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ABSTRACT: This study investigates the enhancement of convective heat transfer in a serpentine pipe using ferrofluid
flow influenced by dual non-uniform magnetic sources. The primary objective is to improve thermal performance
in compact cooling systems, such as those used in heat exchangers. A two-dimensional, steady-state Computational
Fluid Dynamic (CFD) model is developed in ANSYS Fluent to simulate the behavior of an incompressible ferrofluid
under applied constant heat flux and magnetic fields. The magnetic force is modeled using the Kelvin force, which
acts on magnetized nanoparticles in response to spatially varying electromagnetic fields generated by two strategically
positioned current-carrying wires. The effects of magnetic field strength, quantified by the magnetic number (Mn), on
flow behavior and temperature distribution are thoroughly analyzed. The results indicate that increasing Mn leads to
higher Nusselt numbers, demonstrating enhanced convective heat transfer. Secondary vortices induced by magnetic
forcing improve fluid mixing, particularly in curved regions of the pipe. A mesh-independence study and model
validation with benchmark data support the reliability of the numerical framework. This work highlights the potential
of magnetic-field-assisted thermal control in energy-efficient cooling applications and provides a foundation for the
further development of advanced ferrofluid-based heat transfer systems.
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1 Introduction

The enhancement of heat transfer in industrial applications is crucial for optimizing energy efficiency,
reducing operational costs, and improving the overall performance of various systems [1-3]. One promising
technique that has garnered significant attention is the use of ferrofluids in conjunction with magnetic fields.
Ferrofluids, which are engineered by suspending nanoparticles in a base fluid, exhibit superior thermal
properties compared to conventional fluids. When combined with the application of a magnetic field,
particularly a non-uniform magnetic field, the heat transfer characteristics can be further improved. This
synergy between ferrofluids and magnetic fields has the potential to revolutionize heat transfer technologies
in industries such as chemical processing, power generation, and cooling systems for electronic devices [4,5].

Ferrofluids are a relatively recent innovation in the field of thermal management, offering a remarkable
improvement in heat transfer compared to traditional fluids such as water, ethylene glycol, or oils. By
suspending nanoparticles such as metal oxides (e.g., AL O3, CuO) or carbon-based particles (e.g., graphene,
carbon nanotubes) in a base fluid, the thermal conductivity of the fluid is significantly enhanced [6-8].
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Nanoparticles, due to their high surface area-to-volume ratio and superior thermal conductivity, improve
the heat conduction pathways within the fluid, allowing for more efficient energy transfer [9,10].

The thermal performance of ferrofluids is influenced by several factors, including the size, shape, and
concentration of the nanoparticles, as well as the properties of the base fluid. For industrial applications,
optimizing these parameters is crucial for maximizing heat transfer while maintaining the stability and
flow ability of the ferrofluid. Despite the inherent improvements in thermal properties, however, ferrofluids
still face challenges related to particle agglomeration, sedimentation, and increased viscosity [11-13]. These
challenges can be addressed by external interventions such as the application of magnetic fields, particularly
non-uniform magnetic fields, which offer an additional layer of control over the fluid’s behavior [14].

The application of magnetic fields in heat transfer systems, especially in conjunction with ferrofluids, is
aburgeoning area of research. Magneticfields can be used to manipulate the flow and distribution of particles
within the fluid, thereby enhancing heat transfer processes. This is especially true for magnetic particles in
base fluid, also known as ferrofluids, which contain magnetically responsive nanoparticles [15-17]. When
subjected to a magnetic field, these particles align along the field lines, creating pathways for improved
thermal conduction.

The impact of a magnetic field on heat transfer is described by magnetohydrodynamics, which refers
to the study of the behavior of electrically conductive fluids in the presence of a magnetic field [18-20]. In
the case of ferrofluids, even non-magnetic particles can exhibit MHD (Magneto-hydrodynamic)-like effects
due to the influence of the magnetic field on the base fluid and the convective heat transfer processes. The
magnetic field alters the fluid flow, induces secondary flows, and can even suppress turbulence, all of which
contribute to a modified heat transfer profile.

