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A B S T R A C T

Extensive research and empirical evidence demonstrate the superior thermal performance of nanofluids 
compared to DIW. Magnetic hybrid nanofluids, such as Fe3O4/TiO2, are currently being explored for their 
enhanced thermal properties. This study evaluates Fe3O4/TiO2 nanofluids for heat transfer and hydraulic 
resistance across Reynolds numbers from 3200 to 5300 and volume fractions from 0.00625 % to 0.3 % vol. 
UV–Vis spectroscopy shows that lower volumetric fractions correlate with decreased sedimentation. Over 30 
days, nanofluids with 0.3 % vol, 0.2 % vol, and 0.1 % vol exhibited high sedimentation factors (SF) of 31.79 %, 
11.88 %, and 11.44 %, respectively, while 0.00625 % vol, 0.0125 % vol, and 0.025 % vol demonstrated better 
stability with SFs of 8.89 %, 9.82 %, and 10.24 % respectively. Volume fractions significantly impact heat 
transfer, with CHT coefficients increasing by 11.42 % at 0.3 % vol, 14.03 % at 0.2 % vol, 18.04 % at 0.1 % vol, 
and 19.98 % at 0.05 % vol. The greatest enhancements are at lower concentrations: 22.91 % at 0.025 % vol, a 
peak of 26.33 % at 0.0125 % vol, and 24.30 % at 0.00625 % vol. Pressure drops are highest at 21 % for 0.3 % vol 
at Re 5018, decreasing with lower concentrations: 13.10 % at Re 5144.4 (0.2 % vol), 11.94 % at Re 5041.6 (0.1 
% vol), 9.82 % at Re 5112.2 (0.05 % vol), 7.67 % at Re 5258.7 (0.0125 % vol), and 10.29 % at Re 5094.0 
(0.00625 % vol). These results highlight that higher nanoparticle concentrations increase pressure drop, 
impacting energy efficiency. Lower concentrations (0.0125 % Vol and 0.00625 % Vol) provided better heat 
transfer with lower pressure losses. Total Efficiency Index (TEI), The optimal nanoparticle concentration for 
maximum thermal efficiency was approximately 0.0125 % Vol. TEI values were highest at this concentration, 
indicating enhanced heat transfer with minimal thermal resistance and pressure drop. Higher concentrations 
(0.2 % Vol and 0.3 % Vol) showed lower TEI values, suggesting reduced thermal efficiency due to increased flow 
resistance. These findings highlight the importance of selecting an appropriate nanoparticle concentration to 
optimize thermal performance in heat transfer systems, balancing the benefits of enhanced heat transfer with the 
drawbacks of higher-pressure losses.

1. Introduction

Enhancing heat transfer efficiency remains a prominent challenge in 
various applications involving heat exchangers and heat transfer pro-
cesses. Extensive research has been undertaken to advance convective 
exchange transfer capabilities by leveraging advanced nanotechnology. 
Nanofluids (NFs) have shown enhanced heat transfer attributes when 
contrasted with conventional working fluids like oil, ethylene glycol 
(EG), and water. This improvement arises from incorporating nano-
particles with exceptional thermal transport characteristics into NFs, 

enhancing their overall thermal characteristics. NFs are created by 
dissipating these nanoscale particles within a base fluid. It’s important 
to note that at the nanoscale level, interatomic forces play a significant 
role and must be considered when characterizing experiments and 
modelling the behaviours of nanomaterials. Notably, the concept of NFs 
was first explored by Choi and Eastman in 1995, marking a pivotal 
moment in research [1]. Since then, numerous scientists have investi-
gated the impact of various nanoparticles, such as Fe3O4, SiO2, CNT, 
MCNT, CuO, Al2O3, and TiO2, on enhancing CHT through alterations in 
thermal properties and fluid behavior [2]. Ahmed and Eslamian [3]
have studied the impact of external forces such as gravitational, 
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thermophoretic, and Brownian forces on particle dynamics in nanofluids 
and aerosol systems, highlighting their role in influencing nanoparticle 
stability and heat transfer performance. Similarly, Nasir et al. [4]
enhanced the thermal performance of convective flow using a water- 
based trihybrid nanofluid across a Riga plate, incorporating nano-
composites of carbon nanotubes in spherical form, graphene in cylin-
drical form, and Al2O3 in platelet form.

