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HIGHLIGHTS:

e Magnetic field improves heat transfer,
reduces entropy in  Fes04/TiO2
nanofluids.

e High nanoparticle loading raises pres-
sure drop, lowers thermal efficiency.

e Square Wave Case II yields 28.21 % CHT
rise at 0.0125 % nanoparticle volume.
e Lower nanoparticle loads give better

CHT gains; higher loads reduce it.

e Magnetic field position alters thermal

performance; Case IV shows less gain.
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ABSTRACT

Utilizing magnetic fields to manipulate fluid motion in ferrofluids has become a crucial approach for improving
heat exchange efficiency in thermal applications, especially in pipe systems. This research conducts an experi-
mental analysis of the effects of magnetic field (MF) patterns on heat transfer, entropy production, and the
thermal efficiency of Fe30,4/TiO2 magnetic hybrid nanofluids (MHNFs) operating under turbulent flow regimes.
Key parameters explored include nanoparticle concentration, effect of magnetic field placement, and signal
waveform types (square, sine, and triangular). Results demonstrate that lower nanoparticle concentrations
(0.0125-0.1 vol%) significantly improve thermal performance compared to deionized water and higher con-
centrations. The square waveform yielded the highest heat transfer enhancement (28.21 %), followed by sine
(27.87 %) and triangular waveforms (22.81 %). Additionally, entropy generation was minimized through
optimized magnetic field application and placement, highlighting its critical role in improving heat transfer
efficiency.

The thermal performance (TP) peaked at 26.33 % enhancement with 0.0125 vol%, while lower pressure drops
were observed at 0.0125 vol% to be 7.67 %, and 0.00625 vol%, corresponding to 10.29 %. This study introduces
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a novel approach to optimizing heat transfer systems by integrating magnetic field waveform placement with
precise nanoparticle formulations. The findings have significant implications for advancing energy-efficient
cooling systems in thermal management applications, offering enhanced heat transfer with reduced energy

losses.
Abbreviations x/d Axial distance
Al Aluminium nanoparticles Greek symbols
AL;O3  Aluminium oxide nanoparticles ¢ Mass ratio of nanoﬂuids
Au Gold nanoparticles o} Vf)lum.e concentration (vol%)
Cp Specific heat transfer H Viscosity (kg/ rn.s‘) .
Co203  Cobalt (III) oxide nanoparticles ¥ Thern?al conductl\.nt.y (W/K-1)
Cu Copper nanoparticles c Electrical conductivity (mS/cm —1)
CuO Copper oxide nanoparticles P Density (Kg/m*)
CHT Convective heat transfer n Thermal efficiency
CNTs  Carbon nanotubes q Heat flux, (W/m?)
DC Direct current m Mass flow rate (Kg/s)
Di Internal diameter of the tube .
o Subscripts
DIW D.elc?mzed water Ao Initial Absorbance
bw DISUH?d water . At Final Absorbance
EC Electrical conductivity avg Average
EG Ethylene glycol s Bias error
Fey03 Iron (III) oxide nanoparticles u Precision error
Fe304 Iron (IV) oxide nanoparticles b? base fluid
g A g?llrlljsArabic Cp Specific heat capacity of particles (J/kg-K)
GMO Graph. it id Cpnf specific heat capacity of nanofluids (J/kg-K)
phene magnetite oxide o - .
I Current (Ampere) Cppf spec%f{c heat capac%ty of base ﬂulqs (J/kg-K)
M Mass flow rate Conp specific heat capacity of nanoparticles (J/kg-K)
MF Magnetic fields [ Densities of the nanofluid (Kg/m?)
MFS Magnetic fields strength Pof Density of base fluid (Kg/m®)
MHNFs Magnetic hybrid nanofluids PPrp Density of nanoparticles (Kg/m?)
MNFs Magnetic nanofluids havg Average heat transfer coefficient (W/m2—K)
MNPs Magnetic nanoparticles To outlet °C
MWCNT Multiwalled carbon nanoparticle T, inlet °C
q Heat flux, W/m? tw wall temperature °C
SF Sedimentation Factor t bulk temperature °C
SiO, Silicon oxide nanoparticles ny nanofluid
TC Therma.l c9nductivity . n, nanoparticles
TEM Transmission electron microscopy
TiO, Titanium oxide nanoparticles Dimensionless numbers
TEI Total efficiency index Nu Nusselt number
UV-Vis Ultra Violet-Visible Re Reynold number
\Y Voltage Pr Prandtl number

1. Introduction

In pursuing advancing thermal management and heat transfer
technologies, integrating innovative approaches has become imperative.
One promising avenue involves the synergistic interaction between
magnetic fields, fluid dynamics, and heat transfer processes. This study
explores the intricate dynamics of hydrodynamics effects induced by a
MF in the context of forced convective heat transfer (FCHT), employing
MHNFs.

In a pioneering idea introduced by Choi [1], enhanced heat transfer
capabilities have recently witnessed significant strides with the intro-
duction of nanofluids (ry), that seamlessly blends nanoparticles into
conventional fluids. Nanofluids, characterized by their exceptional
thermal characteristics, have become innovative solutions for enhancing
heat exchange in a wide range of applications. Typical applications

include the demanding realm of electronics cooling, extending to the
evolving fields of energy production. Recently, nanofluids have
demonstrated remarkable efficiency as cooling agents in sectors like
nuclear power plants, medical technologies, and solar energy systems.
[2], thermal management in electronic systems [3], automotive [4],
HVAC systems [2], heat exchangers [5], power optimization and ma-
terials fabrication [6].

The benefits of nanofluids extend beyond their enhanced thermo-
physical properties, also encompassing their magnetic properties. The
influence of MF on nanofluids in channels like pipes introduces a
fascinating dimension to their behavior, leading to the development of
the field of magnetohydrodynamics (MHD) [7]. The MHD of nanofluids
in pipes explores how magnetic forces affect the behavior of these fluids
within restricted channels. [8,9]. This field is of great importance due to
its capacity to improve heat transfer across various industries. The core
of MHD research focuses on analysing the intricate relationships
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summarizes key findings from previous studies on the CHT pressure drop characteristics under various magnetic field conditions.

Study

Nanofluid Type

Experimental Conditions

Key Findings

Sha et al. [13]

Yarahmadi
et al. [14],

Abadeh et al.
[15]
Sun et al. [16]

Goharkhah
etal. [17]
Xuan et al. [18]

Motozawa et al.
[19]
Sesen et al. [20]

Li and Xuan
[21]
Mei et al. [22]

Azizian et al.
[23]

Wang et al. [24]

Mebhrali et al.

[25]
Lee et al. [10]

Shahsavar et al.
[26]

Tekir et al. [27]

Shi et al. [28]

Talebi et al.

Fe;04/water

Fe;04/water

Fe304/water
Fe304/water
Fe;04/water
Fe304/water
Fe304/water
Ferromagnetic
nanoparticles

Fe304

Fe304/water

Magnetite nanofluids
Fe304

Graphene-
Fe;O4nanofluids
Cobalt zinc ferrite
nanofluid

Nanofluids
Fes04-Cu/water hybrid
nanofluid

MCNT nanofluids

Cu and Fe304/Cu

Gradient, uniform, and perpendicular magnetic
fields, varying nanofluid concentrations and
temperatures

Horizontal copper tubes, constant heat flux,
oscillating & constant magnetic fields

Straight tubes, laminar flow, constant &
alternating magnetic fields
Gradient and magnetic flux density variation

Heated tube, steady & alternating magnetic fields,
1-2 % concentration, Re 400-1200
Microchannels, different magnetic field
orientations

Rectangular channels, varying magnetic field
intensity

Magnetic stirrers generating fields

Around heated wires, magnetic field gradients
parallel to flow

Copper tubes, varying nanoparticle
concentrations, Reynolds numbers, parallel
magnetic induction

Laminar flow, external magnetic fields

Tubes, permanent magnetic fields

Permanent magnetic field

Ethylene glycol/water base, Re 1000-1600,
magnetic field up to 750 G

Varying magnetic field strengths
Constant magnetic field
Magnetically controlled fields

Single and hybrid nanofluids

Thermal transfer rates enhanced with greater nanofluid concentration, elevated
temperature, and stronger magnetic field strength. Gradient magnetic fields
resulted in greater enhancement compared to uniform magnetic fields.
Fe304/water nanofluids showed higher CHT coefficients than distilled water,
especially at elevated concentrations and temperatures.

