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Abstract: The combined effect of a magnetic baffle and a dimple turbulator on the heat transfer and
pressure drop is investigated computationally in a mini channel. Fe3O4 magnetic nanofluid is used as
a working fluid. The Reynolds number (Re) is varied from 150 to 210 and the magnetic field intensities
range from 1200 G to 2000 G. Finite-volume based commercial computational fluid dynamics (CFD)
solver ANSYS-Fluent 18.1 was used for the numerical simulations. A laminar viscous model is used
with pressure-velocity coupling along with second-order upwind discretization and QUICK scheme
for discretizing the momentum and energy equations. The results show that there is an increase of
3.53%, 10.77%, and 25.39% in the Nusselt numbers when the magnetic fields of 1200 G, 1500 G and
2000 G, respectively, are applied at x = 15 mm, as compared to the flow without a magnetic field
when the pitch = 10 mm. These values change to 1.51%, 6.14% and 18.47% for a pitch = 5 mm and
0.85%, 4.33%, and 15.25% for a pitch = 2.5 mm, when compared to the flow without a magnetic field
in the respective geometries. When the two sources are placed at x = 7.5 mm and 15 mm, there is
an increase of 4.52%, 13.93%, and 33.08% in the Nusselt numbers when magnetic fields of 1200 G,
1500 G, and 2000 G are applied when the pitch = 10 mm. The increment changed to 1.82%, 8.16%,
and 22.31% for a pitch = 5 mm and 1.01%, 5.96%, and 21.38% for a pitch = 2.5 mm. This clearly shows
that the two sources at the front have a higher increment in the Nusselt numbers compared to one
source, due to higher turbulence. In addition, there is a decrease in the pressure drop of 10.82%,
16.778%, and 26.75% when magnetic fields of 1200 G, 1500 G, and 2000 G, respectively, are applied at
x = 15 mm, as compared to flow without magnetic field when the pitch = 10 mm. These values change
to 2.46%, 4.98%, and 8.54% for a pitch = 5 mm and 1.62%, 3.52%, and 4.78% for a pitch = 2.5 mm,
when compared to flow without magnetic field in the respective geometries. When two sources are
placed at x = 7.5 mm and 15 mm, there is an decrease of 19.02%, 31.3%, and 50.34% in the pressure
drop when the magnetic fields of 1200 G, 1500 G and 2000 G are applied when the pitch = 10 mm.
These values change to 4.18%, 9.52%, and 16.52% for a pitch = 5 mm and 3.08%, 6.88%, and 14.88% for
a pitch = 2.5 mm. Hence, with the increase in the magnetic field, there is a decrease in pressure drop
for both the cases and the pitches. This trend is valid only at lower magnetic field strength, because
the decrease in the pressure drop dominates over the increase in pressure drop due to turbulence.
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Sustainability 2022, 14, 10419. https://doi.org/10.3390/su141610419 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su141610419
https://doi.org/10.3390/su141610419
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-3631-4071
https://orcid.org/0000-0003-3790-6802
https://orcid.org/0000-0002-6770-9220
https://orcid.org/0000-0001-9397-0812
https://orcid.org/0000-0001-5190-0103
https://orcid.org/0000-0001-9076-9945
https://doi.org/10.3390/su141610419
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su141610419?type=check_update&version=1


Sustainability 2022, 14, 10419 2 of 27

1. Introduction

Compactness in equipment size is becoming a necessity as they require less space at
the same time as being easy to carry. A steep decrease in the size of electronic equipment
has been observed in the past two decades. However, this decrease in size has led to
increase in the heating problems in such equipment. In conventional size devices, a heat
transfer enhancement can be achieved by increasing the heat-transfer surface area, by using
ribs, tapes, turbulators, and vortex generators, etc. [1–8]. In addition to extracting the
heat from such compact devices, very high efficiency cooling systems are being developed
throughout the world. Water, as a common working medium, can no longer satisfy the
demands of high-efficiency heat exchange. Superior quality working fluids, such as mono
nanofluids, hybrid nanofluids, magnetic nanofluids, ionic fluids, PCMs, etc., are required
to meet the requirements of such devices without sacrificing the performance. Nanofluids
have been extensively explored and used as a heat transfer working medium to date.
Among the different nanofluids being currently explored, magnetic nanofluids developed a
unique space in the research field, due to their high thermal and flow performance quality.
Magnetic nanofluids are an advanced version of nanofluid, which contain nanoparticles
with magnetic properties [9–12]. These magnetic nanoparticles, under the influence of an
external magnetic field, cause turbulence in the flow field which increases the interaction
between the channel wall and the fluid, as well as in the working fluid itself, which
enhances the heat transfer rate. The magnetic forces were utilized to place colloids at a
specific region of the devices, using magnetic nanofluids as an advanced functional material.
The magnetic nanoparticles utilized in the magnetic nanofluids are typically constructed
of metals (ferromagnetic materials) such as iron, cobalt, and nickel, as well as their oxides
(ferrimagnetic materials) such as magnetite (Fe3O4), spinel-type ferrites, and so on [13–17].

