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This study delves into the interplay between magnetic fields, heat transfer, and fluid behavior within a 3D mini-
channel. Exploring the effects of a magnetic field on a hybrid nanofluid (Fe304-TiO3) under varying intensities
(1000-2000 Gauss) and positions. Using numerical simulations (finite volume method), key parameters like
Nusselt number (Nu), Friction factor (f), and Thermal Enhancement Factor (TEF) have been analyzed to uncover
how magnetic fields and nanofluids interact in complex geometries. Results showed that the application of a
magnetic field significantly enhanced heat transfer performance, with a maximum Nusselt number enhancement
of 230%. Moreover, it was shown that greater magnetic field intensities were associated with elevated friction
factors, whereas friction factors exhibited a declining trend as Reynolds numbers increased. The thermal
enhancement factor initially increased with Reynolds numbers, but declined after reaching a peak. However,
higher magnetic field strengths mitigated this decline, intensifying heat transfer enhancement effects reaching a
maximum of 2.18 at 2000G magnetic field. These findings provide quantitative insights into the effectiveness of

magnetic fields in enhancing heat transfer in Fe304-TiO2 hybrid nanofluids.

1. Introduction

The world is currently grappling with an energy crisis that affects
nations across the globe. As

Populations grow and industrialization expands, the energy demand
continues to escalate while traditional fossil fuel reserves dwindle. This
pressing global issue necessitates exploring innovative and sustainable
approaches to meet the ever-increasing energy requirements of our so-
ciety. In this context, optimizing heat transfer (HT) processes becomes
paramount, as it directly impacts the efficiency and performance of
various energy systems.

Efficient heat transfer plays a crucial role in a wide range of appli-
cations, including power generation [1], electronics cooling [2], thermal
management in aerospace [3], and chemical processes [4]. Improving
heat transfer can enhance energy efficiency, reduce operational costs,
and minimise environmental footprint. Therefore, It is imperative to
develop strategies that optimize heat transfer to meet the growing en-
ergy demands while striving for a more sustainable future. Heat transfer

mechanisms may be broadly categorized into active and passive
methods. Passive techniques, such as natural convection, radiation, and
conduction, rely on the physical properties and inherent characteristics
of the materials involved. Passive devices have been used for a long time
due to their low cost, as they do not require any external energy sources,
simple disassembly, and maintenance. Among these devices, twisted
tapes [5,6] stand as a compelling strategy to enhance fluid mixing and
convective heat transfer. Similarly, incorporating coiling wires [7] in-
troduces intricate flow patterns that augment heat exchange efficiency.
Fins [8] emerge as a classic choice, effectively amplifying heat transfer
surface area to optimize convective processes. Applying dimples [9] on
surfaces triggers-controlled turbulence, further intensifying heat trans-
fer mechanisms.

Rib structures [10] find relevance in both compact heat exchangers
and channel flow configurations, promoting turbulence and enhancing
convective heat transfer. Baffles [11], strategically positioned, create
disruption in flow, encouraging mixing and heat exchange enhance-
ment. Vortex generators [12-14] play a pivotal role in inducing swirl
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Fig. 1. Schematic diagram.

and vortices, accelerating convective heat transfer rates in various fluid
systems. Wings [15] and winglets [16], often utilized in airfoil design,
introduce controlled aerodynamic interactions that bolster heat transfer
performance.

In tandem with these innovative designs, the realm of passive heat
transfer enhancement has been invigorated by the advent of nanofluids
[17-20]. Nanofluids exhibit remarkable thermal conductivity and
convective heat transfer augmentation by leveraging the dispersal of
nanoparticles within a base fluid. These materials present an exciting
avenue for bolstering heat exchange in a wide array of applications.
Nanofluids, which are colloidal suspensions of nanoparticles (NPs) in a
base fluid, offer unique advantages due to the nanoparticles’ enhanced
thermal conductivity and convective heat transfer properties. When
nanoparticles are distributed in the water, they significantly increase the
effective thermal conductivity, allowing for more efficient heat
dissipation.

