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ABSTRACT

In line with recent studies, where it has been shown that nanofluids containing graphene have a stronger capacity
to boost the heat transfer coefficient with respect to ordinary nanofluids, experiments have been conducted using
water with cobalt ferrite/graphene nanoparticles. In particular, a circular channel made of copper subjected to a
constant heat flux has been considered. As nanoparticles are sensitive to the presence of a magnetic field, different
conditions have been examined, allowing both the strength and the frequency of such a field to span relatively
wide ranges and assuming different concentrations of nanoparticles. According to the findings, the addition of
nanoparticles to the fluid causes its rotation speed to increase by a factor of two, whereas ultraviolet radiation
plays a negligible role. The amount of time required to attain the maximum rotation speed of the nanofluid
and the Nusselt number have been measured under both constant and alternating magnetic fields for a ferrofluid
with a concentration of 0.5% and at flow Reynolds number of 550 and 1750.
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1 Introduction

Nanofluids are gaining popularity in research owing to their ability to improve heat transport and cooling
in a variety of systems. New studies demonstrate that graphene-containing nanofluids have a stronger
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capacity to boost the displacement heat transfer coefficient than traditional nanofluids, even at low
concentrations [1,2]. The introduction of this significant material into the challenge of heat transfer seems
necessary with the development of the amazing material known as graphene, which has an extraordinary
thermal conductivity coefficient [3]. The use of graphene oxide as a hybrid can be more productive
because, despite the fact that graphene nanoparticles are an excellent material for nanofluids, the large-
scale synthesis of graphene is challenging and expensive [4].

It should be noted that one of the active strategies for increasing the rate of heat transfer is the influence
of magnetic fields on nanoparticles. To accomplish this, it was determined what effect the application of
different frequencies and the strength of the external magnetic field had on the improvement of heat
transfer at various concentrations and Reynolds numbers (Re) [5].

The findings reveal that the heat transfer rate of the tested hybrid nanofluid improves in the presence of a
constant and alternating magnetic field, with the alternating field being more important than the constant field
[6]. Furthermore, the findings demonstrate that in the absence of a magnetic field and a Re of 571, the average
increase in displacement heat transfer of a ferrofluid with a concentration of 0.5 reached 14.3% as compared
to pure water, but this value further increased when the field was applied [7]. Permanent and alternating
magnetization levels are respectively 21 and 28.9 percent [&].

Ferrofluids are a unique class of nanofluids. They are made up of a stable colloidal mixture of magnetic
nanoparticles with a diameter of 5—15 nm that are uniformly dissolved in the base fluid, along with a non-
magnetic carrier fluid (like water or oil) [9]. Researchers’ attentions have recently been focused on the
conduction and convection heat transfer of nanofluids, particularly ferrofluids, and numerous studies have
examined the thermal conductivity coefficient and the impact of various parameters on it, including
nanoparticle size, concentration, and temperature [10—14]. Sezer et al. [15] looked at the thermal
conductivity coefficient of carbon nanotubes using various base fluids. Their findings showed a notable
rise in heat conductivity. They demonstrated in a different study that ethylene glycol’s thermal
conductivity will increase by 25.8% when CuO nanoparticles are added.

Several studies have also linked the methods of improving the thermal conductivity of nanofluids to
Brownian motion of particles, layering of liquid at the interface with the solid phase, photon heat transfer,
and cluster formation [16-18].

Shahsavar et al. [19] have looked at the impact of volume fraction and temperature on the thermal
conductivity of Fe;04 ferrofluid. They believed that the rise in thermal conductivity with temperature was
due to the intensification of the particles’ Brownian motion. These investigations have demonstrated that
adding nanoparticles to the base fluid boosts the thermal conductivity coefficient.

Because magnetic nanoparticles can react appropriately to the force caused by the use of an external
magnetic field, some studies also measured the coefficient of magnetic response when an external
magnetic field is used [20,21]. It should be noted that the use of an external magnetic field is considered
as one of the active methods for increasing heat transfer rate. Concentrated ferrofluid thermal conductivity
is impacted by a magnetic field [22].

Shahsavar et al. [23] investigated the effects of variables like concentration and surfactant on the thermal
conductivity coefficient and viscosity of a ferrofluid in the presence of an external magnetic field. Their
research shows that as the magnetic field strength increases, thermal conductivity and viscosity increase
until saturation is reached. Meanwhile, changes in the microscopic structure (mass and chain structure) in
the presence of a magnetic field parallel to the temperature gradient was responsible for the increase in
thermal conductivity [12].

