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Abstract

The characteristics of heat transfer enhancement and pressure drop in the curled pipe under the effect of a magnetic
field are presented in this paper. The suspensions, which are composed of y-Fe2O3 (gamma-phase iron oxide) magnetic particles
with a median diameter of 15-20 nm dispersed in plain water have been used. The magnetic particles at different concentrations
by volume of 0.50%, 0.75% and 1.00% were used in the pipe flow experiments. The suspension enters the curled pipe at the
innermost turn, flows under a uniform surface heat flux, and exits at the outermost turn. To increase the rate of heat transfer,
three different strengths of an external magnetic field of 600 Gauss (G), 1,200 G, and 1,800 G were utilized by the
electromagnets mounted on plates located at the top and bottom of the curled pipe. The effects of magnetic field strength,
concentration by volume of magnetic particles, and curve ratios on the heat transfer enhancement and pressure drop are shown.
The results show that the Nusselt number increases with increasing magnetic field strength, particle volume concentration, and
curve ratio. The Nusselt number increased by up to 14.34%, 19.19%, and 26.26% for magnetic field strengths of 600 G, 1,200
G, and 1,800 G, respectively.

Keywords: heat transfer enhancement; pressure drop; magnetic field; gamma-type iron oxides; surface heat flux, curve ratio

1. Introduction

The efficiency of many engineering equipment
can be improved with limitations by using conventional
heat transfer fluids such as water and oil which have
low thermal conductivity. Heat transfer fluids with
high thermal conductivity can be used to improve the
efficiency of many engineering apparatus which relate
to the heat transfer including the electronic devices
and heat exchangers. To keep electronic devices
operating within the design temperature range, the
performance of their thermal cooling is a critical issue.
One innovative approach is the use of very small
magnetic particles as a discontinuous medium to
increase the thermal conductivity of the fluids. To be
uniformly suspended in a liquid, the median size of
magnetic particles should be less than 25 nm. A crucial
parameter affecting energy transport in magnetic particle

suspensions is the solid volume concentration. Many
experiments show remarkable improvements in
effective thermal conductivity (Esfe et al., 2019;
Jeong et al., 2013). By increasing the magnetic field
strength, the ratio of the thermal conductivity of
magnetic particle suspensions to that of plain water
can be increased (Karimi et al., 2015). Another study
reports that the thermal conductivity of magnetic
particle suspensions can increase rapidly with the
volume concentration of particles (Hojjat et al., 2011).
The heat transfer properties of a fuel oil nanofluid
were investigated for flow inside vertical curled tubes
at different concentrations (Pakdaman et al., 2012).
Using the spectral method for numerical studies, the
investigators studied the effect of incompressible fluid
flow in a helically coiled pipe (Hoque & Alamb,
2013). The mass and temperature distributions of



EMUDOM, & SINGHASANI
JCST Vol. 16 No. 2, April-June 2026, Article 169

nanofluids flowing peristaltically were studied
numerically in a curved channel under the influence
of a magnetic field (Noreen et al., 2015). The
temperature and velocity distributions of fluid in a
curled channel subjected to a magnetic field were
studied (Hayat et al., 2016). To keep the magnetic
particles thoroughly dispersed in the fluid, the
magnetic particles are coated with layers of
surfactants and are typically very small, with
diameters ranging from 10 nm to 30 nm (Liou et al.,
2019). Some magnetic particles may agglomerate
caused by the dipole-dipole interactions (Khodadadi
et al., 2019). The suspensions do not maintain any net
magnetization, and the magnetic particles are
randomly oriented when no external magnetic field is
applied. However, when an external magnetic field is
imposed on suspensions, the magnetic particles tend
to align, forming chain-like structures (Arabpour et
al., 2018). Because the magnitude of the external
magnetic field and the temperature variation can be
manually controlled and imposed on magnetic particle
suspensions, these suspensions can play a crucial role
in several heat transfer applications. For applications
in heating and cooling systems, other researchers
investigated the viscosity of magnetic particle
suspensions (Bahiraei & Hangi, 2015). The effects of
the frequency of the oscillating applied magnetic field
were investigated to determine variations in local heat
transfer coefficients (Yarahmadi et al., 2015). Another
study examined the use of Fe;O,4 magnetic particles in
a helically coiled tube heat exchanger both numerically
and experimentally (Ghaderi et al., 2022). The study
found that, as the coil inlet temperature increased, the
overall Nusselt number increased by 22%. An article
presented a combination of experimental and numerical
methods to show that the efficiency of shell and
helically coiled heat exchangers could be improved by
7.68% using Al,Os nanoparticles (Abdullah &
Hussein, 2023). The ferromagnetic nanofluid was
investigated numerically using a two-phase model for
flow inside a heat exchanger equipped with helical