While passive methods are effective in certain scenarios [21-23],
they often have limitations when it comes to achieving high heat
transfer rates or enhancing the performance of specific systems. To
overcome these limitations, active techniques that actively manipulate
heat transfer processes have gained significant attention. Active tech-
niques involve the application of external forces or fields to augment
heat transfer. These methods offer the potential to overcome the limi-
tations of passive methods by actively manipulating the heat transfer
processes and optimizing energy transfer. Forced convection, for
instance, utilizes external fans or pumps to increase the fluid flow rate
and enhance heat transfer rates. Electrohydrodynamics is another active
technique that uses electric fields to induce fluid motion, improving heat
transfer. The applied voltage is more efficient for natural convection
flow at reduced heat fluxes and low Reynolds numbers. Acoustic
methods utilize sound waves to enhance heat transfer by creating fluid
agitation and enhancing mixing [24,25].

One particularly promising avenue for heat transfer enhancement is
using magnetic

fields. Magnetic fields have been found to significantly influence heat
transfer characteristics. They can induce fluid motion, alter the behavior
of heat transfer fluids, and enhance convective heat transfer rates. By
employing non-uniform magnetic fields, researchers have achieved
remarkable improvements in heat transfer performance, offering new
possibilities for efficient energy utilization.

Bezaatpour and Goharkhah [26] proposed a method using an
external magnetic field to enhance HT in heat exchangers (HEX) by

generating a swirling flow in the magnetic working fluid. Their nu-
merical simulation showed a HT enhancement of up to 320% with
minimal pressure drop increase. Bezaatpour and Rostamzadeh [27]
investigated the influence of an external magnetic field with Fe3O4/-
water nanofluid on a fin-and-tube compact HEX. They found a HT
enhancement of 8.7%-52.4% with a subtle pressure drop increment. Lei
et al. [28] analyzed the potential of magnetohydrodynamic (MHD)
convection to increase HT during magnetic cooling. They achieved a HT
enhancement of about 40% by creating a swirling flow with an external
magnetic field.

Sharma et al. [29,30] conducted two studies on the impact of mag-
netic fields on thermal and flow performance. The first study found heat
transfer enhancements of 6.13%-37.38% with varying magnetic field
strengths, accompanied by increased pressure drop (PD) due to vortex
formation.

In the second study, magnetic fields increased the Nusselt number by
4.95%-19.27%, but also increased the PD. The TEF increased by 9.53%-—
12.50%, and TEF values were generally greater than unity for a wide
range of inclinations with magnetic fields.

Sheikholeslami et al. [31] conducted experimental research on
nano-refrigerant boiling heat transfer and observed increased heat
transfer coefficient with increasing flattened percentage and nano-
particle concentration. Kumar et al. [32] developed a numerical model
considering a magnetic field, thermal radiation, and viscous dissipation.
They found that increasing the radiation parameter improved velocity
and temperature profiles. Pordanjani et al. [33] evaluated the influence
of radiation on convective HT and entropy formation in a diagonal
rectangular container that included a magnetic field. They observed that
HT and entropy generation increased with the Rayleigh number (Ra)
and decreased with the magnetic field angle.

The current investigation presents several novel aspects in the
investigation of HT characteristics in a three-dimensional mini-channel
with a square cross-section when subjected to the influence of a mag-
netic field. To begin, in contrast to earlier studies, which concentrated
their attention primarily on two-dimensional (2D) or simplified geom-
etries, the current study specifically investigates the intricate three-
dimensional nature of the mini-channel. The study provides a more
comprehensive understanding of the behaviour of heat transfer in
complex flow configurations, which better represents applications that
occur in the real world, as a result of taking into account the full three-
dimensional aspect.

Second, this research investigates how the performance of HT can be
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Fig. 2. Domain discretization.

affected by changing the magnetic field strength as well as the position
of the magnets at different Reynolds number of 75, 85, 95, 105, 125,
150, 170 and 190. An in-depth study of the effect that these parameters
have on the HT characteristics is carried out by systematically altering
the magnetic field strength from 1000G to 2000G and adjusting the
magnet position within the 40 mm channel length. This allows for the
study to provide accurate results. The utilization of a hybrid nanofluid
that is made up of 1% Fe304 nanoparticles and 1% TiO, nanoparticles is
another aspect of the present work that contributes to its novel nature.
The addition of nanoparticles to the working fluid results in the intro-
duction of additional complexities, such as nanoparticle aggregation and
interparticle interactions, both of which have the potential to have a
significant impact on the manner in which heat is transferred.