Researchers are increasingly exploring the category of unique 
nanofluids (NFs) by incorporating magnetic particles like nickel, iron, 
and cobalt into standard working fluids [5,6]. Ferrofluids consist of 
nanoscale magnetic particles dispersed in a carrier liquid, often an 
organic solvent or water, with iron oxides like Fe2O3 (hematite) and 
Fe3O4 (magnetite) being common choices. Among these, Fe3O4 stand 
out due to its exceptional response to magnetic fields, making it 
intriguing for various applications [7]. Fe3O4 stand out due to their 
capacity to modify physical properties in a controlled manner when 
subjected to an external magnetic field is utilized in various applica-
tions. When influenced by a magnetic field, the optical, thermal, and 
rheological characteristics of ferrofluids can be finely adjusted, classi-
fying them as ’intelligent’ fluids. [8]. This exceptional performance 
underscores its potential for various applications.

However, research conducted by Karamallat et al. [9], Sha et al. 
[10], Ajeena et al. [11], and Yildiz [12] closely analysed convective heat 
transfer using densely packed oxide nanoparticles and their outcomes 
led to higher viscosity in the nanofluid, thereby increasing the energy 

needed for pumping. For instance, Fu et al. [13] investigated the tur-
bulent heat transfer properties of Fe3O4 nanofluids in a circular pipe, 
where the nanofluids were composed of a mixture of Fe3O4/EG/DIW. 
The Fe3O4 nanoparticles were treated with citric acid to enhance their 
dispersion. The study assessed the performance of these nanofluids over 
a range of volume fractions from 0.0 wt% to 1.2 wt%. They found that 
achieving effective CHT necessitated significant adjustments in heat 
flux, fluid flow rate, and temperature. Additionally, it was observed that 
the CHT coefficient of the nanofluid was 7 % lower compared to the base 
liquid. Sundar et al. [14] examined Fe3O4 magnetic nanofluids in vac-
uum pump oil under laminar flow, noting a 9 % improvement in thermal 
conductivity at a 0.5 % volume concentration. However, this improve-
ment was accompanied by 1.75 times increase in viscosity and a higher 
friction factor. CHT rose by 13.1 % and 17.8 %, and the Nusselt number 
increased by 8.95 % and 13.48 % for mass flow rates of 0.0416 kg/s and 
0.208 kg/s. However, this improvement led to a 1.21 times higher 
friction factor when evaluated alongside the base liquid. In contrast, 
Sundar et al. [15] conducted an experimental evaluation of the CHT 
coefficient and friction factor of Fe3O4 nanofluids in a circular tube, 
examining Re from 3000 to 22,000 and volumetric fractions ranging 
from 0 % to 0.6 %. They found that the heat transfer performance of the 
nanofluids exceeded that of water and improved with increasing volume 
concentration. Specifically, they reported a 30.96 % increase in heat 
transfer and a 10.01 % rise in friction factor for Fe3O4 nanofluids at a 
0.6 % volume fraction under turbulent flow conditions. Askari et al. [16]
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they examined the convective heat transfer of Fe3O4/graphene nano-
fluids in a turbulent flow within a straight tube at Reynolds numbers of 
2000–5000 and volumetric fraction of 0.1 %, 02–1 %. They observed a 
14–32 % increase in thermal conductivity for 1 % volume fraction of 
Fe3O4 and Fe3O4/graphene nanofluids at 20 ◦C and 40 ◦C when evalu-
ated alongside the base liquid. Additionally, they noted an 8.5 % 
enhancement in the convective heat transfer coefficient for Fe3O4 
nanofluids and a 14.5 % increase for Fe3O4/graphene nanofluids. 
