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ARTICLE INFO ABSTRACT

Keywords: Applying a magnetic field to influence convective flow of ferrofluids has become an efficient
Varied magnetic field strengths method for enhancing heat transfer in thermal systems, particularly in straight tubes. This study
Waveforms

investigates the heat transfer properties of Fes04/TiO2 nanofluids within a heated copper tube
under varied magnetic field strengths and waveforms. Optimal magnetic field conditions were
determined at 4 V and 60 Hz across all waveform types, as higher frequencies and voltages
increased magnetic field intensity, thereby reducing heat transfer rates. Magnetic waveforms
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Heat transfer
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Pressure drop exerted differential influences on pressure drop, indicating varied nanoparticle alignment and
Frequency optimization turbulence levels, impacting fluid flow dynamics and viscosity. Higher nanoparticle concentration
Nanoparticle concentration (0.1% vol) correlated with increased pressure drops across sine, square, and triangular wave-
Turbulent forced convection forms, suggesting heightened flow resistance and potential nanoparticle agglomeration, thus

reducing thermal efficiency. Conversely, lower concentrations exhibited enhanced thermal per-
formance due to improved nanoparticle dispersion and reduced thermal resistance. At 0.1% vol,
heat transfer enhancement without a magnetic field was 16.5%. The introduction of magnetic
field waveforms attenuated this enhancement: 15.3% (sine), 13.26% (square), and 12.59%
(triangular). Conversely, at lower volume fractions, heat transfer enhancements with magnetic
fields exceeded those without at 0.05% vol, enhancements were 20.92% (sine), 21.3% (square),
and 21.34% (triangular); at 0.025% vol, enhancements were 22.07% (sine), 22.3% (square), and
21.32% (triangular); at 0.0125% vol, enhancements were 27.87% (sine), 28.21% (square), and
26.74% (triangular); and at 0.0065% vol, enhancements were 22.24% (sine), 22.3% (square), and
24.49% (triangular).
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1. Introduction

Over the last decade, nanotechnology has revolutionized heat transfer methods, introducing cutting-edge strategies that enhance
thermal efficiency across a broad range of engineering applications. Among these innovations, magnetic hybrid nanofluids suspensions
of magnetic nanoparticles in base fluids have emerged as highly promising contenders. These advanced fluids, when subjected to
magnetic fields and pulsating parameters, offer a novel and precise approach to controlling and optimizing heat transfer processes in
real time.

Forced convection heat transfer plays a critical role in numerous modern industrial systems, where efficient thermal management is
paramount. While the impact of magnetic fields (MF) on heat transfer and the use of nanofluids (NF) has been extensively studied,
recent advancements have broadened their applicability to diverse fields [1].From electronics cooling [2], solar collectors [3], jet
impingement applications [4], photovoltaic panels [5], boiling processes [6], automotive applications [7], heat exchangers [8] cir-
cular tubes [9], vapor absorption systems [10], energy-efficient technologies, and material processing [11]. Across these sectors,
integrating magnetic nanofluids has consistently driven substantial gains in both thermal efficiency and overall system performance,
while also leading to noteworthy energy savings.

This convergence of magnetic fields and nanotechnology marks an exciting frontier in heat transfer optimization, offering untapped
potential for future industrial breakthroughs. Tekir et al. [12]conducted an experimental investigation on the convective heat transfer
characteristics of Fe304/H20 nanofluid (with volume fractions ranging from 0.0% to 0.05%) in a straight tube. The study compared
the impact of direct current (DC) and alternating AC) magnetic fields under various conditions. Tekir and the team explored different
AC magnetic field wave types, including triangle, square and sinus, and varied frequencies (f) from 2 to 15 to determine the optimal
wave type and frequency. The findings revealed that using DC magnetic field resulted in a 13% enhancement in convective heat
transfer. In comparison, applying AC magnetic fields increased the convective heat transfer rate by up to 35%. Gurdal et al. [13]
investigated the forced convection of Fe304/water flowing through both dimpled and smooth tubes under the influence of an alter-
nating magnetic field (frequency = 5 Hz, and magnetic field strength = 0.16 T with a 1.0% volume fraction in the laminar flow regime).
The researchers explored different magnetic field wave types, at various axial distance positions, including triangle, square and sinus
(x/D = 60x/D, 20, x/D = 40, and x/D = 20). Their outcome revealed that the highest convective heat transfer ratio was achieved at the
x/D = 20 location, particularly with the square wave type for all cases. Specifically, the average Nu of the dimpled tube subjected to the
square wave type at x/D = 20 showed a notable increase of 58.13%. Abadeh et al. [14]. conducted an experimental investigation into
the pressure loss and heat transfer characteristics within a straight tube utilizing Fe3O4/water as the working fluid. The study involved
exposure to an alternating current magnetic field (ACMF) with frequencies of 1000, 100, 10, and 0 Hz, operating under laminar flow
conditions (Re = 535, 1070, 1605, and 2140). The findings revealed that the Nu experienced enhancements of 11.85% and 14.8%
when subjected to ACMF with frequencies of 10 and 100 Hz, respectively. However, no noticeable increment was observed at fre-
quencies ranging from 100 to 1000 Hz. Sun et al. [15]. conducted an experiment to assess the influence of magnetic fields on CHT in
hydromagnetic nanofluids containing Fe3O4 nanoparticles. The study revealed that higher magnetic flux density, specifically 415 G,
led to a notable 4.36% improvement in heat transfer at a Re of 1080. Additionally, a 700-G magnetic field resulted in a more significant
enhancement of 7.19%. Interestingly, a field gradient of 28.6 G/mm induced chain-like structures, contributing to a substantial 32.0%
increase in the local Nusselt number. The overall heat transfer enhancement was observed despite increased pressure drop caused by
flow disturbance. The experimental investigation covered Re ranging from 400 to 2000 and volumetric fractions of Fe3O4 nano-
particles ranging from 0.1% to 0.9%. Zhang and Zhang [16] conducted an experiment to examine the hydraulic effectiveness of
Fe3O4/water in the presence of an alternating current magnetic field. The experimental results revealed that the overall heat transfer
efficiency demonstrated superior effectiveness at lower frequencies (f) and Re. The improvement in heat transfer was ascribed to both
the migration and buildup of magnetic nanoparticles (NPs) along the tube’s wall induced by the Alternating Current magnetic field and
the turbulent flow behavior of the Fe;O4/water. Goharkhah et al. [17]. assessed the influence of constant and varying magnetic fields
on laminar convective heat transfer (CHT) within a heated tube utilizing a 2% concentration water-based ferrofluid containing Fe3O4
nanoparticles. The ferrofluid demonstrated a 13.5% enhancement in convective heat transfer compared to DIW when examined at Re
1200. Furthermore, when subjected to constant and alternating magnetic fields with a density of 500 G, the improvement in heat
exchange was notably amplified, reaching 18.9% and 31.4%, respectively. Karamallah et al. [18] in horizontal tube experiments with
Fe304 nanofluid Re 2900-9820, nanoparticle volume fractions 0.3%-0.9%), nanofluid use increased the Nu by 5.4%-42.7%. Appli-
cation of magnetic fields (0.1-0.3 T) further enhanced it to 43.9%-46% at 0.9% volumetric fraction. Heat exchange improvement
decreased with higher Re under the magnetic field. Lee et al [19]. studied the impact of a magnetic field on CHT using different
nanofluids, ethylene glycol water-based Fe3O4 nanofluids, and MWCNT/Fe304 hybrid nanofluids with Re 1000 to 1600 and nano-
particle volume fractions from 0.025% to 0.2%. They found the highest CHT coefficients in MWCNT nanofluids, with enhancements of
2.78 % and 3.23% for 0.2 wt% Fe304 and 0.1 wt% Fe30,, respectively. Moreover, they observed increased average pressure drops,
with increments of 4.73% and 5.23% for 0.2 wt% Fe304 and 0.2 wt% Fe3O04/MWCNT nanofluids. Shahsavar et al [20]. In the study of
Fe304/CNT hybrid nanofluids, heat exchange improvement of up to 62.7% in the local Nu was observed without a magnetic field. The
applied constant magnetic field further improved heat exchange, with the optimum improved by 20.5% when evaluated alongside to
no magnetic field, influenced by nanoparticle concentrations and Re. Tekir et al. [21] evaluated the impact of a constant magnetic field
on CHT in a Fe3O4-Cu/water hybrid nanofluid. They explored Re 994 to 2337 and volumetric fraction from 0.02% to 2.0%. Their
results revealed that higher flow rates increased the Nu and that the nanofluids improved heat exchange in the pipe. Importantly, the
applied magnetic field increased CHT by 14% when evaluated alongside to no magnetic field conditions. Shi et al. [22] explored
magnetically controlled convective heat transfer using a MCNT with CTNs and Fe304. They investigated various parameters, including
electromagnet spacing (0 — 150 mm), rotation angles (0°, 30°, 60°, 120°), and magnetic field strengths (100 Gs, 200 Gs, 400 Gs, 800
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Gs), across Re, 60 to 540 and nanoparticle volumetric fraction of 0.02%-2.0%. Their findings showed that the magnetic field
significantly improved heat exchange, with a 12.2% increment in average heat exchange efficiency and a local heat exchange effi-
ciency improvement exceeding 30.2%. Talebi et al. [23] investigated forced convection using nanofluids containing Cu, Fe3O4, and
Cu/ Fe304 hybrid nanoparticles at different volume fractions (1% — 4%) and Re (600, 1200, 1800). They found that the presence of
these nanoparticles improved the heat exchange efficiency, with a more pronounced effect in the case of the hybrid nanofluid, showing
an 11.9% improvement compared to Cu/water nanofluid’s 7.8% enhancement. Mehrali et al. [24] investigated graphene-magnetite
oxide-Fe3O4 hybrid nanofluids for entropy generation and heat transfer under forced convection with a constant magnetic field.
Their results showed improved heat transfer when evaluated alongside distilled water, and this improvement was even more signif-
icant when a magnetic field was applied. Additionally, they observed a substantial 41% reduction in the rate of entropy generation in
comparison to distilled water. Shyam et al. [25] investigated Re 66 to observe heat transfer enhancement using ferrofluid (volume
fraction ¢ = 4.64%) flow in a straight tube. They applied AC magnetic fields with frequencies ranging from 1 Hz to 5 Hz and DC
magnetic fields with strengths of 0 Gauss (G), 700G, and 1080G. The findings indicated that using AC magnetic fields led to a sub-
stantial increase of 39% in the convective heat transfer rate.

