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Abstract

In this paper, turbulent mixed convection in a ventilated square cavity exposed to a cooling of the blocks is studied numerically.
The cavity walls were kept adiabatic except the right vertical wall which was equipped with three blocks dissipating the heat at a constant
temperature. The commercial Ansys Fluent code is used and governing equations were established and discretized by the finite
volume method. The standard k-¢ model is considered for the turbulence modeling and SIMPLE algorithm is used for the pressure -
velocity coupling. The objective of the present study is to characterize the best outlet location that provides the greatest effective
cooling in the blocks by maximizing the heat-elimination rate and decreasing the total temperature in the cavity. Obtained results

showed that the variations of the air outlet position in the cavity and the Richardson number have major effects on the stream

function and heat transfer.
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1 Introduction
The use of the mixed convection phenomenon to design
efficient ventilation schemes is one of the high-impact solu-
tions, which has received considerable attention during the
last few decades. These ventilation arrangements are pres-
ent in various areas of engineering such as: ventilation of
buildings [1], solar collectors [2], air conditioning equip-
ment [3] and many applications related to the cooling of
electronic systems [4—6]. The effectiveness of electronic
equipment is extremely dependent on the efficiency of
the cooling and stacking of components. Arrangement of
components is a very popular feature in electronic equip-
ment housed in a cabinet. Several authors have taken into
account mixed convection in ventilated enclosures [7-12].
Convection in cavity containing blocks has gained recent
research consequence as a means of heat transfer improve-
ment [13—17]. Hence, many researchers have investigated
the properties of this problem in a vast range of situations.
Numerical simulations of the turbulent mixed convec-
tion in ventilation systems is carried by means of different

turbulence models, either relying on Reynolds-averaged
Navier-Stokes equations (RANS) [3], low-Reynolds k-¢
model [6, 8, 18—-20], or RANS models such as the RNG k-¢
and the SST k-w model [2, 3, 7], and even the Large Eddy
Simulation (LES) [21-23] model. However, nowadays
standard k-& model are most often used [24-29], as the last
method (LES) require too much computational resources.
For example, Costa et al. [19] performed detailed numer-
ical study of mixed convection airflow in a ventilated
chamber in which eight different versions of low-Reyn-
olds k-¢ turbulence models were considered for compari-
son with experimental data. Results showed that the tur-
bulent models were dependent on the performance of the
examined problem and particularly sensitive to the loca-
tion of unstable thermal stratification.

Investigation of turbulent mixed convection in a ven-
tilated system was carried by several authors which can
be pointed out and summarized hereafter. Koufi et al. [20]
investigated numerically the heat transfer by turbulent
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mixed convection inside ventilated cavities with sup-
ply and exhaust slots. Four different configurations were
considered, and the bottom of the cavity was maintained
at a constant hot temperature 7H, while the other walls
are fixed at a cold temperature 7C. Results were analyzed
in terms of the ventilation efficiency and the influence
of heating on the flow and thermal behavior for differ-
ent Rayleigh numbers ranging from 6.4 x 10 to 3.2 x 10°.
Results showed that the configuration D with an inlet at the
top and the outlet at the bottom of the left vertical wall pro-
vides a better ventilation effectiveness. Later, a numeri-
cal study was performed by Doghmi et al. [17] to analyze
the heat transfer by mixed convection in an isothermal
heating source inside a three-dimensional ventilated cav-
ity with different inlet and outlet locations using the finite
volume method. The results are presented in terms of flow
structures, temperature distribution and mean Nusselt
number for various combinations of thermal control
parameters, namely, Reynolds number (50 < Re < 100)
and number of Richardson (0 < Ri < 10). The obtained
results showed that the intensity of the flux and the rate of
heat transfer can be considerably improved by an optimal
choice of the parameters mentioned for different inlet and
outlet locations. Mamun et al. [13] conducted a numerical
study of mixed convection heat transfer within a ventilated
square cavity contained a heated hollow cylinder. The cav-
ity walls were considered adiabatic and the heated blank
cylinder was placed at the middle of the cavity. Streams
were executed through the inlet at the bottom of the left
wall and the outlet at the upper of the right wall of the cav-
ity. Importance about the influence of the disk diameter
and the thermal conductivity of the disk on the heat trans-
fer in a ventilated cavity are investigated. Results showed
that the best heat transfer could be obtained for the larg-
est cylinder diameter and the lowest thermal conductiv-
ity value. Ezzouhri et al. [21] carried out three-dimen-
sional numerical simulation of turbulent mixed convection
in ventilated cavity with inlet and outlet apertures under
thermal stratification. Numerical results obtained using
Large Eddy Simulation (LES) are compared with exper-
imental data. The LES model proved its efficiency and
good accuracy in comparison with existing experimental
data. Huang et al. [23] presented experimental and numer-
ical investigations of the turbulent mixed convection in a
cavity for a range of large Rayleigh number to further
investigate the effect of the buoyancy effects. The LES
model is used and the turbulence quantities such as tem-
perature and velocity fluctuations, and turbulent heat flux