Alsarraf et al. [17] investigated Fe3O4/CNT hybrid nanofluids and 
observed notable enhancements in the average Nu compared to water. 
For nanofluids with 0.5 % ferrofluid, 0.7 % ferrofluid, and 0.9 % fer-
rofluid concentrations, the Nu increased by 17.25–18.7 %, 20.17–27.25 
%, and 23.18–38.83 % respectively, in the Re range of 500–2000. At 0.5 
% ferrofluid with 0.25 % CNT and 0.9 % ferrofluid with 1.35 % CNT, Nu 
improvements were 17.45–19.57 % and 23.51–52.54 % respectively. 
Conversely, the pressure drop for these nanofluids was significantly 
higher compared to water, with increases of 31.28–38.1 %, 
106.82–110.88 %, and 185.16–190.48 % for 0.5 % ferrofluid, 0.7 % 
ferrofluid, and 0.9 % ferrofluid concentrations, respectively. For 0.5 % 
ferrofluid with 0.25 % CNT and 0.9 % ferrofluid with 1.35 % CNT, the 
pressure drop rose by 73.96–78.78 % and 314.49–321.77 %, respec-
tively. The higher concentration of nanoparticles led to increased flow 
velocity and a thinner velocity boundary layer, resulting in greater 
pressure drop. Asfer et al. [18] experimental investigations on water- 
based ferrofluid in a heated tube influenced by permanent magnets 
revealed that heat exchange improvement relies on the magnetic force’s 
magnitude relative to inertia force, interconnected structures among 
nanoparticles, and ferrofluid-nanoparticle interaction near the tube 
wall. Sundar et al. Sundar et al. [19] experimentally assessed the ther-
mal–hydraulic properties of a Fe3O4/CNT/water hybrid nanofluid 
flowing through a tube. Their study revealed a 14.81 % increase in the 
Nu at a 0.3 % nanoparticle concentration when the Re was 3000. Yar-
ahmadi et al. [20] conducted experimental evaluations of Fe3O4/water 
nanofluids with volume fractions ranging from 1.5 wt% to 5 wt% at 
Reynolds numbers from 100 to 500. They found that the highest 
improvement in the local convective heat transfer coefficient occurred at 
the end of the magnetic field application along the flow path of the 
ferrofluid. Specifically, at a Re of 465 and a 5 % volume fraction with a 
magnetic field frequency of 50 Hz, the heat transfer enhancement 
reached 19.8 % compared to the scenario without a magnetic field. 
Abadeh et al. [21] carried out experiments utilizing a ferrofluid con-
taining Fe3O4 nanoparticles in water to investigate in a circular straight 
tube in the laminar regime, The outcome revealed enhanced heat 
transfer coefficients, Nu when evaluated alongside to pure water across 
various Re. Significant Nu improvement occurred under constant mag-
netic fields (1300 and 770 G) with four types of patterns. Additionally, 
Nu increased by 11.85 % and 14.8 % with alternating magnetic fields at 
10 Hz and 100 Hz but showed no significant improvement beyond 100 
Hz. Sun et al. [22] in an experiment with hydromagnetic nanofluids 
containing Fe3O4 nanoparticles, the impact of magnetic fields on CHT 
was evaluated. Higher magnetic flux density (415 gauss) notably 
improved heat transfer by 4.36 % at a Re of 1080, and a 700-gauss field 
enhanced it by 7.19 %. A field gradient of 28.6 gauss/mm induced chain- 
like structures, resulting in a significant 32.0 % local Nusselt number 
increase. Despite increasing pressure drop due to flow disturbance, the 
heat transfer enhancement prevailed. The study covered Reynolds 
numbers from 400 to 2000 and volumetric fraction of Fe3O4 nano-
particles from 0.1 % to 0.9 %. Goharkhah et al. [23] carried out 
experimental investigations on Fe3O4 nanofluids in water, reporting a 
13.5 % enhancement in convective heat transfer with Fe3O4 nanofluids. 
