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Abstract

The use of complex fluids is one of the modern techniques used in small devices in order to
enhance their thermal performance. This paper is a numerical study of a complex fluid imprisoned
in a chamber with two hot bodies exposed to a magnetic field of constant intensity. The upper
and lower walls move horizontally at a constant velocity, while the lateral sides are thermally
insulated. The numerical simulation of the system was achieved based on the finite volume
method that solves the differential equations of fluid mechanics and heat transfer. Simulations
were carried out under the following conditions: Re =1 to 40, Ri=0to 100, n = 0.6 to 1.4 and
Ha=0to 100. The study showed that the thermal activity of the two bodies is different and related
to initial condition. Also, the effect of the magnetic field is strong in the case of shear-thinning
fluids, while its effect is diminished in the case of shear-thickening fluids.
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1. Introduction

Thermal transfer is one of the necessary studies in all fields of life due to its importance in
engineering application and technology. On other hand, thermal systems are witnessing a rapid
development, which is mainly reflected in reducing the size of the system and strengthening its
thermal activity. We can notice the presence of thermal systems in all fields, such as small thermal
exchangers, solar panels and cooling systems used in electronics.

Studies have shown that the heat transfer of fluids is related to a set of criteria mainly
connected to the geometric shape of the system and the fluid quality (Maneengam et al. 2022;
Laidoudi and Bouzit 2018; Aliouane et al. 2021; Selimefendigil 2019; Alsabery et al. 2020;
Gangawane et al. 2018). Geometry has an effect on the fluid motion allowing for an effect on
heat transfer (Laidoudi and Bouzit 2017; Herouz et al. 2022; Anouar and Mokhefi 2022;
Laidoudi, 2020). However, the quality of the fluid affects the thermal properties, which affects
the heat capacity and thermal conductivity of the fluid (Abderrahmane et al. 2023; Laidoudi and
Ameur 2020; Mohebbi and Rashidi 2017; Usman et al. 2019; Laidoudi and Ameur 2022).

Recently, there has been a lot of research on lid-driven chambers (Laidoudi et al. 2022;
Nasrin et al. 2014; Hansda and Pandit 2023; Rais et al. 2023; Chowdhury et al. 2023), due to their
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frequent presence in industrial and engineering applications. This type of system is characterized
by the horizontal movable wall and the fluid quality with high thermal properties (Rashidi et al.
2021; Yeasmin et al. 2022; Sivanandam and Marimuthu 2023; Hussain and Oztop 2021; Islam et
al. 2012; Shuvo et al. 2022). Previous studies on this topic focused on the general shape of the
chamber (Peng et al. 2003; Albensoeder and Kuhlmann 2005; Nemati et al. 2010; Esfe et al.
2019), the shape of the hot objects placed inside the chamber (Khanafer and Aithal 2017;
Khanafer and Aithal 2013; Kareem and Gao 2017), fluid quality (Hati¢ et al. 2021; Chowdhury
and Kumar 2023; Kefayati 2015) and the effects of internal and external forces (Oztop et al. 2011;
Hussain et al. 2016; Chatterjee 2013).

Most of the studies on this topic were performed through numerical simulations, which are
mainly based on solving differential equations of fluid mechanics and heat transfer. On other
hand, the physical parameters are studied in a non-dimensional quantity. For example, the value
of flow movement is expressed by the non-dimensional number of Reynolds; thermal properties
are expressed by Prandtl number, etc.

Iftikhar et al. (2023) studied a complex fluid inside a square shaped chamber subjected to
magnetic field and thermal buoyancy. The container does not contain any body and has only one
movable wall. The study was conducted in a non-dimensional way, as the initial conditions were
written in terms of the numbers of Prandtl, Reynolds, Richardson, Grashof and Hartmann.
Kardgar (2021) conducted a study on the behavior of a complex fluid inside a square-shaped
chamber subjected to magnetic field. The complex fluid is of the power-law. The initial
conditions of the simulation were made by non-dimensional numbers of Hartmann, Reynolds,
Womersley, power-law index and nanofluid concentration. The study showed that the magnetic
field has negative effects on the movement of the flow, as well as the thermal activity. There was
a decrease in the values of Nusselt number as the intensity of the magnetic field increased. Javed
et al. (2023) also presented a study on a complex fluid inside an I-shaped chamber to which a
magnetic field of constant intensity is applied. The parameters studied in this research were: Bi-
viscosity, Grashof number, Hartmann and Reynolds numbers, and a decrease of 25.92% of
Nusselt number was detected when the magnetic field was utilized.