were found highly concentrated near the heated aspect
walls and the center jet boundary. LES results were com-
pared successfully with experimental data. In addition,
Tian and Karayiannis [30] presented experimental inves-
tigations of the turbulent natural convection in a cavity.
The left and right vertical walls of the cavity were at con-
stant temperature of 50 and 10 °C, respectively, while the
remaining walls are considered adiabatic. Results showed
low turbulent levels at the flow exist and the flow is lim-
ited in a narrow strip along the walls where the velocity
and temperature change sharply. Very recently, Serrano-
Arellano et al. [31] performed a numerical analysis of
heat and mass transfer in a ventilated cavity in a warm
climate area. The equations of the mathematical model
were solved by the finite volume method and the k-¢ tur-
bulence model is used to find the results of the variables of
interest in seven climate records for a given day. The inlet
flow velocity of the air-H,O mixture has been changed
by the Reynolds number from 500 to 10,000. The find-
ings allowed for a better understanding of the behavior of
air flow with water vapor as well as the concentration of
chemical species inside a ventilated room, which will give
new solutions to create better hygrothermal conditions
in a building. Also, Kriraa et al. [32] carried out numeri-
cal investigation for the convection of water in a chemical
condenser having two openings located along one side of
the cavity. Governing equations were solved based finite
volume method and the SIMPLEC algorithm was selected
for the coupling of the pressure and velocity. Particular
attention was paid to the influence of Reynolds number,
channel inclination and Rayleigh number on convective
heat transfer. The results were presented and discussed
to cover a relatively wide intervals; 10* < Ra < 5 x 103,
10 < Re < 1000 and the inclination of the channel
0° < ¢ <90°. Based on these results, a new correlation of
the Nusselt number was developed.

Based on the above-mentioned studies, we can state
that no previous numerical study is available on the tur-
bulent mixed convection in ventilated cavities fitted out
with heating blocks and with different exit opening posi-
tions. This is why, in the present study, numerical simu-
lation of turbulent mixed convection in two-dimensional
ventilated square enclosure containing three heating
blocks at constant temperature T, placed in the right wall
is investigated. All remaining walls of the cavity were
considered adiabatic. The flow was imposed through the
inlet at the bottom of the left wall. The aim of the present
investigation is to find the precise location of the flow exit



in order to obtain the most efficient and effective mean
to ensure the optimal cooling of such systems, which can
be help engineers and designers in that specific area.

2 Problem definitions
Fig. 1 presents the different geometries of the considered
problem. The computational domain is a ventilated square
enclosure with a side length /=1 m. Three heating blocks
at constant temperature 7, = 308 K were placed and cen-
tered on the right vertical wall. All remaining walls of the
enclosure were assumed to be adiabatic. The inlet and exit
sections have the same dimension /2 = 0.1 H and the inlet
air has a temperature 7c =288 K. The length, the thickness
of the fins and the distance between them were denoted
by d = 0.2 H, dw = 0.05 H and w = 0.2 H, respectively.
The inlet was placed at the bottom of the left vertical wall.
For the outlet, five configurations were examined:

* (A) Outlet on the upper part of the right wall,

* (B) Outlet on the right part of the upper wall,

* (C) Outlet at the center of the upper wall,

* (D) Outlet on the left side of the upper wall

» and (E) Outlet on the upper side of the left wall.

3 Mathematical models

Fluid flow and heat transfer are demonstrated in a two-di-
mensional vented square enclosure turbulent. The fluid is
assumed Newtonian and incompressible. All thermo phys-
ical properties of the fluid are supposed constant except
the density which is calculated based on the Boussinesq
approximation (buoyancy forces). The standard k-¢ model
is selected for the turbulence modeling. Governing equa-
tions for turbulent mixed convection flow is described
mathematically by Reynolds averaged Navier-Stokes
equations (RANS). The equations describing the flow can
be formed as follows [33]:

» Continuity equation:
oo, n
ox Oy
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Momentum equation in x-direction:
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Momentum equation in y-direction:
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Energy equation:
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Turbulent kinetic energy equation:
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Turbulent kinetic energy dissipation rate equation:
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ou, 2
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ox, Pr, oy “e

C, =144, C,, =1.92, C,, = tanh(v/u), C, =0.09,

o, =10, o, =13.