Recent studies on ferrofluid heat transfer have advanced our understanding of magnetic field-driven
flow dynamics. For instance, Zhang and Zhang [16] demonstrated that uniform magnetic fields enhance
thermal conductivity in straight microchannels by aligning nanoparticles into chain-like structures, while
Pishkar et al. [17] reported a 25% improvement in heat transfer using oscillating magnetic fields in flat-
plate solar collectors. However, these studies predominantly focus on simplified geometries (e.g., straight
channels) or homogeneous magnetic fields. In contrast, practical industrial systems often involve curved
or complex geometries where non-uniform magnetic fields and flow curvature synergistically influence
heat transfer—a scenario underexplored in current literature. Recent work by Feizi khosroshahi and
Goharkhah [18] highlighted the potential of localized magnetic sources in serpentine channels but did not
address the combined effects of curvature-induced secondary flows and magnetic field gradients. Further-
more, while the role of Reynolds number in ferrofluid heat transfer has been studied in straight pipes [21,22],
its interplay with spatially varying magnetic fields in curved geometries remains unresolved [23,24]. This
gap limits the design of efficient cooling systems for applications like compact heat exchangers or electronics
with non-linear flow paths. The present investigation addresses this by analyzing ferrofluid flow in a
curved pipe with strategically placed magnetic wires, explicitly examining how non-uniform magnetic fields
(via wire positioning) and Reynolds number modulate vortex generation, boundary layer disruption, and
thermal performance. Unlike prior studies, this work quantifies the synergy between geometric curvature,
magnetic field gradients, and flow regime, providing actionable insights for optimizing real-world thermal
management systems.

A non-uniform magnetic field refers to a magnetic field whose strength and direction vary over space, as
opposed to a uniform magnetic field that is constant throughout the system [21-23]. Non-uniform magnetic
fields introduce several distinct advantages over uniform fields, particularly in the context of heat transfer in
pipes. Non-uniform magnetic fields allow for localized control of the ferrofluid flow and particle distribution.
Tyagi et al. [23] present a comprehensive state-of-the-art review of nanofluid spray and jet impingement
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cooling, emphasizing how nanoparticle addition, jet configuration, flow regime, and thermophysical prop-
erty modification collectively enhance convective heat transfer compared with conventional fluids. Their
review highlights that mechanisms such as enhanced thermal conductivity, micro-mixing, and secondary
vortical structures play a dominant role in heat transfer augmentation, while also noting practical challenges
including particle agglomeration, erosion, and pressure-drop penalties. Complementing this perspective, the
coupled thermo-electro-hydrodynamics of nanofluids under conjugate heat transfer conditions, focusing
on entropy generation minimization as a rigorous performance metric has been investigated in various
researches [23,24]. Their numerical analysis demonstrates that the interaction between electric fields, flow
structures, and solid-fluid thermal coupling significantly alters temperature distribution, flow behavior,
and irreversibility, enabling optimized thermal performance through appropriate control of electrical and
flow parameters. Together, these studies provide a strong theoretical and computational foundation for
understanding both heat-transfer enhancement mechanisms and thermodynamic optimization strategies
in advanced nanofluid-based thermal systems. By adjusting the magnetic field strength and gradient, it is
possible to concentrate nanoparticles in specific regions, thereby increasing the local thermal conductivity
and improving heat dissipation [25-27]. The varying magnetic field strength in a non-uniform field can
induce magnetic convection, which enhances the fluid motion and, consequently, the convective heat
transfer. In industrial applications where natural convection is the primary mode of heat transfer, the addition
of a non-uniform magnetic field can significantly boost the overall heat transfer coefficient by promoting
stronger fluid circulation of the challenges of using ferrofluids is the tendency of nanoparticles to sediment
over time, especially in low-flow or stagnant regions of the pipe. A non-uniform magnetic field can mitigate
this issue by continuously redistributing the particles throughout the fluid [28-30].