Existing research on CHT has predominantly focused on single nanofluids, particularly those incorporating Fe;O, nanoparticles,
with extensive studies documenting the behavior of these nanofluids in laminar flow regimes and their interactions with magnetic
fields. However, there is a noticeable scarcity of research on hybrid nanofluids, such as Fe304 combined with Ti Oy, in turbulent flow
regimes. Additionally, while previous studies have explored heat transfer in laminar conditions, they largely overlook the impact of
magnetic waveform variations and pulsating parameters on heat transfer and pressure drop in more complex turbulent flows.

This study aims to fill this gap through a comprehensive experimental investigation into the influence of magnetic field strength
and pulsating parameters on heat transfer and pressure drop in turbulent forced convection, using magnetic hybrid Fe3O4/Ti O,
nanofluids. By systematically varying waveform types (sine wave, square wave, triangular wave), voltages (2V, 4V, 6V, 8V, 12V),
frequencies (40 Hz, 60 Hz, 100 Hz, 500 Hz, 1000 Hz), and volume fractions (0.1%, 0.05%, 0.025%, 0.0125%, 0.00625%), this study
not only addresses a critical gap in the literature but also introduces several key innovations.

Key innovations include the identification of optimal magnetic field conditions (4 V and 60 Hz across all waveform types), a novel
analysis of how waveform variations and magnetic field strengths impact nanoparticle alignment, fluid flow dynamics, and pressure
drop. The study also provides new insights into the correlation between nanoparticle concentration and thermal efficiency, demon-
strating that lower nanoparticle concentrations enhance heat transfer performance, while higher concentrations increase pressure
drop. These findings challenge existing paradigms and present opportunities for optimizing thermal systems using magnetic hybrid
nanofluids in turbulent regimes.

2. Experimental setup and procedure
2.1. Preparation and characterization of MHNFs

In the experimental setup, magnetic nanoparticles were composed of iron (III) oxide (Fe3O4) (20-30 nm) and a purity level of
95.5%. Additionally, titanium dioxide (Ti O2) with an 18 nm diameter and a purity of 99.9% was employed, adhering to the manu-
facturer’s specifications for particle size. The TiO, nanoparticles were procured from Nanostructured and Amorphous Materials Inc. in
Houston, Texas, USA, while the remaining materials were obtained from US Research Nanomaterial Inc., also in Houston, Texas, USA.
To enhance the stability of the hybrid nanofluids (MHNFs), Gum Arabic (GA), with a purity of >98.5%, sourced from Sigma-Aldrich in
Berlin, Germany, was utilized as a surfactant. Table 1 provides the thermal properties of both the base fluid and nanoparticles utilized
in the study, with material characteristics and parameters obtained from the product datasheets provided by the respective companies.

The synthesis of MHNFs involved a two-step process, where Fe;04 and Ti O were mixed at an 80 %-20% ratio, respectively, using
a digital weighing balance (Radwag AS 220.R2, Radom, Poland, with an accuracy of +0.01 g). Gum Arabic acted as a surfactant at a
weight ratio of 0.75 to ensure MHNF stability. The resulting stable MHNFs, comprising Fe304 and Ti O, nanoparticles were quantified
using Equation (1) [26] and prepared by dispersing the nanoparticles in DIW through ultrasonication with a Qsonica Q-700 ultra-
sonicator. Ultrasonication lasted for 4 h, utilizing a programmed sequence of 5-s pulses with 2-s intervals to maintain stability. This
consistent approach applied to all MHNFs, maintaining volume concentrations at 0.1%, 0.05%, 0.025%, 0.0125%, and 0.00625% at a
constant temperature of 20 °C. To ensure the desired temperature during sonication and thermophysical assessments, a programmable
water bath (LAUDA ECO RE1225, Berlin, Germany) with precise temperature control was utilized.

Table 1
Thermal characteristics of investigated materials at standard room temperature.
Properties Deionized water (DIW) Iron (III) oxide (20-30 nm) Titanium dioxide (18 nm)
Density (kg/m>) 997 4950 4175
Thermal conductivity (W/m.k) 0.613 80.4 8.4
Specific Heat capacity (J/kg.k) 4179 670 692
Shape - Plate-like nanosheet spherical
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A variety of equipment was utilized for different purposes throughout the study. These instruments comprised a pH meter (Jenway
3510, Staffordshire, UK) with a range of —2 to 19.999 and an accuracy of +0.003, a vibro-viscometer (SV-10A series, A&D, Tokyo,
Japan) with an accuracy of +1%, a UV-visible spectrophotometer (Jenway, Staffordshire, UK), a transmission electron microscope
(JEOL JEM-2100F, Tokyo, Japan) for examining dry samples, and a conductivity meter (CHAUVIN ARNOUX, C.A 10141 Instrument,
France) with an accuracy of +1%. These instruments played various roles in facilitating thorough analysis and accurate measurements
throughout the research. Furthermore, the prepared MHNFs underwent characterization for thermal conductivity (k) and viscosity (n)
across a range of temperatures, spanning from 10 °C to 50 °C. This analysis was conducted using the KD2 Pro (Decagon Devices Inc).
Thermal Properties Analyzer (METER Group) with an accuracy of £10% for k within the 0.02-2.0 W/m/K range, enabling the
assessment of MHNF thermal properties under varying temperature conditions. These techniques and instruments were employed to
comprehensively evaluate the stability, thermophysical properties, and other characteristics of MHNFs, ensuring precision and reli-
ability. For instance, transmission electron microscopy (TEM) was employed to scrutinize the morphology and distribution of MHNFs,
while stability monitoring involved multiple methods such as viscosity measurements, UV-visible spectrophotometry, thermal con-
ductivity measurements, and visual inspections, as shown in Fig. 1.

