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EFFECT OF INLET AND OUTLET POSITION IN
A VENTILATED CAVITY WITH AN INSULATED
SQUARE BLOCK

AHMED KHAFEEF OBAID ALBDOOR

Abstract— A numerical analysis is carried out to study the performance of mixed convection in a rectangular enclosure. Fifteen different placement
configurations of the inlet and outlet openings were considered. The bottom wall at constant temperature and the fluid considered is air. The numerical
scheme is based on the finite volume method adapted to square uniform mesh elements by a nonlinear parametric solution algorithm. Results are ob-
tained for a range of Richardson number from 1 to 10 obtained by varying the Reynolds number only .at Pr = 0.71 with constant physical properties. At
the outlet of the computational domain a convective boundary condition (CBC) is used. The results indicate that the average Nusselt number Nu and the
dimensionless bulk average temperature (8av) of the fluid on the heated wall strongly depend on the positioning of the inlet and outlet. The basic nature
of the resulting interaction between the forced external air stream and the buoyancy-driven flow by the heated wall is explained by the heat transfer coef-

ficient and the patterns of the streamlines and isotherms.

Index Terms— Mixed convection , Ventilation , Vortex , Richardson number

1 INTRODUCTION

B uoyancy-driven flow and heat transfer in open-ended
enclosures is receiving increasing attention by many re-
searchers in recent years. Natural convection in open-
ended cavities has been the subject of interest both experimen-
tally and numerically. This is primarily because several appli-
cations of practical interest, such as nuclear reactors, fire re-
search, thermal insulation, thermal storage systems, electric
transmission cables, and brake housing of an aircraft, can be
modeled by various extensions of this type of geometry [1].
Many numerical and experimental studies have been per-
formed on the mixed convection in the cavity. A numerical
investigation to the cooling performance of electronic devices
with an emphasis on the effects of the arrangement and num-
ber of electronic components by Ghasemi and Aminossadati
[2] . The analysis uses a two dimensional rectangular enclo-
sure under combined natural and forced convection flow con-
ditions and considers a range of Rayleigh numbers. The re-
sults show that increasing the Rayleigh number significantly
improves the enclosure heat transfer process.A numerical
analysis by Saha et al. [3] is carried out to study the perfor-
mance of mixed convection in a rectangular enclosure. Four
different placement configurations of the inlet and outlet
openings were considered. A constant flux heat source strip is
flush-mounted on the vertical surface . The results indicate
that the average Nusselt number and the dimensionless sur-
face temperature on the heat source strongly depend on the
positioning of the inlet and outlet.
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The development of magnetic field effect on mixed convective
flow in a horizontal channel with a bottom heated open enclo-
sure has been numerically studied by Rahman et al.[4]. The
governing two-dimensional flow equations havebeen solved
by using Galarkin weighted residual finite element technique.
The results indicate that the mentioned parameters strongly
affect the flow phenomenon and temperature field inside the
cavity whereas in the channel these effects are less signifi-
cant.Shrama [5] studied the mixed convection heat transfer for
laminar air flow in an open cavity is studied numerically by
finite element method using software package (FlexPDF) to
solve the conservation of governing equations. The results
show that the aspect ratio and Ri are effect on streamline and
isotherm patterns for different heating configurations. In addi-
tion, the thermal performance in terms of both the overall heat
transfer coefficient and bulk mean temperature of fluid is af-
fected by the two parameters.