The magnetic field gradient exerts a force on the nanoparticles, preventing them from settling at the
bottom of the pipe and ensuring a uniform suspension, which is critical for maintaining consistent heat
transfer performance. The potential industrial applications of non-uniform magnetic fields combined with
ferrofluids are vast, ranging from cooling systems for high-performance electronics to heat exchangers in
power plants. In the chemical processing industry, where precise temperature control is crucial for reactions
and separations, this approach offers a way to enhance heat transfer efficiency while minimizing energy
consumption. Similarly, in the automotive and aerospace industries, where weight and space constraints
limit the size of heat exchangers, the use of ferrofluids and non-uniform magnetic fields allows for more
compact, high-performance cooling solutions. Furthermore, in renewable energy systems, such as solar
thermal collectors and geothermal heat exchangers, the combination of ferrofluids and magnetic fields
can improve the efficiency of energy capture and conversion, making these systems more viable for
large-scale deployment.

Previous research often focused on uniform magnetic fields or simplified geometries, limiting practical
applicability. This work bridges the gap by providing a spatially adaptive magnetic field solution for
real-world curved systems. Besides, this work will quantify how magnetic field strength (Mn) and flow
regime (Re) jointly govern thermal performance. Also, this study Offers a blueprint for designing energy-
efficient, compact cooling systems with magnetically tunable heat transfer. In essence, the study pioneers
a multiphysics approach (magnetic + fluid + thermal) to tackle industrial thermal challenges, marking a
significant leap beyond conventional passive cooling methods.

In conclusion, the use of non-uniform magnetic fields to enhance heat transfer in ferrofluid-based
systems represents a promising advancement for industrial applications. In this context, the use of a non-
uniform magnetic field for enhancing heat transfer with ferrofluids inside pipes represents a cutting-edge
approach that leverages the unique properties of both the fluid and the magnetic forces. This technique
not only improves the thermal conductivity of the fluid but also introduces additional mechanisms such
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as ferrohydrodynamic (FHD) effects that further enhance the overall heat transfer rate. The present work
investigates the use of the Multiple magnetic source for the improvement of the heat transfer through
serpentine tube. Computational studies have been performed to evaluate the role of the non-uniform
magnetic sources on the ferrofluid flow stream within serpentine pipe as shown in Fig. 1. The pipe has a bent
or curved section, which is an area of interest for potential heat transfer enhancements. This bending could
also alter the flow characteristics, increasing local convective heat transfer.
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Figure 1: Serpentine model (a) dimension and (b) boundary condition.

The primary objective of this study is to numerically investigate the enhancement of convective
heat transfer in a serpentine pipe using ferrofluid flow subjected to dual, spatially non-uniform magnetic
sources. Specifically, this work aims to: (i) quantify the effect of magnetic field strength, expressed through
the magnetic number (Mn), on flow structure, vortex formation, and Nusselt number distribution; (ii)
examine the role of strategically positioned magnetic wires within curved regions of the pipe in promoting
secondary flows and thermal boundary-layer disruption; (iii) analyze the interaction between Reynolds
number and magnetic forcing to elucidate their combined influence on heat transfer performance; and
(iv) validate the proposed numerical framework through mesh independence testing and comparison with
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benchmark data. These objectives collectively seek to provide practical design insights for magnetically
tunable, high-efficiency cooling systems in compact heat exchanger applications.

2 Model Description and Computational Methodology

Fig. 1 shows a schematic of a pipe with an applied constant heat flux (q//) that is constant throughout
the system. Inside the curved section of the pipe, two red points labeled as “wirel” and “wire2” are placed at
specific positions, measured using the distances (al), (a2), and (b). These wires, positioned nearby the pipe,
likely represent magnetic sources (electrically charged wires or conductors) that are placed to influence the
flow or thermal behavior inside the pipe through magnetic effects. The coordinate system shown ((x)-axis
and (y)-axis) helps define the spatial arrangement of the magnetic sources inside the system. The two red
points (wirel and wire2) represent magnetic sources or conductors. These wires can generate magnetic fields,
which can influence the flow of the fluid inside the pipe. The placement of the wires, defined by (al), (a2),
and (b), shows that they are positioned strategically within the curved section to optimize their impact on
the flow and heat transfer processes. The positioning of wires suggests that a non-uniform magnetic field
is generated. As the wires are placed at different distances, the field strength and orientation would vary
across the pipe, influencing the fluid’s motion and thermal properties in this region. This is particularly
useful when working with magnetically responsive fluids like ferrofluids or ferrofluids containing magnetic
nanoparticles, as they can experience enhanced convective currents due to magnetic forces. The ferrofluid
flow with constant temperature of 300 K enter to the pipe where applied heat flux is 1000 W/m?k. The
main specs of the model are: % =10, % =10, % =2, =1, where E = 20 mm. As ferrofluids lack significant
electrical conductivity, the Kelvin force Fg, not the Lorentz force, is the dominant mechanism for magnetic
interaction in this study.