Specific magnetic field parameters significantly improved CHT.

Oscillating magnetic fields enhanced heat transfer by 19.8 %. Constant magnetic
fields reduced heat transfer, with variations observed based on field
configurations and vibrational modes.

Nusselt number increased by 11.85 % (10 Hz) and 14.8 % (100 Hz). No benefits
were observed beyond 100 Hz.

Heat transfer improved by 4.36 % and 32.0 % due to chain-like structures.
Pressure drop increased with flow disturbances.

Heat transfer improved up to 31.4 % (alternating field) and 9 % (constant field)
at 2 % concentration and Re = 1200.

Improved heat transfer with parallel magnetic field orientations; varied effects
with perpendicular orientations.

Significant heat transfer improvements correlated with increased magnetic field
intensity.

Enhanced heat exchange due to particle circulation in magnetic fields.

Increased heat transfer due to particle migration and interactions.

Nu improved with nanoparticle weight percentages, but reduced as magnetic
field strength increased.

Heat transfer coefficients improved significantly with higher magnetic field
strength and gradients.

Substantial heat transfer improvements with increasing magnetic flux density
and multiple magnetic cannula configurations.

Heat transfer improved significantly with 41 % reduction in entropy generation
rate compared to DI water.

Heat transfer improved by 23.9 % at 0.2 wt%. Magnetic field increased
efficiency by 2.64 % but led to a 17 % increase in pressure drop at higher
strengths.

Heat transfer improved by 2.78 %-3.23 % under magnetic fields for specific
nanofluid compositions.

Nusselt number increased by 14 % under constant magnetic fields, with higher
flow rates further improving heat transfer.

Improved heat transfer compared to DI water and Fe;O4 nanofluids, especially at
lower Reynolds numbers.

Heat transfer improved by up to 11.9 % with hybrid nanofluids compared to Cu/

[29]
Alsarraf et al.
[30]
Zhang and
Zhang [31]

Fe304-CNT nanofluids Non-uniform magnetic fields

MNFs
T), nanoparticle volume fractions

Alternating magnetic fields (0-100 Hz, 0.01-0.09

water nanofluids.

Heat transfer improved by 109.31 % and pressure drop by 25.02 % under

magnetic field effects.

Heat transfer improved with higher nanoparticle fractions but beyond 3 %,
higher field frequencies had limited impact. Pressure drops increased with
higher volume fractions and frequencies.

between nanofluids, channels, and magnetic forces. [10,11]., unveiling
their collective impact on fluid movement, thermal performance, and
additional characteristics. [12].

The following Table 1 summarizes key findings from previous studies
on the FCHT and pressure drop (Ap) characteristics of Fe3O4-based
fluids with various magnetic field configurations, nanoparticle compo-
sitions, and flow regimes. It highlights the experimental parameters,
methodologies, and observed enhancements in heat exchange and Ap,
providing a comparative overview of the existing literature.

Despite significant advancements in nanofluid research, critical gaps
persist in understanding the role of magnetic fields in CHT, particularly
under turbulent flow conditions. While magnetic hybrid nanofluids
(MHNFs) demonstrate promise for improving thermal exchange, the
impact of magnetic field positioning within the thermally developed
region remains insufficiently explored. This aspect is vital, as magnetic
field placement can profoundly influence flow dynamics, heat transfer
rates, and system efficiency.

Existing studies predominantly focus on particle composition and
concentration, with limited attention to the synergistic effects of mag-
netic field application in real-world turbulent scenarios. Moreover, the
effect of different magnetic waveform positions on the heat efficiency of

MHNFs is poorly understood, leaving a critical gap in designing effective
heat transfer systems.

This research addresses these gaps by investigating the effect of
magnetic waveform placement on the CHT characteristics of
Fe304/TiO; nanofluids in turbulent flow regimes. Focusing on the
thermally developed region, it aims to identify optimal magnetic field
configurations to enhance heat transfer effectiveness. The findings will
provide practical solutions for improving energy efficiency and thermal
management in applications such as energy systems, electronics cooling,
and industrial processes, paving the way for next-generation heat ex-
change fluids.

2. Experimental procedure and protocols
2.1. Preparation and analysis of magnetic hybrid nanofluids

For the study, the nanoparticles (n,) consisting of Fe30,4 with purity
of 95.5 %, particle sizes ranging from 20 to 30 nm were used. Further-
more, TiO, nanoparticles with purity of 99.5 %, and diameter of 18 nm
were included with Gum Arabic (GA) with >98.5 % purity as dispersing
agent, meeting the particle size specifications as per the manufacturer’s
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Table 2
Thermophysical attributes of the materials examined at ambient temperature.
Characteristics Deionized water Fe304 TiO,
(DIW)
Specific Heat capacity (J/ 4179 670 692
kg.K)
Thermal conductivity (W/ 0.613 80.4 8.4
m.K)
shape - Plate-like spherical
nanosheet
Density (kg/m®) 997 4950 4175

Source: Material Data sheets from Nano Research Materials Inc. Houston, Texas
(USA)(US4314)

guidelines. These materials were sourced from Nanostructured and
Amorphous Materials Inc. USA and Sigma-Aldrich, Germany, and uti-
lized as a dispersing agent. Table 2 presents the thermal characteristics
material properties used.

The synthesis of MHNFs follows a structured five-stage process.

Stage 1: The nanoparticles (n,), consisting of Fe3O4 and TiO; in an
80:20 proportion, are carefully measured.

Stage 2: Gum Arabic is added as a stabilizing agent at a weighting
factor of 0.75 to enhance the stability of the n,.

Stage 3: The n, are initially dispersed in DIW and mixed mechani-
cally, followed by ultrasonic treatment using a controlled pulsing cycle.

Stage 4: The dispersion process is conducted under a controlled
environment at 20 °C to ensure consistency.

Stage 5: The MHNFs are then prepared at volume fractions ranging
from 0.00625 % to 0.1 % and analyzed for their stability and thermo-
physical properties.

Fig. 1 illustrates this preparation process, and Eq. (1) [32,33] is
employed to calculate the nanoparticle concentrations.

Yre,0, (%) + Yrio, (%l)
o= Fes04 TiO,
)
Fe304 TiOs DIW

Where Y is the ratio of the nanoparticles.

A variety of instruments and tools were employed for specific func-
tions during the research, as detailed in Table 3.

SEM was Utilized to analyse the structural characteristics and
dispersion of Fe3O4 and TiO,. Stability evaluation incorporated diverse
techniques, including rheological analysis, UV-Vis spectroscopy, heat
conduction assessments, and direct visual observations, as illustrated in
Fig. 2.

(€8]
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2.2. Magnetic field generation, method and control setup, optimized heat
transfer efficiency

The current study adopts the methodology outlined by Adogbeji
et al. [34], wherein the voltage was variedat2V,4V,6V,8V,and 12V,
while the frequency was adjusted across 40 Hz, 60 Hz, 80 Hz, 100 Hz,
500 Hz, and 1000 Hz. The duty cycle was consistently maintained at 50
%, with a phase shift of 90°. Sine, square, and triangular waveforms
were utilized, with corresponding periods observed as 16.7 ms, 12.5 ms,
10.0 ms, and 20.0 ms. This approach effectively investigates the influ-
ence of magnetic field parameters on fluid dynamics and thermal
performance.

The apparatus used to facilitate heat transfer in MHNFs comprises an
advanced Digital Oscilloscope (IDS-2000 A series), a UNIT UT900E
Signal Generator, a TS250 Signal Amplifier from Accel Instruments,
magnetic coils (dimensions: 220 L. x 46 W x 29D), a GM08 Magnetic
Field Meter, and a connection hub. The magnetic coils, powered at
either 12V or 24 V DC with a maximum current consumption of 250 mA,
receive their power supply through the signal amplifier. The oscillo-
scope monitors waveforms voltage and current from the amplifier, while
the function generator adjusts waveform types (sine, square, triangular),
frequency, period, and duty cycle.

