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Abstract

This study examines the heat-transfer characteristics of the hydrodynamically established, thermally developing flow of ferrofluid (Fe,O, +
water) in a 2-mm-diameter circular channel under the influence of both symmetric and asymmetric non-uniform magnetic fields. The Langevin
function is employed to induce magnetization in ferrofluid nanoparticles when they are subjected to a magnetic field. All instances are analyzed
under the parameters of a constant heat flux (q” =1000 W/ mz) condition and within a low Reynolds number spectrum (20-100). Therefore, heat
transfer augmentation is facilitated by the application of a magnetic field, which induces a recirculation zone within the flow domain. Systematic
analysis revealed that an asymmetric non-uniform magnetic field significantly outperforms the symmetric configuration in both the local and
space-averaged Nusselt numbers, especially at a lower Reynolds number (Re=20). The specific angular position of the magnet is critical, as it
produces the field’s asymmetry and the resulting hydrothermal impact. Among the cases studied, the magnet angular orientation at 6 = 135°
proved to be optimal, resulting in a substantial 129.8% increase locally and a 23.54% enhancement in the overall heat transfer effect.
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1.Introduction performance and provide targeted cooling and heating of these
devices. Because system size is reduced, flow and heat-trans-

Over the last two decades, numerous studies have shown that  fer characteristics are significantly altered and become more

nano-engineering and nano-science have considerable poten-
tial to drive technological advancement in the new century.
The rapid incorporation of micro- and nano-electromechani-
cal systems (MEMS and NEMS) into modern instrumentation
(microfluidic devices, accelerometers, microphones, comput-
ers, and smartphone chips) has opened new dimensions in
technology. As on one hand, it has provided solutions to min-
iaturizing the real system, while on the other, it has increased
the high-power consumption and elevated operating tempera-
tures [1]. Reduction in size with these systems has posed many
challenges in front of technologists and scientists. As device
size decreases, conventional heat transfer mechanisms become
inefficient, requiring innovative methods to improve system

restrictive. It does not allow flow at higher Re; therefore, fluid
mixing and heat-transfer capabilities are mainly limited to
laminar flow. At the same time, the heat transfer capabilities
of single-phase laminar flow are limited; therefore, new solu-
tions are required to improve thermal performance. Solutions
must be sought at different levels, such as modifying the flow
geometry using micro-ribs or turbulators, exploring different
rheological fluids with improved thermophysical properties,
such as nanofluids and ferrofluids, and employing phase-
change processes to utilize latent heat to increase the heat
transfer coefficients. Although phase-change systems are more
effective, controlling the flow regime is challenging; therefore,
many researchers have sought solutions solely within the
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single-phase flow domain. A few years back, ferrofluids [2] (metal
oxide nanoparticles dispersed in conventional base fluids like water,
ethanol, etc.) with better thermophysical properties attracted atten-
tion to serve as efficient heat transfer fluids. By manipulating the
position of an external magnet, ferrofluids enable ‘targeted cooling,
allowing heat transfer to be focused precisely on specific hot spots.
Traditional cooling fluids, however, provide general heat dissipa-
tion and lack the precision required for such compact geometries.
In contrast, ferrofluids offer a distinct advantage over conventional
methods due to their magnetic controllability. So, keep in mind the
importance and characteristics of ferrofluid under the impact of
varying nanoparticles concentration and magnetic fields, as these
factors can significantly affect their performance and stability. Un-
derstanding how to optimize ferrofluid behavior, many researchers
are exploring experimental techniques and computational models
that can predict the response of ferrofluids under different opera-
tional conditions.

A two-dimensional (2-D) numerical investigation of ferrofluid flow
dynamics was conducted employing both active methodologies
(utilizing magnetic fields) and passive approaches (incorporating
internal fins and obstructions) to augment heat transfer. This was
achieved by computing ferrofluid magnetization as influenced by
magnetic susceptibility, which is contingent upon fluid temperature.
The examination of the various outcomes indicates that the simul-
taneous application of both the asymmetric uniform magnetic field
and the fins result in a considerably more effective system [3,4]. A
2-D numerical investigation was conducted to analyze ferrofluid
behavior within a channel containing symmetric and asymmetric
cavities under symmetric uniform and nonuniform magnetic fields.
The data demonstrate that an enhancement in the magnetic field
intensity corresponds to a decline in the heat transfer rate [5-7].
Natural convection of ferrofluid filled enclosure with different ob-
stacles under the symmetric uniform magnetic field is investigat-
ed [8]. Natural convection of ferrofluid in a porous cavity under a
symmetric magnetic field reported that heat transfer enhances with
Rayleigh number and volume fraction but decreases with increasing
Hartmann number [9]. Numerical analysis of natural convection
in a cavity containing a wavy conductive cylinder explained that
the internal block geometry plays a main role in controlling heat
transfer and flow patterns under magnetic fields [10]. A numerical
analysis of the combined effect of thermogravitational and magnetic
forces within a vertical layer was conducted using the pseudo-spec-
tral Chebyshev method in an asymmetric magnetic field, conclud-
ing that flow stability increases with increasing magnetic inclination
and that the overall instability pattern shifts toward the heated wall
[11]. Numerical studies employing the FVM-MAC scheme for hy-
brid nanofluids in porous enclosures demonstrated that elevated
Rayleigh and Darcy numbers substantially enhance heat transfer,
while the application of magnetic fields especially localized ones, ef-
ficiently mitigates convection and providing accurate thermal regu-
lation [12,13]. In the scenario involving oscillating magnetic fields,
the rectangular waveform frequency function demonstrates supe-
rior enhancement in comparison to other conventional waveform

