Numerical resulere complemented by experimental thermal measemts at
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steady state. The small deviation between the meamnts and calculations serves to validate theemased and to

properly size real devices.

Driven cavity problems were studied by many redeans in various shapes enclosures with movingeeith
single-sided or two-sided facing or non-facing wait three to four lid driven walls with constamtascillating velocities
in their planes. For example, the efforts of Aydimd Yang [1] investigated the transport mechani$daminar mixed
convection in a shear and buoyancy driven squavitychaving a locally heated lower and moving cabkde walls.

It was found that the flow and temperature fieldsrevsymmetrical about the mid length of the cawsidya result of the
symmetrical boundary conditions. Kuhlmann et alO][investigated numerically and experimentally tfiew in
rectangular cavities driven by two facing side wéa#inti-parallel walls motion”. The non-linear befa of the results was
explored by an experiment in which the separatibthe moving walls was about twice the distancehef stationary
walls. The steady-state two-dimensional mixed cotiwa problems in a vertical two-sided lid driveifferentially heated
square cavity were numerically investigated by @ziod Dagtekin [11]. They found that both Richardsamber and
direction of moving walls affected the fluid flown@ heat transfer in the cavity. The study of Maligpat al. [12]
addressed the mechanical modeling aspects of wenppenomena in a steady-state, two-dimensioaahinar flow
accompanied by heat transfer in a lid-driven défdially heated square cavity in presence of radiiegly absorbing,
emitting and scattering gray medium. They conclutted the Richardson number is the important gangrparameter
that decides the dominance of either the naturalection or the forced convection. Luo and Yang] [fesented a
continuation method to calculate flow bifurcatiorthiwithout heat transfer in a two sides lid-driveswvity with an aspect
ratio of 1.96. They established a thumb-shaped dauyn line in terms of Grashof and Reynolds number.
Al-amiri et al. [14] conducted a numerical studyatmalyze the mixed convection heat transfer in-alfiven cavity with a

sinusoidal wavy bottom surface.

The results of this investigation illustrated ttia average Nusselt number increased with an iser@aboth the
amplitude of the wavy surface and Reynolds numberthe works of Shah et al. [15&16], a numericaldst was
conducted for a laminar, viscous, subsonic compslesflow in a two dimensional, two sided, lid-deiv cavity using a
multi-domain spectral element method for equal amelqual walls temperatures. An analysis of the #ewlution showed
that with increasing the temperature differencevben the opposite moving walls, the steady-stawe tthanges from a
single vortex pattern in equal wall temperature] [ttha two vortex pattern with increasing the tenapare difference
between the opposite moving walls in unequal waiaperatures [16]. A conjugated heat transfer byethiconvection
and conduction in rectangular lid-driven cavitieighwihick bottom wall has been numerically studisdOztop et al. [17].
They showed that the heat transfer decrease witeasing the thermal conductivity ratio, Richardsamimber and
thickness ratio of the wall. A numerical simulatiohWahba [18&19] for incompressible flow in twodsid and four sided
non-facing lid driven cavities has been documentespectively. The results explained that as thgnBleds number was
increased, the size of the secondary vorticesestad increase at the expense of the primary \@stiohile maintaining
symmetry with respect to the cavity diagonal inv-sided, non-facing, lid-driven cavity [18]. Noet al. [20] studied
numerically the flow and heat transfer inside aasgucavity with a double sided oscillating lidsidtobvious from the
results that the flow patterns change at diffefesguencies for Reynolds numbers greater than BB@ three-dimensional
flow structures and the companion heat transfexsrat double lid-driven cubic cavity heated frora tbp and cooled from
below were studied by Ouertatani et al. [21]. Wiscovered that a remarkable heat transfer impnevé of up to 76% can