The signal amplifier interfaces with a connection hub, facilitating the
operation of four magnetic coils strategically positioned above the test
section to cover all seven thermocouple stations Fig. 3. Magnetic field
parameters, including waveform type and amplitude, are adjusted, and
the system is stabilized before applying the magnetic field under
continuous heat flux conditions.Fig. 4 illustrates, (a) the determination
of viscosity and assessment of colloidal stability, and (b) the measure-
ment of electrical conductivity and pH characteristics of the hybrid
nanofluids.

2.3. UV-visible spectroscopy analysis for MHNFs

The UV-Vis spectroscopic analysis of Fe304/TiO2 was performed
following the same procedure outlined in our previous study Adogbeji
et al., [33]., The Spectrophotometer was used at ambient conditions
with Diw as the standard baseline. Each measurement was conducted in
triplicate, and the averages were computed. The absorbance data for the
MHNFs and the sedimentation factor were derived as per Eq. 2 from the
earlier work [33].

Percentage (SF) — (Maximum absorbance — Total average absorbance )

Maximum absorbance
x 100

@

Electrical hand
— 3 mixer

Gum ‘
Arabic

T102 —_— ': 5
_'l b

- Sonication

Fe;04/TiO,

Stability &
Thermophysical
properties check

Fig. 1. Schematic process for preparation of MHNFs.
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Table 3
The equipment and instruments used in the study.

Equipment/Instrument Model/Manufacturer Purpose Specifications/Accuracy

KD2 Pro, Decagon Devices Inc. (METER Measuring thermal conductivity (k) of MHNFs Range: 0.02-2.0 kW/m? Accuracy: +£10
Group) %

Jenway 3510, Staffordshire, UK Measuring pH levels of nanofluid samples Range: —2 to 19.999; Accuracy: +0.003
CHAUVIN ARNOUX, C.A 10141, France Measuring electrical conductivity of MHNFs Accuracy: +1 %

- Thermal conductivity and viscosity 10°Cto 50 °C

measurements

Measuring viscosity of MHNFs
Determining absorbance and sedimentation
Examining nanoparticle morphology in dry
state

Thermal Conductivity Analyzer

pH Meter
Conductivity Meter
Temperature Range for Tests

Vibro-Viscometer

UV-Visible Spectrophotometer

Scanning Electron Microscopy
(SEM),

SV-10 A series, A&D, Tokyo, Japan
ONDA TOUCH UV-21 Spectrophotometer
JEOL JEM-2100F, Tokyo, Japan

Accuracy: =1 %
Not specified
Not specified

e O O I T2l 1 B I BO-20) TS CRA O 755 A1 O At

| e

- PR e

0.0125Vol%s

Fig. 2. Visualization of different volume fractions of FesO4/ TiO /DIW Magnetic Hybrid Nanofluid.

2.5. Electrical conductivity (EC), pH and viscosity evaluation

The methodology for assessing viscosity, electrical conductivity, and
pH of magnetic hybrid nanofluids follows the approach detailed in our
previous study Adogbeji et al. [34], where the same equipment and
procedures were used for these measurements. Viscosity measurements
of Fe304/TiO, nanofluids and deionized water were evaluated in
accordance with the previous study. The temperature was varied in 5 °C
intervals, and the viscosity was recorded immediately after preparation
and monitored over 24 h to examined nanofluids’ homogeneity at
different time intervals. Similarly, electrical conductivity and pH char-
acteristics were measured in a manner consistent with our earlier work.
The results from these tests are illustrated in Figs. 3a and b, with the data
providing insight into the behavior of MHNFs under varying thermal
conditions.

Fig. 3. Magnetic field generation and control setup.

2.4. Setup for evaluating electrical and thermal conductivity (TC) along

with pH

The methodology to examine electrical and thermal conductivity, as
well as pH, was based on the same setup and procedure as described in
Adogbeji et al. [33]. The experimental configuration, including instru-
mentation for thermal conductivity analysis with a Controlled bath
temperature, remained unchanged. Fluid characteristics such as elec-
trical, thermal conductivity, and pH were examined continuously at
temperatures of 5 °C intervals up to 50 °C. The same equipment and
techniques were used to ensure consistency between this study and the
prior investigation, thereby facilitating direct comparison of results.

C uter La = (]
= i F
—
' ol

Vibro-vi scometer wh\ﬂ!ﬂNFs

2.6. Uncertainty analysis of measured parameters

The approach outlined in [35]was utilized to estimate the uncer-
tainty associated with key measured parameters, including dynamic
viscosity (p) and standard deviation (o), by applying Egs. (4) and (5).
These uncertainties were determined with a 95 % confidence level. In-
strument precision was assessed based on bias errors, which reflect the
accuracy limitations specified by the equipment manufacturer. The
uncertainty in viscosity measurements was found to be +1.93 %, while
that of electrical conductivity measurements was +2.19 %.

) () ()4 ()

sampl@ for stabllity test

V

ﬁ';grammable
> water bath “

Fig. 4. (a) Viscosity determination and stability assessment (b) measurement of electrical conductivity and pH characteristics.
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Storage tank

Heat exchanger

Bypass valve

Thermal cooling bath

P
@,
-
ol
==
Micro gear pump

Dc power supply Ball valve

+

;er Ball valve

Flow meter

Test section

-
Differential pressure transmitter

Data acquisition system

Computer
Lab -View

WVWater
cooling bath

Function generator &8
Waveform Amplifier

Gaussmete — - = -

(©

Test section under insulation

e I = : I — |

Storage tank —

4 Electromarget

———>» DC Power Supply <——

Mag 4 Mag 3 Mag 2

6 5 4 3

1000mm

Thermacouples positions

Mag 1

Hydrodynamic length

<« 500mm — 3 Inlet mixer :

Test section length

Fig. 5. (a) Test rig components (b) Pictural of test rig and magnetic equipment (c) Configuration of the experimental test section.

Am\2  (AV\?  (AT\? /Ac\2
Ue = \/ SE (7) * (T) (%) 2
2.7. Experimental configuration and approach for Analysing FCHT

Based on the setup described in Adogbeji et al. [34], Figs. 5a, b, and
5c show the experimental rig, which includes components such as a
micro gear pump, pressure sensor, flow meter, test section, heat
exchanger, thermocouples, DC power supply, and data acquisition sys-
tem. The fluids are pumped through test rig, and their mass flow rate is
evaluated. The nanofluid, heated at an inlet temperature of 20 °C, is

cooled via the heat exchanger, with temperature and pressure moni-
tored throughout.

In Fig. 5c, the test section consists of a 1550 mm long copper pipe (8
mm inner diameter, 9.5 mm outer diameter), with thermocouples placed
at 130 mm intervals. A 200 W constantan wire maintains steady heat
flux, powered by a direct current set to 180 V and 1.22 A. The test rig
length is reduced to 1000 mm to ensure fully developed flow. Each
experiment is repeated three times, and data is averaged for analysis.

The investigation of thermophysical properties for the magnetic
hybrid nanofluids was conducted, focusing on key characteristics such
as specific heat and density. These properties were calculated using the
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model established by Pak and Cho [36], as defined in the following Eqgs.
(6) and (7).
Nanofluid density:

Por = (1 = @)Pps + 9Py (6)
Nanofluid specific heat:

(1 + @) Pos Cops + PP Cpnp
(1 —@)pps + PPy

C;M = (7)

For the determination of specific heat and density Fe;04/TiO, the
models outlined in (8) and (9) [37].were applied.
Power supplied:

P=VI (8
Heat absorbed by fluid:
Q: n:lC(TofTi) (9)

To assess convective heat transfer and the Nu at varying volumetric
fractions, the energy stored in the fluid and the energy injected into the
test rig were evaluated using the following relations 10 and 11. [38].

Local CHT coefficient:

. Q
AL a2
Nusselt number:
hDi
Nu = * 13)

Additionally, the study also accounted for the pressure losses due to
viscosity in the test rig for both DIW and magnetic hybrid nanofluids.
These results outcomes were juxtaposed with predicted frictional resis-
tance values obtained using the relation presented in (14) [38], The
parameters used during the experiments are listed in Table 4.