According to the literature review, it appears that heat transfer inside a lid-driven container
is of great importance in many applications; also, despite the existence of a large group of studies
on this subject, there are still other cases that have not been studied. For example, the double lid-
driven chambers with the presence of heated bodies inside it and under the influence of the
magnetic field and the force of thermal buoyancy. For this purpose, this research aims to include
new findings about this deficiency. So, our study shows the dynamic behavior of a complex fluid
in a double lid-driven chamber containing two semi-circular bodies and an external magnetic
field applied to them. The thermal transfer mode used here is of the mixed convection type.
Furthermore, the results of this paper can be used in the development of thermal exchangers with
small dimensions. This paper can also be referred to in writing educational literature with the aim
of providing physical explanations.

2. Studied domain and mathematical formulation

Fig. 1 depicts a simplified illustration of the studied geometry. The geometry consists of two, hot,
semi-circular obstacles in a double lid-driven cavity. The lateral walls of the chamber are cold.
As for the lower and top walls, they are adiabatic and have a horizontal movement from left to
right. The internal space of the geometry is completely filled with power-law liquids known
mainly by the index (n) and consistency (m). Besides, an external magnetic field (B0) is applied
from left to right. The dimensions of the present geometry are: L = 10 (cm) and d/L = 0.5, and
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the space between the semi-circulars is /L = 0.1 The thermal properties (heat capacity and
thermal conductivity) of the working liquid are defined by Prandtl number (Pr = 50).
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Fig. 1. Studied domain.

Some considerations were taken into account in order to achieve the simulations: the
relationship between the temperature and fluid density was treated by the Boussinesq
approximation; the dynamic viscosity of the complex fluid was defined by the Oswald model;
Joule heating and displacement currents were neglected. The principal equations of fluid
mechanics and heat transfer in Cartesian coordinate system are:
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The dynamic viscosity of the power-law fluids can be defined as:
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Where m, n indicate consistency and power-law index, respectively. According to the value
of the power-law index, we distinguish three cases. When n > 1 means that the fluid is of shear-
thickening, the dynamic viscosity of the liquid augments as the friction factor of the flow
augments. When n < 1 means that the fluid is of shear- thinning, the dynamic viscosity of the

liquid decreases as the frictional factor augments. When n = 1 means that the fluid purely
Newtonian, the dynamic viscosity does not depend on the frictional coefficient.

The dimensionless numbers that control the initial conditions are defined as:
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The exact expression of the dynamic viscosity according the Ostwald model can be given as:
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wenl 2] (M)

The initial boundary conditions for the extremities of the geometry are given:
e On the heated walls of semi-circular obstacles: u=v=0and T = Th.

e Oncold side of the container: # = v =0,7 =17,

e On the top and bottom walls: 3 = v =1, or =0

2
" ons

The Nusselt number gives the quantitative value of the heat transfer and it can be calculated
as:

Nu, = or and ny =LI Nu,dA (8)
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3. Steps of simulation and validation test

The study of the system is done using ANSYS-CFX. This simulator converts the principal
equations of fluid mechanics and heat transfer into a system of matrix. After that, the boundary
conditions are exerted on the extremities; solutions are calculated using the numeral method
called the finite volume. The value 10 was adopted as error of calculations for the fluid
mechanics and thermal transfer equations. However, high resolution schema was adopted for
calculating the convective terms. On other hand, pressure-velocity coupling was adopted by
SIMPLEC algorithm. The latter is considered as a method of solving the Navier-stokes equations.
It is based on a set of stages to reach the final solution to velocity and pressure components.

Generally, the number of grid elements is one of the criteria that affects the accuracy of
calculation, so the number of the grid elements must be determined accurately. For this purpose,
we made a study where the number of grid elements was obtained. Table 1 summarizes this
process. We produced three types of grids of different densities, and each time we calculated the
Nusselt number of the two semi-circular obstacles for the following conditions: Ha =50, n = 0.8,
Re = 40 and Ri = 50. Clearly, GB is very suitable grid for this research, because there is no
significant difference in the values of Nusselt compared with GC.