be reached for the particular combination of Regaalumber of 400 and Richardson number of 1. Basak [22] made
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an analysis of mixed convection in a lid-driven quos square cavity with linearly heated side watlsvas observed that
Nusselt number for higher Prandtl and Darcy numipexrs found to increase monotonically at both Reysrel0 & 100.
The simulation of Perumal and Dass [23-24] of inpoessible flows in two sided lid-driven square tiagi was computed
by using the Finite Difference Method (FDM) [23] by the Lattic Boltzmann (LBM)[24], respectively.lAhe LBM
results compared very well with the only existimgq accurate) set of FDM results. This not onlylgearedibility to, but
also benchmarks these FDM results for the LBM tedidw configuration. Later, Perumal and Dass [@8&d the LBM in
computation of two- dimensional lid-driven squaeity flows and also two sided rectangular caviomwé with parallel
walls motion. Sivakumar et al. [26] concluded tthe heat transfer rate enhanced or reduced thinggmdrtion and when
the portion was at middle or top of the hot walltleé cavity. By using the differential quadratichaique, Ogut [27],

obtained that the cavity inclination angle did hate a significant effect on heat transfer andifflow with Ri=0.1.

But, enhances with increasing Richardson numbetagmare conduction heat transfer were done wheth(Rénd
®=18(F. The steady-state two-dimensional mixed convecfiblems in a square cavity were numerically sddby
Saha et al. [28]. Hasan et al. [29] made a numidrigastigation of the effect of the internal hganeration or absorption
on mixed convection characteristics in a lid-drivéted, square cavity (inclined 3@vith the horizontal). They found that
the internal heat generation in the cavity was fbtm decrease the heat transfer from the base whlle the heat
absorption in the cavity enhanced the heat trarisden it. Sivasankaran et al. [30] performed a ntica study on mixed

convection in a lid-driven square cavity.

They observed that the non-uniform heating on badlis provideda higher heat transfer rate than maiform
heating of one wall. Cheng and Liu [31] indicatidttthe heat transfer rate increased with incrgaRinhardson number,
regardless the orientation of the temperature gradmposed from computed average Nusselt numizer Cheng [32]
kept a Grash of number at a constant value aneéd/&ichardson and Prandtl numbers in a lid-drivguage cavity to
study the characteristic of mixed convection heatdfer in it. The computed average Nusselt nurabéne hot bottom
wall indicated that the heat transfer increasedticoausly with increasing both Reynolds and Grashnombers.
Simulation of double-diffusive mixed convectivewldn a rectangular cavity with insulated moving Vichs reported by
Teamah and El-Maghlany [33].

The results illustrated that both heat and masstea increased as the Richardson number was decréar both
upper surface movements to the left and right. Thetrol of mixed convection in a lid-driven squacavity was
performed using a short triangular conductive finSun et al. [34]. It was observed from the resihig the triangular fin
is a good control parameter for heat transfer, sgatpre distribution and flow field. Bhuvaneswaraé [35] performed a
numerical analysis to understand the mixed coneadlow and heat and mass transfer with soret effea two-sided
lid-driven square cavity. It was concluded that ieat and mass transfer rates were reduced ifvaait were moving in
same direction, while heat and mass transfer natge enhanced if the walls were moving in the ofipadirection.
Erturk and Dursun [36] performed a numerical soltof the flow in a driven skewed cavity for Reya®Ilnumber of

100 and 1000 for a wide variety of skew angles irmbetween 15° to 165° with 15° increments.
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Y
Paralle]l Motion Opposite Motion