2. Computational methodology

This study employs four magnets placed at different positions along
the mini-channel. The heat transfer properties of the channel were
determined by analysing a set of scenarios. The system is defined by a set
of source configurations that include: (i) a single source positioned at
7.5 mmy; (ii) a single source positioned at x = 15 mm; (iii) a single source
positioned at x = 25 mm; (iv) two sources positioned at x = 25 mm and
32.5 mm; and (v) four sources positioned at x = 7.5 mm, 15 mm, 25 mm,
and 32.5 mm, as depicted in the Fig. 1.

The rationale behind favoring symmetric magnet placement is
rooted in its capacity to ensure uniform heat distribution along the
length of the channel. By strategically positioning magnets in a sym-
metrical manner a balanced distribution of heat transfer enhancement
effects is achieved, thereby avoiding localized or uneven heating. This,
in turn, contributes to a more controlled and predictable heat transfer
process, which is crucial for maintaining accurate experimental results.

Moreover, the adoption of symmetric magnet placement has the
added benefit of reducing the likelihood of flow disturbances or turbu-
lent behaviors caused by uneven magnetic field distribution. These
disturbances can impede the desired heat transfer enhancement effects
and introduce complexities into the experimental setup.

Various Reynolds numbers (Re) and magnetic field strengths are
utilized to test each configuration. Each magnet functions as a theoret-
ical obstruction whose vertical dimension is contingent upon the in-
tensity of the magnetic force. The augmentation of magnet quantity
results in increased turbulence, thereby leading to an increase in HT.
However, as a result of the formation of eddies, there is also an increase
in pressure drop.

2.1. Geometry and grid generation

The 3D mini-channel depicted in the figure has a square cross-section
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Fig. 3. Grid independence test.

of 4 mm and a length of 40 mm. All surfaces, except for the bottom
surface, exhibit adiabatic behaviour, while the bottom surface maintains
isothermal conditions. The Fe304-TiO4 nanofluid functions as a homo-
geneous coolant with consistent inlet velocity and temperature, flowing
evenly through the channel. A computational grid consisting of 88641
cube shaped nodes was chosen to accurately measure the velocity and
thermal gradient within the flow domain (see Fig. 2). Grid independence
test was performed with multiple grid sizes using ratio of velocity at
center of the channel to the inlet velocity as shown in Fig. 3. Among the
various potential grid configurations considered, the 88641 cube shaped
nodes grid configuration was chosen as the preferred option. The deci-
sion was made with the dual objective of reducing processing time and
achieving reliable outcomes.

2.2. Boundary conditions

The top surface of the mini-channel is entirely insulated while
keeping the bottom surface isothermally maintained at 350K. All the
other surfaces were treated as adiabatic walls. At the channel bound-
aries, no-slip velocity and temperature jump conditions were desig-
nated. In all cases, the channel inlet was maintained at a constant
temperature of 293K. The outflow of the channel maintained a constant
atmospheric pressure throughout the simulations.

It is essential to treat nanofluid properties as a function of temper-
ature and nanoparticle concentration. The hybrid nanofluid comprises
of 1% Fe304 and 1% TiOy with water as the base fluid. Under the
assumption that the nanoparticle concentration is uniform across the
domain, the effective physical properties of nanofluid can be calculated
as follows [34]:

po == @)p; + 0p,, @
(vC,),=(1=0) (pC,), + 9 (vCy),, 2
Hoy =ty (1+2.5¢) 3
knp = Kssasic + Korownian 4)
where,

(Kup +2ks) — 20 (ky — ki)
(kup +2k7) + o (kg — ko)

ksiatic = kf (5)
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where k indicates Boltzmann constant, ¢ represents nanoparticle con-
centration, § depicts the liquid volume fraction and g denotes the
modelling function given by Ref. [35]:

¢(@, T) = (—6.049 + 0.4705)T + 1722.3¢ — 134.63 @

For greater precision, the physical properties of the base fluid, water
in the present analysis, are assumed to be a function of temperature.
They are provided by Ref. [35]:
py=2446 — 20.674T + 0.11576T% — 3.12895 x 10~*T° +4.0505 x 10~ T*

—2.0546 x 1071°7°

®)

T-140
H=2414x107° x 10 )
k= —1.13+9.71 x 107°T — 1.31 x 10772 (10)

2.3. Mathematical and computational implementations

The present study employs a computational implementation model
that specifically targets the section of the fluid domain ranging from the
intake to a location situated 40 mm downstream. The model utilized in
this study also made substantial efforts to achieve a considerable level of
solution accuracy, particularly in close proximity to the fluid domain.
The aforementioned outcome was attained through existing literature
and exhaustive method of discretization, as indicated by the successful
satisfaction of convergence conditions. The convergence criteria for the
variables x-velocity, y-velocity, z-velocity, and continuity were set at a
threshold of 10>, whereas a greater level of precision, 108, was sought
for energy convergence.