Karimi et al. [18] reported on the thermal conductivity of the MFe2O4 (M = Fe and
Co) nanofluid under the influence of a magnetic field and compared the results when no
magnetic field was applied. It was found that the thermal conductivity increases with the in-
crease in the magnetic field intensity as well as the nanoparticle concentration. Qi et al. [19]
investigated the thermal and flow performance of the magnetic nanofluid under the in-
fluence of magnetic field for cooling application for different (i) mass concentrations of
nanoparticles, (ii) magnetic field intensities, and (iii) angles of magnetic field. It was found
that the increase in the magnetic field intensity and the angle of the surface temperature of
the CPU decreased significantly. Mousavi et al. [20] carried out a numerical investigation
for a sinusoidal tube in a circular tube heat exchanger under the influence of a magnetic
field and validated their results with the experimental investigation. Zhang and Zhang [21]
experimentally revealed the heat transfer and pressure drop in a heat exchanger tube under
the influence of a magnetic nanofluid and a magnetic field. It was found that the said
configuration was good for a low Re application, while at a higher Res, the system did
not perform well. Sundar et al. [22] investigated the heat transmission properties of Fe3O4
magnetic nanofluids in a circular tube without the use of an external magnetic field and re-
ported a 36% enhancement in the heat transfer coefficient. Yu et al. [23] studied the thermal
conductivity of kerosene-based Fe3O4 nanofluids and Oleic acid and discovered a 34.0%
increase for a 1% volume fraction nanofluid. Wen and Ding [24] conducted research with
Al2O3 nanofluid and discovered that the convective heat transfer enhancement increases
with Re and volume concentration in the laminar flow area. Using alternating magnetic
fields, Goharkhan et al. [25] investigated the thermal hydraulic performance of magnetic
nanofluids. The convective heat transfer coefficient is directly related to the Re and volume
percentage of the magnetic nanofluids, according to the findings. The impact of a constant
magnetic field on the laminar convective heat transfer and the pressure drop of magnetite
nanofluid in a vertical tube was investigated by Azizian et al. [26], and found a significant
increase in the local heat transfer coefficient, despite just a 7.5% pressure reduction. The
heat transfer coefficient can be lowered when a uniform magnetic field perpendicular to the
flow is supplied, according to Li and Xuan [27]. Other important investigations comprise
the work of Safaei et al., Alrashed et al., Togun et al., and Safaei et al. [28–31].



Sustainability 2022, 14, 10419 3 of 27

Several studies have been published in the literature that use classic ribs, baffles, and
vortex generators to generate the flow separation and turbulence [32,33]. The amount of
turbulence can be changed by changing the height of the baffles or the configuration of
the vortex generators [34,35]. This is a big disadvantage of these techniques, i.e., to change
the amount of turbulence, we also need to change the dimensions or configurations, hence
to re-fabricate them. So, with one set of baffle or vortex generators, we cannot create a
different number of turbulence patterns. This paper is aimed at solving the problem of a
different set of vortex generation using a single configuration. The optimization is also
very important to optimize the geometry. Modern developments in optimization offer
optimal answers, even in the presence of thermodynamic, environmental, and economic
considerations, which should be used to solve these difficulties [36–44].