Figure 1: Schematic Diagram and Coordinate Systemfaehe Physical
Domain for Four Cases with Boundary Conditions
Very recently, a conduction-combined force andurastconvection in a lid-driven parallelogram shépavity
divided by a solid partition has been numericatiynfulated and solved by Chamkha et al. [37] usirgfinite volume
method with SIMPLE algorithm. It was found that thenimum mean Nusselt number for the two differeases of

upwards and downwards lid-movement was at thewakinclination angle of ©

It was appeared from the literature review that fesearch works have been carried out on naturahived
convection ina parallelogram-shaped cavities, &edtwo-sided parallel and anti-parallel lid-drivearallelogram-shaped
cavity with a variable side walls inclination angjleas not been studied in details yet. Therefoeeatm of this study is to
investigate this problem in a differentially heageatallelogrammic cavities in which both horizontalls are thermally

insulated.
PROBLEM FORMULATION AND MATHEMATICAL MODELING

A two-dimensional parallelogrammic cavity of heighl) and width (H) is considered for the presewirkwwith
the physical dimensions as shown in Figure 1. Tdye dand bottom walls of the cavity are consideresulated.
The inclined lids have different constant tempeaesuFour different cases were considered as slhowigure 1. In case
I, both side walls are moving upwards, while inecéls both left (hot) and right (cold) side wallseamoving downwards.
In case lll, the left wall is moving up wards whtlee right downwards, and incase 1V, the left viglinoving downwards
while the right wall is moving upwards. The side Iiwainclination anglep)with respect to vertical is varied as
0°,30°, - 30°, 60° and- 60°, respectively. Tlmfis assumed to be Newtonian, steady, laminagritpressible, and the
fluid properties are assumed to be constant exicepthe density variation which is modeled accogdin Boussines
g approximation, while viscous dissipation effeats considered to be negligible. The cavity idilwith air (Pr = 0.71).
The viscous incompressible flow and the temperadis&ibution inside the parallelogrammic cavity aoverned by the

Navier—Stokes and the energy equations, respegtivakch are given in a dimensionless form as foow

au  av

=ty =0 (1)
au au P 1 (92U | d%U

UV = -t Gt 5e) @)
v v apP 1 [0%v = 9%V .

U&+V;—-E+E(E+F)+Rle (3)
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UQ+VQ—_1 (62_94_62_9) (4)
ax Y ~ RexPr \@Xx2 = aY2
The governing equations are transformed into dsioeess forms under the following non-dimensional
variables:

T-T¢ X
Tp-Tc ' H

6= Y=2v=L,v="andP=-"; (5)
H Vp Vp

pVp

The previous dimensionless numbers are defined as:

_9 _ 9B(Th-ToH? _VpH . _ Gr
Pr—a,Gr— r ,Re = 5 and Rl—Re2 (6)

The governing parameters in this problem is Ridsan number, Ri =Gr/Rewhich characterizes the relative
importance of buoyancy to forced convection. ToyvRichardson number, Grash of number is fixed aEG¥ while
changing Reynolds number through the plate velo¢ifl0 < Re < 1000). The calculations are done with Reynolds
number identical at both sides of the cavity. Itigedions through the cavity are made for ranges tife Richardson
number from 0.01 to 100. Two-sided lid-driven cgv# analyzed according to the direction of movptate, as shown in

Figure 1. The rate of heat transfer is expresseerins of average Nusselt numbe¥u(, ) as follows :
mh _ H*cos((b) [ ] (7)
X=0

Boundary Conditions
The boundary conditions which are used in thegrestudy, can be arranged as follows:
e The top wall of the parallelogrammic cavity is ciolesed adiabatic, so that:
Y=cos(®), 22=0,U=V=0 (8)
e The bottom wall of the parallelogrammic cavity ansidered adiabatic, so that:
Y=0, 2=10,U=V=0 )
e The leftinclined side wall is maintained at a onifh hot temperature (i), so that:
0<X<sin(®),0 <Y < cos(®),0 =1,V =Fcos(®) and U = F sin(D) (10)
e The right inclined side wall is maintained at afann cold temperature(, so that:
1<X< 1+sin(®),0 <Y < cos(®), 6 =0,V = Fcos(®) and U = F  sin(D) (12)
NUMERICAL SCHEME AND VALIDATION

