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1. INTRODUCTION that the highest heat transfer performance was achieved for
the BT configuration where the air injection is from the
In the last few decades, mixed convection in ventilated bottom. Different flow regimes regions were delineated in the
cavities has been the subject of extensive research, due to itRa Re plane.Similar investigations were also carried out

wide applicability in electronic equipment, -@ooling taking into account the effect of the thermal radiation on
process, thermal design of buildingsjclear reactors and mixed convection [92]. Saha et al [13] conducted a
others Mixed convection is the most simple and loast numerical study of the combined natural and forced

mode of cooling operation. This practical interest explains convection in a twalimonsional enclosure with a uniform
the existence of various studies considering different heat flux. They found that the increase of the thermal
configurations and boundary conditions. Hence, the case ofparameters (Gr and Re) and the effects of different
partially heating surface was iestigated numerically by  ventilation aientations could lead to the best cooling
many authors, such as Papanicolaou and Jalw8j ytho effectiveness.

studied the mixed convection provided from a heated source Messaoucet al [14] presented a numerical study of mixed
in a twodimensional cavity. The obtained results show that convection in various acrossshapencave cavities They
heat transfer rate increase by increasing the solid wal reported that the triangular alveolus highlights a higher heat
thermal conductivity. In addition, the cooling rate was found transfer rate for higher Re numbers.

to be higher when the outlet flow opening was located near Omri and Nasrallah [15] compared numerically the mixed

the bottom of the vertical wall. convection in an aicooled cavity for two different the inlet
Hsu et al [3] presented a numerical study of mixed outlet opening positions. They concluded that the maximum
convection inside a twdimensional ventilatedawity with cooling effectiveness is achieved when the inlet and the

partially heated wall. They also concluded that the higher outlet openings are, respectively, located near the bottom of

heat transfer rate dissipated from the source is maximumthe hot wdland the top of the cold wall.

when the outflonwopening is positioned in the lower part of Later on, Singh and Sharif [16] extended their works by

the vertical wall. considering six placements of the air inlet and exit
Manca et al[4] numerically studied the mixed oeedive configurations deferentially heated. The higher cooling

flow over a partially operncavity. Their principal results  efficiency and the higher average Nusselt number are

showed that the maximum dimensional temperature increaseachieved when the air is injected frahe bottom of the cold

as the Reynolds and the Richardson numbermareased, wall and exit from the top of the hot wall.

and the highest thermal performance was achigvdte case The adding of obstacles inside the cavity was also used as
of opposing forced flow configuration. Later, a similar a way to control the fluid flow and heat transfer. Hence,
problem was investigated experimentally by Manca.gbal Rahman et al[17] performed a numerical investigation of
They found, that the surface temperature for Re =100 wasthe effectsof Reynolds and Prandtl numbers on mixed
lower compared to the one corresponding to Re = 1000. convection in awo-dimensional square cavity with a heat

The case of totally heating surface wamsidered in a  generating solid circular obstacle. They found that the heat
seriesof papers presented by Raji et al:§bwho studied transfer rate increase with the increasing of the thermal
numerically the mixed convection heated transfer in parameters (Re, Pr) for different vatuof Ri. A similar
ventilated cavities with uniform heat flux. The results show investigation with different thermal conditions on the cavity



walls was studied by Gupta et §18]. They found that the  transport and fluid flow phenomena in the considered tri
average Nusselt number increases with increasing thedimensional enclosures
cylinder diameter and decreases for higher Ri.
Bhoite et al [19] conducted a numerical investigation of
mixed convection flow in a shallow cavity with a series of 2. PHYSICAL PROBLEM AND GOVERNING
heatgenerating components and ceiling extraction openings. EQUATIONS
They reported that the block surface temperature decreases
with the Reynolds number for Graghnumbers less than or The studied configurations are presented in (Fig. 1). The
equal to 510° first configuration (Fig. lafonsiss of a threedimensional
Rahman et al [20] studied numerically the mixed ventilated cavity, which has an inlet opening with a
convection in a twalimensional ventilated cavity in the rectangular cross section of relative height B=h/H located on
presence of a hegenerating square block. They indicated the top of the left vertical wall, allowing the air flow to get in

that the block size affects strongly the streamdiistribution at a uniform velocity”Y and ambient temperati Y .
in the cavity and the average Nusselt numbers increases witiVhereas the flow leaves via the outlet opening which has the
increasing Ri for different locations of the solid block. same relative height B=h/L as the entrance one. This opening