ribs (Varkaneh et al., 2023). A mixture of water and
aluminum oxide nanoparticles was used to enhance
the heat transfer rate in the shell-and-helical-coil tube
heat exchanger with a wider range of particle
concentrations varying from 0.0% to 0.75% (Shabi et
al., 2024). The results suggest that the nanoparticles
significantly improve the heat transfer coefficient
inside the helically coiled tube. Many previous studies
presented heat transfer enhancement in the curled pipe
with and without the effect of a magnetic field by
carrying out experiments based solely on constant
surface temperature, both experimentally and
numerically.

In this study, heat transfer performance was
examined by conducting all experiments on the basis
of constant surface heat flux. Magnetic particle
suspensions were utilized to investigate heat transfer
performance in the horizontal curled pipe. The crucial
aspects, namely the magnetic field strength, the
volume concentrations of magnetic particles, and the
curve ratios, were the primary goals, which are
beneficial for identifying reasonable alternatives for
heat transfer enhancement.

2. Objectives

The principal purposes of this study are to
demonstrate several crucial aspects, namely the
volume concentrations of magnetic particles in the
suspensions, the strengths of the applied magnetic
field and the curve ratio, which have crucial effects on
heat transfer performance and pressure drop in curled
pipe flow. The enhancement in heat transfer can be
maximized by increasing the volume concentrations
of magnetic particles in the suspensions, the strengths
of the applied magnetic field and the curve ratio.

3. Materials and Methods
3.1 Apparatus

A schematic diagram of the experimental
apparatus is shown in Figure 1 for flow experiments
in the horizontal curled pipe.
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Table 1 Dimensions of the curled pipe

Parameters Dimensions
Internal and external diameters, mm 9.5, 10.5
Length of test pipe, mm 115, 150, 240

Curve ratio, (Dp / D¢) 0.05, 0.03, 0.015

Number of coiled turns 5

Spacing of curled pipe, mm 15, 22,45

The experimental system consists of a heated
test section, a flow loop, electromagnets, a heat
exchanger, and measuring and controlling units. The
test section consists of a horizontal curled copper pipe
with 9.5 mm internal diameter and 10.5 mm external
diameter. All dimensions of the curled pipe are given
in Table 1.

Six electromagnets were mounted on a thin
plastic plate placing on top of the curled pipe, and six
electromagnets were mounted on another thin plastic
plate placed at the bottom of the curled pipe as shown
in Figure 2. The magnetic plates were measured to be
680 mm x 680 mm.

Heating was achieved by applying a uniform
surface heat flux to the copper pipe by encasing
Nichrome wire along the pipe. A power supply with a
maximum power of 600 W was connected to the
Nichrome wire to generate sufficient heat at the
surface of the copper pipe. To prevent heat transfer
loss, the copper pipe was wrapped with rubber and
aluminium foil as insulation. Figure 3 shows the
cross-section of the test pipe. The heat exchanger was
used to maintain a stable temperature of the magnetic
particle suspensions at the entrance of the test section.
Ten thermocouples were used to measure the
temperature distribution of the magnetic particle
suspensions along the curled pipe. All thermocouples
were initially calibrated using a dry-block calibrator
with a precision of 0.01 °C. The pressure transducer
was employed to measure the static pressure drop by
measuring the pressure difference between the inlet
and outlet of the curled pipe. The pressure transducer
was initially calibrated using a deadweight tester to
ensure an accuracy of = 0.01%.