2.4. Numerical modelling

The present study employs ANSYS FLUENT 18.1 commercial soft-
ware to carry out numerical simulations. In this study, the laminar
viscous model has been employed in conjunction with the COUPLED
method for pressure-velocity coupling. The stability of the main flow
was evaluated. The finite-volume method is used to discretize the gov-
erning equations of fluid flow and HT, and the resulting algebraic
equations are solved using an iterative algorithm. In this study, the
discretization of the momentum equations was carried out using a
second-order upwind scheme. Additionally, the energy equation was
discretized using the QUICK scheme, as per which structured meshes are
aligned with the flow direction, yielding higher accuracy when utilized.

By utilizing this scheme, we aim to improve the accuracy and effi-
ciency of our numerical simu-lations. The described CFD solver simu-
lates fluid flow and HT in engineering applications reliably and
efficiently. This study aims to investigate the phenomenon of flow at
extremely low Reynolds numbers. Specifically, the Reynolds numbers
considered in this study are 75, 85, 95, 105, 125, 150, 170, and 190,
which are calculated based on the channel width.

The assumptions underlying the numerical model for fluid flow and
heat transfer in the square channel includes, steady flow, laminar flow,
fully developed flow, incompressible flow, neglect of body forces,
neglect of thermal radiation and neglect of viscous dissipation.

These assumptions form the basis for the simplified mathematical
representation of fluid flow and heat transfer in the square channel,
making it possible to derive the governing equations for further analysis
and numerical simulations as follows [36]:
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Table 1
Nomenclature.
Symbol Description
B Magnetic Field Strength (Gauss)
Gy Specific Heat Transfer Coefficient (J/kg/K)
D Hydraulic diameter (m)
F Friction factor
G Modelling Function
h Heat transfer coefficient (W/m? K)
Jj Colburn j- factor
k Thermal Conductivity (Wm 'K
L Length of Mini-channel (mm)
Nu Nusselt number
Ap Pressure difference
Pr Prandtl Number
Re Reynolds number
T Temperature (K)
TEF Thermal enhancement factor
u Horizontal velocity (m/s)
u; Velocity in x; direction
uj Velocity in x; direction
XY 2 Directions
Greek symbols:
P Density (kgm™>)
u Dynamic Viscosity (Pas)
17 Nanoparticle Concentration
¢ Average value at the top and bottom boundaries
oy Local value of ¢ at a distance x from the inlet
v Kinematic Viscosity (m? s~ 1)
B liquid volume fraction &N
r Thermal Diffusivity (m?s~?)
Subscripts:
o Reference condition (without magnetic field)
f Fluid
m In presence of Magnetic Field
np Nanoparticle
nf Nanofluid
X Distance from inlet
Table 2
Properties of Fe30,4 and TiO, nanoparticles [8,20].
Property Fe304 TiO4
p 4950 kg/m> 4175 kg/m®
G 640 J/kgK 692 J/kgK
k 7 W/m.K 8.4 W/m.K
. . 0
Continuity Equation [36] : o (pu;)=0 an
i
. 9(pusw) o , 9 [ ou dy
Momentum Equation [36]: ox; o + ax; {p % dxl 12)
Energy Equation [36] : dpwT) :i {Fa—T} 13)
0x; ox; | 0Ox;
Here, I" represents the thermal diffusivity [36]:
B
= o 14

3. Data reduction and validation

In this section, various equations and correlations were presented to
analyze and validate the data (see Table 1). The properties of nano-
particles used in the present study have been summarized in Table 2.
The Nu and f were defined as follows:

The Nu, which represents the ratio of convective to conductive HT,
was given by:
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Fig. 4. (a) Validation of the model used in present study with established
correlations by Mills [37] and Experimental setup [39], and (b) Colburn j-factor
for the plain channel is the function of Reynolds number.

)

N
T

1s)
The f was determined based on the PD in the channel and was
expressed as:

P 16)

g
The Nusselt number correlation proposed by Mills [37] was given by:

0.065RePr2

Nu=3.66+ —— L
1+ 0.04[RePr2]?

