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This work aims to give new results about the effect of the outlet opening of heat exchanger on its cooling
quality. Three outlet opining locations have been studied in order to determine the best location that
maximizes the efficiency of the heat transfer. The flow velocity at the inlet of the heat exchanger was also
studied. It is worth noting that the research was carried out in a numerical way using ANSYS-CFX simulator.

The latter solves both of energy and momentum equations using finite-volume method. Three pertinent
parameters are considered here: the velocity of the flow at the inlet port of heat exchangers was controlled
in terms of Reynolds number in the range 5 to 40. The pattern and the intensity of thermal transfer, the latter
being controlled by the Richardson number selected between the values 0 and 1. The simulation was done
for a simple and incompressible fluid. The results of this research showed that there is a possibility to raise
the efficiency the heat exchanger if the outlet hole is placed at the bottom of the right side.
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1. INTRODUCTION

The study of cooling system is one of the most important modern and
ancient studies because of its importance in many industrial and
engineering domains, among which we mention the following: the micro-
systems, cooling electronic components, heat exchangers, cooling towers,
nuclear reactors and so on. Studies have shown that there are a number of
factors affecting the cooling process, and these factors are grouped into
the geometry of the system, the quality of the fluid used in the cooling, as
well as the heat transfer pattern. In this part of the research, we present a
group of the most recent studies that have completed, including the
following: studied the cooling of two heated cylinders of square form in
rectilinear channel (Chatterjee and Amiroudine, 2010). The studied
pertinent parameters are: the flow velocity at the inlet of channel which
expressed by the Reynolds number (= 1 to 30); the thermo-physical
quality of the fluid which expressed by Prandtl number (= 0.7 to 100) and
finally the pattern of the heat transfer which is mixed convection and the
studied range of Richardson number is (= 0 to 1).

The results give a general understanding of the flow in the studied system.
Numerically, analyzed the cooling process of air flow in square container
involving a heated square cylinder (Moraga et al,, 2010). The simulations
were done in unsteady state with a laminar regime. The thermo-physical
characteristics of the air were depended on the temperature. Also, the
thermal transfer in this work is mixed convection. A study the cooling
process of two circular cylinders in square chamber (Laidoudi and
Makinde, 2021). The chamber has a single orifice for the flow inlet and
other orifice for the flow outlet. The examined parameters are the Ri and
Re. It was concluded that the flow becomes instable when the flow velocity
and/or thermal buoyancy increase. Also, the values of these studied
numbers had an influence on cooling process. There are also other
research with the same principle in this field (Laidoudi, 2020a; Zeitoun et
al,, 2011; Chatterjee and Mondal, 2012; Rashidi et al.,, 2016; Outokesh et
al,, 2020; Yadegari and Khoshnevis, 2021; Derakhshandeh and Gharib,

2020; Sasmal and Chhabra, 2012; Soares et al., 2010; Ribeiro et al., 2014;
Selimefendigil and Oztop, 2014; Sarkar et al, 2011; Krishnan and
Aravamudan, 2013).

The heat transfer from a solid body to a fluid called convection, and it has
three aspects: the first one is the forced convection, which is when the fluid
is initially moved using a pumping device such as a pump for liquids and a
fan for gases; the second type is the natural convection (Sivakumar et al.,
2006; Lin, 2013; Dhimana et al.,, 2008; Rao et al., 2011; Laidoudi, 2020b;
Almensoury et al., 2021; Laidoudi, 2020c; Heervig and Sgrensen, 2020). In
this case the fluid moves by the force of gravity, that is, the hot spots of the
fluid move upwards due to its lack of density; the last pattern is called the
mixed convection, which combines the first type with the second in one
system (Laidoudi and Ameur, 2020; Ma et al., 2020; Khan and Zaib, 2020;
Laidoudi and Bouzit, 2018; Mokeddem et al., 2019). In the case of mixed
convection, the ratio between natural and forced convections is expressed
by the Richardson number. That is, if the value of Ri = 0, this means that
the convection is only forced.

But if the value of Ri limited between 0 and 1, the effect of forced
convection is more than the effect of natural convection. If the value of Ri
is greater than 1 this indicates that the natural convection activity is more
than the forced convection activity. The effect between them is equal if the
value of Ri = 1. Based on the examination of previous works, it turns out
that the study of the effect of heat transfer inside a circular chamber has
not studied before, so we decide to study this topic, which has applications
in many fields. The studied parameters in this investigation are: the
position of the outlet port and the effect of the values of Ri and Re numbers.
The purpose of this work is to find the values of the number Nusselt in
terms of the studied parameters; interpretation of the effect of exit port
location on thermal behavior; finding the best location of the exit hole that
allows to increase the efficiency of the heat exchanger.

2. PRESENTATION OF THE STUDIED DOMAIN
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The studied system is described in the Figure 1. The cooling system
consists of a circular container with two openings, the first (on the left at
the top) for the fluid to enter and the second for its exit. The diameter of

the container is (D). The container contains a circular cylinder of diameter

(d) and with high temperature (Tw). The ratio between d and D gives the
value d/D = 0.4. l expresses the width of the entry and exit orifices and is
equal to the value /= 0.1D. The flow has a cold temperature (7i:) and initial
velocity uin. Meanwhile, the walls of the outer container are adiabatic. The
selected positions of the exit orifice are indicated respectively in the fig. 1

(a), (b) and (c).

