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Abstract

Recent studies have attempted to find methods and techniques that enable the development of
heat transfer within thermal transformers. For this purpose, this paper includes a numerical
simulation of a non-Newtonian fluid inside a chamber with four hot bodies. The chamber is
exposed to a magnetic field of constant and uniform intensity. Also, the upper wall of the chamber
has a horizontal movement. The study is based on the quality of heat transfer between the heated
parts of the chamber and the complex fluid under the influence of a set of criteria, namely
Reynolds number (= 1 to 40); Hartmann number (= 0 to 100); power-law index (= 0.6 to 1.4) and
Richardson number (0 to 100). The interpretation of the results is done by displaying the path-
lines and isotherms distribution. Also, the amount of thermal transfer of the hot bodies is given
in terms of the Nusselt number. The results showed that the positioning of the hot bodies plays
an important role in heat transfer. Moreover, increasing the value of the power-law index makes
the fluid stickier, which reflects its negative effect on heat transfer.
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1. Introduction

All studies related to thermal activity aim to find possible solutions to accelerate heat transfer. A
thermal system often consists of hot and cold elements immersed in a fluid such as air, water or
some other type of fluid (Al-Kouz et al., 2021; Laidoudi, and Bouzit, 2017a; Hussain et al., 2019).
It can be said that thermal systems are present in all industries and technology applications such
as high-precision cooling systems, heat exchangers, nuclear stations, solar energy systems and
other applications.

Based on the previous definition of the thermal system, the studies in this regard are divided
into two parts. The first section is concerned with the geometry of the thermal system and
geometric modifications that allow the development of heat transfer (Aliouane et al., 2021;
Mokeddem et al., 2019; Henry et al., 2017; Lorenzini et al., 2016). As for the second type of
studies, it is based on the kind of fluid and its thermal properties that can accelerate the thermal
activity of the system under study (Sheikholeslami and Oztop, 2017; Sheikholeslami et al., 2016;
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Zhang and Che, 2016; Matin et al. 2013; Laidoudi and Bouzit, 2017b; Jamshed et al., 2022;
Bendrer et al., 2021; Prhashanna and Chhabra, 2010).

For the first type of studies, (Liao and Lin, 2012) provided a study on the free and mixed
thermal activity in a closed container. The results of this work show the effect of the geometric
shape of the solid body on the fluid pattern and thermal transfer. There are also other geometrical
configurations taken into account. Yuce and Pulat (2018) conducted a digital and experimental
study of heat distribution inside a triangular chamber. As for the digital results, they used many
models that define the turbulent patterns of the fluid flow. In addition to this, some geometric
changes have been proposed and achieved for the purpose of evaluating thermal activity.) Some
numerical studies focused on the evolution of thermal activity within systems of different
geometries (Laidoudi and Bouzit, 2018; Laidoudi, 2020; Laidoudi and Bouzit, 2017c; Laidoudi
et al., 2022a). These studies show the effect of many parameters on thermal transfer, but primarily
on the geometry of the system. The studies have shown that there is an effect of the geometric
shape on the performance of the thermal system. Torres et al. (2020) conducted a study to
determine the thermal activity emitted from a hot body with blades subject to ambient air. The
flow has high speed which makes it turbulent. In addition to this, the body was done according
to changing the position of that body inside the channel. The results depicted the importance of
the geometry of the hot body on the quality of thermal activity. Furthermore, there are also
important geometric shapes that have been studied in order to develop the thermal system (Burgos
et al., 2016; Mandal et al., 2023; Luo et al., 2014; Yadav et al., 2022; Abdel-Nour et al., 2020).
Most of these studies confirm that the shape of a thermal system is the first factor that determines
the nature of thermal activity and its effectiveness in thermal transfer.