A numerical study has been performed on mixed convection
in a vented enclosure by finite element method by Rahman et
al. [6] . An external fluid flow enters the enclosure through an
opening in the left vertical wall and exits from another fixed
opening in the right vertical wall. From the analysis it is found
that with the increase of Reynolds and Richardson numbers
the convective heat transfer becomes predominant over the
conduction heat transfer and the rate of heat transfer from the
heated wall significantly depends on the position of the inlet
port. Ahammad et al. [7].studied the performance of different
inlet and outlet locations on the flow and heat transfer for the
MHD mixed convection problem in a ventilated cavity con-
taining a heat generating square block. A Galerkin weighted
residual based finite element method is applied to obtain the
numerical solutions of the governing equations. The result is
observed that both flow and thermal fields are strongly influ-
enced by the position of inlet and outlet openings of the cavi-
ty. A numerical investigation has been carried out by Rah-
manandAlim [8] for mixed convection flow in a rectangular
ventilated cavity with a heat conducting solid circular cylinder
at the center. Finite element method was used to carry out the
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investigation.. The computational results indicated that the
flow and thermal fields as well as average Nusselt number at
the hot wall, average temperature of the fluid and the temper-
ature at the cylinder center strongly depended on the cavity
aspect ratio and mixed convection parameter Ri .A square cav-
ity with two ventilation ports in the presence of an adiabatic
fin of different lengths placed on the walls of the cavity is nu-
merically analyzed for the mixed convection case for a range
of Richardson numbers was studied by Selimefendigiland
Hakan[9] . The results are observed that for the convection
dominated case, fin length and its position on the one of the
four walls of the cavity do not alter the thermal performance
whereas when the buoyancy effects become important thermal
performance increases for high fin length. A numerical investi-
gation by Ahammad et al. [10] has been carried out for an
MHD mixed convection problem to realize the influence of
solid fluid thermal conductivity ratio as well as diameter of
the centered obstacle on the flow and thermal fields in a venti-
lated cavity.AGalerkin weighted residual finite element tech-
nique is adopted with the help of Newton-Raphson iterative
algorithm. The result of analysis are displayed by the average
Nusselt number on the heated surface and average fluid tem-
perature in the cavity.

In the present paper a numerical investigation is accomplished
on the mixed convection of air in the square cavitycontaining
an insulated square solid block. The main objective of this
work is to examine the effect of inlet and exit port locations
and the Diameter of the Solid Block as well as the effect of
Richardson numbers on the heat transfer characteristics..

2 NUMERICAL MODEL

2.1 Physical Model

For papers accepted for publication, it is essential that the The
geometry of the present study is illustrated in Fig. 1. in which
a Cartesian coordinate system is used with origin at the low-
er left corner of the working domain. It consists of a square
enclosure of length L having a centered insulation square sol-
id block. The bottom wall of the cavity is subjected to hot with
temperature T» while the other sidewalls are kept insulated.
The solid body with a size of diameter d (d = 0.2L 1.The open-
ing is placed on the left side with three locations, one of them
at the bottom corner of the cavity and the other at the top cor-
ner and the last in the middle of the cavity while the others
opening located on the right side with three locations have
same position of the opining in the left side as shown in the
schematic and the size of each opening is w = 0.1L. The incom-
ing flow through the inlet is assumed at a uniform velocity
ambient temperature I: and the outgoing flow by the exit port
is assumed to have zero diffusion flux for all variables and all
solid boundaries are supposed to be rigid no-slip walls. In
each case the inlet flow is come from one of the ports on the
left side and the outflow is leave through one of the other
ports which located in the left or right sides while the other
fourth ports is closed.

2.2 Governing Equations

Mixed convection is governed by the differential equations
expressing conservation of mass, momentum and energy. The
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present flow is considered steady, laminar, incompressible
and two-dimensional. The viscous dissipation term in the en-
ergy equation is neglected. The physical properties of the fluid
in the flow model are assumed to be constant except the densi-
ty variations causing a body force term in the momentum
equation. The Boussinesq approximation is invoked for the
fluid properties to relative density changes to temperature
changes, and to couple in this way the temperature field to the
flow field[11]. The governing equations for steady mixed con-
vection flow can be expressed in the dimensionless [12].
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The dimensionless variables are defined as:
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Where X and Y are dimensionless coordinates varying along
horizontal and vertical directions respectively, U and V are
dimensionless velocity components in the X and Y directions

respectively, £ is the dimensionless temperature and P is the
dimensionless pressure. The non-dimensional numbers seen
in the above, Re, Riand Pr are the Reynolds number, Richard-
son number and Prandtl number respectively, and are defined
as:

Re=

2.3 Boundary Conditions

The boundary conditions for this analysis are:
¢ At the inlet: U=1; V=0; 6=0

¢ At the outlet: P=0

¢ At the heated walls: U=0; V=0; 6=1

* At the rest of the adiabatic walls:U=V=0

28 28

T T

Heat Transfer Calculations

The local Nusselt number is evaluated [11]as:

ag
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wheren denotes the normal direction on a plane.
The average Nusselt number
L
Nu = —J Nug ds

* o
where (s) is the length of the heated walls
The bulk average temperature, defined [11] as;

6., = J 8 dV/V

whereV is the cavities volume.
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2.4 Numerical method

The governing equations were solved using FLUENT-CFD
code; version 6.3 is employed for all numerical simulations .
Gambit, Version 2.2.30, is used for the development of the
computational grid. Fig.2 shows the computational grid. The
continuity is satisfied using a semi-implicit method for pres-
sure linked equations, which is referred to as the SIMPLE pro-
cedure. To reduce numerical errors, second order upwind dis-
crimination schemes are used in the calculations. Each compu-
tational iteration is solved implicitly. The convergence of the
computational solution is determined on scaled residuals for
the continuity, energy equations and for many of the predicted
variables [13].

3 RESULTS AND DISSCUSSION

Two-dimensional mixed convection is studied for a laminar
flow in an air-cooled cavity with a Prandtl number of 0.71. The
controlling parameter, for the fifteen configurations of the ge-
ometry as defined in the table 1, is the Richardson number, Ri.
The Grashof number ,Gr, is kept fixed . The range of Richard-
son number used for the simulations is 1 < Ri < 10 and it is
obtained by varying the Reynolds number only. The results of
this present study are displayed in terms of streamlines and
isotherms. Moreover, the effects of heat transfer of the enclo-
sure are shown in terms of average Nusselt number Nu, and
the dimensionless average temperature Oav the Table 2
shows The Nomenclature.
3.1 Flow and Temperature Fields
The combined forced and buoyancy driven flow and tempera-
ture fields inside a cavity, with a centered insulation square
solid block, and heated bottom wall , for different inlet and
outlet configurations are illustrated by means of Streamlines
and isotherms in Fig. 3-8, for Richardson numbers of 1, 3, 6
and 10.
First Group
Figures (3A-3E) shows the dynamics for the first group of con-
figurations . The streamlines describe the interaction of forced
and natural convection under various convection regimes . In
the figure 3A At Ri =1, for the higher Re values, forced con-
vection dominates the major flow from the inlet to the exit
without much penetrating into the cavity. With decreasing the
velocity of the cold forced flow , it will moves towards the
lower horizontal heated wall. The figures 3B and 3C shows
that tow cells is formed , one on the right top corner and the
other on the left bottom corner . When the Richardson number
is increase , buoyancy effects become important,
and the cell grows in size and shape. It can be seen from figure
3D that vortexes is formed and moved towards the center of
cavity with increase value of Richardson number . figure 3E is
illustrate that the flow is separate on the top and bottom right
corners clearly. While increasing the magnitude of velocity
the vortexes on the right part of the cavity are move to occupy
half of the cavity.

The corresponding isotherm plots for the above cases are
presented in figure 4A to figure 4E . As shown, the thermal
boundary layer decreases in thickness slowly as the Ri de-
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creases ( increase in Re ), This is revealed by the denser con-
centration of isotherms near the bottom hot wall. because the
effect of gravitation force becomes negligible at the large value
of Re. In regions where flow separation begins, the isotherms
diverge reflecting a decrease in heat transfer associated with
the onset of separation.