Figure 1: Studied geometry with its modifications.

3. MATHEMATICAL FORMULATION AND BOUNDARY CONDITIONS

The basic equations for the present research are the continuity,
momentum and energy. The energy equation is coupled with the
momentum equation to describe the effect of temperature on the fluid
density. The simulations are in steady state and for laminar regime.
Therefore, the partial forms of these equations of present topic are written
in non-dimensional form as:
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All parameters in the governing equations are dimensionless, and they are
obtained as:
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where X, Y are components of direction in Cartesian coordinate system; U,
V are velocity components; P and 6 are the pressure and temperature
respectively.

There are some dimensionless numbers that are appeared in the basic
equations: Prandtl number (Pr = 0.71), Richardson number (Ri) and
Reynolds number (Re). Their expression:
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where Gris Grashof number. The parameters of these numbers are: fris
volume expansion coefficient; g is the gravitational acceleration; v is the
kinematic viscosity and «a is thermal diffusivity.

The local value of Nusselt number on the surface is calculated as:

k ong ™

The equation shows the relationship between the Nusselt number, the
coefficient of convection (h) and the gradient of temperature. K indicates
the thermal conductivity of the fluid and ns unit vector on the surface.

The integration of the values of the local Nusselt number gives the average
value of this number as:

1
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The boundary conditions used for this investigation are:
e Atthe inlet orifice:
Uu=1v=0606=0
©)
e Atthe outlet orifice:
\
o000
oX oX oX (10)
e Oncylinder surface:
u=0Vv=0,60=1 (11
e Oncontainer surfaces:
Uu=0V =0, 20 =0
on (12)

No-slip condition is adopted on the walls of the geometry to perform the
effect of dynamic viscosity.

4. NUMERICAL METHODOLOGY AND VALIDATION TEST

In numerical work, the work is divided into two main parts, the stage of
creating the mesh for the studied geometry, and the second, the simulation
process. Gambit was used for the first stage. Triangular elements with
irregular distribution were chosen to create the grid. The mesh elements
are largely concentrated around the inner cylinder because of the fluid
layers are very sensitive Figure 2. The mesh elements have been selected
based on the relevant study (grid independency test). The results of the
test are clearly represented in Table 1. The grid M2 of 211000 elements is
satisfactory for this investigation. The second part of this work is
accomplished by ANSYS-CFX code. This package uses the volume finite
method to solve the basis equations (1-4).

High resolution discretization scheme is used for the resolution of the
convective terms and SIMPLEC algorithm is used velocity-pressure

coupling. 108 and 106 values are chosen for the relative error of the

momentum and energy equation, respectively. This section includes also

the validation test. This step is necessary to proof the ability of present
methodology for obtaining accurate results. Therefore, we did the same
work that was achieved by (Chatterjee and Amiroudine, 2010). The work
is about a flow in straight channel with two heated square cylinders in
tandem configuration. The conditions of the simulations are Ri = 0.25, Re

=1to 30 and Pr = 10. The results are compared to the Nusselt number for
the first and second cylinders. The results of the comparison are in Table

2. A good agreement is determined between the results. We conclude from
this that our method used in this work has the ability to find accurate
values.

Figure 2: Grid structure for the present work.

Table 1: The grid independency test for Ri = 0, Re = 10 and Pr = 0.71.
Mesh M1 M2 M3

Elements 105000 211000 422000

Nu 0.52453 0.51234 0.51321

Error % 2.32 0.17 -
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Table 2: Validation test

Re First cylinder (upstream) Second cylinder (downstream)
Nu Nu Chatterjee and Amiroudine, 2010 difference % Nu Nu Chatterjee and Amiroudine, 2010 difference %
1 1.79 1.8 0.56 1.26 13 3
10 3.94 3.94 0 2.59 26 0.4
30 6.37 6.4 0.47 3.78 3.83 13

5. RESULTS AND DISCUSSION

The results of this work are divided into three parts according to the
location of the exit orifice. Since each time, we display the streamlines,
followed by the isotherms, and then the values of average Nu in terms of
the values of the studied parameters. Figure 3 presents the streamlines
inside the studied domain for the first case, where the exit hole is in the
lower left side. The streamlines changes are presented in terms of values
of Richardson and Reynolds number. The working fluid is air, so the
Prandtl number value is 0.71. The red color represented on the
streamlines indicates the maximum value of the velocity, while the blue
color indicates the minimum value. It is clearly noticed that as the value of
Richardson number increases, the shape of flow becomes less stable with
the presence of many vortices indicating the presences of fluid stagnation
area. The important not here is that since the value of Richardson number
(Ri = 0), the fluid turns around the inner cylinder from the right side due
to the centrifuge force, but with the increase from the value of Richardson
the flow changes its direction to pass around the inner cylinder from the
left side. The change is what led to the emergence of vertices on the right
side. This change in the direction of the fluid is due to the effect of thermal
buoyancy force that caused the hot fluid layers to move upwards, which
causes the fluid’s path to be closed on the right side, and this causes the
flow to move towards the left side.