The simulation of the incompressible ferrofluid stream is conducted by solving the Navier-Stokes
equations in a steady state, laminar and two-dimensional assuming that the ferro nanoparticles with
magnetic properties are homogeneously mixed in the base water flow [26-28]. Due to the small size of
the nanoparticles, the ferrofluid is considered a single-phase fluid [29]. A key advantageous feature of the
nanoparticles in the water-based flow is their response to magnetic sources. When subjected to a non-
uniform electromagnetic force, the applied force on the ferro particles alters the flow, creating vortices that
significantly impact the thermal characteristics of the ferrofluid flow [30-32]. The main governing equations
are presented as follows:

e m
ox 9y

Pm (u% +vg—;):—§—i+ym(%+gi;)+FK(x) 2)
Pm (ug—:+vg—;):—g—i+ym (%+%)+FK()/) 3)
(Pmcp)m (”g—z+vg—Z)= m(%+§7€) (4)

In these equations, p,,, Cp, p, Um, T represent density, thermal capacity, pressure, viscosity and
temperature of the ferrofluid, respectively. The main momentum equations incorporate source terms related
to the Kelvin force, which acts on the nanoparticles in the x and y directions. While MHD involves Lorentz
forces arising from electric currents in conducting fluids, FHD governs ferrofluids, where the Kelvin drives flow
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modulation via magnetization gradients. These Kelvin force source terms, denoted as Fx (x) and Fk (y), are
calculated using the following equations [25]:

0
i (x) = ioM S 5)
0
F () = M5 ©)
Y

where the term H signifies the magnetic field intensity of the electromagnetic source, while M represents the
magnetic properties of the ferrofluid [25] and these two terms are calculated by these equations:

_ 1 1
H(x,y,z)=%\/(x_a)2+(y_b)2 7)
M= 6d3 [coth(f)——] (8)

where M is the magnetization of the ferrofluid (A\m_l); m, is the magnetic dipole moment of a single
nanoparticle (A\m?); d,, is the diameter of the magnetic nanoparticle (m); & is the Langevin parameter
(dimensionless), defined as

yompH

$= kpT

(9)
where y, is the magnetic permeability of free space; H is the magnetic field intensity (A\m‘l); kg is the
Boltzmann constant; T is the absolute temperature (K); coth(§) is the hyperbolic cotangent function.

Our simulations are conducted by ANSYS-FLUENT software for modeling of the ferrofluid under non-
uniform magnetic field [30]. The pressure-velocity coupling was handled via the SIMPLE algorithm, with
second-order upwind discretization for momentum and energy equations to minimize numerical diffusion.
Convergence criteria were set to 107° for residuals of continuity and momentum equations and 107® for
energy. The value of Magnetic intensity (Mn) and Nusselt number are calculated via these formulas [33]:

H;E?
Mn = A2 (10)
Pm&y,
"
E
Nu=—3°2 (11)
km ( Tw - Tb)
In Table 1, characteristics of the component of ferrofluid are presented.
Table 1: Characteristics of the ferrofluid [15].
j (me)
k
b)) ax) et
Fe;0, (p) 5200 670
Water (f) 998 4182 0.6 0.001

Fig. 2 illustrates the schematic of generated grid for the selected model. The grid near the wall is denser
since the temperature gradient near the pipe wall is higher than other regions. The structured grid with
different cell numbers has been examined for grid independency as presented in Fig. 3. As shown in the
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figure, the change of normalized temperature along the height of the model is limited for the chosen model.
The grid with 31,200 (60 x 520) cells is selected for the present study. Fig. 4 displays the flowchart of the
present study for the modeling and analysis of the non-uniform magnetic field on the heat transfer near
serpentine tube.
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Figure 2: Structured grid.
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Figure 3: Grid study.

