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Abstract Nowadays, liquid cooling channels are used for
cooling of electronic equipment. These channels have to
change the cross-section to pass over elements, so they
undergo sudden contractions or expansions. These changes
create areas that are unfavorable for heat transfer. Various
methods have been proposed to improve heat transfer in these
areas. In the present study, the possibility of using a non-
uniform magnetic field to improve heat transfer in a milli-
channel including two sudden contractions has been
discussed. In this study, it is assumed that a ferrofluid (EMG-
805-a commercial brand) flows in the channel with a laminar
regime, fully developed and steady state conditions. The walls
of the channel are adiabatic, while the walls of the steps,
which are in the vicinity of the electronic element, have a
constant heat flux. The effects of different parameters,
including locations of dipoles on the bottom and top walls, the
number of dipoles, the Reynolds number, and the strength of
the magnetic field on the improvement of heat transfer have
been investigated. The obtained results show that the increase
in Reynolds number and the strength of the magnetic field
cause an increase in local Nusselt. The results show that
applying a magnetic dipole on the bottom wall and just after
the steps results in a significant increase in the local Nusselt
number and an increase of 164.05% in the average Nusselt
number compared to the case without a magnetic field.
Keywords: Magnetic Field, Ferrofluid, Nusselt Number,
Heat Transfer, Dipole, Forward Facing Step.

1- Introduction

Enhancing heat transfer in channels with obstacles and sudden
contractions or expansions has been a focus for researchers,
with applications in areas, including electronic cooling.
Studies have explored different methods, such as nanofluids,
barriers, and magnetic fields in channels with obstacles.
However, channels with two consecutive steps have received
less attention, presenting a research gap. This study aimed to
utilize non-uniform magnetic fields in channels with double-
forward steps to enhance heat transfer using numerical
simulations with a specific ferrofluid (EMG-805, a

commercial brand, Ferrotec) to analyze distinct factors,
namely Reynolds number variations and magnetic field
positioning.

2- Problem Description
The present research focuses on a two-dimensional milli-

channel with consecutive contractions. The geometry and
computing domain are illustrated in Figure 1, detailing the
channel's dimensions and calculation area.
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Figure 1. Schematic of the problem
3- Equations

The problem assumes two-dimensional incompressible flow,
steady state, and constant fluid properties, neglects gravity,
and incorporates magnetic field effects as volumetric forces.
The equations can be found in Reference [4].

4- Fluids Properties

This study used the EMG-805 ferrofluid, a commercial
product from Ferrotec Company. Some previous research [34,
42] presented the characteristics of the selected ferrofluid.

5- Mathematical Modeling

The problem was modeled using Ansys Fluent 2021 software,
afinite volume-based numerical solver. A Coupled solver was
employed for pressure and velocity, with second-order
discretization for pressure, momentum, and energy equations.
Convergence was achieved when the residual was below102

6- Results and Discussion
This section presents modeling results, including dipole
number and location, Reynolds number effects, magnetic
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strength impact on the local Nusselt number, and overall
Nusselt number variations.

Applying a magnetic dipole under the lower wall

In this section, a magnetic dipole is applied to the bottom wall,
and its longitudinal distance (a) is changed to optimize
cooling conditions. Figure 2 shows changes in the local
Nusselt number. Applying a magnetic field alters the flow
field due to interactions with ferrofluid and
temperature/magnetic fields. The average Nusselt number
was the highest at a longitudinal distance of zero and vertical
distance of 1 mm, increasing by 56.57% compared to the case
without a magnetic field.
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Figure 2. Variation of local Nusselt number with dipole location
positioned under the lower wall

Applying a dipole on the upper wall
In this section, a magnetic dipole was applied to the top wall

to optimize heat transfer. Changes in local Nusselt number
with dipole location are observed (

Figure 3), with stronger effects closer to hot spots. Optimal
cooling occurs when the dipole is positioned at 1.5 mm
longitudinally, resulting in a 49.88% increase in average
Nusselt compared to no magnetic field.

Applying dipole near critical areas

Placing magnetic dipoles on the bottom wall near steps
improves average heat transfer by 164.05% in the optimal
conditions as shown in Figure 4, occurring when the dipole is
at a longitudinal distance of 0.25 mm and 1.25 mm behind
steps, creating vortices that enhance heat transfer.

Applying two dipoles

This part explores the utilization of two dipoles
simultaneously to enhance heat transfer. Various
configurations were tested to find the optimal arrangement.
Placing dipoles between steps yields more uniform local
Nusselt variation. Despite some improvements, using two
dipoles is not recommended due to complexity and marginal
heat transfer enhancement. The average Nusselt increases by
183.14%, yet compared to the best single-dipole case, it only

improves by 6.74%, making the use of two dipoles less
favorable.
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Figure 3. Variation of local Nusselt number considering
dipole location position over the upper wall
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Figure 4. Effects of positioning dipoles on the critical points
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Figure 5. Using two dipoles with different arrangements ((a) a:

=-1mm, a2=1mm, by =3 mm, b=3mm, (b) a1 =-1 mm, az=

1.5 mm, by =-1 mm, b2=3 mm, (c) a1 =-1 mm, a2=0.75 mm, bz
=-1mm, b2=0.3 mm, (d) a1 =0.5 mm, a2=1.5 mm, b1 =0.3

mm, b2=1 mm, (e) a1 = 0.5 mm, a2=1 mm, b1 = 0.3 mm, b2=3
mm, (f) a1 = 0.25 mm, a2=1.25 mm, b1 =0 mm, b2=1 mm)
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7- Conclusions
Due to the critical need for effective cooling in compact
electronic devices, the potential of magnetic dipoles to
enhance heat transfer in front of a double-forward single-step
was investigated. Results indicated that:
e Single dipole placement under the bottom wall
significantly increased both local and average Nusselt
numbers, with the most optimal condition yielding a
57.56% increase in average Nusselt number.
e Applying a single dipole over the upper wall also
improved heat transfer but to a lesser extent. Optimal
performance was achieved with a dipole located 1.5 mm
away, resulting in a 49.88% rise in the average Nusselt
number.
e Strategically placing dipoles in critical areas around the
steps leads to the best thermal performance, with the
highest average Nusselt (164.05%) achieved when placing
a dipole at the back of the steps (longitudinal distance of
0.25 mm and vertical distance of 1.25 mm).
e The use of two dipoles increased both local and average
Nusselt numbers by 183.14%, but the improvement was
modest compared to a single dipole.
e Increasing the Reynolds number improved heat transfer
but diminished the effect of the magnetic field caused by
the dipole.
¢ The strength of the magnetic field significantly enhanced
the local Nusselt number.
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