Soudagar et al. [24] observed a significant increase in the thermal conductivity of nanofluid with iron
oxide particles that were under the magnetic field and reported the highest increase in thermal
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conductivity and volume concentration. Ghazvini et al. [25] reported that the thermal conductivity coefficient
was shown to rise by 30% as a function of the transverse magnetic field and temperature. A constant
magnetic field was applied to a circulating Fe;04/H,O ferro-nano-fluid with different concentrations (1%,
2%, and 5%) by Tagkesen et al. [26]. They found that the magnetic field could improve convective heat
transfer by 8.32%. Giirdal et al. [27] investigated the flow of Fe;04/H,0O in a tube with dimples under
magnetic field effect, and reported that the Nusselt number (Nu,,) increases as the Reynolds number and
magnetic field intensity increase. The Nu,, rises by 115.31 percent in comparison to the flow of distilled
water in a smooth tube at 0.3 T. Gilirdal et al. [28] explained the effect on a hybrid nanofluid flow under
the influence of a magnetic field under fully developed hydrodynamic and developing thermal flow
conditions. The magnetic field improved the Nu,, and friction factor. In the absence of a magnetic field,
hybrid nanofluid flow in a dimpled tube with a magnetic field of magnitude 0.3 T increases the Nu,, and
friction factor by 11.87% and 6.19%, respectively.

The hydrodynamic and thermal behavior of a ferrofluid in a horizontal and curved conduit under a linear
magnetic field of varying intensities was examined using the mixed two-phase model and the finite element
method [29]. Bezaatpour et al. [30] discovered that the Kelvin force and centrifugal force are responsible for
the increase in the heat transfer coefficient in the curved tube over the straight tube in the presence of an
external magnetic field. Namburu et al. [31] numerically studied a number of nanofluids in turbulent flow.
According to their research, the Nu,, increases as the Re and volume concentration of nanoparticles
increase. They demonstrated that the nanofluid containing SiO, would have the highest Nu,, despite
having the lowest thermal conductivity coefficient.

Alumina/water nanofluid heat transfer in microchannels with asymmetric heat was investigated by other
researchers for its effect on nanoparticle movement by magnetic fields [32]. Pakravan et al. [33] showed that
the nanoparticles separate from the heated walls and almost certainly assemble on the wall with the lower
heat flow. Additionally, the migration of nanoparticles towards the wall is sped up with greater heat flux,
increasing the rate of heat transfer.

The same nanofluid’s magnetic hydrodynamic behavior in a vertical loop was also studied by other
researchers. They demonstrated that the applied boundary conditions have a significant impact on the rate
of heat transfer and pressure drop of nanofluid [34].

Another study examined the forced displacement heat transfer in the laminar flow regime in a pipe with a
constant heat flux and constant magnetic field [35]. Ghofrani et al. [35] found that merely introducing iron
oxide nanoparticles to the base fluid enhances the displacement heat transfer, and that adding a magnetic field
amplifies this improvement even further.

In this study, the influence of a magnetic field on nanoparticles was offered as one of the active strategies
for enhancing heat transfer rate. To accomplish this purpose, the influence of an external magnetic field
strength, as well as the effect of applying various frequencies on the improvement of heat transfer in
different Re and concentrations, was explored, and the ideal frequency was determined.

2 Method

The schematic representation of the microchannel can be seen in Fig. 1. The heat flux that is introduced
into the microchannel by the fins and the bottom of the channel is dissipated as a result of its transfer to the
fluid that is moving through the channels. A consistent magnetic field is exerting its effect in a transverse
direction along the length of L, in the section of the channel that is located lower down. Cobalt ferrite/
graphene particles were utilized, and each particle had a diameter of 39.4 nm and a volume percentage of
2%. W and H, respectively, denote the width and height of each individual channel. As shown in Fig. 1,
the length of the channels is denoted by the value L, the width of the blades is denoted by the value
W.W, and the depth of the floor layer is denoted by the value t. Both Tables 1 and 2 provide information
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on the size of the channel as well as the characteristics of the nanofluid. Because the number of calculations
for all channels will be large, one of the middle channels is selected and due to the existing symmetry, half of
this channel is selected for calculations. Therefore, the calculation range is the same as Fig. 1 which applies
the symmetrical boundary conditions on the left and right walls.