The study measured local CHT coefficients in both thermally developing 
and fully developed regions for volume fractions of 1 %, 1.5 %, and 2 %, 
within the Re range of 400–1200. The researchers also simulated mag-
netic fields and force distributions to better understand the improve-
ments in heat transfer. Without a magnetic field, Fe3O4 nanofluid at a 2 
% volume fraction increased average CHT by 13.5 % compared to 

deionized water at Re 1200. When a constant magnetic field with an 
intensity of 500 G was applied, this improvement rose to 18.9 %, and it 
reached 31.4 % with an alternating magnetic field. Tekir et al. [24]
conducted experiments with Fe3O4 nanofluids under laminar flow 
(1122 < Re < 2124) and applied a constant heat flux to the pipe surface. 
They examined the impact of parameters such as Re, nanoparticle vol-
ume fraction (0–0.05), and both constant and alternating magnetic 
fields with various waveforms (sine, square, triangle) and frequencies 
(2, 5, and 15 Hz) on convective heat transfer. Results indicated a 13 % 
improvement in heat transfer with a constant magnetic field compared 
to no magnetic field, while alternating magnetic fields boosted 
convective heat transfer by up to 35 %. Mei et al. [25] conducted a study 
with a Re of 600–1100 and with nanoparticle mass fractions varying 
from 1.0 % to 5.0 %, thermohydraulic performance was evaluated in a 
copper tube using Fe3O4 magnetic nanofluids. Nu increased by 10.0 % 
with magnetic intensity and 17.6 % with nanoparticle mass fraction, 
with more significant improvements in corrugated tubes. Azizian et al. 
[26] performed experiments with Fe3O4 nanofluids under laminar flow 
at a 0.86 wt% concentration. They found that increasing the strength 
and gradient of the magnetic field significantly enhances the local heat 
transfer coefficient, especially at higher Re. At Re 745, with a magnetic 
field gradient of 32.5 mT/mm, the heat transfer enhancement was four 
times greater compared to the scenario without a magnetic field. The 
impact of the magnetic field on pressure drop was relatively minor, 
increasing by up to 7.5 % with magnetic field intensities of 430 mT and 
gradients ranging from 8.6 to 32.5 mT/mm. Wang et al. [27] investi-
gated the performance of Fe3O4 nanofluids with volumetric fraction of 
1.8 %, 2.6 %, and 5.2 % under laminar flow conditions across Re from 
0 to 1000. Their study demonstrated that increasing the magnetic flux 
density, achieved by adding more magnets, significantly enhances heat 
transfer. Specifically, with the use of five magnetic cannulas, the heat 
transfer improvements were 26.5 % at Re 391 and 54.5 % at Re 805. 
However, this enhancement was accompanied by a high pressure drop. 
Hatami et al. [28] experiments using Fe3O4 nanofluid in water evaluated 
the impact of a magnetic field on laminar CHT (Reynolds number 
100–500, nanoparticle mass fractions 0–1.8 %). Surprisingly, the in-
crease of magnetic nanoparticles increased CHT by over 60 %, even as 
magnetic fields reduced the convective heat transfer coefficient by 25 %. 