@a7)

The Colburn j-factor characterizing the convective heat transfer in a
fluid is given by Ref. [38]:

Nu

j= T 18)
RePr3
The equation for laminar flow was given by Ref. [39]:
58
2 1
I Re (19)
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Furthermore, the thermal performance factor (TEF) was evaluated
using the following equation:

Nu.

TEF = (N>% (20)
7\
Jo

These equations and correlations served to reduce and validate the
data, providing a reliable basis for further analysis in the present study.
The Nusselt number obtained from the Fluent model deployed for this
study was compared with the Nusselt number correlation by Mills [37].
Additionally, the friction factor obtained from the PD across the length
of the channel was compared with the correlation given by experimental
result and analysis [39]. The comparison results are presented in Fig. 4
(a).

It was observed that the Nu and f obtained from the present study
exhibit good correlation with the established correlations. This agree-
ment validates the accuracy and reliability of the numerical model used
in this research. Furthermore, the Colburn j-factor was plotted against
Reynolds number, as shown in Fig. 4(b). Based on the comparison be-
tween the results from the present study and the established correla-
tions, it can be concluded that the numerical model employed in this
study is reliable and capable of accurately simulating the HT and PD
characteristics of the system under investigation.

4. Results and discussion

The current study focused on analyzing the impact of the magnetic
field on the HT rate and fluid flow behavior of a hybrid nanofluid con-
sisting of Fe304 — TiO,. The computations were conducted using a finite
volume method, and the obtained results were analyzed in terms of the
Nu, f, Colburn j-factor and TEF.

Properties such as Nusselt number and friction factor have been
presented in the results section as an average over top and bottom
boundaries of the channel for the nanofluid employed in the present
study. To calculate the average value of a property ¢ at the top and
bottom boundaries of the rectangular channel line averages were taken
at each boundary using the following equation:

1

*/@w 1)

0

w’:

~ =

where [ is the length of the channel and ‘/’;( is the local value of ¢ at a
distance x from the inlet.

4.1. Nusselt number analysis

The augmentation in the Nusselt number (Nu) resulting from the
application of a magnetic field can be quantified through the ratio of Nu
with the magnetic field (Nuy,) to Nu without the magnetic field (Nu,), as
summarized in Fig. 5. The observation that the ratio Nuy/Nu, is
consistently greater than one for all cases indicates an increase in Nu in
the presence of the magnetic field. This enhancement effect becomes
more pronounced with higher magnetic field intensities, as seen in the
increasing trend of Nuy,/Nu, with the rise in magnetic field intensity.

Furthermore, the Nusselt number (Nu) shows a continuous increase
with increasing Reynolds number (Re) as presented in Table 3. This
consistent rise in Nu with increasing Re suggests that convective heat
transfer improves as the fluid flow transitions from laminar to turbulent
regimes. However, the impact of the magnetic field on Nu varies with the
configuration of magnets. Among the different configurations studied,
the curve corresponding to the magnet positioned at 7.5 mm shows
lower enhancement compared to the curve for 15 mm, which in turn is
lower than the curve for 25 mm. Similarly, the curve for the case with
two magnets positioned at 25 mm and 32.5 mm is below the curve for
the case with all four magnets in position. This trend is observed for all
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Fig. 5. Nu/Nu, is the function of Reynolds number for various magnetic field intensities: (a) 1000G, (b) 1200G, (c) 1500G, and (d) 2000G.

Table 3
Nusselt number and friction factor enhancement for Re = 75.

Magnet(s) placement (mm) Nusselt number

Friction factor

0G 1000G 1200G 1500G 2000G 0G 1000G 1200G 1500G 2000G
7.5 7.87 9.15 9.28 9.46 9.93 0.750 0.756 0.768 0.773 0.788
15 7.87 9.35 9.70 10.31 10.97 0.750 0.768 0.777 0.801 0.808
25 7.87 9.96 10.76 10.79 12.92 0.750 0.808 0.829 0.838 0.836
25 and 32.5 7.87 11.11 12.27 13.44 14.95 0.750 0.852 0.861 0.869 0.891
7.5, 15, 25 and 32.5 7.87 11.81 12.80 13.88 15.41 0.750 0.872 0.881 0.893 0.954

intensities of the magnetic field.