To ascertain the stability of the MHNFs nanofluids, at least one of these properties needed to remain constant throughout the
stability evaluation period. In our investigation, we carried out a thorough analysis, incorporating UV-visible spectrophotometry,
thermal conductivity measurements, and viscosity techniques. These evaluations were conducted immediately after sonication for 24 h
and covered a spectrum of temperatures from 10 °C to 50 °C. Moreover, visual inspections were performed on a weekly basis over the
span of one month.

(€Y

2.2. Description of magnetic equipment configuration for enhanced heat transfer

The instrumentation for magnetic field-induced heat transfer enhancement in magnetic hybrid nanofluids involves a compre-
hensive set of equipment and tools. Key components include a Digital Storage Oscilloscope (IDS-2000A series), UNI-T UT900E series
Function generator (Waveform generator), Accel Instruments TS250 Waveform Amplifier, electromagnets (220L x 46W x 29D),
gaussmeter GMO8 for measuring the magnetic field, and a distribution box for controlled connectivity. The electromagnets, operating
with dual voltage options (12 V and 24VDC) and a current draw of up to 250 mA, are connected in parallel to the waveform amplifier,
which serves as the main power source. The oscilloscope, linked to the output of the waveform amplifier, monitors waveform current
and voltage. The waveform generator facilitates frequency, period, and duty cycle adjustment, and is connected to the waveform
amplifier’s input. The output from the Waveform Amplifier connects to a distribution box, allowing individual control of four elec-
tromagnets, whilst the function generator adjusts magnetic field pulsation via generated sine, square, and triangular waves of user-
selectable amplitudes and frequencies. Current and voltage waveforms are displayed on the oscilloscope screen. The four electro-
magnets are positioned strategically on top of the test section and enable coverage of all seven thermocouples stations, as shown in
Fig. 2. Initial magnetic field measurements involve varying the parameters, including waveform variations (sine wave, square wave,
triangular wave), voltages are presented in Table 2. The system is allowed to reach a steady state before applying the magnetic field,
which is done simultaneously with continuous heat flux.

2.3. UV-visible spectrophotometry

The UV-Vis spectroscopy analysis of MHNFs was conducted using an ONDA TOUCH UV-21 Spectrophotometer at room temper-
ature, with DIW serving as the reference standard. Each measurement was performed six times, and the averages were calculated. The
spectral range of the light-covered wavelengths is from 200 to 300 nm, with intervals of 10 nm from 200 to 280 nm and 1 nm intervals
from 281 to 300 nm for all samples. The absorbance of MHNFs at various wavelengths and sedimentation percentage were determined
using Equation (2).

2

Percentage (SF) — (Sedlmentaﬂon factor)

Initial Absorbance

Fe304(20-30nm)/TIO:(18nm)(80:20) 20°C GA 0.75% AMP100 4hr

0.025V01%| &
gt

Fig. 1. Visual Inspection of different concentrations of Fe304/Ti O, /DIW Magnetic hybrid nanofluid.
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Fig. 2. Experimental setup and pulsating parameter control.

Table 2
Variation of magnetic field parameters and measurement.
Waveforms Voltage (V) Duty cycle Frequency (Hz) Periods (Ms) Phase
Sine 2 50 % 40 16.67 90°
Square 4 60 12.5
Triangular 6 80 10.0
8 100 2.0
12 500
1000

2.4. Experimental setup for measuring thermal, electrical conductivity and pH

This study’s experimental configuration for measuring thermal conductivity consisted of two primary components: the apparatus
for thermal conductivity measurement and the constant temperature bath. A programmable water bath was employed to ensure
precise temperature control. Thermal conductivity measurements were conducted continuously over 24 h, spanning a temperature
range from 10 °C to 50 °C at 5 °C intervals. The KD2 pro instrument manufactured by Decagon Devices Inc. was used to determine the
thermal conductivity of MHNFs. This instrument operates within the specified range of 0.02 W-m—1-K—1 to 2 W-m—1-K—1, with a
manufacturer-stated uncertainty level of 5%. Accurate readings necessitate maintaining a minimum of 15 mm of the material being
measured parallel to the sensor in all directions, as the sensor emits a heat pulse. The fluid’s electrical and pH were also determined
with variations in temperature from 10 °C to 50 °C at 5 °C intervals, as depicted in Fig. 3b.

2.5. Viscosity measurement

Viscosity, a crucial thermophysical property for assessing nanofluid stability, was measured for MHNFs (Fes04/Ti O2/ DI Water)
across a temperature range from 10 °C to 50 °C in this research. The vibro-viscometer was calibrated to ensure measurement accuracy
before conducting viscosity measurements. For consistent temperature conditions during the experiment, the vibro-viscometer jacket
was connected to a programmable water bath (LAUDA, Berlin, Germany, model ECO RE1225) and a data logger, as depicted in Fig. 3a.
The temperature of MHNFs was adjusted between 10 °C and 50 °C in 5 °C increments. Initial viscosity measurements were taken
immediately after nanofluid preparation, and continuous monitoring over 24 h assessed the stability of each volume fraction. This
comprehensive approach allowed for evaluating MHNF viscosity under varying temperatures and over different time intervals.

puter La

Vibro-yiscémeteq wh\quNFs Programmable
sample for stability't yV » water bath

Fig 3: (a) Determination of viscosity (b) Determination of electrical conductivity and pH

Fig. 3. (a) Determination of viscosity (b) Determination of electrical conductivity and pH.
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2.6. Experimental setup for forced convective heat transfer and methodology

Fig. 4a and b illustrate the experimental setup and the layout of the test rig, encompassing components such as a tube-in-tube heat
exchanger, a flow meter, a DC power supply, a micro gear pump, a test section, a storage tank, thermocouples, a pressure transducer,
and a data acquisition system. This configuration is tailored to investigate nanofluid heat transfer characteristics. The test section is
equipped with a Constantine heating wire wound around it to provide controlled heat, and efficient insulation is integrated to
minimize heat dissipation. Nanofluids with varying weight concentrations are pumped through a copper pipe, and their mass flow rate
is precisely measured using a flow meter. Maintaining a constant inlet temperature of 20 °C, the heated nanofluids are cooled through a
heat exchanger, transferring heat to cold water facilitated by a circulation pump. The data acquisition system collects and processes
signals from various sensors, including flow meters, pressure transducers, thermocouples, and the power supply.