We aimed to solve this problem by using an external magnetic field. One of the biggest
advantages of using magnetic nanofluids is that they respond to the external magnetic field.
So, this magnetic field can be used to create turbulence in the fluid flow. If we apply the
magnetic force perpendicular to the direction of the flow of the nanofluid, it will deviate
the nanofluid transversely, hence creating a virtual baffle. The height of this baffle can
be changed by simply changing the strength of the magnetic field. A higher strength of
magnetic field creates a larger baffle and larger turbulence, and vice versa. In addition,
different quantities of turbulence patterns can be created using different positions and
angles of the external magnetic field. In addition, applying the force vertically decreases
the amount of the pressure drop as compared to the baffles. The baffles apply a backwards
horizontal force which increases the pressure loss. The current novel work shows a heat
transfer enhancement, based on vortex generation and using the magnetic field and dimple
turbulator at a low Re. As per the authors’ knowledge, no research has been reported
to date in the combined techniques (magnetic baffle and dimple turbulator together) to
enhance heat transfer. The heat removal in a thermal system at a low Re is still a problem
in different industries; hence, this work can help to remove highly concentrated heat fluxes
in various systems. A low to high strength magnetic field is used to decrease the pressure
drop due to the decrease in the flow contact with the surface. The CFD simulations are
carried out at different, low magnetic field intensities and a different dimple turbulators’
pitch in a mini channel. Overall, the heat transfer coefficient and the Nusselt number are
calculated numerically to compare the heat transfer rate in all of the different cases.

A powerful electronics’ cooling mechanism is becoming a necessity due to a reduction
in the size of the devices. The present investigation is carried out keeping in mind the
present scenario. The present geometry is chosen to reduce the space needed for the cooling
system, while maintaining the cooling efficiency. Several works were previously published,
as discussed above, on an enhanced cooling mechanism. However, as per the authors’ best
knowledge, no study was carried out with the current geometry along with the magnetic
nanofluid influenced by an external magnetic field.

2. Computational Methodology
2.1. Geometry and Grid Generation

A two-dimensional mini channel, shown in Figure 1a, consisted of two parallel flat
plates, each of 40 mm length with 4 mm spacing. The top surface of the channel was
maintained adiabatic, while the bottom surface was kept in isothermal conditions. The
2 Vol% Fe3O4/water ferrofluid was considered as the coolant and fluid flown into the
channel at a uniform inlet velocity and temperature. A rectangular grid, as shown in
Figure 1b, was chosen for the flow domain, having 80 computational nodes in vertical
direction and 320 nodes in the horizontal direction, with bias of factor 4 near the hot
wall to effectively capture the velocity and thermal gradient. The magnets were placed
at two different locations x = 7.5 mm and 15.0 mm, and the magnetic force acted in an
upwards direction, as shown in Figure 1, and three different dimple pitches were also
studied (2.5 mm, 5.0 mm, and 10.0 mm).
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2.2. Governing Equations

Assuming a two-dimensional, steady state, homogenous and laminar flow, the conti-
nuity, momentum and energy equations are described below. The equations governing the
flow are given by:

• Continuity equation:

∇.(ρV) = 0 (1)

• Momentum equations:

∇.(ρVV) = −∇P +∇.
(
τij
)
+ Fk (2)

where τij represents the shear stress vector and is given by:

τij = µ

(
∂vi
∂xj

+
∂vj

∂xi

)
− 2

3
µδij

(
∂vi
∂xi

)
(3)

• Energy equation:

∇.
(
ρVCp∇T

)
= ∇.(k∇T) (4)

The momentum equation includes the magnetic volume force, Fk, to incorporate the
effect of the magnetic field on the nanofluid, which is described below in detail.

The Maxwell equation was used to calculate the magnetic flux density (
→
B), as follows:

→
B = µ0

(→
M +

→
H
)

(5)

where
→
M is the magnetization;

→
H is the magnetic field intensity; and µ0 is the permeability

of the medium.
The magnetization vector

→
M is assumed to be aligned with the magnetic field intensity as:

→
M = χm

→
H (6)

where χm is the magnetic susceptibility and is dependent on temperature.
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The magnetic volume force is obtained from:

Fk =
1
2

µ0 χm(1 + χm)∇
(→

H.
→
H
)
+ µ0 χm

→
H
[(→

H.∇
)

χm

]
(7)

Here, the first term in the right-hand side of the above equation (Equation (7)) is due
to a non-uniform magnetic field. Meanwhile, the second term that becomes dominant is a
spatial gradient that exists in the magnetic susceptibility. In the present study, the external
magnetic force created by the four magnets is uniform, hence the first term is zero. As
susceptibility varies with the temperature, the second term varies along the flow domain,
and hence the magnetic volume force exhibits a normal, uniform value to the flow direction
in the mini channel.