Shuja et al [21] analyzed numerically the fluid flow s placed at the bottom of the opposite vertical wall. This
around solid blocks in a rectangular cavity differentially configuration will be called as TB configuration (Fig 1a).
heated. The found that the orientation and the size of the Inversly, when the air injection is from the bottom of the
blocks created a complex flow structure inside the cavity. right vertical wall and the outlet located on the top of the

We have to notice that all the previous considered works opposite wall, the configuration will be called as BT
are based on a two dimensional analysis. However, the threeconfiguration (Fig. 1b)
dimensional case was investigdtby some authors such as
Stiriba et al [22] who studied numerically the mixed a)
convection in a thredimensional open enclosure. Their 4 ¥ =
Results showed that at moderate Grashof numbers, the flow
becomes stable, while it becomes unsteady with Kelvin
Helmholz instabilities at the shear layer. In addition, the heat
transfer rate increases For Re = 1000 and Gr = 107. In

Moraga and Ldez [23] compared numerically the mixed .
convection in a two and threBmensional aicooled cavity.

They observed a major differenbetween the global Nusselt H
numbers calculated from the2and the @ models. In fact,

the 3D model was needed to capture the fluid mechanics for

Ri =10 wiRen O1®50, and to c
Nusselt number when Re= 500 for Ri<1. *

A recent 3D mmerical investigation of the inlet opening
size effect on the mixed convection inside a three i
dimensional ventilated cavity was presented by Doghmi et al. b) ¥y oz
[24] They concluded that the average Nusselt number at the &
active walls increases with increasingclrdson numbers,
and the heat transfer rate increase and decrease at the hot at
cold wall respectively by increasing the inlet opening section.

The case of cavities with obstacles has also been presente: |

by some authors. Hence, mixed convection in aethre .
dimensional open cavity with a vertical heat source was
studied by Rajesh Kanna et E15] Their results show that at Li o / g 1
higher Reynolds number and higher aspect ratios, the heal H LT .
transfer in the right surface of the isothermal block becomes St Th r
greater than #others. o7 _3{ V
Fontana et al [26] studied numerically the three hi|/ L
dimensional mixed convection in partially opened cavities * 'f, 'L' il o

with internal heat sources. Their results indicated the

existence of two different processes controlling the formation ) ] ] ) )

of recirculation inside the cavity; hydrodgmic recirculation Figure 1. Studied configuration and coordinates

and thermal recirculation. In addition, they showed a strong ] ) ) ] y

threedimensional nature of the flow inside the cavity, = 1he cavily contains an isothermal heating blociplaced

indicating that a simplified twadimensional model is not in the middle of the bottom wall. The internal block is

able to capture some important aspects of the system'ectangular, of relative length (C=I/L = 0.2), height (D=d/L =

behavior 0.40) and a relative width (L=1). The vertical walls of the
Hence, the literature review showed the existence of aCavity are kept mthe same temperatui¥ as the external

limited number of threelimensional studies artlatexplains ~ airflow. The other four walls of the cavity are maintained

the choice of our present physical model. The purpose of ouradiabatic. _ _

study is to compare numerically the effects of conjugated A channel with the same cross section and a length of

Richardson numberand Reynolds numbers on the thermal (L=1) is placed at the opening of the left vertical wall to



extend the cavity and makéspossible to use the developed
boundary conditions for the fluid flow and heat transfer at the
outlet.