functions [14]. The phenomenon of forced convection in ferrofluid
flow, characterized by one thermally insulated wall and another sub-
jected to heating in the occurrence of a uniform magnetic field, is
investigated, and the role of recirculation is deemed critical for the
enhancement of heat transfer efficiency [15-17].

In two-dimensional analysis, explaining the complexities of ferroflu-
id flow under the influence of a magnetic field presents a significant
challenge because one dimension is often neglected, complicating
accurate interpretation of the resulting phenomena. Using the finite
volume method, three dimensional (3-D) Numerical analysis shows
that Kelvin body forces from a periodic non uniform magnetic field
produce flow fluctuations, resulting in a maximum 8 % heat transfer
enhancement with only a 0.5% rise in friction [18]. Numerical stud-
ies in a closed channel with constant heat flux under non uniform
magnetic field indicated that magnetic fields accelerate heat transfer
by altering flow patterns, with the most significant enhancement
observed at lower flow where magnetic forces are not suppressed
by inertia [19,20]. Numerical investigations into magnetically in-
duced swirling flows and dipole configurations revealed that non
uniform magnetic fields successfully reduce flow resistance while
meaningfully enhancing convective heat transfer through boundary
layer disruption and fluid mixing [21,22]. Investigations using both
laminar and turbulent models in a square cross-sectional channel
revealed that uniform magnetic fields generate oscillatory flows,
increasing heat transfer by up to 24%, particularly when magnetic
field intensity is high and perpendicular to the flow [23,24]. Numer-
ical studies across various applications (including annular ducts,
triple-tube heat exchangers, parabolic solar collectors, and perma-
nent magnet machines) demonstrate that uniform transverse mag-
netic fields induce secondary and swirling flows that significantly
enhance heat transfer. Studies confirm the usefulness of ferrofluids
with thermal efficiency gains of up to 68% [25-28].

The hydrodynamically and thermally developed flow characteristics
of ferrofluid in a metallic tube subjected to a constant heat flux and
influenced by a symmetric, uniform magnetic field produced by a
permanent magnet beneath the tube have been experimentally ex-
amined by numerous researchers. The findings show that the appli-
cation of a magnetic field significantly improves the Nusselt number
[29-32]. Experimental thermal analyses were performed on various
types of heat exchangers filled with ferrofluid and subjected to a
non-uniform magnetic field. The thermal performance was evaluat-
ed under different Reynolds numbers, nanoparticle concentrations,
and magnetic field intensities [33-35]. The phenomenon of forced
convection heat transfer of ferrofluid situated between two parallel
plates under varying conditions in the occurrence of a magnetic
field has been rigorously examined through experimental methods.
The findings illustrate a significant enhancement in heat transfer
attributed to modifications in the thermal boundary layer and in the
spatial distribution of magnetic particles [36,37]. The application of
a transient non-uniform magnetic field serves to modify the flow
characteristics of ferrofluid within a channel. The greatest augmen-
tation of the Nusselt number is observed in comparison to a constant
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magnetic field [38,39]. An experimental and computational fluid
dynamics (CFD) analysis was conducted to assess laminar forced
convective heat transfer and friction factors of Fe,O, nanofluid in a
plain cylindrical cross-section duct with twisted tape inserts under
varying electromagnetic flux densities. Results indicate that the im-
plementation of twisted tapes with Fe O, nanofluid under magnetic
influence significantly improves heat transfer performance com-
pared to distilled water across all Reynolds numbers [40].