3.2 Materials

A combination of magnetic particles with a
median size of 20 nm and plain water was utilized as
the magnetic particle suspensions in this study. The
gamma-type iron oxide is recognized for their cubic
structures and the individual atoms’ moments are
aligned in the same direction (Rosensweig, 1997). The
majority of the magnetic particles dispersed in plain
water were nearly circular in shape and in the form of

large clusters. Before conducting the experiments, the
magnetic particles were ultrasonicated for 30 minutes
to break up any clusters or agglomerates. The
magnetic particles were then allowed to rest at room
temperature for 2 hours after ultrasonication to reduce
any heating effects. Without using any surfactant, the
magnetic particle suspensions with three different
volume concentrations (0.50%, 0.75%, and 1.00%)
were then prepared by stirring continuously in an
ultrasonic bath system for an hour until stable
suspensions were achieved.

3.3 Mathematical Model

The total rate of heat transfer absorbed by the
magnetic particle suspensions flowing through the
entire curled pipe can be computed using the
following equation:

Qconv =m Cp,mps (Tm,out_ Tm,in) (1)

where Ocony 1s the total rate of heat transfer, 7m . and
Tmjin are the median values of the exit and entrance
temperatures of the magnetic particle suspensions, m
is the mass flow rate of the suspensions and Cp mps is
the specific heat of the magnetic particle suspensions.

The average heat transfer rate can be computed
using the following equation:

Qave = [IV +m Cp,mps (Tm,out_ Tm,in )] / 2 (2)

where Q... is the average heat transfer rate, I is the
current and V is the supplied voltage.

The specific heat of the magnetic particle
suspensions is proposed as follows (Xuan & Roetzel,
2000):

Pmps Cpmps = (1 = D) (pw Cow) + & (Pmp Co.mp) 3)

where Cpmps is the specific heat of the magnetic
particle suspensions, pmps is the density of the
magnetic particle suspensions, ¢ is the concentration
by volume of magnetic particles in the suspensions,
pw is the density of water, C, is the specific heat of
water, pPmp is the density of the magnetic particles and
Cy.mp 1s the specific heat of the magnetic particles.

The density of the magnetic particle suspensions
is determined by the correlation proposed as follows
(Pak & Cho, 1998):

Pmps = (1 = ) pw + & pmp “4)
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The heat transfer coefficient of the magnetic
particle suspensions can be determined from the
following equation:

h = (Qeonv / As) / (Ts — Trn) %)

where h is the heat transfer coefficient, Qconv / As is the
constant surface heat flux, As is the heat transfer
surface area of the curled pipe, Ts is the surface
temperature of the tested pipe and Ty, is the median
temperature of the magnetic particle suspensions.

The Nusselt number (Nu) in heat transfer is a
dimensionless number that indicates the ratio of heat
transfer by convection to heat transfer by conduction.
It essentially identifies how effectively heat is
transferred by convection compared with conduction
in stagnant fluid. It can be calculated using the
following equation:

where Nu is the Nusselt number, D is the pipe internal
diameter and ks is the thermal conductivity of the
magnetic particle suspensions.

The predicted value of the thermal conductivity
of the magnetic particle suspensions is suggested as
follows (Drew & Passman, 1999):

Kumps = kuw X [(Kimp + 2Ky - 2 (Ko — Kemp) / (Kimp + 2k +
¢ (kw — Kap)] ™)

where k, is the thermal conductivity of water and ku,
is the thermal conductivity of magnetic particles.