A structured hexahedral grid (Fig. 2) was chosen for its accuracy in resolving boundary layers and
compatibility with the curved geometry. Mesh density was increased near the pipe walls (inflation layers) to
capture steep temperature gradients. Grid independence was verified by monitoring the normalized Nusselt
number (Nu) and wall shear stress across four mesh densities (12,800 to 42,000 cells). The 31,200-cell grid
was selected as changes in Nu and velocity profiles fell below 1% compared to the finest mesh.
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Start — Define geometry (Fig. 1) — Apply
boundary conditions (heat flux, Tin).

]

Model Assumptions — Single-phase ferrofluid —
Steady-state laminar flow.

!

Governing Equations — Solve Egs. 1-6 —
Incorporate Kelvin force terms.

|

Grid Setup — Generate structured mesh (Fig. 2) —
Validate grid independence (Fig. 3).

|

Simulation — ANSYS-FLUENT — Compute
velocity, temperature, pressure fields.

Figure 4: Flowchart of our investigation.

The numerical predictions presented in this study are subject to several modeling and computa-
tional assumptions that may introduce uncertainty into the results. First, mesh resolution uncertainty
was addressed through a systematic grid independence study, in which multiple structured meshes were
examined. The selected grid ensured that variations in the normalized Nusselt number and velocity profiles
remained below 1% compared to finer meshes, indicating that discretization errors have a negligible influence
on the reported heat transfer trends.

Second, the simulations were performed under a steady-state assumption. While this approach is
appropriate for the laminar flow regime considered and significantly reduces computational cost, it inher-
ently neglects transient fluctuations that may arise from unsteady vortex dynamics, particularly at higher
Reynolds numbers or stronger magnetic fields. Consequently, the present results should be interpreted as
time-averaged representations of the flow and thermal fields.

Third, the ferrofluid was modeled using a single-phase homogeneous formulation, assuming uniform
dispersion of magnetic nanoparticles within the base fluid and neglecting particle-particle interactions,
agglomeration, and slip velocity effects. This assumption is commonly adopted for low nanoparticle volume
fractions and small particle sizes, where Brownian motion dominates and relative velocity between phases
is minimal. Nevertheless, in practical systems with higher particle concentrations or long-term operation,
multiphase effects may influence both flow resistance and heat transfer performance.

Opverall, although these assumptions may limit the direct extension of the results to highly unsteady or
particle-rich conditions, they do not alter the fundamental physical trends observed. The consistency of the
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results across mesh refinement, along with validation against benchmark data, supports the robustness of the
conclusions. Future studies incorporating transient simulations and two-phase ferrofluid models are recom-
mended to further reduce modeling uncertainty and extend applicability to broader operating conditions.

3 Results and Discussion

The validation of the results is performed by the comparison of the heat flux changes along the pipe with
ferrofluid flow at Reynolds number of 900. Table 2 compares the heat flux changes along the straight pipe
for ferrofluid flow with computational data of He et al. [34]. In the selected model, the nanoparticle volume
fraction is 0.24 and comparison of the data confirm the validation of our model.

Table 2: Validation of heat flux (W/m?) along the pipe.

x/d Sim. (He et al.) [34] Present Model Error (%)
25 1592.4 1497964641 5.930379
50 1313.24 1249.46117 4.856601
75 1188.76 1142.765722 3.869097
100 1117.66 1080.508703 3.324025
150 1028.24 1009.201394 1.851572

Fig. 5 displays the flow change related to the presence of double magnetic field near the serpentine in
different magnetic intensities in ferrofluid flow. The streamlines in this figure demonstrate how magnetic
sources placed inside a pipe can significantly affect the flow characteristics. The induced secondary flows
and vortices help improve mixing and heat transfer, making the system more efficient for cooling or heat
exchanger applications. By placing magnetic sources in areas with complex flow patterns, such as bends,
the fluid flow can be controlled to optimize heat dissipation. This approach, especially when using magnetic
ferrofluids or ferrofluids, offers promising potential for industrial cooling and thermal management systems.