X
Outlet
Figure 1: Thermal well microchannel
Table 1: Micro cooler dimensions (pum)
W W, H L L, T
500 600 800 1000 15000 400

Table 2: Properties of water and cobalt ferrite/graphene nanoparticles

K (W/m) C, (J/kg) p (kg/m®) Pr Material
0.613 4179 997.1 6.2 Water (H,0)
39 355 6969 Cobalt Ferrite/Graphene (CoFe,04/rGO)

The governing equations with the assumption of incompressible and stable flow are as follows [18]:
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The first order central differencing scheme was used to discretization the equation of motion. A central
difference derived equations that are integrated using an explicit time integration approach (Eq. (6)).
Although this approach is conditionally stable, it does not necessitate the employment of implicit iterative
techniques. The central difference method necessitates that for each time step. In the central difference
method, the solution to the current time step depends only on the solution of previous steps.
df _fr+Ax) —f(x — Ax)

dx|, 2Ax ©

where, f represents the objective function and x illustrated the direction.

The energy conservation equation for the solid part is solved:

0?0  0%0 0%0

In the above Equation, p,ris the density of the nanofluid, abf is the thermal diffusivity of the base fluid,
Re =u;,Dy/Vyys, is the Re, Pr= Vo, is the Parantel number, and Ha is the dimensionless Hartmann number.

The bottom surface of the channel’s floor is exposed to a heat flux that is equivalent to 200 W/cm?. The
heat that is transferred from the channel’s top surface is not very much because the forced displacement heat
transfer rate that takes place in the channel and on the insulated surface is thought to be much higher than the
natural displacement heat transfer mechanism that actually takes place on this surface. It is assumed that both
the right and left walls are symmetrical because of symmetry. In addition, it is assumed that on symmetrical
planes, the temperature gradient and the normal velocity are both equal to zero. The fluid initially enters the
channel at the intake, where its temperature is 279 K and its velocity is constant.

A constant pressure is considered at the outlet. Because the length of the channel is long enough,

Ox
considered equal to zero. To investigate the fully developed condition, the length of the channel was
increased, as a result of which no significant changes were seen. In the line connecting the solid and the
velocity at the axial position z = L of the fluid, the condition of no slippage of velocity and no jump of
temperature is true:

0
therefore, the fluid at the outlet is assumed to be fully developed, and hence the axial gradient <—> is

V=0
T =Ts ®)
oT, oT.
Ky o = K5y

K,r and K are the thermal conductivities of the nanofluid and solid part, respectively.

To obtain the suitable grid size and number of mesh according to the solution time, the problem was
solved with different number of meshes and the Nu,, of the channel was measured in each step. Fig. 2
shows an assessment of the effect of mesh size on the modeling results. Tthe results do not change
significantly after 980836 meshes and the results independent from grid size. Therefore, the number of
networks given by x x y x z =50 x 100 x 150 was chosen as the final network.
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Figure 2: Assessment of the effect of mesh size on modeling results

To check the solution method and ensure the correctness of the numerical results obtained from it, it was
compared with the results of Davis [36], for which the agent fluid is air, and the Nu,, of the hot wall was
measured for different Rayleigh numbers, as presented in Table 3.

Table 3: Nusslet number (Nu,,) of water and cobalt ferrite/graphene nanoparticles at different Rayleigh
numbers and values reported in the literature

Nuy, Rayleigh number (Ra)
Davis [36] Current study
1.116 1.086 1000
2.234 2212 10000
4.503 4.607 100000
8.798 8.419 1000000

After being numerically stated using the finite volume approach and the SIMPLE algorithm in steady
state, the nonlinear governing equations with boundary conditions are then discretized and solved. The
technique of discretization used for the commutative term is the second-order high-order approach. The
foundation for convergence is the total difference between the average speed and temperature in two
phases of the solution, and the criteria for convergence is a difference in dimensionless terms that is less
than 0.002.

3 Results and Discussion

After verifying the test apparatus with clean water, we ran experiments to see how the ferrofluid heats up
under various circumstances. This section contains an analysis of the acquired findings.

Fig. 3 depicts the velocity contour in the channel’s inlet, central and outlet area, taking into account that
it was assumed that entrance velocity to be uniform in the boundary conditions, so the velocity profile is
almost uniform at the beginning of the entrance area due to the thinness of the boundary layer. The
velocity contour in the fully developed region is shown in Fig. 3. The maximum velocity occurs at the
greatest distance from the wall in this region, as the boundary layer grows to the center of the channel (at
the center of the channel). By applying a magnetic field in the lower part of the channel, the fluid
velocity profile under the influence of the Lorentz force (H, = 30) can be controlled to become close to
the channel’s inlet velocity profile.
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Figure 3: The velocity contour in the channel (a) inlet (b) central, and (c) outlet

In the absence of a magnetic field, a series of tests were carried out on pure water and the ferrofluid at
three distinct weight concentrations (0.25%, 0.5%, and 1%), and it was done in two Reynolds numbers
550 and 1750.