The cooling fluid is considered laminar, Newtonian and
incompressible with negligible viscous dissipation. All the
thermaphysical properties of theuiid are assumed constant
except the density, giving rise to the buoyancy forces
verifying the Boussinesq approximation.

The governing equations for
incompressible fluid are expressed
dimensionless form:

3D laminar
the following
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The nondimensional variables are definedfakows:

O - - K - (6)
Y —hw —hw — M — h— —— (7)

wherer] andm are respectively the reference pressure and

density.”Y is the temperature at the heated surfa¢ehe
temperature at the cooled surface and p the pressure.

In the above equations, the parameters Pr, Gr and R
denote the Prandtl number, Grashof number and the Reynol

number, respectively. These parameters are defined as:

vQ £ Roi AiyQ— i - ©)

wherer , sandy are the thermal expansion coefficient, the
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ﬁﬂomentum and continuity equations. The discretized

kinematic viscosity and the thermal diffusivity, respectively.
The boundary conditions, associated to the problem are:
Y & & Ton the rigid walls and on the internal
heating block;
Y pho w g matthe inlet;
q p on the isothermal heating block;
g T1on the left and right vertical cooled walls;
pd
pN
normal direction to the considered wall)

mh— mheo & Tat the outlet.
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=0on other vertical and

\Y

The heat transfer is calculated on the surfaces of the
heating block. Hence, the corresponding local Nusselt
numbers and the average Nusselt are respectively defined by:

00 4 9)
"k" is the normal direction to the heated plane
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The incompressible NavieStokes and energy equations
are discretized by the finite volume method developed by
Patankar [27] adopting the power law scheme for the
convective terms. The SIMPLEC algorithm is used to couple

equations are iteratively solved using an Alternating
Direction Implicit (ADI) scheme. The system of algebraic

equations is then solved iteratively by means of the Thomas
algorithm.
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Figure. 2 a) U velocity component at X=0.75, Z=005.V velocity component at Y =0.5, Z=0.5
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Figure 3. Comparison between the isotherms obtained at the middle plane Z=0.5 and those of Moraga d28]Lpez

The convergence of the numericabde is established
according to the following criterion:

dimensional ventilated cavity with internal block heater. The
results presented this section were obtained for Richardson
numbers Ri ranging between 0 and 10 and Reynolds number
Re varying between 50 and 200, which correspond to a
laminar regime. The relative height of the openings B and the
Prandtl number are fixed respectively t8 ahd 0.71.

A R frn fhn

wheref represents a dependent variable U, V, W, T, and P,
the indices i, j, and m indicatthe grid positions and m
represents the iteration number

3. CODE AND GRID SIZE VALIDATION
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The preliminary tests were conducted to check the grid Z;s
independency of the solution using different uniform grid 2?5
.0

sizes. The grid 91x71%71 was estimated to be appede for

the present study since it permits a good compromise

between the computational cost and the accuracy of the

obtained results. In fact, the maximum deviation remains

within under 1.5% when the grid was refined to 111>91>91.
The obtained resultare compared with the existing 2D
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and 3D studies by Moraga & Lgez [23], in terms of velocity
and isotherms, for different sets of the governing parameters.
(Figs. 2a2b) show U and V velocity components at the
vertical and horizontal midlines respectivefgr Re=10 and
Ri=10. Figure. 3 shows the isotherms 2D and 3D models for
cF:z(;am:palr(i)s'oT Thgil tﬁggeli(; a; Z;&g‘ ggﬁggnﬁgn?eggnxg?ntr:'hSeFigure 4.3-D streamlines and isotherm lines for Re=100 and
present results and those presented by Moraga & Ldpez [23]. Ri=1a) TB configurationb) BT configuration

In order to give a comprehensive visualization of the flow
and the temperature distribution within the studied
configurations, streamlines (left) and isotherms (right) in 3D
for the TB and BT configurations are respectively shown in

A numerical study has been made to point out the (gjgyres. 4aab), for Re = 100 and Ri = 10. It is seen that the
conjugated effects of the thermal parameters on the heafig motion and isotherm lines are strongly affected by the
transfer and fluid flow phenomena within a three changing of inlet and outlet positions.