3. Experimental arrangement for forced convective heat transfer
analysis and methodology

f= a4

3.1. Nusselt number validation

Initial tests with DIW with range of flow conditions from Re 3200 to
55,000 were conducted prior to commencement with investigations of
the CHT coefficients using nanofluids. The results obtained for the DIW
were validated by comparison with equations specifically formulated for
turbulent flows per Egs. 15 and 16, and as outlined by Olivier and
Meyer, [39], and Ghajar and Tam (1994) [37], respectively.

X\ —0.0054 / 1, 04
Nu = 0.026.Re"8 Pro3%, (—) (—) 17)
D u,
3< g < 192;Re 7000 < 49000;4 < Pr < 34;1.1 < ui <17
W
1 /w0
Nu = 0.026.Re®7%8 Prs. (u—b> (1®)
W

3000 < Re <17,800 and 3.73 < Pr < 5.06

From Fig. 6, the comparison of Nusselt numbers calculated using the
experimental data with those predicted by Olivier and Meyer’s corre-
lation showed a mean discrepancy of 0.47 %, with a maximum variation
of 6.6 % under the turbulent region. In like manner, the predictions
derived from the Ghajar and Tam model exhibited an average difference
of 3.4 %, reaching a maximum deviation of 10.5 % in the same flow
regime. These findings demonstrated a strong agreement with the

Powder Technology 466 (2025) 121504

Table 4
experimental conditions and parameters

Experimental conditions specific ranges of key variables

Range of flow conditions (Re) 1000-8000

Thermal input 8.67kw/m?2

Geometric characteristics 9.5 mm External and 8 mm Internal diameter
Length of test rig 1000 mm

Temperature of nanofluid inlet 21°C

experimental results for deionized water, effectively confirming the
reliability and accuracy of the experimental procedure.

3.2. Analysis of measurement uncertainty

The uncertainties associated with the experimental results were
calculated at a 95 % confidence level using a methodology similar to
that described by Ibrahim et al. [5] and Adogbeji et al. [40], which was
adapted from the framework proposed by Dunn [41], as outlined in the
following Egs. 19,20 and 21.

Uncertainty estimates were carried out for both higher and lower
Reynolds numbers, specifically 5000 and 1000, following a methodol-
ogy analogous to that employed by Osman et al. [42] and Ibrahim [5].
At the higher Re of 5000, the deviations for the Nu, heat transfer coef-
ficient (h), and Re were determined to be 6.8 %, 4.6 %, and 9 %,
respectively. Conversely, at the lower Re of 1000, the uncertainties were
3.6 %, 5.3 %, and 7.5 % for Nu, h, and Re, respectively.

ONu [ (Ohae\®  [(0D\*  [ok\?

Nu—\/<havg> () (%) (19
SRe  [(op\? ~(oV\® [(aDy\? @ (ow\?

EV )+ (%) () + () 20
Shix) — « ] (OO0 5. 2 /oh(x) ST 2 oh(x) .. 2 o1
) = (aq q) *(an ) +(aTm '”)

3.3. Morphology analysis of nanoparticles and thermophysical
characteristics of MHNFs

The structural properties and stability of nanofluids comprising
Fe30,4 with varying ratio of TiO, were analyzed through SEM, as shown
in Fig. 7. The SEM pictures were obtained at a 100,000 x magnification,
using 2.0 kV and a speed of 9 pm/s. The SEM micrograph of Fe3O4
exhibited a non-uniform dispersion of nanosheets with varying sizes,
while TiO, nanoparticles were observed to have predominantly spher-
ical morphology. The SEM image of the hybrid Fe304—TiO; nanofluid
demonstrated effective dispersion, suggesting the formation of a stable
suspension. However, Fe;O4 particles appeared more prominent
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Fig. 6. Results for deionized water testing to validate the experimental setup.
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Fig. 7. Morphology analysis: (a) Fe304 and (b) TiO,; (c) hybrid Fe304—TiO,,

compared to their TiO, counterparts.

The viscosity stability of these nanofluids was assessed at a temper-
ature of 30 °C over a duration of 10 h, following the approach outlined in
previous studies by Giwa et al. [43], and Osman et al. [44]. The stability
outcomes are represented in Fig. 8a. A 30-day visual inspection revealed
negligible sedimentation of the fluids with volume ratio of 0.00625 %,
0.0125 %, and 0.025 %, whereas minor settling was observed at a vol-
ume fraction of 0.05 %. In contrary, fluids with a volume ratio of 0.1 %
exhibited noticeable sedimentation.

The assessment of nanofluid stability carried out using UV-Vis
spectrophotometry, adhering to the principles of Beer- Beer-Lambert’s
law [44,45], This method highlighted a clear association between the
absorbance values of Fe304—TiO; and their nanoparticle volume ratio,
as illustrated in Fig. 8b. The findings of Chakraborty et al. [46],
demonstrated that the stabilization properties of nanofluids could be
quantitatively determined by observing changes in optical absorption
trends over time. A decrease in absorbance signals instability, which is
indicative that the nanoparticles are beginning to separate from the
suspension. The analysis revealed that lower absorption intensities were
associated with reduced nanoparticle concentrations, which corre-
sponded to sedimentation rates. Throughout a 30-day monitoring phase,
notable sedimentation was recorded for fluids with 0.1 % volumetric
concentration, with sedimentation factor (SF) values measured as 11.61
% for 0.1 vol%, 10.68 % for 0.05 vol%, 10.24 % for 0.025 vol%, 9.82 %
for 0.0125 vol%, and the lowest value of 8.89 % for 0.00625 vol%.

Conversely, nanofluids with particle loadings of 0.00625 %, 0.0125
%, and 0.025 % exhibited significant steadiness over time 30 days. The
minor instability identified for the 0.05 % particle fraction indicates the
possible requirement for fine-tuning the dispersing agents, especially at
elevated particle concentrations. This decreasing trend indicates that at
elevated particle concentrations lead to greater sedimentation, causing
the nanofluid to be less stable over time. Conversely, lower
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concentrations slow the sedimentation rate thus improving the stability
of the nanofluid and ensuring a more homogeneous dispersion of par-
ticles [3],.

The variation in the viscosity of Fe304—TiO,/DIW with the range of
temperature of 10 °C to 50 °C is illustrated in Fig. 9a, indicating a
reduction in viscosity with rising temperature. Fig. 9b and c display
increases in with the EC and TC with higher nanoparticle volumetric
fractions, consistent with findings by Zadkhast et al. [47] and Oraon
et al. [48]. Furthermore, Fig. 9d reveals a decrease in the pH of
Fe30,—TiO,as temperature increases. Elevated nanoparticle (np) am-
plifies the pH, reducing it, signifying increased acidity. In contrast, DI
water maintains a nearly stable pH of approximately 7, highlighting the
significant impact of n, on the Fe304,—TiO,/DIW pH. These patterns
agreed with earlier investigations by Krishnan et al. [49] and Giwa et al.
[43] underscoring the Interwoven dynamics between the thermophys-
ical characteristics of nanofluids, concentration, and temperature.

4. Findings and analysis
4.1. Variation of CHT with nanoparticle volume fractions

Fig. 10 demonstrates the effect of varying volume fractions on the
CHT coefficient for Fe304/TiO, nanofluids at different Re. The per-
centage improvements in the CHT coefficient, compared to DIW, follow
a noticeable trend. In our previous study (Adogbeji et al. [34],We re-
ported an enhancement of 16 % at a volume fraction of 0.1 %. As the
nanoparticle concentration decreases, the enhancements continue to
rise, with a peak of approximately 20.36 % at a 0.05 % volume fraction.
Further reductions in concentration led to substantial augmentation,
with the maximum enhancement of around 27.28 % at a 0.0125 %
volume fraction. Even at the lowest concentration of 0.00625 %, the
CHT coefficient exhibited an increase of about 22.47 %. These results,

(b)

—m=— 0.1%Vol ®  0.05 %Vol—4a— 0.025% Vol
v 0.0125% Vol ¢ 0.00625%Vol

3.5

3.0 -

2.5

2.0

1.5 1

Absorbance

1.0 4

1 -89

0.0

200 220 240 260 280 300
Wavelength (nm)

Fig. 8. (a) Evolution of Fe30,—TiO stability with time (b) Influence of Fe304,—TiO concentration on optical absorbance across various wavelengths.
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Fig. 9. (a) Temperature-induced changes in viscosity, (b) Influence of temperature on EC, (c) Effect of temperature on TC, and (d) Temperature-driven fluctuations in

pH for various nanoparticle volume fractions.
derived from our earlier work, further underscore the positive impact of
Fe304/TiO hybrid nanofluids on heat transfer performance at different

concentrations, emphasizing the consistency and reproducibility of our
findings.