In Fig. 4c, the testing segment showcases a circular copper tube, 1550 mm in length, with an inner diameter of 8 mm and an outer

(@
Storage tank| Bypass valve
O] l
Heat exchanger > ] [ 1
s
Thermal cooling bath Micro gear pump

Dc power supply Ball valve

+
Ball valve —

Test section

Flow meter

’r

Differential pressure transmitter
—

Data acquisition system

Computer
Lab -View

= Function generator &
Waveform Amplifier

(©)

———» DC Power Supply <——

4 Electromarget

Mag 4 Mag 3 Mag 2 Mag 1

Hydrodynamic length

6 3 1
Thermacouples positions

! Outlet mixe '€« 500mm — 3 Inlet mixer :

«~— 1000mm —

Test section length

Fig. 4. (a) Experimental configuration schematic (b) Overview of test rig components (c) Experimental test section Configuration.
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diameter of 9.5 mm. Four strategically positioned thermocouples monitor tube wall temperatures at regular 130 mm intervals in the
North, South, East, and West directions. Continuous temperature monitoring occurs at both the nanofluid inlet and outlet. A 200 W
Constantine wire ensures a consistent heat flux, powered by a DC source supplying 1.22 A and 180 V. The shorter test section of 1000
mm length ensures fully developed hydraulics, and four strategically positioned electromagnetic lock blocks on the test tube enable
coverage of all seven thermocouples. Experiments are conducted three times to ensure data accuracy, and calculations are based on the
average wall temperature.

The thermophysical properties of the MHNFs were assessed, and the density, as well as the specific heat of each MHNF, were
determined using Pak and Cho’s analytical model [27], as represented in Equations (2) and (3).

Py = (1 = @)Pos + 0Py (3
= (1 —@)cy + ¢y (©)]
_ (1 + (p)pbfcpbf + wpnpcpnp (5)
o (1 = @)pys + PP
(1 + (ﬂ)cbfcpbf + (ﬂpnpcpnp
pnf — (6)

(1 = @)ppy + PPy

In these equations, ¢ represents the mass ratio of NF, while p,, py, and gp,, and ¢p,, refer to the densities of the nanofluid, base fluid,
and nanoparticles, respectively. Furthermore, Cpys, Cpir, and Cpyp indicate their respective specific heats. The specific heat and density
determination for MHNFs containing Fe3O4/Ti O3 is carried out through the application of Equations (5) and (6) [28].

The examination of CHT and Nusselt number at different volume fractions requires the use of thermophysical properties. To be
more specific, this involves calculating the heat absorbed by the working fluid and the energy delivered to the test section, as outlined
in Equations (7) and (8) [28].

p=VI )
Q=mc(To —Tp) ®)

In the equation, V denotes voltage, I refers to the current supplied by the power source, m and c represent the mass flow rate and
specific heat of the working fluid, respectively. Tp and T; correspond to the outlet and inlet temperatures of the test section, respec-
tively. Employing Equation (9) [8], calculations are performed to determine the local CHT coefficient along the axial distance of the
test section.

Q

h:A(tw —ty)

9

To determine the local CHT coefficient at each thermocouple point, the bulk fluid temperature was calculated by using the inlet and
outlet temperatures, specific heat, and heat flux data obtained from a flow meter. This information was then compared with the surface
temperature recorded by the thermocouples, enabling the computation of the Nu. The Nu was derived using the obtained CHT co-
efficient from Equation (10) [8] and the measured thermal conductivity of the nanofluid.

- th

Nuk

10)

Where A denotes the test section’s area, t,, represents the average wall temperature, t, stands for the average bulk temperature, and Nu
is directly related to the CHT. Here, D; represents the inlet diameter of the test section, and K corresponds to the thermal conductivity of
the nanofluids.

In addition to conducting heat transfer measurements, the study also involved evaluating viscous pressure losses in the test section
for both deionized water and nanofluids. The obtained experimental results were then compared with projected pressure loss estimates
in Equation (11) [29].

Table 3

Experimental conditions and parameters used.
Parameters Dimensional values/Ranges Symbols
Reynold Numbers 1000-8000 Re
Heat flux 8.67kw/ m? q
External diameter 9.5 mm Do
Internal diameter 8 mm Dy
Test section length 1000 mm L
MHNFs inlet temperature 21 °C T;
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AP

Before exploring convective heat transfer coefficients with nanofluids, we ensured the reliability of our experimental setup by
conducting tests with Deionized Water (DIW) in a circular tube within the Reynolds number range of 3200-55000. We validated our
findings by comparing them to the equations proposed by Ghajar and Tam (1994) [30] and Olivier and Meyer [31], specifically
designed for turbulent flows, as expressed in Equations (12) and (13) and Table 3 shows the experimental conditions and parameters
used.

f= 1)

X\ —0.0054 / 1, 04
Nu=0.026. ReO'S.PrOBSS‘(f) (7) (12)
D Uy,
3§% <192;7000 < 49000;4 < Pr < 34;1.1 < ui <17
w
1 up 0.4
Nu=0.026. Re®7%8 Pr3. (u—> (13)
W

With the range of 3.73 < Pr < 5.06 and 3000 < Re < 17800.

Fig. 5 compares the current experimental Nusselt numbers with the correlations developed by Olivier and Meyer, showing an
average deviation of 0.47 % (maximum 6.6 %) in turbulent flow conditions. Similarly, Ghajar and Tam’s correlation exhibits an
average deviation of 3.4 % (maximum 10.5 %) in turbulent flow conditions. These results closely align with the experimental findings
using DI water.

2.7. Data reduction and uncertainty

The methodology outlined by Dunn [32], was utilized to quantify the uncertainties pertaining to both the measured and evaluated
parameters. These uncertainties were rigorously evaluated at a 95 % confidence level, as demonstrated by Equation (14). This
approach enabled a comprehensive assessment of the reliability and accuracy of the obtained results, ensuring robustness in the
experimental finding

Sty =1/ ug + U2, P% (14)

where up represents bias error and u, represents precision error in x with a probability of P%.
The determination of parameter uncertainty utilizing measured variables can be achieved through a sequence of equations, as
elucidated below in Equations (15)-(17).

R (%) =f(x1,%2, X3, .ccnne Xn) (15)

For a given variable x;, the uncertainty in the parameter R, with respect to both its mean value R and its true (actual) value Rucya,
can be expressed as follows.,

Roctual = R +0R (16)

where SR is the uncertainty in R can be expressed as follows,

50

= Experimental results
®  Olivier and Meyer -
45 4  Ghajar and Tam(1994) =t
g Py
= r 3 P
= | e
5 40 T ’ 3 Je
o A w @
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® =
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Where x; represent the uncertainty of the evaluated variable x;
The uncertainty of the convective heat transfer coefficient (CHT) in the experimental results was determined to be approximately
0.116 %. Table 4 presents the broadest range of uncertainties associated with each parameter across all conducted experiments.

3. Results and discussion
3.1. Nanoparticle morphology analysis in MHFs

The investigation into nanofluids containing FesO4 and varying ratios of Ti O, involved a comprehensive analysis of their
morphology and stability using Scanning Electron Microscopy (SEM) imaging. The morphological attributes of Fe3O4 and Ti O, (18
nm) nanoparticles were meticulously examined through Scanning Electron Microscopy (SEM) imaging, as depicted in Fig. 6. These
images were captured at a magnification of 100,000X, employing an accelerating voltage (EHT) of 2.0 kV, and a scanning speed of 9
pm/s. In the SEM image of Fe304, a heterogeneous mixture of small and large dispersed plate-like nanosheets was observed.
Meanwhile, the SEM image of Ti O, (18 nm) nanoparticles revealed spherical shapes. Notably, the SEM image of Fe304/Ti O, exhibited
successful nanoparticle suspension, indicating the formation of a stable nanofluid. Furthermore, in the SEM image, Fe304 nano-
particles appeared more distinct compared to Ti O, nanoparticles.