Fig. 4 shows the role of magnetic nanoparticles in increasing the nanofluid, displacement heat transfer
coefficient, so that displacement heat transfer improves with increasing concentration. It should be noted that
the values of Nu, would be higher at higher Re. Since the displacement heat transfer coefficient is
proportional to the thermal conductivity coefficient of the fluid, its increase by nanoparticles led to an
increase in the displacement heat transfer coefficient. For instance, the average increase of Nu,, compared
to pure water was 18 and 26, respectively, in Re = 1750 with concentrations of 0.5% and 1%,
respectively. It is also clear from the comparison of the two graphs that the changes in Nu,,, was greater at
higher Reynolds numbers, which indicates that the heat transfer area is fully thermally developed. As can
be seen from Fig. 5, increasing the concentration of nanofluid improves heat transfer, so that, the average
increase in heat transfer in Re = 1750 and concentration 0.25% is 9%, which is in the concentration 1%
compared to pure water, it reached 27%.

An investigation of the displacement heat transfer of ferrofluid under the application of a constant and
alternating magnetic field was made. A magnetic field with a maximum flux density of 800 Gauss was
applied to the ferrofluid flow at Re of 550 and 1750 at concentrations of 0.5% by weight. It should be
noted that the arrangement of electromagnets along the tube is such that a magnetic field is formed
perpendicular to the passing nanofluid flow. In addition, to investigate the effect of the frequency of the
field in the case that the alternating field is applied to the microchannel, three periodic periods equal to
0.20, 0.067 and 0.034 s have been considered, the frequency of which were 5, 15 and 30 Hz, respectively.

The impact of a constant and alternating magnetic field on the ferrofluid forced displacement heat
transfer was explored. The electromagnets are arranged in this configuration such that the first
electromagnet is 800 mm from the inlet and the second electromagnet is 800 mm from the outlet.
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Figure 4: Changes of Nu,, for the ferrofluid in different concentrations at (a) Re = 550 and (b) Re = 1750 in
the absence of a magnetic field
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Figure 5: Average Nu,, as a function of Re and nanoparticle concentration

The impact of a constant and alternating magnetic field on the ferrofluid forced displacement heat
transfer was explored using the configuration shown in Fig. 6. The electromagnets are arranged in this
configuration such that the first electromagnet is 800 mm from the pipe’s entry and on the thermocouples
T; and T, and three more electromagnets on both sides of the pipe, with equal distances of 100 mm and
on the thermocouples Ts, Tg, T7, Tg, To, and Tjo.

To accurately examine parameters such as Re and ferrofluid concentration in the case where a magnetic
field is applied, the effect of applying a constant and alternating magnetic field on the heat transfer of forced
displacement in D and the case of constant concentration, variable Re and vice versa has been done. Figs. 4
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and 5 show the changes in Nu,, of the ferrofluid under constant and alternating magnetic field for the
ferrofluid with a concentration of 0.5% by weight and at Re of 550, 1750.
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Figure 6: Variations of Nu,, under magnetic field for (a) Re = 550 and (b) Re = 1750

In addition, the forced displacement heat transfer of the ferrofluid under constant and alternating fields
has been investigated and compared to the absence of a magnetic field (B = 0) and the condition where pure
water flows within the tube (Fig. 6). As can be seen, the application of the magnetic field has increased the
heat transfer rate to the point where the local heat transfer coefficient at the site of the thermocouple T10,
where the final electromagnet is placed (x/D = 243.2) is the highest. The displacement heat transfer
coefficient then declines and approaches the value of the displacement heat transfer coefficient in the
absence of a field (B = 0).

Because the displacement heat transfer coefficient is proportional to the thermal conductivity coefficient
and inversely proportional to the thickness of the thermal boundary layer, the forced displacement heat
transfer can be increased in two ways: increasing the thermal conductivity coefficient fluid and decreasing
the thickness of the thermal boundary layer. As a result, when the ferrofluid passes through the area of
the tube affected by the magnetic field, the nanoparticles are drawn to the surface of the tube by the
Kelvin magnetic force. The transport of particles towards the wall and their aggregation in this region
increases the ferrofluid concentration in this area, resulting in a local increase in the thermal conductivity
coefficient and, as a consequence, an increase in forced displacement heat transfer.