4.2. Effect of magnetic waveform placement on CHT

Placing the magnetic waveform (M) along the test section can
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Fig. 10. Impact of volumetric ratio on CHT coefficient enhancement.

substantially affect heat transfer enhancement, entropy generation, and
thermal performance in turbulent flow conditions. Researchers can
optimize these thermal processes by carefully selecting the waveform’s
placement and Magnetic field strength (MFS). Fig. 11 illustrates several
scenarios: Case I, which has no magnetic field, serves as a reference
point for comparison, while Cases II through IV present various mag-
netic field configurations. These cases showcase the different effects on
heat transfer, entropy production, and thermal performance. Effectively
controlling the magnetic waveform’s positioning is essential for
achieving optimal heat transfer in real-world applications.

Fig. 12a illustrates optimization analysis of frequency and MFS, As
reported in Adogbeji et al., the MSF with different waveforms (sine,
square, and triangular) in electromagnetic heat transfer systems was
analyzed. The study found that as the frequency increased from 40 Hz to
1000 Hz, there was a consistent rise in MFS, confirming the positive
relationship between frequency and the effect on heat transfer. The re-
sults showed that the Sine wave constantly generated maximum MFS
effects compared to the triangular and square waves at higher fre-
quencies. Notably, a convergence point was observed at 40 Hz and 60
Hz, where all three waveforms intersected, highlighting the significant
to optimized field parameters for improving CHT. The study also
demonstrated a direct relationship between voltage and MFS, as seen in
Fig. 12b. As voltage levels increased, the MFS correspondingly
increased, with the Sine waveform consistently producing the highest
MSF. The triangular followed, while the square generated the lest MFS.
At 4 V, a convergence point was observed, emphasizing that the field
should be controlled. These findings, as presented in Adogbeji et al., are
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Fig. 11. Diagrammatic illustrations of various magnetic field positions along the test rig under investigation

critical for optimizing thermal management devices that leverage the
effects of MF on heat exchange.

The results depicted in Fig. 13a, b, and c for Case (II) are based on
findings from our earlier study (Adogbeji et al., [34],), which demon-
strated significant heat transfer enhancement when waveforms were
applied. At a volume concentration of 0.0125 %, the heat transfer en-
hancements for sine, square, and triangular waves were 18.5 %, 16.2 %,
and 15.9 %, respectively, compared to absent of field. Similarly, at
0.00625 % concentration, the enhancements were 14.1 %, 13.5 %, and
13.2 %, respectively. These previously published results have been
incorporated into this study to facilitate a comparative evaluation with
other cases, underscoring the impact of field placement on heat
augmentation systems.

Fig. 14 a, b, and ¢, along with Case (III), collectively demonstrate
the significant impact of MF waves on enhancing heat exchange in the
fluid. When MF waves are applied at different volume fractions (0.1 %,
0.05 %, 0.025 %, 0.0125 %, and 0.00625 %), they consistently improve
heat exchange efficiency compared to conditions with and absent of
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magnetic field. However, an intriguing observation arises when
comparing conditions with and absent of magnetic field at the same
volumetric ratio with absent of field, there is a consistent heat transfer
enhancement. This could be attributed to the influence of the magnetic
field positioning at the beginning of the thermally developed area of the
test section as illustrated in Fig. 11 Case (III), followed by demagneti-
zation due to the distance between the first and second magnetic fields,
likely contributing to fluctuations in heat augmentation. Particularly at
lowest volumetric fractions, such as 0.00625 %, the presence of a
magnetic field results in more substantial enhancements compared to
when no magnetic field waves are applied, suggesting a nuanced rela-
tionship between magnetic field positioning and heat transfer
enhancement. Furthermore, the comparison with DIW demonstrates the
pronounced impact of magnetic field waveforms in improving fluid flow
behavior and enhancing heat transfer performance across all volumetric
ratio. The findings emphasize that strategic optimization of magnetic
field placement can significantly enhance heat dissipation, presenting
promising opportunities for advancing thermal regulation systems and
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fluid-based heat exchange application (b)

Fig. 15a, b, and c, along with Case (IV), collectively demonstrate
the significant impact of MF waves on enhancing heat exchange in the
fluid. When MF waves are applied at different volume fractions (0.1 %,
0.05 %, 0.025 %, 0.0125 %, and 0.00625 %), they consistently improve
heat transfer efficiency. In Case IV, depicted in Fig. 11, the
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thermocouple is positioned at the end of the thermally developed region
where the electromagnetic field is applied, allowing us to observe the
effect on the heat transfer coefficient specifically in this region. How-
ever, an intriguing observation arises when comparing conditions with
and with and absent of magnetic field at the same volumetric fraction.
Interestingly, the highest enhancement under this case was observed at
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Fig. 14. Heat transfer enhancement with case (III) magnetic field (MF) (a) sine waves (b) square waves and (c) triangular waves at different volume fractions.

volumetric fractions of 0.00625 vol, 0.0125 vol, and 0.1 vol without a
magnetic field across all waveform types. However, at a volumetric
fraction of 0.025 vol, enhancement was noticed across all waveform
types, more than in the case of no magnetic field. This behavior could be
attributed to several factors. One possible explanation is that at lower
volume fractions, the presence of the magnetic field produces a more
substantial impact changes in the fluid dynamics and heat transfer
characteristics, leading to enhanced heat transfer. Additionally, the
positioning of the thermocouple at the end of the thermally developed
region allows for a more accurate measurement of the heat transfer
coefficient influenced by the magnetic field. Furthermore, the behavior
observed at 0.05 vol and 0.025 vol might be associated with a particular
dynamic involving the field and the nanofluid at this volumetric ratio,
resulting in enhanced heat exchange despite the presence of a MF.

Fig. 16 illustrates significant variations in the CHT coefficient
enhancement across different volume fractions, waveforms, and cases of
Fe304/TiOy nanofluid. A rise in concentration leads to a reduction in
enhancement in the CHT coefficient, with notable improvements
observed particularly at lower volume fractions. At 0.00625 Vol, for
instance, the CHT coefficients for sine wave Case IV, square wave Case
IV, and triangular wave Case IV are 22.97 %, 25.28 %, and 22.44 %,
respectively, compared to the base case value of 22.4 %. However, Case
IV generally exhibits lower enhancement compared to other cases in all
waveforms, possibly due to the positioning of the MF along the test rig,
as depicted in Fig. 11 Case (IV). Conversely, in Case III, Fe304/TiO,
nanofluid without a MF shows more enhancement from 0.1 Vol to
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0.0125 Vol, except for at 0.00625 Vol where Square Waves demonstrate
the highest enhancement at 25.28 %, followed by Sine Waves at 24.21 %
and Triangular Waves at 22.81 % over no MF. This could be attributed to
the influence of the MF positioning at the beginning of the thermally
developed area of the test section, followed by demagnetization due to
the distance between the first and second magnetic fields, likely
contributing to fluctuations in heat augmentation. Square Wave cases
demonstrate the highest enhancement percentages among the waveform
cases, consistently outperforming sine and triangular wave cases. For
instance, at 0.0125 Vol, the enhancement percentages for square wave
Case Il are 28.21 %, while for Sine wave Case II, it’s 27.87 %. This could
be attributed to the influence of the MF positioning from the beginning
of the thermally developed area of the test section to almost the end of
the test section, as illustrated in Fig. 11 case (II), showing that the
magnetic particles are homogeneously dispersed within the fluid during
the flow, thereby causing improved enhancement along the test section.
Moreover, at higher volume fractions, square Wave cases exhibit sub-
stantial enhancement compared to other waveforms. For example, at 0.1
Vol, the CHT coefficients for square wave Case III and triangular wave
Case III are 12.58 and 12.95, respectively, while for Sine wave Case III,
it’s 12.42. However, at higher volume fractions (0.1 % Vol), the per-
centage enhancement in heat transfer generally decreases across all
waveform types compared to the control condition without a magnetic
field. This suggests a concentration-dependent behavior of the nano-
fluid, potentially influenced by factors such as particle distribution and
agglomeration that the applied magnetic field helps to amplify.
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Fig. 15. Heat transfer enhancement with case (IV) magnetic field (a) sine wave (b) square waves and (c) triangular waves at different volume fractions
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Consequently, increasing the volume fraction beyond a certain threshold
may not lead to substantial improvements in heat transfer augmenta-
tion, even with the application of a magnetic field. It’s important to note
that the choice of waveform also impacts the enhancement, with square
wave cases generally yielding the best results. However, square wave
Case III also presents competitive enhancement values, showcasing its
effectiveness in certain scenarios. Overall, the selection of the optimal
case for maximizing heat transfer enhancement depends on various
factors such as volume fraction, waveform characteristics, and specific
application requirements. Therefore, a comprehensive understanding of
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each case’s performance is essential for optimizing thermal management
systems and fluid-based heat transfer processes.