In the present study, the different configurations were tested to find the heat transfer
from the bottom surface. These configurations are one source at the front (x = 7.5 mm) and
the other source at x = 15 mm (as shown in Figure 1a). The configurations are tested with a
different set of Re and magnetic field strengths. Each magnet behaves as a virtual baffle
whose height depends on the strength of the magnetic field. By increasing the number of
magnets, the turbulence increases, hence the heat transfer is also enhanced. However, due
to the formation of vortices and eddies, the pressure drop also increases with it. So, we
need to find the optimum case for it.

2.3. Boundary Conditions

The boundary condition of the computational domain is very important. The bottom
wall of the two-dimensional mini channel was isothermally heated at 350 K, while the top
surface of the channel was kept insulated. No-slip velocity and temperature jump condition
were imposed at the channel walls. A uniform velocity and a temperature of 293 K were
maintained at the channel inlet. The atmospheric pressure was maintained at the outlet of
the channel. The physical and magnetic properties of the ferrofluid used as a working fluid
for the current study are shown in Table 1.

Table 1. Physical properties of Fe3O4 nanoparticles.

Property Value

Diameter 20 nm

Density 4950 kg/m3

Thermal Conductivity 7 W/m·K
Specific Heat 640 J/Kg·K

It is important to take the properties of the nanofluid as a function of temperature
and nanoparticle concentration. Assuming that the concentration of the nanoparticles is
uniform throughout the domain, the effective physical properties of the nanofluid can be
calculated as follows [16,45,46]:

ρn f = (1− ϕ)ρ f + ϕρnp (8)(
ρCp

)
n f = (1− ϕ)

(
ρCp

)
f + ϕ

(
ρCp

)
np (9)

µn f = µ f (1 + 2.5ϕ) (10)

kn f = kstatic + kbrownian (11)

where:

kstatic = k f


(

knp + 2k f

)
− 2ϕ

(
k f − knp

)
(

knp + 2k f

)
+ ϕ

(
k f − knp

)
 (12)
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kbrownian = 5× 104βϕρ f Cp, f

√
kT

ρn f Dnp
g(ϕ, T) (13)

where k is the Boltzmann constant; ϕ is the nanopraticle concentration; β is the fraction of
liquid volume; and g is the modelling function given by:

g(ϕ, T) = (−6.04ϕ + 0.4705)T + 1722.3ϕ− 134.63 (14)

In addition, the physical properties of the base fluid, water in the present study, are
assumed to be a function of temperature for better accuracy. They are given by:

ρ f = 2446− 20.674T + 0.11576T2 − 3.12895× 10−4T3 + 4.0505× 10−7T4 − 2.0546× 10−10T5 (15)

µ f = 2.414× 10−5 × 10[
247

T−140 ] (16)

k f = −1.13 + 9.71× 10−3T − 1.31× 10−5T2 (17)

2.4. Thermo-Hydraulic Parameters

The Nusselt Number (Nu) represents the ratio of convective to conductive heat transfer
at a boundary in fluid [16]. It is given by:

Nu =
Convective heat trans f er
Conductive heat trans f er

=
h
K
D

=
hD
K

(18)

where k is the thermal conductivity of fluid; D is the hydraulic diameter of the channel; and
h is the local convective heat transfer coefficient given by:

h =
q

Tw − Tb
(19)

2.5. CFD Solver Settings

The finite volume-based commercial computational fluid dynamics (CFD) solver,
ANSYS-Fluent, was used to numerically simulate the current problem. The present study
investigated the flow at a very low Res, namely, Re = 150, 170, 190, and 210 calculated based
on the channel width. Hence, the laminar viscous model is used with pressure-velocity
coupling. A second-order upwind discretization scheme was used for discretizing the
momentum equations and the QUICK scheme was used for the energy equation [47].

3. Grid Independence Test and Validation

To ensure that the results of the numerical analysis were independent of the density of
the mesh, the non-dimensional velocity profile was obtained at the outlet of the channel at
Re 170 and B = 0 G for the three different grids. The velocity profile obtained was almost
the same for the three grids, as shown in Figure 2a. So as to maintain a balance between
accuracy and the time required for computation, a mesh with 80 × 320 divisions was
selected for study.

The present study is also validated with the numerical and experimental investigation
completed by Bezaatpour et al. [16] and Ashjaee et al. [48] for the heating channel with two
magnet sources at the front, i.e., 7.5 mm and 15 mm. The results obtained are within the
error 5% limits as compared to the validated work. The validation is shown in Figure 2b.
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4. Results and Discussion

The numerical investigations in ANSYS Fluent were carried out for all of the cases as
mentioned above, and the Nusselt number and pressure drop were obtained and reported
in this section.