Continuity, Navier—Stokes and energy Eqgs.(1) tgto@4) with corresponding boundary conditions givan
Egs. (8-11) are solved using the finite volume apph [38, 39]. The diffusion terms are approximdigd second order
central difference scheme which gives a stabletisolu Furthermore, a second order upwind differegcscheme is
adopted for the convective terms. The finite volumethod along with the SIMPLE algorithm is appliedtransfer the
partial differential equations to algebraic relaoThen, th&IP (Strongly I mplicit Procedure) algorithm is used to solve

the obtained algebraic equations. The present atlizes the collocated variable arrangement. Theative solution is
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continued until the residuals for all computationells became less than@6br all dependent variables. The description
of this solution method is given very well in Ferger and Peric [40], and the details are not ghver for brevity. In the
present work, eight combinations (40 x 40, 50 x@Dx 60, 70 x 70, 80 x 80, 100 x 100, 120 x 120 &80 x 150) of
non-uniform grids are used to test the effect afl gize on the accuracy of the predicted resuligure 2 shows the
convergence of the average Nusselt nunilNes,), at the left heated side wall of the parallelogistraped enclosure with
grid refinement. It is observed that the grid ineleglence is achieved with the combination of (120¥I@ntrol volumes,
where there is insignificant change in the avemdgsselt numb&iNw,;, )with the improvement in finer grid. The agreement

is found to be excellent, which verifies the presamputations indirectly.

The validation of present computer code has beeifiad for the mixed convection in a lid-drivenvity with a
stable vertical temperature gradient problem bytdwaet al. [41] and Oztop and Dagtekin [11]. As d@nseen from
Table 2, there is a good agreement for average etusambers at the top wall obtained in the prestaty when

compared to those of [41&11].
RESULTS AND DISCUSSIONS

Mixed convection in a parallelogrammic cavity whodeft and right walls move in same direction
(parallel motion) or opposite (anti-parallel mofjodirection with a constant velocity, is the prahleanalyzed in the

present study. The boundary conditions for paralhel anti parallel walls motion cases are showFigare 1.
Parallel Walls Motion

For case I, Figure 3 depicts the stream tracesirdd for five different values of Richardson numsbe
(Ri=0.01, 0.1, 1, 10 and 100). In addition, theisawclination angle is varied a®€Q°, 3¢, 6, -3¢, and -60). Here, the
left and right walls move upwards, and the line samere parallel to them is in the same directioth wame velocity.
At Ri=0.01 and®=0°, the stream traces form two primary quazi-synniced vortices, and another two secondary vortices
near the top horizontal wall of the cavity. It isted that for the left primary vortex, the forcagedo moving left lid and
buoyancy act in the same clock-wise direction (ajjli Vise verse, the lager force due to moving trilggh and small
buoyancy force act in opposite directions (oppgsigs the Richardson number increases (Ri=0.1,0l,aidd 100),
the natural convection plays a dominate role, n@kire left primary vortex to grow up and contint@sncrease in size
and fill almost the cavity. The right primary vaoxtées gradually eliminated, because the natural eotion opposes its
circulation, and the left dominant vortex comprasgeto the right wall. Then, the right vortex bewes very thin at
Ri=100, and the two secondary vortices are disappeaith the first step of increasing of Richardsarmber (Ri=0.1).
When Ri=0.01 and®=3C, the two primary vortices are existed too, butléfeprimary vortex occupies most of the cavity
if it is compared with the same caselof0°. The expansion of the left primary vortex isnied as a result of increasing of
inclination angle then, it pushed the right primargrtex toward the upper right corner. With the ressing of
Ri=0.1, 1, 10 and 100, the expansion of the lafhary vortex continues generally but at Ri=10 af6,he right primary
eliminating vortex begins to shrink into two smeadirtices at the upper acute and lower obtuse aglgtes, respectively.
With further increase in inclination angl®=60° and at Ri=0.01, it is noted that the two newak and weak vortices are
appeared and distributed above and under thealgfe Ivortex. With the increasing in Ri=0.1, 1, b@ 400, the two small
vortices are disappeared, the left primary voreamained dominant too, and the right vortex is elated and presented to