The streamlines are clearly disrupted near both magnetic wires (wirel and wire2). This indicates that the
magnetic fields generated by these wires are exerting forces on the fluid, altering its natural flow pattern. Near
wire 1, the streamlines converge and form eddies or recirculation zones, which suggests that the magnetic
field has created localized vortices. Similarly, around wire2, another set of recirculation zones is observed,
indicating the formation of vortical structures due to the magnetic effects. The streamlines appear to converge
as they approach the central region of the bend (close to both source of magnetic field). This is likely due to
the influence of the magnetic fields generated by the wires, which is pulling the fluid toward the regions where
the magnetic field is strongest. As the fluid passes through the curved section, the magnetic field appears to
be influencing the flow by redirecting it and creating secondary circulatory flows. These circulatory flows
enhance the overall mixing of the fluid. The regions directly downstream of wire 1 and wire 2 show the
formation of eddies or vortex-like structures. This is a result of the interaction between the fluid and the
magnetic field generated by the wires. The eddies indicate that the magnetic forces are disrupting the flow
and creating regions of intense mixing, which can enhance heat transfer by promoting better fluid interaction
with the pipe walls. Source of magnetic field are placed in the curved section of the pipe, and the magnetic
field generated by these wires influences the flow pattern. The magnetic fields can create Kelvin force, which
alter the velocity distribution and induce secondary flows in the fluid.

In the vicinity of first magnetic source, there is an observable disruption in the streamlines, with
small vortex formations in the immediate vicinity. This suggests that the magnetic field is influencing the
fluid velocity and potentially causing localized mixing or turbulence. In the vicinity of second magnetic
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source, similar disruptions in the flow occur, with another vortex or eddy forming. These areas show that
the magnetic sources are affecting the flow stability, causing the streamlines to bend and twist as the fluid
interacts with the magnetic fields. The flow appears to accelerate and decelerate at different points along the
streamline pattern. The magnetic forces likely induce these changes in velocity. In areas where the magnetic
field is strongest (close to the wires), the flow decelerates, creating areas of recirculation. In contrast, farther
from the wires, the flow accelerates as the magnetic forces dissipate. The figure also confirms how the
magnetic intensities could expand the produced eddies in the serpentine pipe.

(c) (6]

Figure 5: Effects of multiple magnetic sources on the stream in serpentine pipe (a) Mn = 0, (b) Mn = 28 x 10°,
(¢) Mn = 38 x 10° and (d) Mn = 50 x 10°.
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Fig. 6 depicts the variation of the Nusselt number (Nu) along the dimensionless Y/L axis, representing
the normal direction (Y) scaled by the length (L) of the system. The curves correspond to different values of
Mn, which likely represents a parameter related to the magnetic field strength or magnetic number (Mn).
The Nusselt number is a key parameter in heat transfer, quantifying the enhancement of convective heat
transfer relative to conductive heat transfer.
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Figure 6: Effects of multiple magnetic sources on the Nusselt number along the y-axis (a) Re = 75 (b) Re = 125.

As shown in Figure, the Nusselt number remains relatively flat, with minor fluctuations and a gradual
rise at Mn = 0. This indicates that, in the absence of a magnetic field, the convective heat transfer is largely
governed by natural fluid dynamics, with little enhancement from external forces. As the magnetic number
increases, the Nusselt number rises significantly along the Y/L axis. The results of model with Mn = 28 x 10°
shows the most substantial increase, especially in the region between Y/L = 0.6 and Y/L = 0.9. The peaks in
the curves for higher Mn values indicate the enhancement of heat transfer due to the magnetic field-induced
vortices. These vortices, generated by the interaction of the magnetic field with the fluid, improve mixing
and disrupt thermal boundary layers, leading to a sharp increase in the Nusselt number. The peak Nusselt
number values occur around Y/L = 0.7 and Y/L = 0.9, particularly for the stronger magnetic field cases
(Mn = 50 x 10° and Mn = 38 x 10°). These peaks suggest that the vortex generation from the magnetic field
has a localized effect on the fluid, causing intense mixing and heat transfer enhancement in those regions.
For Mn = 28 x 10%, the curve follows a similar trend to the stronger magnetic field cases but with a more
moderate enhancement, showing the dependence of heat transfer enhancement on magnetic field strength.