The relationship between the ratio of Nuy/Nu, and Reynolds num-
ber demonstrates a rising trend from Reynolds numbers of 75 until
Reynolds number of 105, followed by a period of relative stability until a
Reynolds number of 150, and afterwards a decline until a Reynolds
number of 190. This observation suggests that the impact of the mag-
netic field on Nu is more prominent at lower and higher Reynolds
numbers, while its influence diminishes at intermediate Reynolds
numbers.

4.2. Colburn j-factor {J = Du 1} analysis
RexPr3
To provide physical reasoning for these quantitative results, we can
consider the underlying mechanisms. The decrease in convective heat
transfer efficiency (j-factor) with increasing Reynolds number in the
laminar flow regime can be attributed to the increasing dominance of
viscous forces over convective forces. As Re increases, the relative

importance of inertial forces compared to viscous forces grows, leading
to a decrease in convective heat transfer efficiency and a lower j-factor
as shown in Fig. 6.

The increase in the j-factor with increasing magnetic field intensity
can be explained by the influence of the magnetic field on the fluid flow.
When a magnetic field is applied, it induces Lorentz forces that act on the
conducting fluid. These Lorentz forces can suppress turbulence and
enhance flow stability, resulting in improved convective heat transfer
and increased j-factor.

The presented quantitative results highlight the significant impact of
the magnetic field on the Nusselt number and suggest that the
enhancement effect is more pronounced with higher magnetic field in-
tensities. The consistent increase in Nu with increasing Re indicates
improved heat transfer performance in the system. The underlying
rationale for these observations can be attributed to the interaction
between viscous and convective forces, as well as the influence of Rey-
nolds number and the impact of Lorentz forces generated by the mag-
netic field on fluid flow. These factors collectively alter the efficiency of
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Fig. 6. Colburn j-factor is the function of Reynolds number for various
convective heat transfer.

4.3. Friction factor analysis

The trends observed in Fig. 7 for the friction factor (f) can be
explained through physical reasoning based on the influence of the
magnetic field and Reynolds number (Re) on fluid flow.

As Reynolds number increases, the decrease in friction factor can be
attributed to the increasing dominance of viscous forces over inertial
forces. In the laminar flow regime, the flow is mainly governed by
viscous forces at lower Reynolds numbers, resulting in a higher friction
factor. However, as Re increases, inertial forces become more signifi-
cant, leading to a reduction in the relative importance of viscous forces,
and thus, a decrease in the friction factor.

Similarly, the observed trends in friction factor with different magnet
positions and magnetic field intensities can be explained based on the
magnetic field’s impact on fluid flow. The curve corresponding to the
magnet positioned at 7.5 mm showing the lowest friction factor
compared to the curves for 15 mm and 25 mm suggests that the mag-
netic field’s influence on flow stability and turbulence suppression is
more pronounced at closer distances to the magnets. The magnetic
field’s effect weakens as the distance increases, resulting in higher
friction factors.

Moreover, the curve for the case with two magnets at 25 mm and
32.5 mm being below the curve for all four magnets in position indicates
that the magnetic field’s distribution plays a role. With all four magnets
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in place, the magnetic field has a more extensive and uniform effect,
leading to increased flow stability and lower friction factors compared to
the case with only two magnets.

The increased friction factor with increasing magnetic field intensity
can be understood in terms of the interaction between the magnetic field
and the conducting fluid. As the magnetic field intensity rises, the Lor-
entz forces induced in the fluid become stronger. These forces can in-
fluence the fluid flow, leading to a more structured and constrained
flow, resulting in higher friction factors.

4.4. Thermal enhancement factor analysis

The observed behavior of the thermal enhancement factor (TEF)
provides valuable insights into the system’s heat transfer (HT) charac-
teristics under the influence of magnetic field intensity. The results
depicted in Fig. 8(a) show that the TEF initially increases with Reynolds’
number up to 120. This behavior can be attributed to the combined
effect of fluid flow behavior and heat transfer enhancement facilitated
by the magnetic field.

The increase in TEF up to Reynolds number of 120 is likely due to the
magnetic field’s impact on fluid flow stability and suppression of tur-
bulence, which leads to improved convective heat transfer. The mag-
netic field-induced Lorentz forces enhance fluid mixing, thus aiding in
better heat transfer throughout the system.