For the second type of studies, this type of research is based on the discovery of high thermal
performance fluids. The thermal properties are expressed by the Prandtl number; the higher the
value of this number, the higher the thermal properties of the fluid, which accelerates the transfer
of thermal energy. This is a group of works that illustrate the aforementioned conclusion (Koca
et al., 2008; Baranwal and Chhabra, 2016; Al-Amir et al., 2019; Laidoudi and Ameur, 2020). On
the other hand, some other works resorted to the use of non-Newtonian fluids to develop thermal
activity (Kefayati, 2015; Molla and Yao, 2009; Laidoudi et al., 2021, 2020; Guendouci et al.,
2021; Mahdy et al., 2010). These types of fluids are distinguished by their ability to change their
viscosity, which allows a change in their heat transfer properties. In addition to this, a new type
of fluid called nanofluid has been recently introduced. This fluid consists of ordinary water with
particles of fine solid bodies called nanoparticles added to it. The additives improve the thermal
properties of the fluid while not significantly altering the hydrodynamic properties. For this
reason, many new works use this kind of fluid in order to expand knowledge about it
(Selimefendigil and Oztop, 2018; Chen et al., 2015; Aissa et al., 2023; Laidoudi et al., 2022b;
Jamaludin et al., 2021). Also, there is a type of fluid called NEPCM (Aissa et al., 2022a; Sadr et
al., 2022; Aissa et al., 2022b; Ghalambaz et al., 2019; Aly et al., 2022), which is one of the
manufactured fluids. This kind of suspension is composed of water and very fine capsules. Inside
these capsules, there is a solid substance that turns into a liquid when it absorbs enough heat. That
is, these capsules can absorb a high amount of heat compared to solid bodies used in nanofluids.

Based on the above research, this work aims to add new results about the thermal activity of
the complex fluid in a lid-driven chamber containing four hot bodies, under the influence of the
magnetic field factor and the phenomenon of thermal buoyancy. The results of this work can be
used in the development of a small-sized thermal exchanger for electronic applications such as
CPU.
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2. Description of the studied domain

Figure 1 presents a simplified form of the studied system. The system consists of four hot circular
bodies inside a square container. The side walls are cold and have three fins. As for the lower
wall, it is adiabatic, while the top side is also adiabatic and has a horizontal movement from left
to right. The inner space of the chamber is filled with non-Newtonian liquid known mainly by
the index (n). Furthermore, an external field of magnetic (BO0) is applied to the exchanger. The
geometric dimensions of this exchanger are L = 100 (mm) and d/L = 0.1. The thermal
characteristics of the working fluid are given by Prandtl number (Pr = 50).
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Fig. 1. Domain under consideration.

The following considerations were used to simulate the present study: the Boussinesq
approximation was selected for coupling the velocity flow and temperature; the Ostwald model
was used to describe the rheological behavior of the liquid, while Joule heating and displacement
currents were neglected. The appropriate governing equations for the present study in the
Cartesian coordinate system are:
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The Ostwald model describes the dynamic viscosity in complex fluid by the following:
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where (m) indicates the factor of consistency, while (n) is power-law index. The symbols (i and
j) are component e i, j-directions of the coordinate axis. If (n > 1), the dynamic viscosity of the

liquid augments as the friction factor of the flow augments. If (n < 1), the dynamic viscosity of
the liquid decreases as the frictional factor augments. If (n = 1), the dynamic viscosity does not
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depend on the frictional coefficient. Generally, the values studied of the power-law index are
specific to some composite industrial fluids such as polymers.

The fluid properties with the studied system are controlled by non-dimensional numbers
given as follows: Prandtl number (Pr = mCy/k(ux/L)"") in order to determine the thermal
properties; Reynolds number (Re = p(u;,)*"L"/m) in order to determine the rotational speed of the
circular chamber; Grashof number (Gr = gBrATL?[p/m(uir/L)'"]?) in order to determine the
thermal buoyancy force; Richardson number (Ri = Gr/Re’= gBrATL?/(u,)?) in order to know the
ratio between the natural convection over the forced convection. Hartman number (Ha =
LBy(o/1)'"?) in order to determine the magnetic field. The dynamic viscosity in this case can be
calculated as: u = m(1/2)""?.