Grid Elements Nu(C1) Nu(C1)
GA 160,000 13.7107 14.2287
GB 320,000 13.7503 14.2541
GC 640,000 13.7511 14.2544

Table 1. Grid independency test for Ha = 50, Re = 40, Ri =50 and n = 0.8.

We also conducted a study to prove the accuracy of the method used in solving the studied
equations. For this purpose, we repeated the same study that Aboueian-Jahromi et al. (2011) had
done with the same initial conditions Ha = 0, Re = 20 and Ri = 0. The results of this study are
presented in Fig. 2 with the same findings of Aboueian-Jahromi et al. (2011). We note here a
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similarity in the results. And therefore, we confirm the accuracy of this method in solving the
studied equations. The results of the second validation test are presented in Table 2. The study is
about the variation of Nusselt number versus Hartmann number for n=1.4 and Ra=10°. In Table
2, the variations of Nu number of heated surface are presented for different values of Ha at n =
1.4 and Ra= 10°. The comparison was done with the results of Kefayati (2016). Indeed, the results
show a good agreement.
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Fig. 2. Validation code for Ha = 25 and 100 at Ra = 7.10°,

Ha Nu (Present) | Nu (Kefayati, 2016) Error%
0 7.6253 7.6222 0.04
15 7.2455 7.2454 0.0013
30 5.6323 5.6313 0.018

Table 2. Validation test, variation of Nu in terms of Ha for n = 1.4 and Ra = 10°

4. Results and discussion

This study aims to evaluate a comprehensive understanding about the behavior of non-Newtonian
fluid inside a chamber with two movable walls (the upper and the lower) and under the influence
of both magnetic field as an external factor and the thermal buoyancy as an internal effect. In fact,
the research is based on determining the quality of heat transfer between the cold walls of the
chamber (lateral walls) and the hot bodies under the influence of the mentioned conditions and
under the non-Newtonian behavior of the fluid.

Before we start presenting and analyzing the results, it is worth mentioning some physics
concepts that help explain the observations. First, complex or non-Newtonian fluids have a
variable viscosity characteristic. That is, the viscosity is related to the velocity of the flow and
how closer or far it is from the wall. Secondly, thermal buoyancy is a physical phenomena present
in a liquid and gas and it determines the relationship between the density of the fluid and its
temperature. That is, the higher the temperature of the fluid, the lighter the fluid becomes, and
this is what causes it to move upward. This movement is associated with a quality of thermal
energy. That is, it is a movement of matter with energy. Finally, we mention the magnetic field
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and its effect on liquids. The presence of the magnetic field incites the presence of a force inside
the fluid called the Lorentz force, which affects the movement of the flow.
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Fig. 3. Contours of dimensionless velocity and temperature in terms of Reynolds number for n
=1,Ri=0and Ha=0.

Fig. 3 presents evolutions of the dimensionless velocity and dimensionless temperature
contours in terms of Reynolds number for n = 1, Ri = 0 and Ha = 0. The Reynolds number
determines the speed of the movement of the upper and lower walls. The higher the Re value, the
faster the wall. n = 1, means that the fluid is Newtonian. Ri = 0 means that there is no effect of
thermal buoyancy, also Ha = 0 means that there is no strength of magnetic field. It is noted that
there is a symmetry in all contours of velocity and temperature. The value of the dimensionless
velocity is higher near the upper and lower walls as they are the main source of the fluid
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movement. It is concluded that there is a circular motion of the fluid in the upper and lower parts
of the container, which forms a constant vortex at the top and bottom parts. Because the
movement of the walls is from the left to right, it is noticed that the layers of cold fluid spread on
the right side, and the expansion of these layers increases gradually with the increase in the speed
of the walls. The latter behavior indicates that the body on the right side (C1) is subjected to
higher thermal activity compared to the other body (C2).