the upper right corner but doesn’t shrink into twestices as that happened in the previous step=8(F.
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The phenomenon is completely reversed wilen3(®® and ®=-60° at Ri=0.01. Here, the right primary vortex
becomes dominant, while the left was dominant wiber30° and ®=60". At the same point of comparison, when the
Richardson number continues to increase, the pghtary vortex becomes gradually smaller and presedownwards to
the right acute bottom angle at Ri=100. The riglmiaating vortex doesn’t shrink into two small tioes as that

happened in the right primary vortex whea30’.

The isotherms for mixed convection with differealues of Richardson number addare shown in Figure 4,
for case I, lower value of Ri=0.01 with=0°, the same two primary vortices that seen in theast traces are found here
but in isotherms form. Implying that the fluid isdted from the hot wall on the left and cooled ty told wall on the
right. Then, at this Richardson number (Ri=0.0tg, forced convection implies to dominate over thtural convection.
This heat transfer phenomenon can be noticed formuasi-symmetrical and steeper thermal gradientsvessn
two counter-vortices, and there are no isothernmefpation or observed on the core of each vortexth® Richardson
number increases (Ri=0.1), the isotherms distoatled compressed towards the cold side wall and begimenetrate
towards the core of the cavity. The isotherms pasténdicate that the energy transfer through thatg becomes similar
to that of pure natural convection at Ri=1, 10 408. As well as, the isotherms nearly be horizointahe central region
of the cavity. This means, the heat transfer thihothge cavity central region mainly occurs by coniut As the wall
inclination angle® increases to 30 an earlier highly compressed isotherm is seenatdwthe right wall when
Ri=0.01 and 0.1 and the forced convection is dontinaurther increases in Richardson number (Riflardd 100) make
the heat transfer dominated by the natural conmectivhend=60, the isotherms have the same behavieb=30’, but at
Ri=10 and 100, the distribution of the isothermmbenearly parallel one to each other, implies ¢ahi that the cavity is

in a quasi-conduction domain.

The main difference between the isotherm®a80¢° and®=-30°, d=60° and®=-60", are the isotherms clustered
towards the hot left wall instead of the cold rigfell, and the same methods of heat transfer (fantenatural) convection

and conduction are repeated.

For case I, this is the case where both lid-drivealls move downwards in which the opposing foroés
buoyancy and shear are on the left, and the afdings are on the right. Therefore, it is expethed, the main circulation
occurs on the right of the cavity. Stream- traced isotherms for Richardson number from 0.01-108 &r0°-60° and
®=0° (-60°), are presented in Figures (5 & 6). It is veryaclrom the stream traces and isotherms contoatghiey don’t

change so much, and all events that take placas@a k; are inversely repeated in case Il
Opposite Walls Motion

Figures (7-10) give the obtained stream traces isoitherms patterns. Here the left and right wallsve in

opposite direction along the line somewhere pdrallthem with the same velocity.

For case lll, the left wall moves upwards, and riight wall moves downwards for Ri=0.01-100 abd0°-60°
and ®=0°- (-60°), as shown in Figure 7. For Ri=0.01 awl°, a single primary large vortex centered at thengstdc
center of the cavity is formed. It is noted that forces due to moving lids and buoyancy act irstrae (aiding) direction.
In addition, the circulation is clockwise and sopeturbations are seen in stream traces in therupgle and lower left
corners due to impingements of the fluid to theidwtal walls. Even if the Richardson number inse=a (0.1-100),