All curves experience a sharp decline in the Nusselt number beyond Y/L = 0.9, likely indicating a
return to more stable flow conditions as the influence of the magnetic-induced vortices diminishes. The
applied magnetic field creates forces that act on the fluid, leading to the formation of vortices or secondary
flows. These vortices help break up the thermal boundary layer near the pipe or channel walls, enhancing
convective heat transfer. The stronger the magnetic field (higher Mn), the greater the vortex strength, leading
to higher Nusselt numbers. The peaks in the Nusselt number correspond to regions where the vortices are
most effective. The magnetic field may generate alternating high and low-temperature regions, increasing
the heat transfer rate. This is particularly visible for the strongest magnetic field (Mn = 50 x 10°), where the



12 Comput Model Eng Sci. 2026;146(2):21

most significant enhancement occurs. In industrial cooling systems or heat exchangers, such magnetic field-
induced enhancements can lead to more efficient heat dissipation. By strategically applying magnetic fields,
engineers can control the heat transfer rates and optimize system performance, especially in systems dealing
with high heat loads.

Fig. 7 displays the variation of the Nusselt number (Nu) along the normalized coordinate Y/L (where
Y is the normal direction and L is the length) for different Reynolds numbers (Re). The Reynolds number
represents the ratio of inertial forces to viscous forces in fluid flow and is a critical parameter in determining
the flow regime (laminar, transitional, or turbulent). The figure shows three curves, each corresponding
to a different Reynolds number. As the Reynolds number increases, the flow becomes more inertial-
dominated and approaches a more turbulent regime. This transition generally increases mixing within the
flow, enhancing heat transfer due to more vigorous fluid motion. In this figure, for the lowest Reynolds
number (Re = 75), the Nusselt number remains relatively low and does not show significant variation. The
heat transfer is primarily governed by laminar flow characteristics, where the fluid moves in smooth, parallel
layers with limited mixing.
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Figure 7: The variation of the Nusselt number along the serpentine axis for different inlet velocities.

For Re =125 (blue solid line), the Nusselt number reaches its maximum, showing a peak around Y/L = 0.7
and gradually declining afterward. This suggests that the fluid experiences greater convective heat transfer
at higher Reynolds numbers, which is attributed to the increased velocity and turbulence of the flow. For
Re =125, the Nusselt number shows a sharp peak around Y/L = 0.7, indicating a region of intense heat transfer.
This could be due to flow separation or the creation of vortices in this region, which enhance local convective
heat transfer. These flow structures are more pronounced at higher Reynolds numbers due to the increased
turbulence. The moderate Reynolds number (Re = 100, green dashed line) shows a similar trend but with a
lower peak compared to Re = 125. The flow is still transitioning from laminar to turbulent, and while heat
transfer is enhanced, it is not as efficient as in the fully turbulent regime.
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Fig. 8 shows the non-dimensional temperature contours in a curved pipe with two magnetic sources
positioned at specific locations along the curve. The dimensionless temperature varies smoothly along the
pipe, with lower temperatures near the walls and higher temperatures concentrated near the central flow. The
highest temperatures appear near the curved section of the pipe, specifically in the regions influenced by wire
1 and wire 2, suggesting that the magnetic field induced by the wires impacts the temperature distribution.
The magnetic sources introduce Kelvin force that can modify the flow patterns within the fluid. These forces,
acting on the fluid particles, can generate secondary vortices or alter the primary flow, which in turn impacts
the way heat is transferred throughout the fluid.
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Figure 8: Effects of magnetic sources on the temperature contour near the serpentine pipe (a) Mn = 0, (b) Mn = 28 x
10°, (¢) Mn = 38 x 10° and (d) Mn = 50 x 10°.

The formation of vortices or enhanced mixing near the magnetic sources (wire 1 and wire 2) helps to
distribute the heat more effectively, leading to more pronounced temperature differences in these regions.
This mixing disrupts the boundary layer near the walls, allowing heat to be transferred more efficiently
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between the fluid and the pipe’s surface. In the downstream region (after the curved section), the temperature
gradients begin to normalize, indicating that the influence of the magnetic field diminishes as the fluid moves
away from the wires. The contour of the pressure displayed in Fig. 9 also confirms the pressure changes
induced by the Magnetic source.