Second Group

Figures ( 5A-5E ) shows the streamlines for the second group
of configurations . It can be seen that the flow will separate
into two parts because the square solid block is faced the flow
. Because the impact the flow is loose a lot from it is inertia
force , the lower part of flow is continued by the gravity ef-
fect. This lead to formed three cells , tow in the right side
above and down the inlet port . Another rotating cell is noted
at right side of the cavity behind the square solid block ,
whose grows in shape and size with increasing in Ri .

A close inspection on the isotherms for different cases in fig-
ures ( 6A-6E) reveal that maximum temperature gradients
appear on the bottom near the hot wall . In figures  ( 6A-6E)
it can be seen that the isotherms on the top part of the cavity
wall become less clustered and parallel and this shows that
heat transfer is not effective in that region of the cavity.

Third Group

Figures (7A-7E ) presents the streamlines for the third group
of configurations . it is found that the fluid flow is character-
ized by the open lines about the whole domain and a vortex
appears at the left side above the inlet port . As shown in Fig-
ures 7A,7B the flow separate on the right bottom corner due to
inertia force . Figure 7C shows that A secondary vortex is also
formed on the top-right corner of the cavity . The reason is due
to the effect of buoyancy driven flow and convective currents
(the fresh and colder fluids entering the cavity cannot come
into intimate mixing with the hotter fluids). Similarly the iso-
therms inside the cavity are shown in the Figures (8A-8E ). It is
clear from these figures that the isotherms are almost same
near the heated wall for the five different outlet port locations.
Although a slightly thin thermal boundary is observed at fig-
ure 8C, the corresponding isotherm plots do not significantly
propagates from the heated surface.

3.2 Heat Transfer Characteristics

The effect of Reynolds number on the average Nusselt number
( Nu ) at the hot wall and the bulk average temperature (Oav)
of the fluid are displayed as a function of Richardson number
as shown in figure 9 and figure 10 respectively. It is apparent
from Figure 9 that the highest value of Nu is found for DBB
configuration ( Case No. 13 ). Also Nu decreases generally
with increasing Ri due to the reducing in the growth of the
thermal boundary layer near the heated surface and the domi-
nate of forced convection . In the other hand, the bulk average
temperature of the fluid is increased with the increasing the
Ri. This behavior is because the increasing of the effect of the
buoyancy with the increasing of Ri . Also the bulk average
fluid temperature (0av) in the cavity is lowest for DBB config-
uration ( Case No. 13 ) for all values of Ri which can be ob-
served from Figure 10 .
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Port No.1 Port No.4 Port
u i Heated Wall
T; — Insulated Wall
Insulated
Port No.2 Square Port No.5
Block
Port No.3 Th Port No.6

Fig. 1 The geometry of the study Cases .

Fig . 2 The computational grid
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Table 1 The configurations of the geometry for Study Cases:
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Group No. Case No. | No. of Inlet Port No. of Outlet Port Case Symbol
1 1 (Top Left Corner) 4 (Top Right Corner) Direct Top to Top ( DTT)
First Group 2 1 (Top Left Corner) 5 (Center of Right Side) | Direct Top to Center ( DTC)
3 1 (Top Left Corner) 6 ( Bottom Right Side) Direct Top to Bottom ( DTB)
4 1 (Top Left Corner) 2 (Center of Left Side) Inverse Top to Center (ITC)
5 1 (Top Left Corner) 3 ( Bottom Left Corner) Inverse Top to Bottom (ITB)
6 2 (Center of Left Side) 4 (Top Right Corner) Direct Center to Top ( DCT)
Second Group | 7 2 (Center of LeftSide) 5 ( Center of Right Side) | Direct Center to Center ( DCC)
8 2 (Center of Left Side) 6 ( Bottom Right Side) Direct Center to Bottom ( DCB)
9 2 (Center of Left Side) 1 (Top Left Corner) Inverse Center to Top (ICT)
10 2 (Center of Left Side) 3 ( Bottom Left Corner) Inverse Center to Bottom ( ICB)
11 3 ( Bottom Left Corner) 4 (Top Right Corner) Direct Bottom to Top ( DBT)
Third Group 12 3 ( Bottom Left Corner) 5 (Center of RightSide ) | Direct Bottom to Center ( DBC)
13 3 ( Bottom Left Corner) 6 ( Bottom Right Side) Direct Bottom to Bottom ( DBB)
14 3 ( Bottom Left Corner) 1 (Top Left Corner) Inverse Bottom to TOP (IBT)
15 3 ( Bottom Left Corner) 2 (Center of Left Side) Inverse Bottom to Center (IBC)