the perturbations at the upper right and lowerdefners are gradually diminished, and circulatioesome stronger, more
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uniform and smother. Similar phenomenon has besergbd with two side lid-driven cavity in the lisgure by Oz top
and Dagtekin [11], Mahapatra et al. [12] and Peiuand Dass [23]. When the side wall angle increas&sf, the empty
space is filled with two secondary anti-clockwisertices near the top right and bottom left cornefsthe cavity.
Then, whend=60", another third clockwise very small vortex is segthe left acute angle. As the Richardson nuriser
increased (0.1-100) fab=30° and 60°, the two anti-clockwise and the tldlockwise vortices are disappeared, and the
stream traces patterns become stronger, smootkemare uniform, especially at Ri=100. &=-3¢° and Ri=0.1-100,
this case is similar to the case whkn0°, and the stream traces don’t change so much.f@uipw Ri=0.01, the denoted

perturbation is less than that wh@s0°.

For lower Richardson number (Ri=0.01) a@g-60°, a new behavior is appeared, the forced convedtion
dominant, and strong circulations result in wittheee middle, left and right vortices. The left aight vortices induced
because of moving lids compresses the middle vdrtduced due to buoyancy. Thus, all three vortigeserated are
almost in same size. When the Richardson numbeeases (0.1-100), the natural convection beginsldminate
generally, which is reflected by the increased sizéhe middle vortex and compression in the tvedt @nd right) vortices
near to both and formation of a single large claskwvortex which occupies most of the cavity at Rig. It is also
observed (Figure 8, Ri=0.01 and®=0°) that the single primary vortex is repeated but igmtherms form.
And, the temperature distribution decreases fromldfver to upper of the left hot wall and from uppe lower of the
right cold wall. In what concerns heat transfeg thotherms show that heat is extracted from theideft hot wall and

reaches the right cold wall along its length.

The single large primary vortex observed on theash trace is also observed on the isotherms. Heee,
isotherms are also found to be non-symmetric, shgviorced convection dominant heat transfer. Mdsy important to
observe that the effect of the buoyancy force @nislotherms is very clear as Richardson numbee#&sas from 0.1 to
100, and a thinner layer of isotherms is near igitet vertical wall. This means high heat transfecwrs compared to other
cases, particularly when both natural and forcedvection are of the same order. However, the isothepatterns
corresponding to that of pure natural convectioth laorizontal isotherms in the core of the cavitgigate that the heat is
transferred like that of conduction. As wall ingltion angle increases to %3030 and 60, there is no dramatic change
takes place, only the isotherms patterns distotbethe left or to the right according to the caviitglination angles.
But, at®=60°, a symmetrical behavior about the short diagosatiéarly seen for all values of Richardson number.

This leads to conclude that the mixed convecticapigeared earlier here and to be dominant.

For case IV, Figure (9-10), the left hot wall mevdownwards and the right cold wall moves upwards.
The stream traces at Ri=0.01 abdQ° illustrate that the strength of lid anti-clockwisiculation is larger than that of
buoyancy clockwise circulation. The most area @&f ¢tavity occupied by the primary anti-clockwisecalation and the
two secondary small clockwise vortices at the ugdpfirand lower right corners of the cavity. As Racdson number
increases to 0.1, the two secondary clockwise cestare disappeared as a result of buoyancy efffeatldition, at Ri=0.1
and ®=0°, some perturbation is seen in stream traces imiper left and lower right corners due to impingeinof the
fluid to the horizontal walls. With further increzssin Richardson number (1 to 100), the new behdkist appeared in
case Il when Ri=0.01 and@=-60" is again repeated here. Hence, the primary antkelise vortex is divided into three
identical vortices, left, right and middle. As miened before, the left anti-clockwise vortex isifad as a result of

opposing of force and natural convection. Vise egrthe aiding of force and natural convection rtegula right
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anti-clockwise vortex. Mean while, the middle vorte generated due to buoyancy force (natural cctiv®. Thus, the
middle vortex increases in size with the increas®ichardson number, then presses the left and vigtices to the left
hot and right cold walls, respectively. This leaddorm a large primary vortex fills almost the @tsnvand a very thin left

and right vortices, at Ri=100.