The Reynolds number of the magnetic particle
suspensions is calculated based on the internal
diameter of the pipe as follows:

ReD = (pmps Umps D) / Hmps (8)

where Rep is the Reynolds number, Upps is the
velocity of the magnetic particle suspensions, and pimps
is the predicting viscosity of the magnetic particle
suspensions.

The predicted viscosity of the magnetic particle
suspensions is determined by the correlation proposed
as follows (Drew & Passman, 1999):

Hmps = w (1 +2.5 ¢) )

where pmps is the viscosity of the magnetic particle
suspensions and L, is the viscosity of the water.

The Dean number (De) is a dimensionless
number used to characterize fluid flow inside a curled
pipe. It combines the effects of centrifugal and inertial
forces. The dean number can be computed as follows:

De = Rep x (D / R)%3 (10)

where De is the Dean number and R. is the curvature
radius.

The friction factor (f) is a dimensionless
number that indicates the pressure drop occurring
inside the curled pipe. The pressure drop is the energy
loss caused by friction between the magnetic particle
suspensions and the pipe wall. The friction factor can
be computed as follows:

f= (AP/L x D)/ (0.5 pumps V?) (11)

where f'is the friction factor, AP/L is the pressure drop
per unit pipe length, pmps is the density of the magnetic
particle suspensions and V is the velocity of the
suspensions.

3.4 Uncertainty Evaluation

The uncertainty (O ) can arise from
inaccuracies in the measured data. The applied heat
flux, the surface temperature of the copper tube, the
supplied voltage, and the measured electric current are
among the data causing inaccuracies. The uncertainty
of the heat transfer coefficient can be computed as
follows:

—+J(a 5.) (—aT)+(67"’o—T)2 (12)

The uncertainty of the median temperature of
the suspension can be computed as follows:

o7,
%, _+\/(6T ay o) (13)

For all cases, the uncertainty parameters were
computed. The average uncertainty of the heat
transfer coefficients was calculated to be + 0.38%.
The average uncertainty of the median temperature of
the suspension was calculated to be + 0.10 °C.
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4. Results

In the experiments, the magnetic particle
suspensions flowed along the curled pipe by entering
the innermost turn and flowing out at the outermost
turn to absorb heat from the applied surface heat flux.
The curled pipe is located between two parallel plates
that comprise the installed electromagnets. The
magnetic fields created by the two magnetic plates are
perpendicular to the suspensions’ flow inside the
curled pipe. To verify the experimental equipment and
procedures, our data were initially compared with
other correlations. Figure 4 shows a comparison of the
obtained Nusselt number at magnetic field strengths
0of 1,200 G and 1,800 G with the Nusselt number from

the correlations proposed by Wu et al. (2013) and Xin
et al. (1997). The proposed correlations were developed
for fluid flow inside the curled pipe without the effect
of a magnetic field. The trend in our obtained Nusselt
numbers of fluid flow inside the curled pipe under the
effect of a magnetic field considerably concurs with
the predicted results of the mentioned correlations.
Our results are higher than those predicted by the
correlations because of the magnetic field effect.

Figures 5-7 show the effect of the magnetic
field on the median temperature of the suspension at
different volume concentrations. The curve ratio is
0.015.
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Figure 4 Comparison between obtained Nusselt number from this experiment and results from other correlations for the
curled pipe.
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Figure 5 Effect of magnetic field on the median temperature of the suspension at concentration by volume of 0.50%.
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Figure 6 Effect of magnetic field on the median temperature of the suspension at concentration by volume of 0.75%.
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Figure 7 Effect of magnetic field on the median temperature of the suspension at concentration by volume of 1.00%.