3.2. Exploring thermo-physical characteristics and convective heat exchange of magnetic hybrid nanofluids

To evaluate the stability of the nanofluids, a methodology akin to previous research by Giwa et al. [33], and Osman et al. [34]. was
implemented. Utilizing a data logger integrated with a viscosity meter, data was recorded at 5-min intervals over a duration of 10 h, as
depicted in Fig. 7a, to assess stability at a temperature of 30 °C. Concurrently, visual inspections were conducted over a 30-day
monitoring period. During this period, no sedimentation was observed for nanofluids with volumetric fractions of 0.00625 %,
0.0125 %, and 0.025 %, while slight settling was evident for the 0.05 % volume fraction. Conversely, nanofluids with volumetric
fractions 0.1 % displayed signs of settling. These observations align with findings reported by Krishnan et al. [35] UV-Vis spectroscopy,
following Beer-Lambert’s law [36,37] demonstrated a direct relationship between the absorption rate in Fe304/Ti O3 nanofluids and
particle volumetric fraction, as depicted in Fig. 7b. The UV-Vis spectroscopy results revealed that lower absorption rates corresponded
to decreased particle volumetric fractions, which, in turn, correlated with sedimentation percentages. Over the 30-day period, sub-
stantial settling was observed for nanofluids with volume fractions of 0.1 %, with sedimentation factor (SF) percentages of 344.44 %. In
contrast, nanofluids with volume fractions of 0.00625 %, 0.0125 %, and 0.025 % exhibited remarkable stability, with SF percentages of
266.68 %, 292.00 %, and 304.72 %, respectively, underscoring their commendable stability. The slight stability observed for the 0.05
% volume fraction suggests the necessity for optimization and stabilizers, particularly at higher concentrations.

Fig. 8aillustrates the viscosity of the MHNFs across temperatures ranging from 10 °C to 50 °C, compared to the viscosity of DIW. A
decrease in viscosity is observed with increasing temperature. These findings are consistent with previous studies by Oraon et al. [38]
and Zadkhast et al. [39]. However, it is noteworthy that both thermal and electrical conductivity increase as the volume fraction of
nanofluids rises. These trends align with the results reported by Giwa et al. [33] and Krishnan et al. [35] as depicted in Fig. 8b and c.
Additionally, Fig. 8d demonstrates a decline in the pH levels of nanofluids as temperature rises. Higher nanoparticle concentrations
exacerbate this reduction in pH, indicating heightened acidity. This stands in contrast to DIW, which maintains a relatively constant pH
of around 7, underscoring the substantial influence of nanoparticles on fluid pH. These observations align with previous studies
conducted by Giwa et al. [33] and Krishnan et al. [35], highlighting the intricate interplay between temperature, concentration, and
nanofluid characteristics.

Furthermore, Fig. 8e illustrates the effect of varying volume fractions on heat transfer at different Reynolds numbers with Fe3O,4/Ti
O nanofluid. The percentage enhancements in the convective heat transfer (CHT) coefficient for different volume fractions of
Fe304/Ti Oz nanofluid, in comparison to DIW, exhibit a discernible trend. At 0.1% volume fraction the enhancement is 16%, the
enhancement continues to increase with decreasing volume fractions, peaking at about 20.36 at 0.05% volume fraction. Lower
concentrations demonstrate more pronounced enhancements, with approximately 21.91% at 0.025% volume fraction and a peak of
around 27.28% at 0.0125% volume fraction. Even at 0.00625% volume fraction, there is a notable increase of approximately 22.47%
in the CHT coefficient. These results underscore the substantial improvements in CHT coefficient achieved with Fe304/Ti O, nanofluid
compared to DIW across various volume fractions.

Table 4
The measured uncertainties in the parameters.
Parameter Uncertainty (%)
Reynolds number 2.145
Bulk temperature 0.727
CHT coefficient, h 2.49
Nusselt number 3.69
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Fig. 7. (a) Time-dependent assessment of stability (b) Influence of Fe304/Ti O density on light absorption across various wavelengths.

In summary, these findings highlight the significant enhancements in CHT coefficient offered by Fe;04/Ti Oz nanofluid at different
volume fractions compared to DIW. Contrary to conventional beliefs suggesting that higher nanoparticle concentrations lead to
improved heat transfer, the data consistently shows that lower nanoparticle concentrations are more effective in this specific nanofluid
and flow regime. Possible explanations include improved nanoparticle dispersion, reduced viscosity, and better alignment with flow
characteristics at lower concentrations.

Fig. 9a elucidates the intricate relationship between frequency and total magnetic field strength across diverse wave configurations,
namely Sine wave, Square wave, and Triangular wave. As the frequency progressively increases from 40 Hz to 1000 Hz, a discernible
pattern emerges, depicting a consistent escalation in the total magnetic field strength. The enhancement values, serving as indicators of
the magnetic field’s impact on heat transfer, consistently climb with higher frequencies for all three waveforms. This observed trend
implies a direct and positive correlation between frequency and total magnetic field strength, signifying those heightened frequencies
contribute to amplified magnetic field effects on heat transfer. The distinctive performance of each waveform at different frequencies
emphasizes the role of wave configuration in influencing this correlation, with the Sine wave consistently exhibiting superior magnetic
field effects compared to Square and Triangular waves.

Of note is the convergence point observed at an average of 6.0 and 17.11 T at 40 Hz and 60 Hz, respectively, where all three
waveforms intersect. This discovery holds critical implications for optimizing magnetic field conditions, especially in comprehending
the impact of magnetic field strength on heat transfer enhancement within the tube at this convergence point. The enhancement of the
fluid at this juncture becomes pivotal in determining the optimum frequency required for enhancing heat transfer, thereby influencing
the overall efficiency of the heat transfer process. This valuable insight contributes to the broader understanding of the interplay
between frequency, magnetic field strength, and heat transfer enhancement, offering potential avenues for optimizing thermal
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processes influenced by varying magnetic fields at different frequencies.

The relationship between voltage and total magnetic field strength is illustrated in Fig. 9b, demonstrating a consistent increase in
magnetic field strength as voltage varies from 2 V to 12 V across different waveform types (Sine, Square, Triangular). The total
magnetic field represents the cumulative magnetic field strength produced by the three electromagnets, as depicted in Fig. 10, The
observed pattern indicates a direct proportionality between voltage and magnetic field strength as depicted in Fig. 9b. Notably, the
Sine waveform consistently generates the highest magnetic field strengths compared to Square and Triangular waveforms at each
voltage level. The Triangular waveform exhibits intermediate magnetic field strengths, while the square waveform consistently yields
the lowest magnetic field strengths. Interestingly, at an average of 17.11 T at 4 V, there is a point of convergence where all three
waveforms intersect.

3.3. Optimization of magnetic field parameters for enhanced heat transfer in hybrid magnetic fluids

This finding is crucial for optimizing magnetic field conditions, particularly in understanding the impact of magnetic field strength
on heat transfer enhancement within the tube. The direct correlation between voltage and magnetic field strength underscores the
controllability of the magnetic field, enabling precise adjustments to achieve desired heat transfer outcomes. Additionally, the distinct
behavior of different waveform types offers a nuanced understanding of how the shape of the magnetic field waveform influences the
overall magnetic field strength. Such insights are essential for designing and implementing efficient thermal management systems that
leverage magnetic field-induced heat transfer enhancements.

The data from Fig. 11a and b, and c indicates that at varying voltage settings (4 V, 6 V, 8 V, 12 V) with three magnetic fields on the
test section at the thermally developed area of the tube, as shown in Fig. 10, the magnetic field’s optimization occurs at a frequency of
60 Hz for different waveforms, including sine, square, and triangular waves. Across various Re, the 60 Hz frequency consistently shows
favorable heat transfer characteristics compared to other frequencies, as shown in Fig. 12a and b, ¢ (40 Hz, 80 Hz, 100 Hz, 500 Hz, and
1 kHz) at 4 V for all waveform configurations. This favorable trend persists across diverse Re, highlighting the efficacy of the 4 V
magnetic field in improving overall thermal performance.