Because of the reversed circulations were appearedse IV as compared with case lll, the saméhéms
contours that appeared in case lll are inversepeaged here (case V), Figure 10 doesn’t changengoh. Only,
when Ri=1 andb=0" and 36, a thicker layer of isotherms are clustered tottgeright vertical wall and decreased from
the top to bottom. The isotherms patterns formiager vertical lines indicate that the heat trengfssumed that of pure
conduction in the vertical mid-plan. When Ri=0.01d&=3(, the isotherms are pressed and clustered towagedsore of
the cavity more than the isotherms of the previarse case, vise verse that happened when Ri=0cd0®=# of case IV.
Generally, the isotherms patterns in case IV iidiathan that of case Il when Ri=0.01-0.1, thecé&al convection is

dominant and to be natural for Ri=1-100.
Heat Transfer Characteristics

According to the lid upwards or downwards movemehe local Nusselt number (Nuversus the vertical

distance (Y) can be analyzed as follows;

When the right cold wall moves upwards (case | df)dFigures (11 a& d), it is very obvious, duette forced
convection affecting negatively on the heat trankfere, the local Nusselt number is decreasing fiteenbottom to top
along the right cold wall for a given Richardsormier. Then, we can say the Nusselt number is adsitig function of
Richardson number. At high Richardson numbers,véirgation of Nusselt number is negligibly small base of the
dominant natural convection. From Figures (12 adyl fa & d) with increasing the positive value oélivinclination
angle, a similar trend to that of Figures (11 a)&ith reduced local Nusselt number at differentiRirdson nhumber has
been observed. A similar behavior has been seéheitditerature by Oztop and Dagtekin [11]. But, whée value of
sidewall inclination angle decreases negativelgufés (13 and 15), (a & d), for Ri=0.01 and 0.&, hriation of the local
Nusselt number is complex and has a maximum andnmim points due to the effect of the primary andoselary
vortices on the surfaces, especially for the forcedvection dominant flow (Ri=0.01). The maximuntdb Nusselt
number as a result of impingement of the fluid @ or cold surfaces, then the thermal boundaryrléyerown up.
The minimum local Nusselt number corresponds tcstiréace when the detachment of the thermal boyrldger occurs.
It should be noted that for Ri> 0.1, the variatafiNusselt number in the negative decrease of @ilémclination angle
for a given Richardson number is bigger than tliahe positive increase because of the dominateckébconvection.
When the right cold wall moves downwards (casentl Hl). Figures (11, 12 and 14), (b & c) for thegive increases and
Figures (13 and 15), (b & c), for negative decrsasall inclination angle, it is very clear that hkhaviors of the local
Nusselt number are inversely repeated when thé cgld wall moves upwards. A similar behavior hagib seen in the

literature by Cheng and Liu [31].

Finally, the effect of decreasing and increasifighe average Nusselt humber with increasing oh&idson
number along the left heated wall for differentesa®f study are presented in Figures (16-20). Weildhnote that for
10<Ri<100, the variation of the average Nusselt numbereiigibly small because of the dominant natucaivection.
Generally, it has been observed that for Ri<1, fitreed convection is the dominated regime, Ri>1this natural

convection dominated regime and Ri=1 is the mixed for different values of wall inclination angBut, in Figure 17,
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for case IV, ®=30°, and Figures 20, for case &-60°, the average Nusselt number has the minimaloevin these cases
at Ri=0.0, this is due to the fluid which is relatly stagnant at the bottom and top of the leftéeavall, respectively. We
can see that for Ri<1, the maximum average Nusseftber is 17.2 dt=-30° (case Ill), and the minimum is 4.0d&xt60°
(case V), for Ri=1, the maximum is 5.0@+0, 30° and -30° (case lll), and the minimum is &®=0° and 30° (case V)
and when Ri>1, the average Nusselt number is betwe@ and 2.0. Generally, the maximum average Nussenber
along the left heated wall is 17.2d&#+-30° and Ri=0.01 (case lll), and the maximum Idgakselt number along the right
cold wall is 180 atb=60" and Ri=0.01 (case ).