Fig. 1 Schematic of the various configurations
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The heat transfer through the hot blocks is evaluated
by the average Nusselt number:

—xony,, (7

where L, is the total length of the upper, lower and thick-
ness sides of the blocks. The integral giving the average
Nusselt number (Eq. (7)) it discretized and calculated
by the Simpson's method in [34].

In the above equations, the variables of dimensions are
defined by:

<xB(T, -T.)H®
pr=2. Gr=2 Al = ) ;Ri:G—;; Rezuoﬁ.
a L R’ v

4 Numerical method

Governing equations were discretized by the finite vol-
ume method used by the commercial code FLUENT.
A second-order upwind scheme is selected for discretiz-
ing the convection terms and a central scheme for the dif-
fusive terms. SIMPLE algorithm is also adopted for pres-
sure-velocity coupling calculations.

In the present study, a grid sensitivity test is performed
for the mesh independent solution and the tested meshes
and results are presented in Table 1 for Ri=1 and Pr=0.7.
Results show that the grids (300 x 400 to 500 x 600) do
not produce any significant differences in the calculated
average Nusselt number. Hence a non-uniform grid of
400 x 500 with larger concentration of grid points near
the blocks is adopted for all presented computations
in the present paper.

As a first step, to validate the computer code and math-
ematical model, a comparison between the present work
and the results obtained by Tian and Karayiannis [30] is
performed. The comparison is carried out for the case
of turbulent natural convection in a cavity with heated
left vertical wall at a constant temperature and cooled
right vertical wall at a constant temperature. Remaining

Table 1 Comparison of the average Nusselt number for different grid
sizes at Pr=0.7 and Ri =1 in the case (A)

I;rigf Mesh size  Average Nusselt number Relative Error (%)
1 200 x 300 25.63995 31.51

2 300 x 400 34.1463 8.79

3 400 x 500 36.01378 3.80

4 500 x 600 37.43728 -

walls are considered adiabatic. The average Nusselt num-
bers on the hot wall were calculated and compared with
Rayleigh number, Ra = 1.58 x 10°. The comparison shows
that the maximum difference of the average Nusselt num-
ber reached about 5 % as shown in Table 2.

In order to validate the numerical approach of the pres-
ent study, a second comparison is performed by compar-
ing the temperature profile on the mid height location
as shown in Fig. 2. This comparison showed a satisfactory
agreement between the results obtained in this work and
those of Tian and Karayiannis [30], which gives us com-
fort in the reliability of the present numerical approach.

5 Results and discussion

Present results for the turbulent air flow having a constant
Prandtl number (Pr = 0.7) are investigated for different
geometrical cases with the variation of the outlet position.
Grashof number is considered constant (Gr = 3.18 x 10°).
As recalled recently by Mokeddem et al. [35], it is gen-
erally accepted that the natural convection is negligi-
ble when Ri << 1, forced convection is negligible when
Ri >> 1. The flow regimes in between these two limits
are mixed convection regime. Consequently, we have pre-
sented results for Ri = 0.2 (forced convection-dominated
regime), Ri=5 (natural convection-dominated regime) and
Ri=1 (mixed convection regime). So the appropriate val-
ues of the Reynolds number are respectively 1.261 x 103,

Table 2 Comparison of the average Nusselt number with those of Tian
and Karayiannis [30] for Ra = 1.58 x 10°

Ri Nu, [30] Nu, present work Error (%)
Hot wall 55.63 58.32 4.61
Cold wall 54.93 57.55 4.55

= Present work
e Ref. [30]

Temperature T [°C]

0.0 0.1 02 03 04 0.5 0.6 0.7
Distance frome the y=0.375m, x [m]

Fig. 2 Comparison of the present results with those of Tian and
Karayiannis [30] for the temperature profile for Ra = 1.58 x 10°



5.64 x 10* and 2.522 x 10*. In the provided above param-
eter ranges, the focus of the present study is to investigate
the effect of the exit position on the flow structure and
mainly on the heat transfer characteristics. Results will
be discussed in terms of the streamlines, isotherms and
the computed local and average Nusselt number.