The optimization observed at 4 V suggests that this specific combination of voltage and frequency is well-suited for maximizing
heat transfer within the given system. However, as the voltage increases from 6 V to 12 V, the magnetic field strength also increases,
reducing heat transfer. These observed trends align with the conclusions drawn by Abadeh et al. [14], Azizian et al. [40] and Zhang and
Zhang [16], but are in contrast to the findings reported by Sun et al. [15] and Hatami at el [41]. This trend is consistent across all
waveforms, indicating that the fluid’s magnetic properties tend to adhere to the surface of the tube as the fluid flows along it. In
contrast, at 4 V, the magnetic properties of the fluid are effectively suspended within the fluid, thereby enhancing heat transfer.

For instance, at Re 5423.12, the 60 Hz Sine wave at 4 V exhibits a higher value (55.03) than other frequencies, indicating enhanced
heat transfer. This trend holds across different Re, highlighting the effectiveness of the 60 Hz frequency in improving thermal per-
formance at 4 V for all waveform types, and sine wave appears to be the best among the waves considered, as shown in Figure. The
observed optimization at 60 Hz suggests that this specific combination of voltage and frequency is well-suited for maximizing heat
transfer in the given system, potentially indicating a resonance or resonance-like behavior in the magnetic field’s impact on thermal
performance. Notably, the heat transfer enhancement may vary at other voltages (6 V, 8 V, 12 V), and the 60 Hz frequency still appears
to be a favorable choice.

The diminishing heat transfer at higher frequencies could be attributed to the changing magnetic properties or interactions within
the fluid at different frequencies, affecting the suspension of magnetic particles and, consequently, heat transfer efficiency. Further
analysis and exploration of the underlying mechanisms driving this frequency-dependent behavior would provide valuable insights
into optimizing the magnetic field for enhanced heat transfer in the given system. Consequently, for any magnetic fluid subjected to a
magnetic field using an electromagnet, it becomes crucial to determine the optimum voltage and frequency to achieve improved
enhancement. The findings also correlate, indicating that higher magnetic field strength corresponds to lower heat transfer
enhancement.

Fig. 13a, b, ¢, 14a, b, and 14c illustrate the impact of sine, square, and triangular wave frequencies and voltages on the average heat
transfer across all flow rates at 60 Hz and 4 V for different Re. Notably, the results consistently indicate favorable heat transfer
enhancement characteristics at 60 Hz and 4 V across various flow rates and Re for all waveform types compared to other frequencies
and voltages at the same flow rate and Re. This observation underscores the significance of determining the optimal frequency and
voltage for magnetic field application, correlating with an improved heat transfer coefficient across the tube.

The observed trend can be attributed to the behavior of magnetic properties within the fluid during flow and the resultant effects on
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Fig. 10. Magnetic field positioning on the test section.
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Fig. 13. (a) The influence sine waves frequency on average heat transfer (b) The influence square waves frequency on the average heat transfer (c)
The influence triangular waves frequency on the average heat transfer.

nanoparticle dispersion, viscosity reduction, and alignment with flow characteristics. The magnetic properties are effectively sus-
pended within the fluid at the optimal frequency and voltage, facilitating enhanced heat transfer rates. The enhancement of heat
transfer at higher flow rates aligns with the findings of Heidari et al. (2021) [42], who noted that increasing the Reynolds number and
solid volume fraction while decreasing the stairway aspect ratio enhances the average Nusselt number, indicating improved heat
transfer efficiency. However, an increase in frequency and voltage leads to a stronger magnetic field, which may cause the fluid’s
magnetic properties to be attracted to the tube wall during flow, consequently reducing the heat transfer rate. In conclusion, deter-
mining the optimum magnetic field parameters is crucial for all pipe sizes and hybrid magnetic fluids to achieve improved heat transfer
rates. This emphasizes the importance of carefully optimizing magnetic field conditions to maximize heat transfer efficiency in fluid
flow systems.

The findings from Fig. 15a and b, and ¢ collectively reveal a consistent pattern of heightened heat enhancement when sine wave,
square wave, and triangular wave magnetic fields are introduced at varying volume fractions (0.1%, 0.05%, 0.025%, 0.0125%, and
0.00625%), as opposed to conditions without a magnetic field at the same volume fractions. This indicates a substantial influence of
the magnetic field waves on improving fluid flow characteristics. Particularly noteworthy is the observable increase in heat
enhancement, even at lower volume fractions such as 0.0125% and 0.00625%, with 0.0125% exhibiting the highest enhancement
across the three waves. This suggests a distinct sensitivity of the field to wave concentrations. Furthermore, the comparison with DIW
underscores that all concentrations, with and without a magnetic field, exhibit higher heat enhancement compared to DIW alone. This
consistent trend implies that the introduction of magnetic waves, even at minimal concentrations, significantly contributes to aug-
menting fluid flow dynamics.

Fig. 16 and Table 5 provides a detailed comparison of the percentage enhancement of heat transfer using FesO4/TiO2 nanofluids
under the influence of magnetic field waves provides significant insights into optimizing thermal performance across various volume
fractions. At a volume fraction of 0.1%, the heat transfer enhancement without a magnetic field was 16.5 %. However, the application
of magnetic field waves resulted in slight reductions: 15.3% with sine waves (a 7.27% decrease), 13.26% with square waves (a 19.64%
decrease), and 12.59% with triangular waves (a 23.70% decrease). This reduction might be due to the increased hydraulic resistance
and disrupted fluid flow caused by the higher nanoparticle concentration.

In contrast, at a volume fraction of 0.05%, the magnetic field waves significantly improved the heat transfer enhancement
compared to no magnetic field, which was 19.6%. With sine waves, the enhancement increased to 20.92% (a 6.73% increase), with
square waves to 21.3% (an 8.67% increase), and with triangular waves to 21.34% (an 8.88% increase). This indicates that at medium
concentrations, the magnetic field waves help align the nanoparticles and reduce thermal resistance, optimizing heat transfer.

For the 0.025% volume fraction, the enhancement without a magnetic field was 21%. The application of magnetic field waves
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Fig. 14. (a) The influence sine waves frequency on average heat transfer (b) The influence square waves voltage on the average heat transfer. (c)
The influence triangular waves voltage on the average heat transfer.

resulted in further improvements: 22.07% with sine waves (a 5.10% increase), 22.3% with square waves (a 6.19% increase), and
21.32% with triangular waves (a 1.52% increase). The square wave showed the highest enhancement, suggesting that at this con-
centration, the magnetic field enhances nanoparticle dispersion and alignment effectively.

The most significant enhancements were observed at lower volume fractions. At 0.0125%, the enhancement without a magnetic
field was 26.5%, which increased to 27.87% with sine waves (a 5.17% increase), 28.21% with square waves (a 6.45% increase), and
26.74% with triangular waves (a 0.91% increase). This concentration shows the highest overall enhancements with magnetic waves,
particularly with the square wave, indicating an optimal balance between nanoparticle concentration and magnetic field influence.

Finally, at a volume fraction of 0.0065%, the enhancement without a magnetic field was 22%. With the application of magnetic
field waves, the enhancement increased to 22.24% with sine waves (a 1.09% increase), 22.3% with square waves (a 1.36% increase),
and 24.49% with triangular waves (an 11.32% increase). The triangular wave showed a significant improvement, highlighting its
effectiveness at low concentrations. The magnetic field likely aids in maintaining nanoparticle dispersion, enhancing thermal
performance.

In summary, the application of magnetic field waves, particularly square and triangular waves, significantly enhances the heat
transfer performance of Fes0./TiO: nanofluids, especially at lower to medium volume fractions. These findings emphasize the
importance of optimizing both nanoparticle concentration and magnetic field parameters to achieve superior thermal efficiency in heat
transfer applications.