4.1. Variation of Nusselt Number with Re

Figure 3a–c shows the variation of the heat transfer with the Re for the dimple turbula-
tor pitches of 2.5 mm, 5 mm and 10 mm, respectively, with one source placed at x = 15 mm.
For all three cases, the Nusselt number increases with the increase in Re and the strength of
the magnetic field. A similar trend is observed when two sources are placed at x = 7.5 mm
and 15 mm. Figure 3d–f shows the variation of heat transfer with Re for a dimple turbulator
pitch of 2.5 mm, 5 mm, and 10 mm, respectively, with two sources placed at x = 7.5 mm
and 15 mm. In this case, the highest Nusselt number is obtained for 2000 G, followed by
1500 G, 1200 G, and 0 G.

It is because the high magnetic field creates a higher turbulence vortex in the fluid
domain. The magnetic field provides an upwards force and creates a flow separation,
leading to the formation of a vortex. The higher the strength of the magnetic field, the
higher will be the size of the vortex, and the higher will be the flow mixing, resulting in a
higher heat transfer. For one source at x = 15 mm, Figure 4a,c,e shows the velocity contours
for a dimple turbulator pitch of 2.5 mm, 5 mm, and 10 mm, respectively. For all the three
cases, as the strength of the magnetic field increases, the vortex size increases, leading to a
higher Nusselt number. Similarly, Figure 4b,d,f shows the velocity contours for a dimple
turbulator pitch of 2.5 mm, 5 mm, and 10 mm, respectively, for two sources at x = 7.5 mm
and 15 mm. In this case as well, the size of the vortex increases with the strength of the
magnetic field. The increment in the Nusselt number is an average of 20% at 2000 G, 8% at
1500 G, while only 2–3% at 1200 G as compared to the flow without a magnetic field for
all the three dimple turbulator pitch geometry. It should also be noted that the projections
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in the upper wall are preventing the merging of the two vortexes in Figure 4d,f. Usually
at higher magnetic fields, the two vortexes merge to form a bigger vortex, increasing the
heat transfer.
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(b) Variation of Nusselt Number with Re for one source at x = 15 mm and pitch = 5 mm; (c) Variation
of Nusselt Number with Re for one source at x = 15 mm and pitch = 10 mm; (d) Variation of Nusselt
Number with Re for two sources at x = 7.5 mm and 15 mm and pitch = 2.5 mm; (e) Variation of
Nusselt Number with Re for two sources at x = 7.5 mm and 15 mm and pitch = 5 mm; and (f) Variation
of Nusselt Number with Re for two sources at x = 7.5 mm and 15 mm and pitch = 10 mm.
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Figure 4. (a) Velocity contours at one source at x = 15 mm and pitch = 2.5 mm and Re 190; (b) Velocity
contours at two sources at x = 7.5 mm and 15 mm and pitch = 2.5 mm and Re 190; (c) Velocity
contours at one source at x = 15 mm and pitch = 5 mm and Re 190; (d) Velocity contours at one
source at x = 7.5 mm and 15 mm and pitch = 5 mm and Re 190; (e) Velocity contours at one source at
x = 15 mm and pitch = 10 mm and Re 190; and (f) Velocity contours at two sources at x = 15 mm and
pitch = 10 mm and Re 190.
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4.2. Variation of Nusselt Number along the Length of the Channel

Figure 5a–c shows the variation of Nusselt number along the length of the channel at
different magnetic fields, for a dimple turbulator pitch of 2.5 mm, 5 mm, and 10 mm. It
should be noted that the number of spikes in each line represents the vortex in formation
in the domain. Hence, in each of the three figures (Figure 5a–c), no spike is there at 0 G,
one spike is there when one source is placed at x = 15 mm, and two spikes are there when
the two sources are placed at x = 7.5 mm and 15 mm. The formation of the spike can be
explained by understanding the flow pattern. When the magnetic field is applied, the flow
is directed upwards creating a flow separation and the first vortex at the bottom wall. Due
to the formation of the vortex, the flow cross-sectional area decreases, hence increasing
the flow velocity above the vortex, and the flow strikes the upper wall, due to which its
direction is directed downwards just after the second half of the first vortex and this causes
the flow to strike the bottom wall with a high velocity. Hence, the thermal boundary layer
is very thin just after the vortex and the zone of very high temperature gradient at the
heated wall, which causes the spike. This also explains that the number of spikes denote
the number of vortexes in the flow domain.
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Figure 5. (a) Variation of Nusselt number along the length of the channel for pitch = 2.5 mm and
B = 2000 G; (b) Variation of Nusselt number along the length of the channel for pitch = 5 mm and
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and B = 2000 G; (d) Variation of Nusselt number along the length of the channel for one source at
x = 15 mm and B = 2000 G; and (e) Variation of Nusselt number along the length of the channel for
two sources at x = 7.5 mm and 15 mm and B = 2000 G.