5.1 Streamline and isotherm

The typical streamlines are shown in Fig. 3. For the case
of Ri= 0.2, the forced convection induces a counterclock-
wise big recirculation region that appears on the left side
of the cavity and clockwise small vortices between the
blocks on the right side of the cavity. When Richardson
number is increased, naturel convection is dominant
and the rotating vortices between the block disappear
for Ri = 5. As for the comparison between the different
geometries, we notice that whenever the exit opening
is in the right side, there is a great friction between the
air flow and the blocks which generates rotational cells.
However, when the outlet position is switched to the left
side of the cavity, the less contact between the air flow
and the blocks is observed, which lead to a reduced rota-
tion of the generated cells and absence of the cells for the
cases (D and E for Ri = 1).

The distribution of the temperature for different geom-
etries is shown in Fig. 4. Results shows that a zone of
high temperature is located near the hot blocks for low
values of Ri (Ri < 1), and when the Richardson number
increased (Ri > 1) the large temperature gradients and
the temperature distribution is located away from the hot
blocks. As for the comparison between the different geom-
etries, it is observed that the isotherms are deviating from
the blocks to the outlet. For cases A and B they accentu-
ate a heat lines as they go to the top of the right wall and
to the right of the upper wall. For the case C, isotherms
are directed to the center of the upper wall, and for cases
D and E they are guided to the left of the upper wall and
to the top of the left wall, respectively.

5.2 Heat transfer

Fig. 5 shows the influence of the outlet position and
Richardson number on the local Nusselt number. For the
vertical surfaces of the inlet flow (b-c, e-f and h-i sur-
faces). It is noticed that those cases have high local Nusselt
number values compared to the horizontal surface's
cases, and this is due to their friction with the cooling
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current. The local Nusselt number observed for the sur-
faces in contact with the inlet flow (a-b-c-d-e surfaces)
for cases A and B was greater than that found in the cases
C,DandE.

When comparing the results for different Richardson
number, it is noted that the maximum Nusselt number
could be observed at Ri = 0.2, and when the Richardson
number increased further, the local Nusselt number
is decreased.

Obtained results shown in Fig. 6 indicate that the aver-
age Nusselt number increases with decreasing Richardson
number for all geometries. It can be noticed that the cases
A and B are the best geometrical configurations for the
cooling of blocks in comparison to C, D and E. The max-
imum Nusselt number could be obtained for the case A
at Ri=0.2.

6 Conclusion

A computational study of turbulent mixed convection
in ventilated cavities is carried out to investigate the effect
of different geometrical cases on the cooling of installed
blocks at the cavity side. Conclusions from the obtained
results in the range of Richardson number of 0.2 to 0.5 and
five configurations based on the different outlet locations
can be summarized as follows:

» The streamlines and isotherms have a strong depen-
dence on Richardson's number. When forced convec-
tion increased recirculation cells between the blocks
and thermal layer near the heated blocks become
thin and concentrated. Also, the results of this inves-
tigation illustrated that the average Nusselt num-
ber at the heated blocks increases as the Richardson
number decreases for all configurations. Generally,
the highest cooling performance is achieved in the
forced convection.

* The influence of outlet location is important for the
design of the optimum geometry to achieve a better
cooling effeciency. The analysis of the streamlines
and isotherms, showed the generation of recircula-
tion cells between the blocks which are enhanced
for the configurations A, B, and C. On the other
hand, and from the results of the average Nusselt
number, it is concluded that the geometrical case A
followed by case B is best performing geometrical
cases for the cooling of the blocks.
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Fig. 3 Streamlines for different values of Richardson number Ri, while Gr = 3.18 x 10°
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Fig. 4 Isotherms for different values of Richardson number Ri, while Gr=3.18 x 10°
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blocks length, (m)

blocks thickness, (m)

gravitational acceleration, (m/s?)

generation of turbulent kinetic energy due to
buoyancy, (J)

generation of turbulent kinetic energy due to
mean velocity gradient, (J)

Grashof number

inlet and outlet sections, (m)

height of the enclosure, (m)

turbulent kinetic energy, (m?/s?)

unit vector tangential to the control volume surface
Nusselt number

pressure, (Pa)

Prandtl number

turbulent Prandtl number

Rayleigh number

Reynolds number

Richardson number

Temperature, (K)

time, (s)

inlet velocity (m/s)

velocity components, (m/s)

Cartesian coordinates, (m)

dimensionless spacing between blocks, (m)
thermal diffusivity, (m?/s)

thermal expansion coefficient, (1/K)

turbulent kinetic energy dissipation rate, (m?/s*)
kinematic viscosity, (m?/s)

turbulent eddy viscosity, (m?/s)

turbulent shear stress

density of air (kg/m?)

turbulent Prandtl numbers for £ and ¢
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