In experimental research, the thermocouple is predominantly used
to measure the channel wall temperature. However, the temperature
of the channel wall along its periphery is likely to exhibit varia-
tion due to ferrofluid circulation, which generates a temperature
gradient within the flow. Consequently, to attain a comprehensive
understanding of the underlying phenomena, a three-dimensional
computational analysis is deemed essential. In the studies, a uni-
form, symmetric magnetic field is mainly employed to generate the
Kelvin body force acting upon the ferrofluid particles, but research
on asymmetric, non-uniform magnetic fields requires greater atten-
tion to open new directions for findings. Targeted hotspot cooling in
electronics remains a challenge that traditional methods often fail to
solve. While the use of ferrofluids under magnetic fields is a known
solution, most research has been limited to high Reynolds numbers
and symmetric, uniform magnetic field arrangements. This creates a
clear research gap: the impact of asymmetric non-uniform magnetic
fields at low Reynolds numbers (Re<100) is largely unexplored. Our
study is motivated by the understanding that heat transfer can be
significantly enhanced not only by applying a magnetic field, but
also by optimizing the angular orientation of the magnet. Therefore,
our main objective is to systematically investigate and compare sym-
metric and asymmetric non-uniform magnetic-field configurations
to maximize the thermal effect both locally and throughout the sys-
tem in low-velocity flows that are hydrodynamically developed and
thermally developing.

2. Methodology
2.1. Computational geometry

A schematic representation of fluid flow, thermal conditions, and
magnetic configuration in the microchannel is shown in Figure
1. A cylindrical microchannel with a constant diameter of 2 mm
throughout the 20 mm length L is used for ferrofluid flow under
hydrodynamically developed and thermally developing conditions.
To produce the magnetic field in and around the tube, permanent
magnets with a diameter of 1 mm and a length of 2 mm are used.
Magnets are positioned above the tube along the x-axis by main-
taining a gap to produce symmetric and asymmetric non-uniform
magnetic fields. For heat transfer analysis, four simple arrangements
are used, as shown in Table 1.
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Figure 1. Schematic diagram of microchannel with different
magnetic configuration (A) case 2 (B) case 3 (C) case 4

Table 1. Geometry configuration of computational model

Case Description
Case 1 Without magnetic field (Base case)
Case 2 Symmetric and Non-uniform magnetic field beneath the magnet by a
single inline magnet arrangement with 1 mm gap
Case 3 symmetric and non-uniform magnetic field beneath the magnet by a
double inline magnet arrangement with 1 gap.
Case 4 Asymmetric and non-uniform magnetic fields changing angular

position of magnet (6=450, 900, 1350, 1800,) for 1 mm gap.

2.2. Numerical approach and governing equations

In this study, COMSOL Multiphysics was applied to model the
coupled behavior of fluid flow, heat transfer, and magnetic fields.
The fluid flow and thermal energy equations are solved using a sta-
tionary linear AMG (Algebraic Multigrid) GMRES (Generalized
minimal residual) solver with a relative tolerance of 0.001. This
solver configuration includes a smoothed-aggregation AMG solver
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with SSOR (Symmetric Successive Over-Relaxation) pre-smoother
and post-smoother. Furthermore, the magnetic field equations are
solved using the conjugate gradient method with a residual toler-
ance of 0.001. The computational mesh is highly refined, and the
total number of degrees of freedom (DOF) used in computational
study is 43,100,279.

Ferrofluid is considered a single-phase, electrically non-conduct-
ing, homogeneous, Newtonian, and incompressible fluid. These
assumptions are physically justified by the specific operating con-
ditions considered, mainly small spherical magnetite particle size
(d=10 nm), low volume concentration (©=0.02), low Reynolds
number and low magnetic field intensity regime. At low magnetic
field strengths, the magnetic torque acting on the very small and less
concentrated suspended nanoparticles is insufficient to significantly
overcome thermal agitation (Brownian motion) [41]. So, the for-
mation of long particle chains or large aggregates which are mainly
responsible for inducing non-Newtonian shear-thinning behavior
and the magnetoviscous effect is minimal. Under these conditions,
the rotational viscosity component arising from the misalignment
of magnetic moments remains negligible compared to the hydrody-
namic shear viscosity. Therefore, we can reasonably assume constant
fluid properties.

Nanomagnetic particles in ferrofluids become magnetized in the
presence of an external magnetic field, i.e., one generated by a per-
manent magnet. This magnetized ferrofluid experiences a magnetic
force in the vicinity of a magnetic field, corresponding to the Kelvin
body force. This external force disturbed the hydrodynamic and
thermal boundary layers of the ferrofluid flow. The flow physics is
basically governed by the continuity, momentum, and energy equa-
tions as given below [27,38,42]:

Continuity equation:
0 V.V=0 (l)

The momentum equation is the consequence of Newton’s
second law of motion applied to a fluid control volume:

0iV.VV = V.[-p+pa(VV+ VV") ]+ Fy (2)

Energy Equation:

VYT = (e ) ver 3)
: O Cpit

2.3. Magnetic field and kelvin body force

The last term on the right-hand side of the equation (2) represents
the Kelvin body force. This Kelvin body force is calculated by solving
the following equations:

By considering non conduction of ferrofluid and current free of sur-
rounding air, the Maxwell-Ampere’s law for magnetic field (H) and
flux density (B) by Gauss law is expressed as [41]:

VXH=0 (4)
V-B=0 (5)

Magnetic remanent flux density (B) is used in the permanent
magnet for generating magnetic field (H). Within the magnet, it is
expressed as [38]:

V. (ot H+B,)=0 (6)

Here, u, and p__represent, respectively, the magnetic permeability of
free space and the recoil permeability of the magnet. The magnetic
field generated by the permanent magnet magnetizes the ferrofluid.
To get the relation between the magnetic field and the magnetiza-
tion of ferrofluid, Langevin’s classical theory is adopted [42].

= (cotha - L) = L(a) 7)
T M.d’H
N ®

Here, a represents the interaction of magnetic and thermal energies
of ferroparticles. For large values of a, L(a) moves towards unity. It
means that the magnetization of ferrofluid reaches a saturated con-
dition. It can be clearly understood in Figure 2 between the magne-
tization of ferrofluid and the applied magnetic field.

Magnetic flux density and magnetic field for the ferrofluid are ex-
pressed as [38].

V.((H+M))=0 9)

With the help of the above equations (7) and (8), equation (9) is
modified as:

T M.d’H ) 6k, T >>> _
V.<u0<H+ ﬂMd<coth< 6k, T ST M.dH =0

(10)

Here © represents the volume concentration of the nanoparticles,
d is the diameter of Al1203 nanoparticles and Md (4.46 x 10° A/m)
is the domain magnetization of magnetite nanoparticles. Table 2
summarizes the parameters used to simulate the magnetic field of
the NdFeB permanent magnet.
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Table 2. Parameter used for magnetic field simulation

Parameter used for the magnetic field simulation

Remanent Magnetic flux density (B,) 1T
Recoil permeability of the permanent magnet (NdFeB) 1.05
Magnetic permeability of free space (i) 4mx 10”7
Relative permeability of air 1

1.E+04

8.E+03

—Ferrofluid
6.E+03

4.E+03

Magnetization, M (A/m)

2.E+03

0.E+00
0.E+00

1.E+04 2.E+04 3.E+04

Magnetic Field, H (A/m)

4.E+04 5.E+04

Figure 2. Magnetization of ferrofluid

Magnetic force or Kelvin body force on the magnetized ferrofluid is
defined as [19]:
Fowe = 1o(M.V )H (11)
Simplifying the Kelvin body force with help of the above equation
(7), we get:

Fowe = 1o O MyL(a) VH (12)
The governing equations mentioned above have been solved using
the finite element method. The discretization scheme is based on
a second-order formulation for the velocity field and a linear for-
mulation for the pressure and temperature fields. The Navier-Stokes
equations are solved to obtain the velocity field of the ferrofluid.
The energy transport equation is solved using the previously ob-
tained velocity field to obtain the temperature field. To solve the

above-mentioned equations, different models use separate bound-
ary conditions.

For the present simulation study, different boundary conditions were
used to solve the above-mentioned equations. To get the magnetic
field for the entire domain, the magnetic insulation (n.B=0) bound-
ary condition is considered at the wall boundary. The continuity and
momentum equations are solved by assuming a hydrodynamically
developed velocity profile, an average inlet velocity, and atmospher-
ic pressure at the channel outlet. The no-slip condition is applied at
the channel surface.

Re X pg
Vavg=m, u=0, v=0, w=0, p=0

(13)
To obtain a second-order solution of the energy equation, a ther-
mally developing flow with a uniform fluid temperature of 300 K
was maintained at the channel inlet, and diffusive heat conduction
at the outlet was set to zero. A constant heat flux is applied to the
channel wall.

To=300K, n.(-ke VT) =0, q = n.(k VT) = 10000

(14)

To understand the heat transfer phenomenon of ferrofluid in the
presence of magnet, we use the local Nusselt number and space av-
erage Nusselt number from the obtained velocity and temperature
solution as per equations (15) and (17).