Table 2 The Nomenclature :

d : The solid body diameter (m )

Greek symbols

g : gravitational acceleration (ms-2)

a:thermal diffusivity, k/pCp (m2s-1)

Gr : Grashof number

B: thermal expansion coefficient (K-1)

L : length of the cavity

\: penalty parameter

n : normal direction on a plane

0: non-dimensional temperature

Nu : average Nusselt number

Oav : average non-dimensional temperature

NulL : local Nusselt number

v : kinematic viscosity of the fluid (m2s-1)

P : pressure (Nm-2)

p: density of the fluid (kgm-3)

P : non-dimensional pressure

Pr : Prandtl number

Subscripts

Re : Reynolds number

i Inlet

Ri : Richardson number

av_ Average

s : length of the heated walls

T : temperature (K)

Th : hot temperature (K)

Ti : inlet temperature (K)

ui : inlet velocity (ms-1)

u, v : velocity components (ms-1)

U, V : non-dimensional velocity components

W : height of the inflow and outflow openings

x, y : Cartesian coordinates (m)

X, Y : non-dimensional Cartesian coordinates
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A- Case No.1 (DTT)

B- Case No.2 (DTC)
J

C-Case No.3 (DTB)

D- Case No4 (ITC)

E- Case No.5 (ITB).

Fig . 3 Streamlines for the First Group of Cases study to the Range of Richardson number.
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Ri=3

Fi=6

D- Case No4 (ITC)

Fi=10

Ri=1

Fig . 4 Isotherms for the First Group of Cases study to the Range of Richardson number.

‘Ri=6

E- Case No.5 (ITB).
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E- Case No. 10 (ICB) .
Fig . 5 Streamlines for the Second Group of Cases study to the Range of Richardson number.
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Fig . 6 Isotherms for the Second Group of Cases study to the Range of Richardson number.
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Case No.11 (DBT) .
Case No.14 (IBT) .
Case No.15 (IBC) .

B- Case No.12 (DBC) .

D
E

A

Fig . 7 Streamlines for the Third Group of Cases study to the Range of Richardson number.
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Ri=6 Ri=1(]
A - Case No.11 (DBT) .
i=1 Ri=3 Ri=6 Ri=1(]
]
Pt
B- Case No.12 (DBC) .
i=1 Ri=3 Ri=f Ri=10/

C-Case No. 13 (DBB) .

E - Case No.15 (IBC) .

Fig . 8 Isotherms for the Third Group of Cases study to the Range of Richardson number.
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Figure 9 Variation of the average Nusselt number with Richardson number .
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Figure 10 Variation of the bulk average temperature with Richardson number .
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5 CONCLUSIONS

A numerical investigation of laminar mixed-convective cool-
ing of a rectangular cavity with a centered insulation square
solid block has been conducted to identify the optimum
placement of inlet and exit for the best cooling effectiveness
.The following major conclusions may be drawn from the pre-
sent investigations:

the flow and thermal fields have strong dependence on the
position of inlet and outlet openings.

The results of the study show that the flow structure and tem-
perature distribution are considerably influenced by the inter-
action between natural convection and forced convection in
the cavity.
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