Fig. 17a and b, and ¢ present a comprehensive effect of volume fractions and comparison of the mean heat transfer coefficient (hayg)
for Fe304/Ti O nanofluid under different magnetic field waveforms: sine, square, and triangular, respectively. The comparison in-
cludes a control condition without a magnetic field and DIW for reference. Observing the trend across various volume fractions of the
nanofluid, there’s a consistent decrease in the mean heat transfer coefficient with increasing volume fraction, indicating the influence
of nanoparticle concentration on heat transfer enhancement. Analyzing the data also reveals the impact of the magnetic field on heat
transfer efficiency, as evidenced by comparisons between mean heat transfer coefficients with and without a magnetic field at each
volume fraction. Additionally, comparing the nanofluid’s mean heat transfer coefficient to that of DIW provides valuable insights into
its relative effectiveness in enhancing heat transfer. These findings underscore the intricate relationship between flow rate, volume
fraction, magnetic field waveform, and heat transfer coefficient, offering valuable guidance for optimizing heat transfer in practical
applications.

3.4. Percentage pressure drop as a function of flow rate for various volume fractions
Fig. 18a and b, and c illustrate the percentage pressure drop as a function of flow rate for various volume fractions under the
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Fig. 15. (a) Enhancement of heat transfer with magnetic field sine waves at various volume fractions
(b) Enhancement of heat transfer with magnetic field square waves at various volume fractions
(c) Enhancement of heat transfer with magnetic field triangular waves at various volume fractions.
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Fig. 16. Comparative analysis of heat transfer enhancement with different waveforms at varied volume fractions.

Comparison of the percentage enhancement of heat transfer using Fes04/TiO2 nanofluids under the influence of magnetic field waves.

% Volume % Enhancement % Enhancement % Different from % Enhancement % Different from % Enhancement % Different from
fraction with magnetic Sine waves without Square waves without Triangular waves  without magnetic
field magnetic field magnetic field field Triangular

sine waves square waves waves

0.1 16.5 15.3 -7.27 13.26 —19.64 12.59 —23.64

0.05 19.6 20.92 6.73 21.3 8.67 21.34 8.87

0.025 21 22.07 5.10 22.3 6.19 21.32 1.5

0.0125 26.5 27.87 5.17 28.21 6.45 26.74 0.95

0.0065 22 22.24 1.09 22.3 1.36 24.49 11.32
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Fig. 17. (a) Effect of volumetric fractions, comparison of mean heat transfer coefficient for Fe304/Ti Oz nanofluid under sine wave and flow rates,
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square wave and flow rates, including no magnetic condition (c) Effect of volumetric fractions, comparison of mean heat transfer coefficient for
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Fig. 18. (a) Effect of volumetric fractions and magnetic field sine wave on pressure drop in Fe3O4/Ti Oz nanofluids across different flow rates (b)
Effect of volumetric fractions and magnetic field square wave on pressure drop in Fe304/Ti Oy nanofluids across different flow rates (c) Effect of
volumetric fractions and magnetic field triangular wave on pressure drop in Fe3O4/Ti Oz nanofluids across different flow rates.
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Table 6
Percentage pressure drop across different magnetic waveforms and volume fractions in MHNFs nanofluids.
% Volume % Pressure drop with no magnetic ~ % Pressure drop with Sine % Pressure drop with Square % Pressure drop with Triangular
fraction field waves waves waves
0.1 3.69 3.73 3.67 3.64
0.05 3.44 3.42 3.21 3.40
0.025 3.23 3.12 3.06 3.08
0.0125 2.76 2.75 2.74 2.74
0.0065 2.3 2.22 2.15 2.13

influence of magnetic waves, specifically sine, square, and triangular waves. From Table 6, it is evident that higher volume fractions,
such as 0.1%, correspond to increased pressure drops across all wave types: Sine Waves (3.73%), Square Waves (3.67%), and
Triangular Waves (3.64%). This indicates greater resistance to flow, likely due to enhanced nanoparticle obstruction influenced by
magnetic field-induced turbulence, which is potentially linked to fluid viscosity effects. Conversely, lower volume fractions (e.g.,
0.0065% and 0.0125%) exhibit reduced pressure drops, suggesting smoother flow and minimized energy losses. This facilitates more
efficient heat transfer, reducing dissipation as heat due to fluid friction and enhancing overall heat transfer properties.

The impact of magnetic fields on pressure drop varies with wave type. Sine Waves show modest variations in pressure drop,
potentially influenced by alternating magnetic fields affecting nanoparticle orientation or movement differently. Square Waves exhibit
a more pronounced decrease in pressure drop at lower volume fractions, indicating improved alignment or reduced resistance due to
their specific waveform characteristics. Triangular Waves generally mirror Square Waves in trends, suggesting similar effects of
magnetic field-induced turbulence and particle alignment.

Several factors contribute to these pressure drop effects, including particle alignment and turbulence induced by magnetic fields,
flow obstruction due to higher volume fractions, and energy dissipation mechanisms. Magnetic fields can either increase or decrease
turbulence, thereby affecting pressure drops differently depending on fluid viscosity and flow dynamics. Lower pressure drops typi-
cally indicate smoother flow conditions and better energy efficiency, which are crucial for optimizing heat transfer processes in
nanofluids under varying magnetic field conditions.

Moreover, the relationship between pressure drops and flow rate across all concentrations exhibits a linear decrease. Interestingly,
this linear trend closely resembles the behavior observed in DIW at lower concentrations (0.00625 and 0.01255 % vol), suggesting that
while flow rate remains the primary determinant, nanoparticle concentration exacerbates the pressure drop. This observation aligns
with prior research findings by Emad et al. [29], Ashjaee et al. [43] and Sundar [44]. These findings show the intricate interplay
between magnetic field effects, fluid dynamics, and thermal efficiency in advanced heat transfer applications, highlighting the need for
a comprehensive understanding and control of these factors for enhanced MHNFs nanofluid-based heat management systems.

3.4.1. Hypothesis for the varied impact of different magnetic waveforms on pressure drop and comparative analysis

A plausible hypothesis for the varied impact of different magnetic waveforms on pressure drop is that the nature of the magnetic
field influences the alignment and interaction of nanoparticles within the fluid. For instance, sine waves produce a smooth, continuous
variation in the magnetic field, potentially allowing for gradual realignment of nanoparticles, which might reduce sudden changes in
flow resistance. On the other hand, with their abrupt transitions, square waves might cause more significant disturbances in the
nanoparticle alignment, leading to either improved or worsened flow conditions depending on the volume fraction. Triangular waves,
having characteristics of both sine and square waves, could produce intermediate effects. These findings are consistent with previous
studies. For example, Emad et al. [29], noted that magnetic fields could both enhance and disrupt fluid flow depending on the
waveform characteristics. Ashjaee et al. [43] found that magnetic field-induced turbulence could either increase or decrease flow
resistance, aligning with this study’s observed pressure drop trends. Sundar [44] also reported the dual effects of magnetic fields on
nanoparticle alignment and fluid dynamics.

These intricate interactions between magnetic field effects, fluid dynamics, and thermal efficiency underscore the need to
comprehensively understand and control these factors in MHNFs nanofluid-based heat management systems. By leveraging the unique
properties of different magnetic waveforms, it is possible to optimize pressure drops and enhance heat transfer efficiency in advanced
thermal systems.

3.5. Effect of magnetic waveforms on thermal efficiency on MHNFs

The assessment of thermal efficiency is crucial for evaluating Fe304/Ti Oy nanofluids across various waveforms in heat transfer
systems. It gauges energy conversion effectiveness, aiding in optimizing heat transfer processes under different waveform dynamics.
Defined by Equation (18) [45], it serves as a pivotal metric guiding engineering decisions.

havg bf
havgnf
n="5 as)

APy

In Fig. 19a, b, and c, and Table 7, the analysis of Fes04/TiO2 nanofluids under varying magnetic field strengths and waveforms revealed
significant impacts on thermal efficiency at the lowest flow rate. For a 0.1% volume fraction, introducing sine waves led to a thermal
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Fig. 19. (a) Effect of magnetic field sine waveform and volume fractions on thermal efficiency of Fe3O4/Ti O, nanofluids across various flow rates
(b) Effect of magnetic field square waveform and volume fractions on thermal efficiency of Fe;04/Ti Oz nanofluids across various flow rates (C)
Effect of magnetic field triangular waveform and volume fractions on thermal efficiency of Fe304/Ti O, nanofluids across various flow rate.