Figs. 18(a), (b), and (c), Figs. 19(a), (b), and (c), Figs. 20(a), (b), and
(c) represent Case II, Case III, and Case IV, respectively while Fig. 17
represent Case I no magnetic field, for magnetic hybrid nanofluids
under varying conditions with a concentration ranging from 0.1 wt% to
0.000625 wt% and different waveforms at varying velocities, depicting
the CHT behavior. Comparing the heat transfer coefficient (hayg) values
obtained with the impact of square, triangular, and sine waves, for Case
II, Case III, and Case IV, as well as in the absence of a magnetic field
across different volumetric fractions and velocities, reveals intriguing
trends. At a volumetric fraction of 0.1 %, the CHT coefficient remains
relatively consistent under sine waves for all cases, ranging from 3755
W/m? K to 3855 W/m? K at a velocity of 0.63 m/s, while without a
magnetic field at the same velocity, the average heat transfer (hayg) is
higher at 3889 W/m? K. The same trend is observed in triangular and
square waves throughout the various cases. The discrepancy in CHT
coefficients between cases with and absence of the magnetic field at a
volumetric fraction of 0.1 % can be attributed to several factors,
including nanoparticle alignment, agglomeration, fluid dynamics alter-
ations, and changes in suspension stability induced by the magnetic
field. Similarly, at lowest volumetric fractions of 0.05 % and 0.025 %,
hayg values fluctuate within a narrow range for both conditions, sug-
gesting minimal impact from the implementation of magnetic wave-
forms. Moving to lowest volumetric fractions of 0.0125 % and 0.00625
%, a slight divergence in h,yg values is observed between triangular,
square, and sine waves for the three cases, with higher h,y values
consistently under sine wave conditions compared to no magnetic field
conditions. The observed divergence suggests a significant influence of
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the magnetic field on Fe304/TiOznanoparticle suspension at these lower
volumetric fractions, potentially due to enhanced nanoparticle align-
ment, dispersion, and fluid flow alterations induced by the magnetic
field. Overall, while applying magnetic waves may slightly influence
CHT behavior in MHNFs, nanoparticle volume fraction and dispersion
remain the dominant factors determining heat transfer efficiency. These
results highlight the intricate relationship among nanoparticle concen-
tration, fluid behavior, and external influences in heat transfer
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mechanisms., emphasizing the need for further research to optimize
such systems.

4.3. Pressure drop

The frictional resistance of MHNF nanofluids through the test section
is evaluated across a range of concentrations and flow rates. As illus-
trated in Fig. 21, under conditions where no magnetic field is present
(referred to as Case I), the calculated friction factor for the MHNFs
nanofluids is analyzed. According to theoretical expectations outlined in
Eq. (14), the friction factor of MHNFs nanofluids is anticipated to rise
because of viscous drag and density gradient. The observed results align
with the anticipation, demonstrating an increase in the friction factor
with higher MHNFs nanoparticle concentrations and a decrease with
increasing flow velocity. This behavior is typical for fluid flow in straight
tubes.

In Figs. 22a, b, and ¢, Figs. 23a, b, and ¢, and Figs. 24a, b, and c,
which represent Case II, III, and IV, respectively, under the impact of
magnetic waveforms, the pressure drop is shown as a function of flow
velocity at different volume concentrations. The experimental data
reveal the behavior of Fes0./TiO2/DIW within the turbulent forced
convection region, where multiple factors such as nanoparticle con-
centration, viscous drag effects, and flow dynamics play a role. The re-
sults demonstrate that increasing the nanoparticle concentration leads
to a noticeable increase in the frictional resistance, with this trend
becoming more prominent at higher concentrations, indicating that the
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Fig. 18. Comparative analysis of heat transfer coefficients, magnetic hybrid nanofluids vs. deionized water across varying velocities and concentrations with
magnetic waves and in the absence of magnetic fields Case II (a) Sine waves (b) Square waves (c) Triangular waves.
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Fig. 19. Comparative analysis of heat transfer coefficients, magnetic hybrid nanofluids vs. deionized water across varying velocities and concentrations with
magnetic waves and in the absence of magnetic fields Case III. (a) Sine waves (b) Square waves and (c) Triangular wave

nanofluid concentration directly impacts hydraulic resistance. Further-
more, the interplay between frictional resistance and flow velocity
shows a linear reduction across all concentrations. This trend is consis-
tent across all experimental cases. Interestingly, the pressure drop
behavior at lower concentrations (0.00625 % and 0.0125 %) resembles
that of DIW, suggesting that while flow velocity is the key factor, the
presence of nanoparticles amplifies the pressure drop. These observa-
tions are consistent with earlier studies, such as those by Sadeghinezhad
et al. [38,50] and Sundar [51].

4.4. Analysis of thermal performance factor (TPF) and its relationship
with nanofluid concentration

To accurately assess the CHT and Nu in a system, it is essential to
ascertain the thermophysical characteristics of the nanofluid. These
properties, in conjunction with empirical data on frictional losses,
facilitate the computation of a thermal efficiency metric for the system.
The thermal efficiency metric (1) is defined in accordance with estab-
lished guidelines [52]

Nuyy
Nuyps
Jop
fof

Fig. 25 illustrates the thermal performance factor (TPF) for various
magnetic hybrid nanofluid concentrations with no magnetic field.
Notably, for volumetric ratio of 0.00625 wt% and 0.1 wt%, the thermal
performance factor of Fe304/TiO,. Surprisingly, the data reveal that a

n= (22)

15

volume fraction of 0.0125 % leads to the most efficient heat exchange
performance, contrary to the expectation that higher volumetric ratio
would correlate with superior thermal performance [25]. This unex-
pected finding suggests that even a lower concentration of nanoparticles
in the fluid can significantly enhance heat transfer. This result shows
that increased thermal conductivity of a higher volume fraction does not
necessarily contribute to a higher thermal performance factor. The trend
indicates a reduction in the thermal performance factor ratio as velocity
increases across all volume fractions. The implications for thermal
management are profound, emphasizing the critical importance of
optimizing nanoparticle volume fraction to achieve maximal thermal
performance. This optimal volume fraction can be strategically utilized
to enhance performance and increase energy efficiency in practical ap-
plications where maximizing heat transfer efficiency is paramount, such
as in heat exchangers or cooling systems. However, achieving this
optimal volume fraction requires careful consideration of various fac-
tors, including particle agglomeration, viscosity effects, interfacial
resistance, thermal conductivity saturation, and nanoparticle distribu-
tion. By meticulously tuning nanoparticle volume fraction, engineers
and researchers can unlock improved thermal performance and opti-
mize thermal management systems for enhanced efficiency and
effectiveness.