Re=20

Figure 3: Streamlines in the first configuration for different Ri and Re.

Figure 4 shows the isotherms inside the first geometrical configuration
with different values of Ri et Re. the thermal distribution shows the same
behavior that was observed from the previous streamlines. In addition to
this, it is also noted that the gradient temperature around the heated
cylinder increases with the increase of the Richardson number and the
Reynolds number, which indicates that the heat transfer increases with
the increase of these two numbers.

Ri=025 Re=05 Re=0.75
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Figure 4: Isotherms in the first configuration for different Ri and Re.

Figure 5 shows the values of Nusselt number of the heated obstacle versus
Ri and Re for the first position of exit orifice. It is clear that Nu increases
with increasing Re and Ri. Due to the fact that the increase of Re and/or Ri
increases the velocity of the flow in the studied domain which increases
the evacuation of thermal energy from the obstacle surface to the fluid
flow. Therefore, heat transfer becomes important. Furthermore, for the
case of forced convection (Ri = 0) increase of Re decreases the value of Nu
number. On other hand, for the case of mixed convection, increase the
value of Re increases the average Nu. Thermal transfer decreases in the
first case because of the centrifugal force that pushes the fluid towards the
outer wall, which reduces the fluid’s velocity near the inner obstacle wall.
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Figure 5: Variation of Nusselt number with Ri and Re for the first
geometrical configuration.

Figures 6, 7 and 8 are for the second geometrical configuration where the
exit orifice is on the lower right side. Figure 6 shows the contours of the
streamlines in terms of Ri and Re numbers. The flow is more stable in the
case of forced convection with the appearance of a vortex on the left side.
This vortex moves downwards as the Reynolds number increases. Just like
the first case, the flow changes direction from the upper side to the lower
side by the effect of thermal side.

Figure 6: Streamlines in the second configuration for different Ri and Re

Figure 7 shows the isotherms in the second configuration. These
isotherms reflect exactly the same behavior that was inferred from the
examination of streamlines. For the case of Ri = 0. The temperature
gradient decrease with increasing Re. On other hand, it increases for the
case of mixed convection.
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Figure 7: Isotherms in the second configuration for different Ri and Re.

Figure 8 show plotted graphs of the variation on Nusselt number as
function of Ri and Re. like the first case, the value of Nusselt number
decreases with increasing Re in the case of Ri = 0. But it increases again
when Ri # 0. In general, the Nusselt values for the inner cylinder for this
case are slightly better than those for the first case.
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Figure 8: Variation of Nusselt number with Ri and Re for the second
geometrical configuration.

Figures 9, 10 and 11 represent the results of the third configuration where
the outlet orifice is located to the right at the top. The streamlines in Figure
9 shows that the presence of the vortex on the left side, then it moves to
right side when the Re value is increased. It is also shown that the effect
of thermal buoyancy. It is also noticed that the effect of thermal buoyancy
helped the flow to move downwards, which helps in raising the heat
transfer. As in the previous cases, thermal buoyancy reduces the stability
of the flow within the system. Figure 10 shows the isotherms in third
configuration with Ri and Re. In general, it is noticed that the increase in
the fluid velocity value at the inlet port or increase in thermal buoyancy
effect makes the thermal layers around the cylinder more concentrated,
which indicates the high value of temperature gradient around the
obstacle.

Ri=0 Ri=0.25 Re=05 Re=0.75 Re=1

Figure 9: Streamlines in the third configuration for different Ri and Re

Figure 10: Isotherms in the third configuration for different Ri and Re

Figure 11 shows the variation of Nu number of the third configuration as
function of Ri and Re. it is clear that, for the case of mixed convection, there
is a significant effect of Re number on the Nu. In this case, it is noticed that
the effect of Reynolds and Richardson numbers on Nusselt value is
sometimes high and sometimes decreasing. Accordingly, we conclude this
third case important in cases of thermal insulation.
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Figure 11: Variation of Nusselt number with Ri and Re for the third
geometrical configuration.

6. CONCLUSION

In this work, we dealt with a numerical simulation of a flow inside heat
exchangers. This exchanger is used in many industrial applications,
especially cooling of micro-systems. The parameters studied here concern
the design of the system and the mode of operation. The changes in the
geometry study the position of the exit orifice and its effect on the quality
of cooling, while the operating conditions study the effect of flow velocity
and the heat transfer pattern on the quality of cooling. This investigation
enabled us to conclude the following points:

e The position of the exit orifice significantly effects quality of cooling.
The results showed that the second position of the orifice is better
than the first and the last in terms of heat transfer efficiency.

e For the first and second configurations and for Ri = 0, increase in the
value of Re decreases the value of Nu. On other hand, when Ri # 0,
increase in Re promotes the rate of heat transfer.

e The last position has the difficulty of the cooling process and is the
worst configuration.

e The buoyancy is the major factor that determines the structure of the
flow in the domain.
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