Figure 5d,e shows the variation in the Nusselt number along the channel length at
a constant magnetic field for all of the three dimple turbulator pitches (2.5, 5.0, 10.0 mm)
when one source and two sources are used, respectively. For both of the figures, the height
of the spike decreases with the decrease in the pitch of the projections. This is because, as
the pitch of the projections decreases, the space between them decreases, which increases
the average velocity of the flow in the domain, which decreases the effect of the magnetic
field. In addition, the size of the vortex decreases due to less space being available in the
upwards direction, see Figure 4a–f. With a large vortex, the flow strikes the bottom wall
with a higher velocity, hence increasing the temperature gradient causing a higher spike.
Hence, the height of the spike is greatest for a pitch of 10 mm, followed by 5 mm, and
2.5 mm.

4.3. Variation of the Pressure Drop across the Channel with Re

Figure 6a–c shows the variation in the pressure drop across the channel with the Re
at different magnetic fields for a dimple turbulator pitch of 2.5 mm, 5 mm, and 10 mm,
respectively. Interestingly, the pressure drop is decreasing with the increase in the magnetic
field. It is opposite to the initial hypothesis, because the higher magnetic field creates a
bigger vortex and higher turbulence, and the pressure drop must be higher.
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Figure 6. (a) Variation of Pressure Drop for one source at x = 15 mm and pitch = 2.5 mm; (b) Variation
of Pressure Drop for one source at x = 15 mm and pitch = 5 mm; (c) Variation of Pressure Drop for one
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However, due to the flow separation caused by the upward directed magnetic field,
there is a decrease in the frictional pressure drop. At the lower magnetic fields, the decrease
in the frictional pressure drop dominates over the increase in the pressure drop due to
turbulence. This is observed in all of the three tested geometries with the different pitches.
However, these results are not expected at very high magnetic fields because the very
high turbulence will dominate over the decrease in the pressure drop. This similar trend
is observed when two sources are placed at x = 7.5 mm and 15 mm, see Figure 6d–f. In
Figure 6d–f as well, the pressure drop is least when the magnetic field of 2000 G is applied,
followed by 1500 G, 1200 G, and the maximum for the flow without magnetic field.

4.4. Comparison

Figure 7a,b shows the comparison of the Nusselt number for all of the three dimple
turbulator pitches of a one source front and a two source front, respectively, at G = 2000. For
one source at x = 15 mm, see Figure 7a, the Nusselt number is maximum for a pitch of 5 mm,
followed by 2.5 mm and 10 mm. It is because the average velocity in the domain is highest
for the least pitch, however due to the increase in velocity, hence inertia, the effect of the
magnetic field is decreased. Hence the geometry with highest effective velocity (inertia) will
have least magnetic effect, and vice versa. At a dimple turbulator pitch of 5 mm, the effect
of increase in the heat transfer due to higher velocity and magnetic field is added, hence
the heat transfer is maximum in it. For a dimple turbulator pitch of 2.5 mm, commutative
heat transfer due to higher velocity and lesser the magnetic field effect dominates the
increase in the heat transfer due to lower velocity at 10 mm. For lower Re, Re 150, the heat
transfer is almost same for both a 10 mm pitch and 2.5 mm pitch, because of equal effect
of increase in the heat transfer due to magnetic field and higher velocity. A little different
result is observed when two sources are applied at x = 7.5 mm and 15 mm at G = 2000, refer
Figure 7b. Nusselt number is highest for 5 mm again across entire variable range, however
for lower Re (at Re 150 and 170), the 10 mm pitch dominates over the 2.5 mm pitch due
to higher magnetic effect and at higher Re (at Re 190 and 210), the 2.5 pitch dominates
over the 10 mm pitch due to higher velocity effect. Hence, for cases of less turbulence, the
2.5 mm pitch dominates over the 10 mm and vice versa in the case of higher turbulence. A
5 mm pitch remains the highest performing in heat transfer across all of the cases.
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Figure 7. (a) Comparison of Nusselt number for different pitches at G = 2000 and one source at
x = 15 mm; (b) Comparison of Nusselt number for different pitches at G = 2000 and two sources
at x = 7.5 mm and 15 mm; (c) Comparison of Pressure Drop for different pitches at G = 2000 and
one source at x = 15 mm; (d) Comparison of Nusselt number for different pitches at G = 2000 and
two sources at x = 7.5 mm and 15 mm; (e) Comparison of Nusselt number between one source at
x = 15 mm and two sources at x = 7.5 mm and 15 mm at G = 2000; and (f) Comparison of Pressure
Drop for different pitches at G = 2000 and two sources at x = 7.5 mm and 15 mm.