Local Nusselt Number:

qu X Dh

Nw. = 1T - T

(15)

Here, T represents the bulk fluid temperature at a particular sec-
tion in the fluid flow domain. Average Nusselt Number

Ty, = (16)
' Hvaa
L
Nu.dz
Nug, = = L (17)

2.4. Material properties

In the present study, a ferrofluid solution (Fe,O,+ water) prepared
by mixing 2% (v/v) Fe,O, nanoparticles with water was used. The
bulk density, specific heat, thermal conductivity, and dynamic vis-
cosity of the ferrofluid are estimated by the commonly quoted and
accepted correlation [43,44] given below.

o= 0pp+(1-0)p, (18)
B 0wpCpmp+(1-0)p,C,
Cpff = E)ff ) (19)
3 lli“" -1)@
ke = knp 1+ K = k (20)
(2 +2)-(F2-1)0
W = ,J.»\(]. +2.5 0 ) (21)

The thermophysical properties of the ferrofluid are summarized in
Table 3.
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Table 3. Materials properties 1.302(z) " -1 for z° < 0.00005
Nu,u = 1.302(z)"-0.5 for 0.00005 < z' < 0.0015
Density, p COESE;?;I K Specific Heat Cp  Viscosity p 4.364 + 8.68(1000z") 064 for 27 = 0.0015
(egim) (kg'K") (Pa.s) (22)
Fe,0, nano . . . .
particles 5180 80 670 - In the second aspect, the magnetic field result is validated with
Distilled water 995 0.6 4180 0.0009 Asfer et al. [46]. Figure 4 (ii) shows the variation in the magnetic
. flux density along the centerline in the flow direction. Magnetic
Ferrofluid R
(water +2%  1078.7 0.6359 3842.9 0.000945 flux density decreases as we move away from the magnet. The flux
v/v, Fe,0,) density is higher at the magnet’s edge. A very good quantitative and

2.5. Mesh independency and validation

A fine tetrahedral non-uniform grid has been used in the compu-
tational domain, as can be seen from Figure 3 (i). Fine boundary
layers have been provided near the walls of the fluid domain to ac-
curately capture the temperature and velocity gradients. To ensure
that the results are independent of grid size, a grid independence
test was performed. Figure 3 (ii) shows the grid independence test
where the variation of the local Nusselt number along the flow di-
rection for various grid sizes is shown. Changing the mesh from 3 to
4 resulted in negligible changes. Hence, we chose mesh 4 to improve
the accuracy of the results. Details of the mesh configuration are
given in Table 4.

Table 4. Different mesh sizes for fluid flow region and total number
of mesh element

. . No. of element in fluid Total no. of
Min element size (mm) .
flow region element
Mesh 1 0.26 136749 200381
Mesh 2 0.22 215117 298148
Mesh 3 0.18 337787 447750
Mesh 4 0.14 656423 818262

Before gaining insight into the flow physics of the ferrofluid, we
validated our computational models against established litera-
ture to increase confidence in the results. The current problem
has two aspects, a heat transfer study and a magnetic field study.
Therefore, we have validated both aspects separately. As an initial
part of the validation process, the models were first validated with
the Shah and London equations [45] of Nusselt number variation
along the flow for hydrodynamically developed and thermally
developing flow with constant wall heat flux condition. Figure
4 (i) shows that the results obtained in the present work are in
very good agreement with the value obtained from the correla-
tions given in equation (22). Shah and London equations for the
hydrodynamically developed and thermally developing flow:

qualitative agreement is seen for the obtained result with that of As-
fer et al. [46]. After successfully validating both aspects separately,
move forward and couple together these aspects, and validate the
result with Shah et al. [19]. Figure 4 (iii) shows the comparison of
the coupled physics (i.e., hydrothermal and magnetic) in terms of
lower wall temperature variation along the flow direction with the
earlier published result of Shah et al.[19]. Negligible variation was
observed between them. Now with the confidence gained from this
certification, we can proceed with our studies.

(ii) 14

I
N

----Mesh 2
—--Mesh 3
——Mesh 4

=
=]

)
4

Local Nusselt number, Nu,
0

IS

2

0.00 0.01 0.02 0.03 0.04 7% 0.05 0.06 0.07 0.08 0.09

Figure 3. (i) Meshing of computational domain (ii) Mesh
independency test by using different mesh size
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Figure 4. (i) Validation graph of present work with Shah and
London (ii) Magnetic field variation along the centerline of flow
channel validation with Asfer et al.[46] (iii) Coupled physics (Flow
+ Magnet) validation with shah et al. [19]

3.Result and discussion
3.1. Variation of magnetic field

Figure 5 (i) shows how the magnetic flux vectors vary in the study
domain. It is clear from the vectors that, in cases 2 and 3, symmetric,
non-uniform magnetic flux has been applied in the flow domain
on both sides of the magnet, whereas in case 4, an asymmetric,
non-uniform magnetic field has been applied.