It was deduced from Fig. 6 that when the Re increases, the influence of the magnetic field on enhancing
the heat transfer rate diminishes. For example, at Re 550, the highest heat transfer increase relative to the
ferrofluid in the absence of a magnetic field is 20.9%, whereas this figure drops to 11.3% at Re 1750.
The reason for this reduction can be inferred from the fact that at low Re, magnetic nanoparticles move at
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a slower rate, giving the magnetic field enough time to exert a magnetic force on the nanoparticles and attract
them to the wall, causing the disturbance of the layer’s boundary to be greater.

In addition, we reasoned that the increase in the heat transfer rate under the alternating field by switching
the magnetic field off and on, the nanoparticles practically cannot accumulate near the wall and for this
reason, the viscosity of the ferrofluid has not increased or the increase in viscosity is not significant.

It should be mentioned that in some research, the application of a constant magnetic field has led to a
decrease in the heat transfer rate, or at least it has not had a significant effect. While in some other
research, the application of this type of field has resulted in an increase in the heat transfer coefficient. By
examining these research, it seems that three factors including thermal conductivity coefficient, boundary
layer thickness and ferrofluid viscosity are effective in increasing or decreasing the heat transfer rate of
ferrofluid displacement under constant magnetic field.

The increase in thermal conductivity caused by nanoparticle accumulation near the wall and the decrease
in the thickness of the thermal boundary layer leads to an increase in the displacement heat transfer
coefficient, whereas the increase in the viscosity of the ferrofluid caused by the application of a constant
field and, as a result, a decrease in the speed of the fluid flow, leads to a decrease in the heat transfer
coefficient. Meanwhile, some researchers believe that when the magnetic field intensity is low, viscosity
is the dominant factor, and thus heat transfer is reduced under a constant magnetic field, whereas when
the intensity is high, the coefficient of thermal conductivity and the thickness of the boundary layer, two
factors, are important. They are regarded as the critical parameters in terms of boosting the heat transfer rate.

Furthermore, they reasoned that the increase in heat transfer rate under the alternating field by switching
the magnetic field off and on, the nanoparticles virtually cannot concentrate near the wall, and therefore the
viscosity of the ferrofluid has not risen or is not substantial. As a result, the negative impact of viscosity
increase is thought to be less than the beneficial effect of disruption of the negative boundary layer. The
action of a steady magnetic field, however, raises the concentration of nanofluid in this location, increases
the local coefficient of thermal conductivity, and therefore enhances the forced displacement heat transfer.

On the other hand, the accumulation of nanoparticles near the wall acts as an obstacle against the flow of
the ferrofluid and causes disturbances in the thermal boundary layer, which leads to an increase in heat
transfer under a constant magnetic field and also causes changes and disturbances in the thermal
boundary layer and shape, and the flow and heat transfer will increase further. While in magnetic fields
with higher intensity, increasing the thermal conductivity coefficient and reducing the thickness of the
boundary layer are the main reasons for increasing the heat transfer rate.

4 Conclusions

In the absence of a magnetic field, the use of magnetic nanoparticles leads to the improvement of the heat
transfer coefficient of the ferrofluid displacement. In addition, under the application of a constant and
alternating magnetic field, the displacement heat transfer is improved in such a way that this increase is
greater in the case where the field is of an oscillating type. It should be mentioned that this improvement
is more at lower Re and higher weight concentrations. A decrease in the strength of the magnetic field
causes a decrease in the changes in the thermal conductivity coefficient and the thickness of the thermal
boundary layer, and as a result, it results in less improvement in heat transfer. Heat transfer under the
effect of a constant magnetic field increases with increasing Re, but with alternating magnetic field, it
depends on both the Re and field frequency. At each Re, there is an optimal value for the field frequency
at which the heat transfer reaches its maximum value. The optimal frequency depends on the Re and
increases with the increase of the Re. Also, the optimal frequency is independent of the intensity of the
magnetic field. Forced displacement heat transfer under the effect of constant and alternating magnetic
field increases with increasing nanofluid concentration and magnetic field intensity.
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It may also be said that, at the beginning of the channel, owing to the substantial pressure variations
caused by the expansion of the boundary layer, the pressure difference force applied in this area is
considerable. Because the frictional force is constant owing to the constant channel cross-section, the
Poisson number begins with a very high value and achieves a constant limit value after the developed
area. By introducing a magnetic field, and keeping in mind that the magnetic field’s force is directed
against the flow, the pressure gradient along the channel rises abruptly in order to maintain the flow rate
and, as a result, the average speed.
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