In addition, Figure 7c,d shows the comparison of the pressure drop between the three
dimple pitches for a one source front and a two source front, respectively, at G = 2000.
For both of the cases, the pressure drop increases with the decreases in the pitch. It is
because of the higher velocity in the less pitched geometry. In addition, Figure 7e shows
the comparison of the heat transfer between a one source front and two sources at the front
for all of the pitches at G = 2000. It is clear that the two sources at the front have a higher
heat transfer rate as compared to one source at the front, due to higher turbulence caused
by the two vortexes. In addition, Figure 7f shows at constant G = 2000 that the pressure
drop is lesser for two sources at the front as compared to one source at the front, due to the
dominance of the decrease in the frictional pressure drop as compared to the increase in
the pressure drop due to turbulence.

5. Conclusions

The influence of the magnetic baffle and the dimple turbulator on the heat transfer
and pressure drop is studied numerically. A magnetic field is used along with a dimple
turbulator to create the swirl flow in the 2D domain. The cases were analyzed numerically
and the heat transfer and pressure drop results were obtained for all of the Re (Re 150–201)
at different magnetic field intensities (G = 0, 1200, 1500, 2000) and different dimple pitches
(p = 2.5, 5.0, 10.0 mm). The following conclusions can be made from the observations
obtained from the study:

• The magnetic field is used to create a virtual baffle along with artificial roughness
(dimple turbulator) which helps to create turbulence and flow mixing regions, hence
increasing the heat transfer;

• The height of the ‘baffle’ is to be varied by varying the magnetic field. Higher Nusselt
numbers were obtained when the magnet was placed more downstream as compared
to upstream;
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• The pressure drop due to the virtual baffle is less than the physical baffle, because of
the absence of a horizontal backwards force in the case of the magnetic field;

• There is an increase of 3.53%, 10.77%, and 25.39% in the Nusselt numbers when the
magnetic fields of 1200 G, 1500 G, and 2000 G, respectively, are applied at x = 15 mm,
as compared to the flow without a magnetic field when the pitch = 10 mm;

• When two sources are placed at x = 7.5 mm and 15 mm, there is an increase of 4.52%,
13.93%, and 33.08% in the Nusselt numbers when the magnetic fields of 1200 G, 1500 G
and 2000 G are applied and when the pitch = 10 mm.
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Nomenclature

Symbols
B Magnetic field intensity (Gauss)
Cp Specific heat (J/kg/K)
D Hydraulic diameter (m)
Fk Magnetic body force (N)
H Channel height (m), magnetic field intensity
h Heat transfer coefficient (W/m2 K)
k Boltzmann constant
K Thermal conductivity (W/m−1 K−1)
L 2D channel length (m)
M Magnetization (A m−1)
Nu Nusselt number
P Pressure drop (Pa)
q Heat flux (W/m2)
Re Reynolds number
T Temperature (K)
u Horizontal velocity (m/s)
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v Vertical velocity (m/s)
V Velocity (m/s)
x, y Directions
Greek Symbols
φ Volume fraction
χm Magnetic susceptibility
χo Differential magnetic Susceptibility (0.06)
ρ Density (kg/m3)
µ Dynamic viscosity (N s/m2)
µ0 Permeability of free space (4π × 10−7 N/A2)
β Fraction of the liquid volume (k−1)
τ Wall shear stress (Pa)
δ Thickness (m)
Subscripts
b Bulk
f Fluid
nf Nanofluid
np Nanoparticle
in Inlet
w Wall
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