rection changes from upward to downward. On coming closer, the
direction of the vector changes upward, causing the maximum value
of B_ (the maximum values for case 2 and case 3 are 0.042 Tesla
and 0.0765 Tesla, respectively) to be obtained just below the magnet
with a positive value. B_ varies similarly on both sides of the magnet
along the centerline of the fluid channel. For case 2, the z-compo-
nent of magnetic flux density, B, at the centerline also shows the
same pattern on both sides of the magnet but of opposite nature. Its
value becomes zero in case 3 because the two magnets are oppositely
oriented. In case 4 (0=45°), because the magnet is angled, the value
of B_on one side decreases on moving away from the magnet and
becomes negative, whereas on the opposite side it remains positive.
The z component in case 4 (0=45°) also varies as in case 2, but the
magnitude of B, on both sides of the magnet is different (+ 0.019
Tesla on the left side of the magnet and -0.03 Tesla on the right side
of magnet) because of its angular position.
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3.2. Effect on hydrothermal characteristics of ferrofluid flow

It is quite clear from Figure 6 (i) that in the left part from the vertical
center of the magnet, the horizontal component of the magnetic
force (at centerline in the range of F =0.42 x 10’ N/m’) will be sup-
porting the inertia force. On the other hand, in the right-hand part,
it will oppose the inertial force with the same magnitude. Thus, the
flow field in the domain results from the resultant of the inertial and
magnetic forces. From the velocity vector, it is observable that in
upstream locations of the magnet, w (velocity component in flow
direction) velocity increases in the nearby region where magnetic
force supports the inertia, while in the downstream locations, a
larger magnitude of ‘w’ is obtained away from the magnet. Fluid on
both sides of the magnet feels attraction toward it with a 1.7 x 10° N/
m’ maximum magnitude. Due to this attractive force, the velocity
vector of the fluid on the left side of the magnet changes direction
toward the magnet and increases in magnitude (maximum velocity
w = 0.061 m/s). This velocity distribution, the result of the inter-
action between inertia and magnetic forces, causes disturbances in
the boundary layer. This magnet creates a counterclockwise recir-
culation region, 4.8 mm long and 0.52 mm wide, whose tail end is
oriented opposite to the flow direction. Since the velocity vector is
changing direction towards the magnet with increasing magnitude,
the tail part of this recirculation region in the left part of the magnet
acts as a hot region, as the conduction process from wall to fluid
is continuous but the advection process is restricted. Consequently,
the wall temperature in the tail of the recirculation region increases;
as the flow moves downstream, convection intensifies and the wall
temperature subsequently decreases. This phenomenon is clearly
observed in all cases except case 1 in Figure 6 (ii). This phenome-
non is mostly pronounced in case 3. Because the two magnets are
face-to-face, the magnetic force only pulls the ferrofluid towards
itself, in the direction perpendicular to the magnets’ faces within
the magnetic field zone. Due to this, recirculation regions (5 mm
long and 0.43 mm wide) form near the channel wall, and the advec-
tion process becomes very slow. Therefore, the temperature of the
wall increases. However, due to the formation of this narrow region
beneath the magnet, the velocity of the convective flow increases.
Due to this increased velocity, convection intensifies and the wall
temperature begins to decrease. In case 4 (6=135°), the asymmet-
ric magnetic field also causes the magnetic force to appear uneven.
Deep recirculation zones (6 mm long and 1.5 mm wide on the left,
and 3.5 mm long and 1 mm wide on the right) are formed on both
sides of the magnet, thereby disturbing both the thermal and hydro-
dynamic boundary layers.
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3.3. Effect on Nusselt number

The augmentation of the convective heat transfer of ferrofluid under
the presence of an external magnetic field mainly depends on the
ratio of magnetic to inertial forces acting on the ferrofluid, and on
the formation of a recirculation zone. Magnetic force arises from
the magnetic field gradient, and the inertial force varies with the
flow velocity of the ferrofluid. Figure 6 (iii) shows the fluctuation of
the local Nusselt number with respect to the dimensional axial dis-
tance (z/D,) for all examined cases (1 to 4) at Re=60. The graphical
representations for all cases show that away from the magnet the
Nusselt number decreases to a limiting value owing to the formation
of the hot recirculation region; thereafter, when advection becomes



D. Singh and O. Prakash

1411

dominant, the Nusselt number increases, reaches a peak, and then
declines. In case 4, the progression of the Nusselt number is found
to be higher than the increase observed in case 2 for nearly the same
magnetic field intensity. This phenomenon can be attributed to
the formation of deep recirculation regions, which arise from the
asymmetric magnetic field and significantly affect the thermal and
fluid dynamics within the system. Case 3, under the influence of
a symmetric non-uniform magnetic field, showed a comparatively
greater increase in the local Nusselt number (Nu =10.86) than the
other cases subjected to magnetic fields. This leads to the formation
of stagnation recirculation zones in certain regions on the channel
wall, which subsequently hinder the efficient transfer of thermal
energy and significantly affect the complex interplay of thermal and
fluid dynamics within the system. Comparative analysis of the local
Nusselt-number increments across cases, relative to case 1, shows
that case 4 exhibits the largest increase (73.16%), whereas case 2
shows the smallest increase (67.31%).