4.5. Impact of magnetic field positioning and waveforms on thermal
performance factors in magnetic hybrid nanofluids

The thermal performance factor and its relationship with magnetic
field positioning were examined, particularly focusing on the effect of
different waveforms. Notably, concentrations of 0.00625 wt% and 0.1



V.O. Adogbeji et al.

(@)

(b)

Powder Technology 466 (2025) 121504

6000 - - 6000
=  Sine wave 0.1% Vol ¢ 0.1% Vol no field m  Square wave 0.1% Vol @ 0.1% Vol no field
= Sine wave 0.05% Vol ¢ 0.05% Vol no field m  Square wave 0.05% Vol % 0.05% Vol no field
52504 = Sinewave 0.025% Vol % 0.025% Vol no field 5250 4 = Square wave 0.025% Vol + 0.025% Vol no field
= Sine wave 0.0125% Vol @ 0.0125% Vol no field m Square wave 0.0125% Vol @ 0.0125% Vol no field
=  Sine wave 0.00625% Vol ¢ 0.00625% Vol no field m  Square wave 0.00625% Vol @ 0.00625% Vol no field
4500 = DIW 45004 = DIw
= =
o~ _ o~
E 3750 g??’i £ 3750 - § ?%i.?
5 & 1 = geec
= -¢7 . = # § $° " -
3000 - ff o 3000 - #%% .= "
?? g = < Q% .=
- .= & -
2250 L 2250 4 t - ="
- -
- -
1500 T T T T T T 1500 T T T T T T
0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65

Velocity (m/s)

(©)

Velocity (m/s)

6000
®m  Triangular wave 0.1% Vol ¢ 0.1% Vol no field
5500 | = Triangular wave 0.05% Vol ¢ 0.05% Vol no field
= Triangular wave 0.025% Vol % 0.025% Vol no field
5000 4| = Triangular wave 0.0125% Vol & 0.0125% Vol no field
= Triangular wave 0.00625% Vol & 0.00625% Vol no field
4500l = DW
=
~" 4000 -
£ 3 %Qiﬁi
= 3500 - = L & & A0
— g § - " m = "
3000 - g% o
g #8557,
2500 & # -
t ="
2000 - "
u
||
1500 T T T T T T
0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65

Velocity (m/s)

Fig. 20. Comparative analysis of heat transfer coefficients, magnetic hybrid nanofluids vs. deionized water across varying velocities and concentrations with
magnetic waves and in the absence of magnetic fields Case IV (a) Sine waves (b) Square waves and (c) Triangular waves
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Fig. 21. Comparison of pressure drop between deionized water and magnetic
hybrid nanofluids with no magnetic field at different concentrations across
varied velocities Case I

wt% were examined. Among these concentrations, the TPF was noticed
to be the highest at a concentration of 0.0125 %. This concentration
showed promising potential and warranted further investigation into
optimizing magnetic field positioning and the impact of various wave-
forms on fluid performance to draw valid conclusions for practical ap-
plications. Figs. 26a, b, and ¢ compared different waveforms for Case I,
Case III, and Case IV, respectively. The outcomes indicated that for
Case II waveform, sine waves outperformed square waves and trian-
gular waves along the flow velocity. Conversely, for Case III, triangular
waves performed better than sine and square waves. Finally, in Case IV,
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square waves demonstrated superior performance along the flow ve-
locity. These findings show the impact of MF placement and waveform
on fluid thermal performance factors. Optimizing the best thermal
performance for practical application is crucial and depends on the
specific requirements of the heat transfer application. This analysis
suggested the importance of considering magnetic field positioning and
waveform selection in enhancing heat transfer efficiency in magnetic
hybrid nanofluids for various practical applications.

The comparison of thermal performance factors for different mag-
netic hybrid nanofluid cases using sine waveforms at 0.0125 % volume
fraction (Fig. 27a) reveals that Case II exhibits the best thermal perfor-
mance among the cases tested. Across various velocities, Case II
consistently demonstrates higher thermal performance factors
compared to Cases III and IV. For instance, at a velocity of 0.623 m/s,
the thermal performance factor for Case II ranges from approximately
1.189 to 1.231, while for Case III and Case IV, the values range from
approximately 1.187 to 1.190 and 1.161 to 1.203, respectively. Several
factors likely contribute to the superior performance of Case II with sine
waves. Firstly, Case Il may have optimized parameters or conditions that
enhance convective heat transfer efficiency. Additionally, the smoother
oscillations of sine waveforms may promote better fluid mixing and heat
transfer compared to other waveforms like square or triangular waves.
Moreover, the arrangement or positioning of the magnetic field in Case
II might be more conducive to enhancing heat transfer within the
nanofluid, potentially leading to improved thermal performance factors.
Furthermore, the interaction between the magnetic field and nano-
particles in Case II under sine wave conditions could result in more
favorable nanoparticle dispersion and alignment, further enhancing
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Fig. 22. Comparison of pressure drop between deionized water and magnetic hybrid nanofluids with no magnetic field at different concentrations across varied

velocities Case II. (a) Sine waves (b) Square and (c) Triangular

convective heat transfer. Overall, compared to Cases III and IV, the
combination of optimized parameters, waveform characteristics, and
magnetic field positioning likely contributes to the superior thermal
performance observed in Case II with sine waves.

In the comparison using square waveforms at 0.0125 % volume
fraction (Fig. 27b), it is apparent that Case IV exhibits the best thermal
performance factor among the cases. Analysing the velocities and cor-
responding thermal performance factor values reveals that Case IV with
square waves generally demonstrates higher values compared to Cases
II and III. This superiority in thermal performance can be attributed to
the specific characteristics of the square wave magnetic field, which may
induce optimal fluid flow patterns and enhance convective heat transfer
within the nanofluid. Additionally, the interaction between the square
wave magnetic field and the Fe3O4/TiOznanoparticles may lead to
improved dispersion and alignment of nanoparticles, resulting in
enhanced thermal conductivity and heat transfer efficiency. In sum-
mary, the unique characteristics of the square wave magnetic field likely
contribute to the observed superior thermal performance in Case IV
compared to Cases II and III.

Lastly, the comparison using triangular waveforms at 0.0125 %
volume fraction (Fig. 27c) demonstrates that Case II exhibits the best
thermal performance factor among the cases. Across various velocities,
Case II consistently shows higher thermal performance factors
compared to Cases III and IV. The superior thermal performance in Case
II with triangular waves can be attributed to the specific characteristics
of the triangular wave magnetic field, which may induce optimal fluid
flow patterns and enhance convective heat transfer within the nanofluid.
Additionally, the interaction between the triangular wave magnetic field
and the Fe304/TiOznanoparticles may lead to improved dispersion and
alignment of nanoparticles, resulting in enhanced thermal conductivity
and heat transfer efficiency. Overall, the unique characteristics of the
triangular wave magnetic field likely contribute to the observed superior
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thermal performance in Case II compared to Cases III and IV.

4.6. Thermal entropy generation analysis of MHNFS nanofluids and
influence of concentration and velocity

The total entropy generation rate (Eéen) in a cylindrical tube of
length L encompasses both the thermal entropy generation rate (Egen )
and the frictional entropy generation rate (E genfl ). This combined en-

tropy generation rate is determined by the summation of these two
components, as described in the following equations [53].

Ezgen = Egen.Th +E gen.ﬂ (23)
nd’Lq~?

Egenth = ot — 24

gen.Th anNUTaV ( )
32m*fl

E L L (25)

gen fl pﬁfﬂz d>T,,
T —
Tavg = ( : out) (26)

In (%)

The analysis presented in Figs. 28a demonstrates the impact of
nanoparticle concentration on entropy generation in magnetic hybrid
nanofluids (MHNFs) is notable. Decreasing nanoparticle concentration
corresponds to a reduction in Ege, 1v. Furthermore, both total and Egen i
diminish with increasing velocity. For instance, at a velocity of 0.431 m/
s and a nanoparticle concentration of 0.00125 % vol, the Eg,, is
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Fig. 23. Comparison of pressure drop between deionized water and magnetic hybrid nanofluids with no magnetic field at different concentrations across varied

velocities case III. (a) sine (b) square and (c) triangular.

determined to be 27.666. Interestingly, at this velocity, the Egenm is
lower compared to 0.05 % vol and 0.025 % vol, which exhibit Ege, 1, Of
28.3 at a velocity of 0.429 m/s and 27.82 at a velocity of 0.432 m/s,
respectively.