Fig. 4 presents the evolutions of Nusselt number (Nu) of hot bodies (C1 and C2) in terms of
Re number for n =1, Ha = 0 and Ri = 0. We point out that the higher the value of Nu, the higher
the heat transfer of the heated body. Here we notice an increase in the values of Nusselt number
in terms of Re number. It is also noted that the values of the body on the right (C1) are higher
than the values of the other body (C2), because the first one (C1) is exposed to a cold flow
compared to the second.
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Fig. 4. Variation of Nusselt number of C1 and C2 bodies in terms of Re forn =1, Ha=0 and
Ri=0.

Fig. 5 shows the evolution of the flow velocity and temperature in terms of Ri forn= 1, Ha
=0 and Re = 40. Increasing the value of Ri indicates the wide difference in temperature between
the hot bodies and cold walls, and this is what makes the thermal buoyancy force higher. Fig. 5
shows that the higher the value of Ri, the greater the dimensionless velocity and temperature
inside the chamber, and an asymmetric distribution of velocity and temperature appears. It is
noted that the degree of asymmetry increases gradually with augmenting the Ri number. For the
flow, a wider spread of the flow velocity is observed, especially near the cold walls and the two
hot bodies. As for the temperature contours, we notice that the hot spots are directed upwards,
while the cold spots are directed downwards. As we mentioned earlier, increasing the thermal
buoyancy force causes the hot fluid spots to move upwards, and this is confirmed by Fig. 5.
Through our observation of Fig. 5, we deduce that the thermal activity of the two bodies increases
as a result of the increase in thermal buoyancy force.
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Fig. 5. Contours of dimensionless velocity and temperature in terms of Richardson number for

n=1,Re=40and Ha=0.

Fig. 6 shows the variation of Nusselt of the two bodies C1 and C2 in terms of Ri for Re =40,

Ha = 0 and n = 1. We notice initially that the values of Nusselt number evolve significantly in
terms of Ra. Note also that below the value 10 of Ra, the values of Nu of C1 are greater than C2,
whereas, above the value 10 of Ra, the values of Nu of C2 becomes greater than of C1. However,
Nu values for the two bodies become equal when Ra = 10. It is concluded from Fig. 6 that the
presence of thermal buoyancy in the studied system strengthens the heat transfer of the two
bodies, especially the body C2.
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Fig. 6. Variation of Nusselt number of C1 and C2 bodies in terms of Re forn =1, Ha =0 and
Ri=0.

Fig. 7 shows the contours of the distribution of dimensionless velocity and dimensionless
temperature inside the chamber in terms of the power-law index (n) for Ha =0, Ri = 50 and Re =
40. The index n determines the rheological nature of the fluid, so when the value of n is less than
1, this indicates that the viscosity decreases as the friction coefficient of the fluid layers increases,
while the viscosity increases in terms of the friction coefficient when n values are higher than 1.
On other hand, the viscosity is constant when n = 1. Through Fig. 7 it appears that the spread of
the velocity inside the chamber gradually decreases as the power-law index increases, because
the dynamic viscosity of the fluid becomes stronger, which makes the movement of the fluid
more difficult. On other hand, we note that the index n slows down the effectiveness of thermal
buoyancy, and we notice a slowdown in the spread of temperature. Based on the thermal
distribution, it can be concluded that the index » negatively affects the thermal transfer of the two
hot bodies. In addition to this, we notice that the movement of the flow around the two bodies, as
well as the temperature distribution, differs between the body on the right and the body on the
left. This is, of course, due to the direction of movement of the upper and lower walls, as well as
the amount of dynamic viscosity, which depends on the index n. Also, the upward thermal
diffusion of the fluid gradually decreases as the factor n increases, because the fluid becomes
more cohesive, making the thermal buoyancy effect less.
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Fig. 8 represents the evolution of the values of Nusselt number of the two bodies in terms of
the index n for Re = 40, Ha = 0 and Ri = 50. As previously expected, the gradual increase of the
index n negatively affected the Nusselt number of bodies C1 and C2. It is also noted that when
n is less than 1.2, the values of the body C2 are higher than C1. While the values of C1 become
the highest when n exceeds 1.2. the Nu values are equivalent to n = 1.2.
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Fig. 8. Variation of Nusselt number of C1 and C2 bodies in terms of N for Re =40, Ha =0 and
Ri=50.