However, after reaching a peak at a Reynolds number of 120, the TEF
decreases. This decline can be attributed to the increased influence of



S. Bhattacharyya et al.

1104

1.00 4

60

1.25
1204
115

7,
1.10 4

1.05 4

1.00 o

-y 25mm and 32.5mm
|- 7.5mm, 15mm, 25mm and 32.5mm)

Fig. 7. Friction factor is the function of Reynolds

TEF 144

2.0

7,

T
140

T
160

Results in Engineering 20 (2023) 101473

T T
120 140

Re

@

v
. B
A
\O - 75mm
~@— 15mm
A 25mm
¥ W 25mm and 32.5mm
- 7.5mm, 15mm, 25mm and 325mm|
200

number for various magnetic field intensities: (a) 1000G, (b) 1200G, (c) 1500G, and (d) 2000G.

T T
120 140

Re

@~ 7.5mm, 1

-y~ 25mm and 32.5mm
[~@—7.5mm, 15mm, 25mm and 32.5mm)|

- 15mm ‘

200

T T
120 140

Re

T
180 200

Fig. 8. TEF is the function of Reynolds number for various magnetic field intensities: (a) 1000G, (b) 1200G, (c) 1500G, and (d) 2000G.

the friction factor, which counteracts the heat transfer enhancement
effects. The rise in friction factor is a consequence of the generation of
vortices and increased turbulence caused by the magnetic field. These

phenomena lead to higher energy losses and reduced heat transfer ef-
ficiency, resulting in a decrease in the TEF.
Nevertheless, when the magnetic field strength is increased, the
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decline in TEF after a Reynolds number of 120 becomes less significant
due to the intensified heat transfer enhancement effects brought about
by the stronger magnetic field. The stronger magnetic field promotes
even better fluid mixing, enhancing convective heat transfer and miti-
gating the negative impact of increased turbulence.

The TEF curve follows a similar trend in the cases of single magnets
placed at different positions (Fig. 8(b), ¢, 8d). The decline in TEF after
the Reynolds number of 120 is observed, but as the magnetic field
strength increases, the curve tends to rise and approach parallelism with
the x-axis at higher Reynolds numbers. Fig. 9 (a) to (d) illustrates the
percentage enhancement in the thermal efficiency factor (TEF) as a
function of varied magnet placements and varying strengths of the
magnetic field.

The consistent emergence of TEF values exceeding 1 indicates an
economically viable outcome, as the enhanced heat transfer more than
compensates for the additional energy input. Furthermore, this un-
derscores the potential for achieving improved heat exchange efficiency
without compromising the overall energy balance. Our analysis using
the TEF metric offers a positive outlook for our proposed approach’s
practicality and economic feasibility.

5. Conclusion

In conclusion, the HT enhancement was significantly affected by
both the intensity and position of the magnetic field. The increase in
magnetic field intensities and the judicious placement of magnets
significantly impacted the investigated parameters. The study conduct-
ed on the effects of a magnetic field on a hybrid nanofluid consisting of
Fe304-TiO> has yielded further significant observations.

1. Assignificant enhancement of up to 230% in the Nusselt number has
been successfully attained under the influence of a magnetic field
with a strength of 2000 G, at a Reynolds number of 190. This

improvement was observed when all four magnets, placed at 7.5 mm,
15 mm, 25 mm, and 32.5 mm, were simultaneously activated.

2. A friction factor rise of up to 133% has been seen at a Reynolds
number of 150 for a magnetic field strength of 2000 G when all four
magnets placed at 7.5 mm, 15 mm, 25 mm, and 32.5 mm were
activated, similar to the behavior exhibited by the Nusselt number.

3. Asignificant enhancement in TEF was also seen. The highest thermal
enhancement factor (TEF) was seen at a Reynolds number of 190
when all four magnets placed at 7.5 mm, 15 mm, 25 mm, and 32.5
mm were activated with a magnetic field strength of 2000 G. In this
particular instance, the TEF is calculated to be 2.18.

4. A minimum thermal enhancement factor (TEF) of 1.13 was observed
at a Reynolds number of 190 for a magnetic strength of 1000 G when
utilizing a single magnet placed at a location of 7.5 mm from the
inlet.

These findings highlight the significant influence of magnetic fields
on the HT characteristics of the Fe304-TiO5 hybrid nanofluid. They
emphasize the importance of magnetic field intensity, position, and fluid
flow rate in optimizing heat transfer performance. The numerical results
demonstrate the maximum enhancements in the Nu, f, Colburn j-factor
and TEF, providing quantitative insights into the effectiveness of the
magnetic field in enhancing HT in the system.
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