CONCLUSIONS

Parallelogrammic shaped cavity is very attractivebuild more complex and complete structures tiaes a
good heat transfer performance. The present stadls anainly with parallelogrammic cavities filledthvair. It has been
concerned with the numerical modeling of mixed @mwtion in two sided lid-driven differentially hedteavities. It has

been done for four different cases described bydinection of sliding of vertical or inclined wall'he governing

parameters are, Richardson number (Ri) and sidewatlination angle®), which describe the heat transfer regime in

mixed convection. From the results of the presawestigation, the conclusions can be made as fellow

« Commonly, the Richardson number has a greaterteffe¢he heat transfer phenomenon. For Ri<1, theetb
convection is dominated on flow and heat trandtarRi>1, the natural convection is dominated, tfienRi=1,
the two regimes are seen (mixed convection). Butase Ill, because of greater shear force effetided by the
greater negative inclination angled)( is added to the buoyancy force, then unusual \Behas seen,

at Ri=0.01 andb=-60°, Figure 7, an earlier mixed convection regimstarted instead of forced convection.

*  When the direction of the two moving walls is tleer®, the heat transfer is reduced and if they areing in

opposite direction, it is enhanced.

» Generally, the average Nusselt number along thénefted wall decreases with increasing valuesicidrdson

number for all values of side walls inclination &gy

e Itis found that the local Nusselt number along tigéat cold wall is a decreasing function for casesd 1V,

and an increasing function for cases Il and Ilt,ddferent values of sidewall inclination angle.

e For the positive increase in the value df),(the maximum local Nusselt number for the rigbtdcwall is
predicted to be 180 a=60° (case ), and the minimum is to be 25bat30° (case Il). But, for the negative
decrease ofd@), the maximum local Nusselt number for the rightdcwall is to be 117 a®=-60° (case llI),
and the minimum is 12 ab=-60° too but for case I. In general, the maximwwoal Nusselt number for the
upward lid movements of the right cold wall is 18GD=60° (case ), and the minimum is 12dat-60° (case I).
Then, the positive values ob) cause a greater increases in local Nusselt nuthaerthe same negative values
of (D).

« ltis clearly seen that the maximum average Nusegtiber along the left heated wall is predictebeat®=60",
(Ri=0.01 and case Ill), and the minimum isb&t-60°,(Ri=0.01 and case V). Generally, for allued ofd except
at ®=-60°, case Il takes almost the greatest valuesvefage Nusselt number with the increasing of &it$on

number.
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Figure 2: Convergence of Average Nusselt Number aig the Heated Left Side Wall with
Grid Refinement at Re=1000,Pr = 0.71, Ri= 0.01, Case: lll andb= 60°
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Table 2: Comparison of Average Nusselt Number Valugeat the Top Wall with those of Previous Studies
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Figure 3: Variation of Stream Traces of Case | foDifferent Ri and ®
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Figure 4: Variation of Isotherms of Case | for Different Ri and ®
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Figure 7: Variation of Stream Traces of Case Il fa Different Ri and ®
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Figure 9: Variation of Stream Traces of Case |V forDifferent Ri and ®
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Figure 10: Variation of Isotherms of Case IV for Diferent Ri and ®
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Figure 15: Local Nusselt Number along the Right Cal Wall for Different Cases with ®=-60°: (A) Case I;
(B) Case lII; (C) Case lll; (D) Case IV
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Different Cases as a Function of Richardson Numbeat ®= -30°
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Figure 19: Average Nusselt Number along the Left Heed Wall for
Different Cases as a Function of Richardson Numbeat ®= 60°
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Figure 20: Average Nusselt Number along the Left Heed Wall for
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