From Figures 5-7, as the concentration
increases, the median temperature of the magnetic
particle suspensions tends to decrease markedly at
higher magnetic field strengths. Compared with the
case with no application of the magnetic field, a
temperature decrease of 10.0 °C was observed at a
magnetic field strength of 1,800 G and a volume

concentration of 1.00%. Figures 8-10 show the
variations in the Nusselt number and the Reynolds
number of the magnetic particle suspensions for
different curve ratios at different strengths of the
applied magnetic field. The volume concentration of
the magnetic particles is 0.75%.
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Figure 8 Effect of different strengths of the magnetic field on the Nusselt number for the curve ratio of 0.015.
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Figure 9 Effect of different strengths of the magnetic field on the Nusselt number for the curve ratio of 0.03.
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Figure 10 Effect of different strengths of the magnetic field on the Nusselt number for the curve ratio of 0.05.
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Figure 11 Effect of the different concentration by volume on the Nusselt number for the curve ratio of 0.05.

From Figures 8-10, increasing the Reynolds
number enhances heat transfer capability. The Nusselt
number increases with increasing flow rate of the
suspension. The magnetic particle suspensions have a
better heat transfer capability than plain water because
of the suspended magnetic particles. From these
figures, the flow of magnetic particle suspensions
through the curled pipe can provide a Nusselt number
higher than that of plain water. The centrifugal and
magnetic forces play a crucial role in accelerating the
magnetic particle suspensions as they flow along the
curled pipe under the applied magnetic field.
Increasing the curve ratio by making the coil tighter
can also enhance heat transfer. As the suspensions
flow through a curved pipe, centrifugal forces push
the faster-moving parts of the suspensions in the pipe
core towards the outer wall. Continuity of the flow is
maintained as the slower-moving parts of the
suspensions near the pipe wall are pushed towards the
inner wall. A swirling motion is then -created
perpendicular to the main flow. The attraction and
breakup of the magnetic particles in the suspensions
caused by the swirling motion can have an essential
effect to create higher disturbance in the thermal
boundary zone. Thus, the magnetic particle
suspensions under high magnetic field strengths can

provide a higher Nusselt number. Figure 11 shows the
effects of the volume concentration of the magnetic
particles in the suspensions on the Nusselt number.
The curve ratio is 0.05 and the strength of the
magnetic field is 1,200 G.

From Figure 11, the heat transfer mechanism
involves an increased accumulation of magnetic
particles near the heated pipe wall as the volume
concentration of magnetic particles in the suspensions
increases. The accumulation of magnetic particles can
disturb the thermal boundary layer, -creating
substantial turbulence and a high enhancement in heat
transfer. Figures 12-14 show the effect of different
strengths of the magnetic field on the friction factor
for the curve ratio of 0.015, 0.03 and 0.05,
respectively. The volume concentration of magnetic
particles is 1.00%. From these figures, the friction
factor tends to increase with the increasing flow rate
of the magnetic particle suspensions. With a higher
curve ratio, resulting from a lower average curvature
radius, the centrifugal force in the secondary flow
causes the pressure drop to increase much more than
in flow with a lower curve ratio. Also, the pressure
drop is likely to increase in suspension flow under
higher magnetic field strengths.
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From Figures 12-14, the friction factor tends to
increase with the increasing flow rate of the magnetic
particle suspensions. With a higher curve ratio,
resulting from a lower average curvature radius, the
centrifugal force in the secondary flow causes the
pressure drop to increase much more than in flow with
a lower curve ratio. Also, the pressure drop tends to
increase in suspension flow under higher magnetic
field strengths.