Dimensional boundary conditions with an appropriate form are used for the studied system:

e On the heated walls of obstacles: u =v =0,7 =T,
e Onthe cold side chamber: #u =v =0,7 =T,

or

e On the down wall chamber: u =v =0, 0
ons
oT
e  On the cold side chamber: ©# =u,, ,v =0,—— =0
ons

The local and average values of Nusselt number are given as:

Nu, =| 2L and Ny =L [ Nu,da (6)
Gns wall A ’

3. Solution methodology and code validation

The present simulations are done using ANSY S-CFX simulator. The latter converts the governing
equations (of differential form) into a matrix system. And by exerting the boundary conditions,
solutions are solved using the method of the finite volume. The simulation results take into
account that the error factor is less than the value 107 for the three governing equations. However,
high resolution schema was adopted for calculating the convective terms. On other hand,
pressure-velocity coupling was adopted by SIMPLEC algorithm.

Currently, we confirm that the number of grid elements has influence on the solving method.
Therefore, four grids were generated with augmenting density in the number of grid elements,
after which the value of the Nusselt number was computed for the four cylinders in each case.
The results of this test and the number of grid elements are presented in Table 1. Through Table
1, it is possible to deduce that there is stability in the values of the Nusselt number for the four
cylinders when the grid elements exceed the value 653,600. Therefore, this number is sufficient
to calculate accurate values.

Gird | elements | Nu(Cl) | Nu(C2) | Nu(C3) | Nu(C4)
Gl | 188388 | 27.3620 | 182134 | 15.4344 | 153221
G2 | 376,775 | 29.2323 | 20.1897 | 15.9889 | 18.4884
G3 | 653,600 | 302213 | 21.2334 | 16.5431 | 19.2342
G4 | 1507,100 | 302112 | 21.3102 | 16.5564 | 19.2219

Table 1. Variation of Nu versus grid elements for Ha =0, Re =30, Ri=25andn=1.
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This part also shades a study that proves the ability of the used method to solve differential
equations accurately. Therefore, we compare the results of a previous work (Sarris et al., 2006)
under the same initial conditions. The comparison results are shown in Fig. 2, which shows a
strong match between the results, and this indicates the accuracy of this method. A comparative
study was done about a fluid enclosed in a square chamber. The left wall of the chamber is cold,
and the right wall is hot. The study was achieved for Ha = 25 and 100 at Ra = 7.10°.
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Fig. 2. Validation code for Ha = 25 and 100 at Ra = 7.10°.

Figure 3 shows a comparison of the values of Nu number in terms of Ha number for power-
law index n = 1.4, Ra = 10°. Comparison results are taken from (Kefayai, 2016) work. It is noted
that there is a similarity between the results, and this is what strengthens the method used. A
comparative study was conducted around a square chamber containing a complex fluid with
power-law index of n = 1.4 and with the effect of the magnetic field. The results were calculated
in terms of Hartmann number for Ra = Ra = 10°.
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Fig. 3. Comparing the value of Nu of (Kefayai, 2016) in terms of Ha for Ra= 10’ and n = 1.4.
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4. Results and discussion

This research aims to deduce the heat transfer process of four hot bodies placed inside a room
containing a non-Newtonian fluid. The chamber has two cold walls (left and right), while the
upper wall is movable and thermally insulated; the lower wall is fixed and adiabatic as well. Some
factors affecting the thermal transfer between hot bodies and cold walls have been studied. These
factors are the non-Newtonian properties of the fluid, the intensity of buoyancy, the speed
movement of the upper wall and the magnetic field strength applied externally to the chamber.
To examine the thermal and dynamic behavior of the fluid particles, isotherms, and pathlines
were shown in terms of the studied factors. As for the qualitative values of thermal transfer, they
were presented in terms of Nusselt number.