Fig. 9 presents contours of the dimensionless velocity in the chamber in terms of the gradual
increase of Hartmann number and power-law index (Ha =0 to 100 and n = 0.8 to 1.4) for Re =
40 and Ri = 50. For the three values of power-law index, increasing the value of Ha reduces the
velocity of the flow in the chamber, especially near the side walls of the chamber and near the
two hot bodies. It is also noted that this decrease is related to the gradual increase in the value of
Ha. Naturally, this decrease in dimensionless velocity is due to the Lorentz force. The effect of
this force is opposite to the movement of the flow. On other hand, we notice that the effect of Ha
values on the dimensionless velocity decreases gradually as the power-law index increases. It
means that the effect of the magnetic field is very strong on the shear-thinning fluids, while this
effect decreases for shear-thickening fluids. We note here that the presence of magnetic activity
impedes the movement of the flow as a result of the creation of the Lorentz force, which impedes
the movement of the flow. On other hand, it is noted that the effect of this force decreases as the
index n increases. We conclude here that shear-thickening fluids have high resistance to the
magnetic field compared to shear-thinning and Newtonian fluids.
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Fig. 9. Contours of dimensionless velocity in terms of Hartmann number and power-law index
for Ri =50 and Re = 40.

Fig. 10 shows the contours of dimensionless temperature in terms of Hartmann number and
power-law index for Re =40 and Ri = 50. We notice that the effect of temperature distribution is
quite similar to the contours of dimensionless velocity. So, whenever the value of Ha or n
increase, we notice a decrease in the distribution of cold spots of fluid, and this is of course due
to a decrease in the velocity of the flow in the container. Furthermore, the effect of Hartmann
number on dimensionless temperature decreases as the power-law index n increases, because the
viscosity of the fluid becomes more effective. It is concluded here that the heat transfer of two
bodies decreases as the value of Ha increases. Also, the effect of Ha on the thermal transfer of
hot bodies decreases as the index n increases.
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Fig. 10. Contours of dimensionless temperature in terms of Hartmann number and power-law
index for Ri = 50 and Re = 40.

Fig. 11 shows the variation of average Nusselt number of the two hot bodies (C1 and C2) in
terms of Hartmann number and power-law index (n) for Ri = 50 and Re = 40. It is noted that for
n = 0.8 and n =1, increasing the value of Ha leads to a decrease in Nusselt number of the bodies
C1 and C2 whereas, for n = 1.4, increasing the value of Ha does not greatly affect the Nusselt
number of the two bodies (C1 and C2). From here, we conclude that the shear-thickening fluids
have a resistance to the influence of the magnetic field. The obtained results are similar with those
seen previously in Laidoudi et al. (2022), Hatic¢ et al. (2021) and Kefayati (2015).
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Fig. 11. Variation of Nusselt number of C1 and C2 bodies in terms of Ha for Re =40 and Ri =

50. (a) forn=0.8. (b) forn=1. (c) forn = 1.4.

5. Conclusion

This research aims to present a numerical study of a complex fluid inside a chamber containing
two semi-circular bodies and subjected to an external magnetic field. The room has two walls
moving horizontally at a constant speed. The study aims to show the movement of the fluid inside
the chamber and to determine the heat transfer between the fluid and the hot bodies. The factors
studied here are: Re = 1 to 40, Ri = 0 to 100, Ha = 0 to 100 and n = 0.6 to 1.4. Interpretation of
the fluid dynamic pattern and its effect on thermal activity was performed by analyzing velocity
and temperature contours. The quantitative values of the thermal activity were expressed in terms
of the Nusselt number. The determination of the results of this research enables us to note the
following points:

Increasing the value of the Reynolds number and/or Richardson number increases the
velocity of the flow in the chamber and strengthens the thermal transfer of the two
bodies.

The heat transfer varies from one body to another and it depends on the values used in
initial conditions.

Increasing the value of power-law index makes the flow more coherent, which reduces
the velocity of the flow and delays its thermal activity.
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e An increase in the value of the Hartmann number obstructs the movement of the flow,
which makes the thermal activity slower.

e The influence of the magnetic field becomes less effective as the power-law index (n)
increases.

e  Shear-thickening fluids can be used as a medium to suppress the effect of magnetic field
on thermal activity.
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