3.4. Effect of Reynolds number in symmetric non-uniform
magnetic field condition

Extensive numerical investigations covering relevant cases have
been carefully conducted at low Reynolds numbers, particularly in
the range from 20 to 100, where significant variations in the local
Nusselt number have been systematically observed. By carefully
analyzing from panels (i) and (ii) of Figure 7, one can observe the
complex way the local Nusselt number varies along the specified
direction of fluid flow, providing important insights into the ther-
mal performance of the ferrofluid. In a localized context, it has been
observed that local enhancement can reach a maximum of 122.68%
in case 2 and 177.87% in case 3, representing a significant increase
achieved by the application of magnetic fields. Examination of the
graphs reveals a significant increase in the local Nusselt number,
particularly at low Reynolds numbers. This phenomenon can be
attributed to the predominance of magnetic forces under such con-
ditions. Therefore, with increasing Reynolds number, the observed
enhancement of the local Nusselt number systematically decreases
relative to the initial case.

If one is to analyze extensive changes within the flow field, it be-
comes imperative to employ equation (17), which provides the
mathematical framework for determining the space-averaged
Nusselt number and offers a quantitative basis for understanding
heat-transfer characteristics in fluid dynamics. Findings from this
analytical method indicate that maximum heat transfer predomi-
nantly occurs at low Reynolds numbers, demonstrating a significant
relationship between heat transfer and Reynolds numbers. Further-
more, as illustrated in Table 5, scenarios characterized by symmetric
non-uniform magnetic fields show a clear enhancement in thermal
performance, especially at low Reynolds numbers, with Case 2
showing a 21.72% increase and Case 3 showing a 32.01% increase.

Table 5. Space average Nusselt number enhancement by
considering base is casel

Re no. % Increment in Case 2 % Increment in Case 3
20 21.72 32.01
40 16.53 26.90
60 16.04 20.13
80 11.56 13.22
100 07.19 08.95

24
()
20
&
Z 16
]
[3
212
=
2
Z s
©
k]
4 4
0 r
0 1 2 3 4 5 6 7 8 9 10
z/D,,
24
(i) <eveeee Re=20
----- Re=:

~N
o

Local Nusselt Number, Nu,
PN
N

a4 5
z/D,

Figure 7. Local Nusselt number change in the flow direction (i) case
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3.5. Effect of Reynolds number in asymmetric non uniform
magnetic field condition

Figure 8 (i) clearly shows that each magnet configuration at Re=20
produces a distinct enhancement of the local Nusselt number, which
can be attributed to the differing regions of the magnetic field aris-
ing from the magnet orientations. The figure shows how the local
Nusselt number changes with the angular position of the magnet
relative to the reference axis (i.e., the z-axis). The graph clear-
ly shows a different behavior where the peak of the local Nusselt
number shifts toward the left as the angular position of the magnet
increases. Furthermore, the magnitude of this peak increases as
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the magnets angular position increases. The maximum local heat
transfer is achieved at the 0 = 135° magnet position, yielding a peak
value of Nu, = 10.44. This corresponds to a substantial 129.8% local
enhancement compared to the base case. By contrast, the peaks for 0
=45°and 0 = 90° occur at 10.11 and 10.17, respectively, whereas the
0 = 0° and 0 = 180° configurations yield a lower peak at 8.68. These
results demonstrate that the magnet’s position significantly influ-
ences heat transfer performance. This variation occurs because the
changing position creates an asymmetric, non-uniform magnetic
field, exerting distinct magnetic forces that accelerate or decelerate
the ferrofluid flow in specific regions.

Having identified that the 6 =135° magnet position yields the maxi-
mum increment in heat transfer, we continue to investigate how this
enhancement behaves across the selected Reynolds number range
(20-100). Figure 8 (ii) shows that the largest enhancement occurs at
lower Reynolds numbers; as flow velocity increases, the peak local
Nusselt number declines. Specifically, we observed a maximum en-
hancement of 129.8% at Re = 20. This value gradually diminishes to
85.68% at Re = 40, 74.07% at Re = 60, and 54.62% at Re = 80. Finally,
at the highest tested velocity of Re = 100, the enhancement reduces
to 38.68%.