Figure 4 depicts the pathlines and dimensionless temperature in the cavity in terms of power-
law index (n) for Re =40, Ha = 0 and Ri = 50. These values refer to the horizontal movement of
the upper side from left to right with the presence of the effect of thermal buoyancy of the hot
fluid and in the absence of the magnetic field because Ha = 0. It is noted in Fig. 3 that the pathlines
are formed by the combination of horizontal movement of the upper wall and vertical movement
due to thermal buoyancy. Because the hot spots of the fluid become less dense and thus shift
upwards. It is also noted that the contours of dimensionless temperature refer to this analysis.
That is, the cold spots of the fluid are concentrated at the bottom of the cavity, while the hot spots
are at the top. With regard to the effect of factor (n), it is noted that the higher this index, the
movement of the flow inside the room becomes circular, that is, it follows the movement of the
upper wall, and a decline in the temperature gradient around the hot bodies is observed. This
pattern indicates a decline in the heat transfer of the hot bodies in terms of power-law index. From
a physical point of view, this can be explained by the following: an increase in the index (n)
indicates that the rheological nature of the fluid changes, that is, the effect of the viscosity of the
fluid increases, which makes the fluid resistance higher for movement. Therefore, a decrease in
thermal activity was observed due to the decrease in the speed of the flow. In addition to this, it
is noted that the temperature gradient around the two bodies located at the bottom is higher than
those at the top, which means that the heat transfer for them is higher.
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Fig. 4. Pathlines and dimensionless temperature in terms of power-law index for Re =40, Ri =
50 and Ha = 0.
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Figure 5 shows evolutions of the Nusselt number for all hot bodies (C1, C2, C3, and C4) in
terms of the power-law index (n) for Re =40, Ri = 50 and Ha = 0. In general, it is noted that
increasing the power-law index negatively affects the Nusselt number for all hot bodies. This, of
course, is due to the viscosity property, which makes the movement of the flow more difficult
and thus reduces the effectiveness of the flow in transferring thermal energy. On the other hand,
it is noted that the two bodies at the bottom have higher values for the Nusselt number.

40 a
\ —a—C1
35 ——C2

.\ C3

—v—Ca
301
o 25 ]
20-
\'\v\
15 v \{
o

10+

08 1,0 1,2 1,4 1,6
n

Fig. 5. Variation of Nusselt number versus power-law index for four bodies at Re =40, Ri = 50
and Ha = 0.

Figure 6 shows the contours of pathlines and dimensionless temperature inside the chamber
in terms of the gradual augmentation of the Reynolds number from 1 to 40 and for n =1, Ri =1
and Ha = 0. An increase in this number indicates an increase in the speed of movement of the
upper wall of the container. It is noted that the higher the value of this number (Re), the greater
the expansion of the fluid diffusion inside the chamber, and this is accompanied by a change in
gradient temperature around the hot bodies. That is, the heat transfer from the hot objects
increases and this is mainly due to the movement of the upper wall, because its movement
increases the speed of the fluid particles, and this is what develops the thermal activity. However,
it is also concluded from Fig. 6 that heat transfer differs from one body to another due to the
movement of the flow.

Figure 7 represents evolutions of the values of the Nusselt number for hot bodies in terms of
the Reynolds number for n =1, Ri =1 and Ha = 0. These parameters indicate that the fluid is
Newtonian (n = 1) and the effect of thermal buoyancy is small (Ri = 1), with the absence of the
magnetic field (Ha=0). It is observed here that increasing the Reynolds number positively affects
all hot bodies. The arrangement of these hot bodies in terms of their Nusselt number values is as
follows: C1, C3, C4 and C2. This arrangement is due to little effect of thermal buoyancy, and
because the movement of the flow is from the right towards the left.
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Fig. 7. Variation of Nusselt number versus Reynolds number for four bodies at n =1, Ri =1 and
Ha=0.

Figure 8 represents the evolution of the pathlines and dimensionless temperature in terms of
the gradual increase of Richardson number for n =1, Re=40 and Ha = 0. An increase in the value
of the Richardson number means an increase in the temperature of the hot bodies, so the effect of
the thermal buoyancy force increases. Increasing the intensity of thermal buoyancy means that
the hotter fluid spots rapidly rise upward while the colder spots become condense and heavier
and thus move downwards. Therefore, the motion diagrams show the fluid moving upwards as it
is hot, while on the cold walls its direction is downward. In addition to this, since the cold fluid
is focused on the bottom, it means that the thermal activity of the two lower bodies is higher than
that of the two upper bodies. Also, the presence of fins on the cold walls brings the cold fluid
spots closer to the hot bodies.