The analysis suggests that lower velocities generally lead to higher
Egenn rates across all concentrations. This phenomenon can be attrib-
uted to reduced CHT rates and slower fluid motion at lower velocities,
resulting in higher temperature gradients and, as a result, higher entropy
generation within the system. Conversely, higher velocities facilitate
more efficient heat transfer by promoting fluid mixing and reducing
temperature gradients, leading to lower entropy generation rates.
Therefore, optimizing velocity conditions is crucial to minimizing
thermal losses and improving the efficiency of heat transfer processes
involving MHNFs. By controlling velocity parameters, it is possible to
enhance heat transfer efficiency and reduce Egen 1 in MHNF systems,
ultimately improving their overall performance.

Fig. 28 (b) demonstrates a rise in E with increasing MHNFs
gen.fl

nanofluid concentration. Conversely, it is evident that as the concen-
tration of MHNFs decreases, Enn also decreases accordingly. For

instance, at a velocity of 0.623 m/s, the E decreases from approxi-

gen fl
mately 1.69532E-09 for a concentration of 0.1 % to 5.51537E-10 for a
concentration of 0.00625 %. This trend suggests that lower concentra-
tions of MHNFs result in improved hydrodynamic efficiency, with lower
frictional losses within the heat transfer system. Furthermore, the
analysis reveals that higher velocities generally correspond to higher
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E

qen1 TALES aCross all concentrations, but values were extremely very

low which can be neglected. For instance, at a concentration of 0.0125
%, the E genfl increases from approximately 1.55641E-09 at a velocity of

0.623 m/s to 7.10846E-10 at a velocity of 0.391609769 m/s. These
findings show the importance of optimizing flow conditions to minimize
frictional losses and enhance the efficiency of heat transfer processes
involving MHNFs. Furthermore, the results suggest that lower MHNFs
nanofluids concentrations can be effectively utilized as working fluids in
thermal energy systems, as they show negligible effects from rises in
fluid viscosity and pressure drop, these observations suggest the possi-
bility of improving forced CHT while concurrently reducing Ege, by
lowering the concentration of MHNFs nanoparticles.

4.7. Entropy generation in heat transfer systems of magnetic hybrid
nanofluids: effects of magnetic field positioning and waveforms

Fig. 29 (a), ¢, and e display Case II, Case III, and Case IV, respec-
tively, representing the positioning of the magnetic field along the test
section. These figures indicate that the Ege,, rate of the magnetic
nanofluid diminishes with the application of a magnetic field, and
furthermore, thermal entropy generation decreases with velocity. In
Fig. 27(a), it is evident that magnetic forces can enhance heat transfer,
with the most significant enhancement observed in Case II with square
waves at a fluid velocity of 0.375 m/s. Moreover, it is observed that the
total entropy generation rate is decreased by up to 4.28 % compared to
the absence of a magnetic field, with reductions of 2.2 % for sine waves
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Fig. 24. Comparison of pressure drop between deionized water and magnetic hybrid nanofluids with magnetic field at different concentrations across varied ve-
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Fig. 25. Thermal performance factor against velocity for different volume
concentrations of MHNFs

and 2.73 % for triangular waves, respectively. However, Case III shows
that the applied magnetic forces lead to less enhancement of heat
transfer compared to other cases, with a total entropy generation rate
reduction of up to 1.79 % at a fluid velocity of 0.375 m/s compared to
without a magnetic field, with reductions of 0.1 % for square waves and
0.3 % for sine waves. This difference could be attributed to the magnetic
field positioning. Meanwhile, Case IV shows that magnetic forces can
enhance heat transfer, with the best performance observed with
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triangular waves, resulting in a reduction of up to 1.65 % at a fluid
velocity of 0.375 m/s, followed by square waves with 1.5 % and sine
waves with 0.9 % reduction. Several factors contribute to the improved
heat transfer observed after the application of different magnetic
waveforms. Specifically, the augmentation in thermal conductivity and
viscosity resulting from the accumulation of magnetic particles near the
inner wall surface induces a modification in the thickness of the thermal
boundary layer. In accordance with fluid dynamic principles, the
enhancement of heat transfer in magnetic hybrid nanofluids (MHNFs)
can be achieved by examining the relationship between thermal con-
ductivity and the thickness of the boundary layer [14]. Moreover, the
migration of magnetic particles towards the tube wall due to the influ-
ence of the magnetic field can also contribute to this phenomenon.,
thereby further amplifying heat transfer properties [25].

Fig. 29 (b), d, f, depict Case II, Case IIL, and Case IV, respectively,
representing the magnetic field position along the test section. These
figures show that the frictional entropy generation rate increases with
velocity, although the enhancement of frictional entropy generation is
negligible.

Additionally, the findings indicate that lower concentrations of
MHNFs can serve as efficient working fluids in thermal energy systems,
as they demonstrate limited sensitivity to rises in fluid viscosity and
pressure drop. These results suggest the possibility of improving forced
CHT while concurrently boosting the reduction in total entropy gener-
ation by lowering the concentration of MHNFs nanoparticles.
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Fig. 26. Comparison of thermal performance factors with different magnetic field positions and waveforms in magnetic hybrid nanofluids. (a) Comparing Case II
waveform (b) Comparing Case III waveform and (c) Comparing Case IV waveform

5. Conclusion

This study explored heat transfer, entropy generation, and thermal
performance factor analysis of Fe304/TiO, magnetic hybrid nanofluids,
focusing on the influence of magnetic waveform positioning in a tur-
bulent flow regime.

In conclusion, the findings emphasize the substantial role of mag-
netic field waves in enhancing heat transfer in Fe304/TiO, nanofluids.
Experimental tests across different waveform types and volume fractions
consistently demonstrated improvements in heat transfer efficiency,
especially at lower volume fractions. Among the waveform types, square
waves proved the most effective, achieving higher enhancement per-
centages in various cases. The precise positioning of thermocouples and
optimization of magnetic field parameters, particularly in the fully
developed thermal region, were essential for accurate heat transfer co-
efficient measurements.

e The study underscores the importance of optimizing magnetic field
parameters such as waveform selection and positioning to improve
convective heat transfer efficiency in Fe3O4/TiOymagnetic hybrid
nanofluids. Results suggest that different waveform configurations
(e.g., sine, square, and triangular) have varying effects on thermal
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performance, with sine waves (Case II) yielding the most favorable
outcomes.

Regarding nanofluid concentration, lower concentrations of
Fe304/TiO2 nanoparticles exhibited significant potential for efficient
use in thermal energy systems. These lower concentrations had
minimal impact on fluid viscosity and pressure drop while enhancing
convective heat transfer efficiency, indicating practical applications
for such fluids in diverse thermal systems.

The application of a magnetic field also contributed to reduced
thermal entropy generation rates, especially when paired with
optimized magnetic field settings. This reduction, combined with
improved convective heat transfer efficiency, indicates enhanced
thermal performance and energy efficiency in systems utilizing
Fe304/TiO2 magnetic hybrid nanofluids.

This research emphasizes the importance of optimizing magnetic
field parameters, such as waveform selection and positioning, to maxi-
mize heat transfer efficiency. It also suggests that lower concentrations
of Fe;0,4/TiO2 nanoparticles could be utilized efficiently in thermal
systems, offering minimal impact on fluid viscosity and pressure drop
while enhancing heat transfer.

Future research directions include further optimization of magnetic
field parameters and exploring additional waveform configurations to
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improve convective heat transfer and minimize entropy generation.
Additionally, future work should focus on optimizing nanoparticle
composition and size, assessing long-term stability, and numerical
modeling and simulation could provide deeper insights, while research
on flow regimes beyond turbulence could offer a broader understanding
of nanofluid performance. Scaling and real-world industrial integration,
alongside environmental and safety considerations, are also vital areas
for further exploration to ensure the practical and sustainable applica-
tion of Fe304/TiO, magnetic hybrid nanofluids in thermal energy
systems.
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