4. RESULTS AND DISCUSSION



4.1TB configuration By increasing the Reynolds numbers to (Re=200), the flow
field is characterized by an astockwise vortex occupied
At first, we considered the TB configuration where the air almost the whole zone on the left side of the block and two
injection is from the top of theertical cold wall. Hence, Figs. recirculation structures. One of them is located on the up
5-6 are representing the flow and temperature distribution in right side of the block and the other small one near the right
the midplane of the cavity XY (Z=0.5) then at X=0.25, side block. At thé stage, the heating becomes stronger at the
X=0.75 respectively. In fact, the analysis of the isotherms up right side of the block and the temperature variation zone
and streamlines i n d)ishovea e ngrowspr siza due to (the thé@malzinte@ctioh between the
perfect symmetry with respect to the plane Z=0.5. This is dueheated block and the incoming cold flow ensuring the
to the geometrical symmetry and adopted thermal boundaryinstallation of mixed convection.
conditions, except for the case (Re = 200, Ri=10). At higher value of Richardson number (Ri=10), (Fig)5
For the lower Richardson and (Ri< 1) (Figapand at The role of the free convection in the cavity becomes more
Reynolds number (Re®j, the inflow is not strong enough significant and consequently. Two convective circulating
and the open lines pattern conserves the same form andells appears in the upper and the right sides of the partition
submit a slight deflection on the upper part of the block until and increase in size liycreasing the all considered Reynolds
the outlet. A small clockwise rotating vortex is located under numbers. The open lines related to the externally forced flow
the opened lines of the forced flowhd size of this vortex  are affected by the heated surface of the block and rises in
increases for moderate value of Reynolds number (Re=100) parallel to the cold wall towards the outlet. Furthermore, a
The corresponding isotherms are tightened around the heatedistortion of the isotherms neathe heated wall was
isothermal block, and the temperature distribution is curved especially encountered in the-right region of the block,
and parallel to each other in the remaining partbefcavity, then move progressively towards the cold walls where the
testifying of a dominant conduction heat transfer. temperature distribution is uniform. This can be attributed to
As the Reynolds number increases to (Re=200), the flow the dominance of thermal buoyancy effect leading tonei
structure become intense. The size of the vortex increasedoundary layers. At this stage, (Fig.-®) shows that the
until it reaches the up left side of the block, while a small thermal dissipation is more enhanced at the left region
counterclockwise artex appears beneath it and another small X=0.25 when compared to the right region X=0.75 of the
one appears in the upper corner of the cavity. The inclinedheated block as we observed from the analysis of the
isotherms move to the left side, where the vortexes arecorresponding isotherms.
created inside the cavity. In fact the heat diffusion provided On the other hand, the flow motion become intense by
by the isothermal block is pushedy the incoming increasing Re to (Re=200). Hence, the convective cell,
accelerated flow from the outlet. This justifies the reduction positioned at the upper part of the block, has a sufficient
of the cavity upper zone phenomenon, pointing out that the space to increase considerably. As mentioned earlier at this
vigorous actions of the inertia forces are playing the main value of Re, the symmetry wWitrespect to the plane Z=0.5,
role in the flow transport. encountered for the other cases, is no longer preserved for
As the Richardson number increases to (Ri=1), (Flg) 5 Re=200 and Ri=10 as illustrated in Fig. 7. In fact, this figure
and for a week Reynolds number (Re=50), a single which shows a notable change of the flow and temperature
counterclockwise vortex is generated at the left side of thedistribution in different plans XY (Z=0.15,.25, 0.75 and
block and the closed cell under the opening almost disappear$).85).
On the other hand, the ir@se of the Reynolds number to Hence, this intensification of the flow improves the heat
(Re=100), leads to the formation of two small vortexes at the exchange between the heated block, the active cold walls and
up-left and at the right parts of the block. In addition, the left the incoming flow and is characterized by congestion of the
side vortex is progressively growing in size. This happens isotherms at the left vicinity of the heated block. Véasrthe
when the inertia and buoyancy forckalanceeach other, analysis of the temperature distribution field shows a
leading to a mixed convection. A similar behavior with a distortion of the isotherms in the remaining parts of the
small difference has been cavity, this means that the natural convection plays a major
observed in the case of the isotherm lines, compared to theole in the heat removal.
pure forced convection (Ri=0).
a)