Figure 9 depicts the evolution of the values of Nusselt number for each hot body separately
in terms of Richardson number for n = 1, Ha = 0 and Re = 40. We note that increasing the value
of the Richardson number gradually increases the values of the Nusselt number for all hot bodies
due to the increase in the velocity of the flow inside the chamber. Also, the mean values of the
Nusselt number of the two lower bodies are higher than those of the two upper bodies. Due to the
concentration of cold spots of the fluid at the bottom.
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Fig. 8. Pathlines and dimensionless temperature in terms of Richardson number for n =1, Re =
40 and Ha = 0.
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Fig. 9. Variation of Nusselt number versus Reynolds number for four bodies at n =1, Re = 40
and Ha = 0.

Figure 10 represents the evolution of the streamline and dimensionless temperature in terms
of the Hartmann number (Ha) for n = 1, Re =40 and Ri = 50. Increasing the value of this number
from 0 to 100 means increasing the strength of the magnetic field. On the other hand, applying a
magnetic field to a moving charge generates a force called the Lorentz force, usually in the
opposite direction of the motion. It is clear from Fig. 10 that there is a decline in the flow
movement inside the chamber as the value of Ha increases. Also, a decrease in gradient of
temperature around the hot elements, which means a decrease in heat transfer. In addition to this,
it can be concluded from this point that the magnetic field is an external factor that can control
the speed of the flow and thermal activity. Furthermore, the density of the temperature gradient
around the lower bodies is higher than around the upper bodies, which indicates that the heat
transfer of the lower bodies is higher in the presence of the magnetic field.

Figure 11 depicts the evolution of the values of Nusselt number for four bodies (C1, C2, C3
and C4) in terms of Hartmann number for Ri = 50 and Re = 40. Fig. 11 (A) is for shear-thinning
fluid (n = 0.8), Fig. 11 (B) is for Newtonian fluid (n = 1) and Fig. 11 (C) is for shear-thickening
fluid (n = 1.6). It is noted first that the gradual increase in the number Ha leads to a decrease in
the values of Nu of all four bodies and for all values on the index (n). This is due to the Lorentz
force, which impedes the movement of the flow, and thus a decrease in flow velocity
accompanied by a decrease in heat flux. In addition to this, it is noted that for n = 0.8 and 1, the
maximum values of Nu are for the two lower bodies (C1 and C2). Whereas, for n = 1.6, the
maximum values of this number become for the upper bodies (C3 and C4). In this case, the value
of dynamic viscosity becomes high in front of the upper movable wall, and for this reason, the
flow velocity is high near the two upper bodies, and therefore, the heat transfer of the upper
obstacles becomes stronger.
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Fig. 10. Pathlines and dimensionless temperature in terms of Hartmann number for n =1, Re=40
and Ri = 50.
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Fig. 11. Variation of Nusselt number versus Hartmann number for four bodies at n =1, Re=40
and Ri = 50. (A) forn=0.8. (B) forn=1.0. (C) forn=1.6.

5. Conclusion

The study includes a numerical simulation of a complex fluid in a lid-driven chamber containing
four heated bodies and subjected to a constant magnetic field. In order to enlarge the touching
area between the fluid and the cold walls, some fins were added on the side walls of the chamber.
The study included an examination of the impact of the following parameters: the power-law
index (n) that determines the fluid’s complex nature; Reynolds number which controls the
velocity of the upper wall; Hartmann number that gives the intensity of the magnetic field and
Richardson number that determines the force of thermal buoyancy. The study enabled us to
deduce the following points:

e The position of the hot bodies is very important for the quality of heat transfer.

e Increasing the value of the Hartmann number makes the movement of the fluid particles
slower, which reduces the heat transfer.

e Increasing the value of the Reynolds number makes the velocity of the upper wall faster,
which enhances the thermal activity of all hot bodies.

e  The higher the value of the Richardson number, the greater the thermal activity of the
lower bodies.

e Increasing the power-law index negatively affects the heat transfer of all hot bodies.
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e The effect of magnetic field on the heat transfer of hot bodies decreases as the value of
power-law index increases.

In the future, we propose to increase the upper wall movement speed with the increase in the
intensity of the thermal buoyancy force, and to make a numerical simulation related to the time
(unsteady simulation).
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