Figure 8 (iii) depicts the variation of the space-averaged Nusselt
number for case 4 across the given Reynolds number range and for
all angular positions of the magnet. A remarkably similar enhance-
ment trend was consistently observed across all angular positions
assessed in this study. A thorough analysis of the graphical repre-
sentation indicates that the peak enhancement occurs at the angular
position 6 = 135°. Notably, an impressive enhancement of 23.54
% is recorded at a Reynolds number of 20, occurring at the mag-
net’s angular position of 6=135". For the asymmetric nonuniform
magnetic field case, a generalized empirical correlation is derived
from reported data for the spatially averaged Nusselt number as a
function of Reynolds number and magnet inclination angle 8 (in
degrees). The proposed relation, valid for 20 < Re < 100 and 45 < 0
< 180, is expressed as:

Nu,, = 4.06 X Re" [1-(3.70 x 10°)8 +(3.71 x 107)6"-(1.10 x 107)6"]
(23)

This correlation demonstrates excellent agreement with the numer-

ical data, with a mean absolute percentage error of approximately

1.1%, effectively capturing the optimal thermal performance ob-
served near 6 =135°.
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Figure 8. (i) Variation of Local Nusselt Number along the flow
direction for case 4 (Re=20) (ii) Variation of Local Nusselt number
along the direction of flow, case 4 (8 =135°) (iii) Space average
Nusselt Number variation for case 4

4. Conclusion

In this work, a systematic numerical investigation was conducted to
analyze the convective heat transfer performance of ferrofluids sub-
jected to symmetric and asymmetric non-uniform magnetic fields.
The primary novelty of this study is the exploration of the angular
orientation of a magnet as a passive control mechanism for thermal
enhancement, specifically within the low Reynolds number range
(20-100). The results clearly demonstrate that the enhancement of
heat transfer is governed by the interplay between magnetic and
inertial forces and the resulting formation of recirculation zones.
These findings can be applied in the electronics industry for local-
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ized cooling of devices, such as chips and semiconductor compo-
nents, to improve their efficiency. The principal conclusions drawn
from these scenarios are articulated as follows:

. Heat transfer is substantially improved in the presence of
a magnetic field because of interactions between magnetic
and inertial forces.

. In all cases (except for case 1), the enhancement of heat
transfer occurs primarily through the development of
recirculation fields exhibiting both clockwise and coun-
terclockwise characteristics, which is facilitated by the
interaction between acceleration and deceleration of the
terrofluid in the vicinity of the magnet.

. In Cases 2 and 3, the largest increase in the Nusselt num-
ber is recorded at low Reynolds number (Re=20). Howev-
er, as the Reynolds number increases, the rate of augmen-
tation begins to decline. A localized augmentation in the
Nusselt number of 122.68 % and 177.87 %, respectively,
is noted in these instances, whereas an overall increase of
21.72 % is documented in Case 2 and of 32.01% in Case 3.

. The magnet’s angular position plays a critical role in
thermal performance because it generates asymmetric,
non-uniform magnetic fields. Magnet position at 6=135°
identified as the optimal position, showing the maxi-
mum local Nusselt number enhancement of 129.8% and
a space-average enhancement of 23.54% compared to the
base case.

. An inverse relationship is observed between the flow
velocity and the effectiveness of the magnetic field. The
heat transfer augmentation is most pronounced in the
low-Reynolds-number regime where magnetic forces
dominate inertial forces. Specifically, at the optimal an-
gular position (6=135"), the local enhancement peaks low
Reynolds number but progressively diminishes as inertial
forces increase.

The current 3D numerical investigation is restricted to laminar
flow under steady-state magnetic fields, in which increasing inertia
is observed to suppress thermal enhancement, thereby leaving the
impact in turbulent regimes unexplored. Future research should
therefore extend this analysis to high Reynolds numbers and exam-
ine time-varying or oscillating magnetic fields, which may reduce
stagnation zones and optimize performance in dynamic flow envi-
ronments.

Nomenclature
A Cross sectional area of channel (m?)
B, Remnant Magnetic Flux density (Tesla)
Cp Specific Heat of substance (] kg'1 K"
D, Hydraulic diameter of channel (m)
d Diameter of nanoparticles (m)
F Kelvin body force on Ferrofluid (N m”)

mag

k

o~

Thermal conductivity of substance (W m' K
Boltzmann’s constant (1.38 x 10> (Nm K "))

L(a) Langevin function
M Magnetization (A m’)
M, Domain magnetization of nanoparticle (Am’")
p Flow Pressure (Pa)
T Temperature (K)
u Velocity component in x direction (m's)
v Velocity component in y direction (m s
\% Velocity profile of substance (m s ')
w Velocity component in z direction (m s’l)
xy&z Cartesian coordinates system (m)
7* Non dimensional parameter (z/ (Re Pr D, ))
Greek Symbols
u Dynamic Viscosity (Pa s)
P Density (kg m”)
0 Angular position of magnet (in degree)
¢ Mini channel diameter (m)
1, Permeability of free space 4t x10” (N A”)
) Volume fraction of magnetic nanoparticles
Subscripts
avg Average
ft ferrofluid
mag magnetic
np nanoparticles
w water
in Inlet
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