5. Discussion

The proposed parameters, namely the magnetic
field strength, the volume concentration of magnetic
particles in the suspensions, and the curve ratio, affect
heat transfer enhancement in curled pipe flow. Higher
values of magnetic field strength, volume
concentration, and curve ratio enhances heat transfer
performance. Making the coil radius tighter, thereby
increasing the curve ratio, can play a crucial role in
enhancing heat transfer. Centrifugal forces
significantly enhance the mixing of the suspensions.
This can disturb the thermal boundary layer and
reduce any thermal resistance, leading to a higher heat
transfer coefficient and Nusselt number. Increasing
the volume concentration of magnetic particles in the
suspensions can improve convective heat transfer. The
magnetic moments inside the magnetic particles are
usually positioned irregularly when no magnetic field
is applied. Brownian motion mainly affects the
magnetic particles because thermal energy is higher
than the energy of the magnetic dipoles (Rosensweig,
1997). Mostly, very small particles suspended in a
carrier liquid are in arbitrary motion caused by
Brownian motion. The energy of magnetic dipoles
grows more powerful and can subdue Brownian
thermal energy when the magnetic particle
suspensions are subjected to an external magnetic
field. The orientation of magnetic particles is caused
by the adjustment of magnetic moments to line up in
the direction of the magnetic field, creating clusters
and several small train-like structures. The strength of
magnetic field increases the formation of these
magnetic particles in train-like structures. When the
volume concentration of the magnetic particles
increases, the train-like structures become linear and
elongate. Heat transfer can perform remarkably well
under this condition. Increasing the thermal
conductivity of the magnetic particle suspensions can
also enhance forced convection heat transfer.
Magnetic torque in the magnetic particles is the main
mechanism governing the thermal conductivity of the
magnetic particle suspensions (Keyvani et al., 2018).
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Magnetic torque helps to align the magnetic particles’
magnetic moments in the same direction as the
applied magnetic field. The thermal conductivity of
the magnetic particle suspensions can be increased by
increasing the strength of the magnetic field. Thus, the
heat transfer enhancement can be achieved reasonably
well. The main disadvantage of increasing the curve
ratio, the volume concentration of magnetic particles
in the suspensions, and the strength of the applied
magnetic field is an increase in pressure drop and
friction factor along the curled pipe. However, the
increase in pressure drop was relatively minor
compared with the enhancement in heat transfer.
Future work could be conducted by utilizing an
oscillating magnetic field, comparing pulsating and
continuous flow, using hybrid oxides in the
suspension, or validating the experimental data with
CFD simulations.

6. Conclusion

The heat transfer performance of suspensions
consisting of Fe,Os magnetic particles was
investigated experimentally in a curled pipe. By
applying a magnetic field to the magnetic particle
suspensions, heat transfer performance was improved.
The results revealed that the heat transfer coefficient,
and hence the Nusselt number, increased with increasing
volume concentration of magnetic particles, applied
magnetic field strength, and curve ratio. Centrifugal
forces in the secondary flows had a significant effect
on the mixing of magnetic particles in plain water.
Heat transfer performance can be attained
satisfactorily by using a volume concentration of
1.00%, a magnetic field strength of 1,800 G, and a
curve ratio of 0.05. However, However, these
improvements are accompanied by an increase in
pressure drop in the curled pipe.

7. Abbreviations

Abbreviation  Full Term

A Heat transfer surface area

Comp Specific heat of magnetic particles

Cp.mps Specific heat of magnetic particle
suspension

Cow Specific heat of water

D Pipe internal diameter

De Dean number

f Friction factor

G Unit of magnetic field strength

h Heat transfer coefficient

I Electric current



Abbreviation Full Term

Kinp Thermal conductivity of magnetic
particles

Knps Thermal conductivity of magnetic
particle suspension

ky Thermal conductivity of water

m Mass flowrate

Nu Nusselt number

AP/L Pressure drop per unit pipe length

Oave Average heat transfer rate

Rep Reynolds number

R¢ Curvature radius

T'm Median temperature of magnetic
particle suspension

T Surface temperature of the tested
pipe

Umps Velocity of magnetic particle
suspension

\% Supplied voltage

Pmp Density of magnetic particles

Pmps Density of magnetic particle
suspension

Pw Density of water

Wmps Viscosity of magnetic particle
suspension

Uw Viscosity of water

0 Concentration by volume of
magnetic particles in the suspension

Gh Uncertainty of heat transfer
coefficient

Ogs Uncertainty of surface heat flux

OTm Uncertainty of median temperature

OTs Uncertainty of surface temperature

Oy Uncertainty of axial distance
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