Re =50 Re =100 Re =200

Figure 5. Streamlines (left) Isotherms (right) at Z=0.5 f¢&) Ri= O; (b)Ri = 1, (c) Ri =10 for various values of Re
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Figure 7. Streamlines, Isotherms for different Z plans for Re=200 and Ri=10



4.2 BT configuration temperatures are almost parallel to each other near the
vertical cold walls. However, the temperature distribution is
In order to analyze the flow structures and the thermal inclined around the heated block oriented towards the outlet.
performance compared to the previous case, we present ifThis behavior is similar to a pure camion heat transfer.
Fig. 8 the streamline and isotherms at +plighe XY(Z=0.5) Furthermore, the cold zone increases by increasing Reynolds
for the BH configuration where the air injection is from the numbers causing a visible tightening of the isotherms at the
bottom of the cold veital wall and leaves from the top of left part of the block.
the opposite cold wall. It should be noted that in this case the A change in the flow structure in the left upper part of the
symmetry is preserved for all the considered thermal cavity is then observed. Ake Richardson number increases
parameters. to Ri=1 (Fig. 8b), the forced and natural convection assist
Three modes of heat transfer, characterized by theeach other, whereas, the size and the intensity of the
buoyancy parameter Ri value, are anuered, namely  convective cell at the right part of the bloc increase by
forced convection, mixed convection and natural convection increasing Reynolds numbers. The correspondinthésms
dominating regimes. have similar shapes with a small difference compared to the
In the absence of the natural convection for (Ri=0), (Fig. previous case (Ri=0)
8-a), a series of computations were executed by increasing By increasing the Richardson number to (Ri=10), (Fig. 8
the Reynolds number from 50 to 200. At low Reynolds c), the internal buoyancy effect becomes important leading to
numbers (Re=50), the open lines related to the externalthe formation of two closed convective cells deddby the
forced flow occupies almostehwhole left area of the block  open lines of forced flow. This counterclockwise cell which,
reaching the outlet and formed a circulating vortex rotating in located above the forced flow and closer to the left vertical
the clockwise direction near the right cold wall cold wall, increases in size and intensity by increasing Re
By increasing Reynolds to moderate value, (Re=100), the numbers. The other clockwise rotating one occupies almost
streamlines show the existence of two circulation zonesthe whole right zone of the block. This enhancement of the
separated by the open lines of the forced flow. The vortex flow intensity leads to more circulation of the heat from the
cell above the external accelerated flow is then growing in isothermal heating block to the right cold wall until the outlet.
size with more increase of (Re=200), that can be explainedin fact, the higher temperature gradients are dense around the
by the dominance of the inertia effects. The distribution of heated blok as shown from the analyze of the corresponding
the isotherms iside the cavity shows that the lower isotherms.

Figure 8. Streamlines (left) Isotherm lines (right) at Z=0.5 @) Ri= 0; (b)Ri = 1;(c) Ri=10 for various values of Ri

4.3 Heat transfer enhancement by double integration of local Nusselt number over the
heating surfaces is given by Eq. (11). As expected the global
In order to analyze the thermal performance of the studied Nusselt number increases with increasing Reynolds numbers
configurations, we present the variations of the global for all considered values of Richardsoonmtbers for both
average Nusselt numbers as function of Re and Ri values forconfigurations. This can be explained by the increase of the
the TB and BT competing configurations respectively in (Fig. external incoming flow rate, which interacts favorably with
9-a), and (Fig. d), The global Nusselt numbers calculated the internal heated block.