Dimensionless
Pressure

0.4
0.247014
0.150179
0.0688218
0.0286256

Figure 9: Contour of induced pressure gradient by double magnetic sources.

Fig. 10 illustrates the effect of Magnetic Fields on average Heat Transfer along the serpentine pipe
with ferrofluid flow. The magnetic field interacts with the flow, likely through ferrohydrodynamic (FHD)
effects, where Kelvin force alters the flow characteristics. These forces can induce secondary flows, vortices,
or enhance turbulence, all of which increase the fluid’s mixing efficiency and improve heat transfer. As the
magnetic number (Mn) increases, the magnetic forces exert a greater influence on the flow, leading to a more
pronounced improvement in heat transfer, as reflected in the increasing Nusselt number. The increase in
Nusselt number means that the heat transfer rate is improving. In practical terms, systems that use a magnetic
field to control fluid flow can enhance convective heat transfer, making processes like cooling, heating, or
heat exchange more efficient.

4 Limitations

The primary limitation of this work lies in the modeling assumptions adopted to ensure computa-
tional tractability. The simulations are performed under steady-state, two-dimensional, and laminar flow
conditions, which neglect possible transient effects and three-dimensional flow structures that may arise
in practical serpentine pipes, especially at higher Reynolds numbers or under stronger magnetic forcing.
Magnetic-field-induced vortices may exhibit unsteady behavior and spanwise variations that cannot be fully
captured within a 2D steady framework. Consequently, the reported Nusselt number enhancements should
be interpreted as time-averaged and planar representations of the underlying physics rather than a complete
depiction of real three-dimensional ferrohydrodynamic behavior.
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Figure 10: Change of the average Nusselt number in different magnetic source nearby serpentine pipe.

In addition, the ferrofluid is modeled as a single-phase homogeneous medium with uniformly dis-
persed nanoparticles, ignoring particle agglomeration, sedimentation, magnetophoretic migration, and
inter-particle interactions. While this assumption is reasonable for low particle volume fractions and short
operation times, it may limit the direct applicability of the results to long-term or high-concentration
industrial systems. Moreover, viscous dissipation, Joule heating, and potential magnetic saturation effects
are not considered. Future studies incorporating transient, three-dimensional simulations and multiphase
terrofluid models, along with experimental validation, are required to extend the applicability of the present
findings to more realistic operating conditions.

5 Conclusion

This study demonstrates that the application of dual, strategically positioned non-uniform magnetic
sources can substantially enhance convective heat transfer in a serpentine pipe carrying ferrofluid flow. The
introduction of spatially varying magnetic fields generates Kelvin-force-induced secondary vortices, which
intensify fluid mixing and effectively disrupt the thermal boundary layer, particularly within the curved
sections of the pipe. Quantitatively, the results reveal that increasing the magnetic number from Mn = 0 to
Mn = 50 x 10° leads to an enhancement of the average Nusselt number by up to 35%-45%, depending on
the Reynolds number and wire positioning. At moderate Reynolds numbers (Re ~ 125), where the balance
between inertial and magnetic forces is most favorable, the magnetic actuation yields the maximum thermal
improvement, while at lower Reynolds numbers the enhancement remains noticeable but less pronounced.

Furthermore, localized peaks in the Nusselt number are observed near the magnetic wire locations,
confirming that targeted magnetic forcing can produce region-specific heat transfer augmentation with-
out requiring global flow modification. The results also show that the effectiveness of magnetic control
diminishes gradually downstream of the curved section as magnetic-induced vortices decay and the flow re-
stabilizes. Overall, this work quantitatively confirms that non-uniform magnetic field actuation provides a
passive and tunable mechanism for improving heat transfer performance in geometrically complex systems.
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The findings offer practical guidelines for designing compact, energy-efficient cooling devices—such as heat
exchangers and electronic thermal management systems—where up to 40% improvement in convective heat
transfer can be achieved without altering the physical geometry of the flow passage.
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