Table 7

Thermal Efficiency of FesO4/TiO2 Nanofluids at Various Volume Fractions Under Different Magnetic Field Waveforms and No Magnetic Field Con-

ditions at the lowest flow rate.

% Volume Thermal efficiency no magnetic ~ Thermal efficiency with Sine Thermal efficiency with Square Thermal efficiency Triangular
fraction field waves waves waves

0.1 1204 1215 1179 1146

0.05 1349 1359 1363 1340

0.025 1380 1382 1383 1397

0.0125 1439 1440 1434 1464

0.0065 1389 1388 1388 1392

efficiency enhancement of 0.91% compared to the no magnetic field condition. In comparison, square and triangular waves decreased
by 2.08% and 4.82%, respectively. At a 0.05% volume fraction, sine waves improved thermal efficiency by 0.74%, square waves by
1.04%, and triangular waves saw a slight reduction of 0.67%. Enhancements were more modest for the 0.025% volume fraction, with
sine waves increasing efficiency by 0.14%, square waves by 0.22%, and triangular waves showing the highest increase at 1.23%. Ata

-

(2)

A
&

Fig. 20. The pictorial capture of each wave type used (a) Triangle wave, (b) Sine wave and (c) Square wave.
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0.0125% volume fraction, sine waves provided a minimal improvement of 0.07%, square waves decreased efficiency by 0.35%, while
triangular waves offered a notable enhancement of 1.74%. Finally, for the 0.0065% volume fraction, sine and square waves both led to
a minor decrease in thermal efficiency by 0.07%, whereas triangular waves provided a slight increase of 0.22%.

The optimum thermal efficiency across all waveforms and volume fractions was observed at the 0.0125% volume fraction with
triangular waves, achieving an enhancement of 1.74% over no magnetic field. The trend is clearly shown, as the flow rate decreases,
the thermal efficiency increases. This trend is consistent across all volume fractions and waveforms.

This discrepancy is primarily attributed to the higher concentration of solid particles in these mixtures, disrupting fluid flow and
increasing thermal resistance, thereby lowering thermal efficiency. A noticeable inverse correlation is observed as particle concen-
tration decreases from 0.1% Vol. to 0.05% Vol., suggesting a trade-off between concentration and thermal performance. Lower
concentrations offer more favorable thermal efficiency outcomes, possibly due to improved uniformity in nanoparticle dispersion,
which enhances heat transfer. Conversely, higher concentrations may experience particle aggregation or uneven distribution, hin-
dering effective heat transfer. These findings highlight the nuanced effects of magnetic field waveforms on thermal efficiency across
different nanoparticle concentrations at the lowest flow rate, underscoring the importance of optimizing these parameters for
enhanced heat transfer performance in MHNFs nanofluid applications.

Fig. 20 shows the pictorial capture of each wave type used for this study.

4. Conclusion
Utilizing a magnetic field to influence convective flow in ferrofluids has emerged as an effective technique for enhancing heat

transfer in thermal systems, particularly in straight tubes. This study investigates the heat transfer properties of Fe304/Ti O, nanofluids
within a heated copper tube under varied magnetic field strengths and waveforms. The following are the main findings:

Magnetic field strengths and waveforms significantly influence heat transfer properties in Fe3O4/Ti O, nanofluids, with optimal
conditions identified at 4 V and 60 Hz across all waveforms.

Higher magnetic field frequencies and voltages decrease heat transfer rates due to increased magnetic field intensity.

Pressure drop variations across waveforms suggest altered nanoparticle alignment and turbulence levels, affecting fluid flow dy-
namics and viscosity.

Higher nanoparticle volume fractions (0.1%) increase flow resistance and reduce thermal efficiency, while lower concentrations
enhance thermal performance by improving nanoparticle dispersion.

Magnetic field application generally attenuates heat transfer enhancement: at 0.1 % volume fraction, enhancements decrease to
15.3% (sine), 13.26% (square), and 12.59% (triangular).

Lower volume fractions (0.05%-0.0065%) demonstrate improved heat transfer enhancements with magnetic fields, exceeding
performance without magnetic fields across all waveforms.

Further research could explore additional factors such as particle size and fluid properties to refine understanding and improve the
efficiency of nanofluid-based thermal management systems.

These findings highlight the intricate relationship between magnetic field parameters, nanoparticle behavior, and thermal per-
formance in nanofluid applications, offering insights for optimizing heat transfer processes.

CRediT authorship contribution statement

Victor O. Adogbeji: Writing — original draft, Investigation, Formal analysis, Data curation, Conceptualization. Mohsen Sharifpur:
Writing - review & editing, Supervision, Resources, Methodology, Funding acquisition. Josua P. Meyer: Writing — review & editing,
Validation, Supervision, Methodology.

Data availability

Upon request, the data can be provided. approach, necessitating further research for comprehensive understanding and optimi-
zation in diverse practical applications.

Declaration of competing interest

The authors affirm that they do not have any known monetary interests or personal relationships that might be perceived as
influencing the work presented in this paper.

Abbreviations

AC Alternating

ACMF  Alternating current magnetic field
Al Aluminium nanoparticles

AL;O3  Aluminium oxide nanoparticles
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Au Gold nanoparticles

Cp Specific heat transfer

Co203 Cobalt (III) oxide nanoparticles
Cu Copper nanoparticles

CuO Copper oxide nanoparticles
CHT Convective heat transfer
CNTs Carbon nanotubes

DC Direct current

Di Internal diameter of the tube
DIW Deionized water

DW Distilled water

EG Ethylene glycol

Fe,03 Iron (III) oxide nanoparticles
Fe30y4 Iron (IV) oxide nanoparticles

G Gauss

GA Gum Arabic

GMO Graphene magnetite oxide
I Current (Ampere)

m Mass flow rate

MF Magnetic fields

MHNFs Magnetic hybrid nanofluids
MNFs Magnetic nanofluids

MNPs Magnetic nanoparticles

MWCNT Multiwalled carbon nanoparticle

mT Millitesla

mV Millivolts

q Heat flux, W /m?

SF Sedimentation Factor

SiO, Silicon oxide nanoparticles

STDEV  Standard deviation

TEM Transmission electron microscopy

Ti Oq Titanium oxide nanoparticles

UV-Vis Ultra Violet-Visible

\Y Voltage

x/d Axial distance

Greek symbols

® mass ratio of nanofluids

0] Volume concentration (vol%)

il Viscosity (mPas)

K Thermal conductivity (W/K-1)

c Electrical conductivity (mS/cm —1)

n Thermal efficiency

Subscripts

Ao Initial Absorbance

At Final Absorbance

avg Average

up Bias error

up Precision error

bf base fluid

Cp Specific heat capacity of particles (J/kg-K)
Conf specific heat capacity of nanofluids (J/kg-K)
Copy specific heat capacity of base fluids (J/kg-K)
Conp specific heat capacity of nanoparticles (J/kg-K)
Prf Densities of the nanofluid (Kg /m?)

Pof Density of base fluid (Kg /m?)

OPnp Density of nanoparticles (Kg /m®)

havg Average heat transfer coefficient (W /m2-K)
To outlet °C
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T;
tw
tp
ny
m

inlet °C

wall temperature °C
bulk temperature °C
nanofluid
nanoparticles

Dimensionless Numbers

Nu
Re
Pr

Nusselt number
Reynold number
Prandtl number
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