Furthermore, increasing the Hartmann number for a given nanofluid 
volumetric fraction led to a 25 % decline in heat exchange rate. Ahangar 
et al. [29] in a vertical tube experiment with magnetic quadrupole fields 
showed significant increases in local heat transfer coefficients, up to 
48.9 % for 2 vol% Fe3O4 magnetic nanofluid at Re 580. This improve-
ment was ascribed to the radial magnetic force directing the ferrofluid 
towards the heated wall. Ghofrani et al. [30] in experiments with 
aqueous ferrofluid in copper tube subjected to both a constant heat flux 
and alternating magnetic field, CHT improved by 27.6 % compared to 
water. Raising the magnetic field frequency or increasing the volumetric 
fraction of nanoparticles improved heat exchange, particularly at lower 
Re. Lajvardi et al. [31] in copper tube experiments with ferrofluid at Re 
from 0 to 265 and nanoparticle mass fractions of 2.5–5 %, the applied of 
magnetic fields improve heat exchange by altering the ferrofluid’s 
thermophysical properties. Sha et al. [10]. In turbulent flow experiments 
with Fe3O4 in water Re 4000–6500 and nanoparticle mass fractions 
0.5–3 %, perpendicular magnetic fields (uniform and gradient) 
enhanced heat transfer coefficients. Stronger magnetic fields and higher 
nanoparticle concentrations led to more significant improvements, with 
maximum average enhancements of 4.2 % and 8.1 % for constant and 
gradient magnetic fields, respectively. Guzei et al. [32] in forced con-
vection experiments with magnetic nanofluids at a constant 0.3 T 
magnetic field, a 35 % improvement in the average heat exchange ef-
ficiency was observed when evaluated alongside the base fluid at a fixed 
Re. without of the magnetic field, a 10 % improvement was noted in 
pure nanofluids evaluated alongside the pure water. Ebaid et al. [33]
study Fe3O4/water in heated tube experiments with Re 2180–9160, 
nanoparticle volume fractions 0.3–1.2 %, the Nu enhanced by 16.7 % 
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evaluated alongside the water without a magnetic field. Application of 
magnetic fields (15.5–45.5 mT) led to 9.4–31.3 % enhancements in the 
average heat exchange efficiency and Nu. The majority of experimental 
research has predominantly centered on single nanofluids, particularly 
Fe3O4, often using densely packed oxide nanoparticles. This approach 
can lead to increased viscosity and higher energy requirements for 
pumping. While studies on CHT have extensively explored hybrid 
nanofluids, especially combinations like Fe3O4/graphene, MWCNT/ 
Fe3O4 and CTNs/Fe3O4, most of this work has been conducted under 
laminar flow conditions. There remains a significant gap in the literature 
concerning hybrid combinations and turbulent flow regimes, particu-
larly involving Fe3O4 mixed with other nanomaterials. Existing research 
predominantly concentrates on high-volume nanoparticle concentra-
tions, often emphasizing the impact of these concentrations on heat 
transfer. However, these studies frequently report a disproportionately 
low percentage of heat transfer enhancement relative to the significant 
increase in pumping requirements. This imbalance underscores the need 
for further investigation into optimizing nanoparticle concentrations to 
achieve a more efficient trade-off between enhanced thermal perfor-
mance and energy consumption. The choice of Fe3O4 and TiO2 nano-
particles for this research is grounded in their distinct yet 
complementary properties, which are crucial for investigating MHNFs. 
Fe3O4, or magnetite, was selected for its strong magnetic characteristics, 
essential for manipulating the nanofluid using external magnetic fields. 
This manipulation is critical for enhancing heat transfer in various ap-
plications, as magnetic fields can influence both fluid flow and thermal 
conductivity. TiO2, on the other hand, was chosen for its excellent 
thermal conductivity, chemical stability, and relatively high specific 
surface area, all of which significantly contribute to improved heat 
transfer efficiency and overall stability of the nanofluid. Additionally, 
TiO2’s photocatalytic properties offer potential advantages in specific 
applications beyond heat transfer. By combining Fe3O4 and TiO2, this 
research seeks to explore the synergistic effects of magnetic and thermal 
properties, providing valuable insights into their impact on the ther-
mophysical properties of nanofluids. This study aims to investigate new 
combinations and their potential advantages in thermal applications, 
distinguishing itself from regularly used hybrid nanofluids, such as 
Fe3O4/graphene, MWCNT/Fe3O4 and CNTs/Fe3O4 hybrids. Existing 
research consistently shows that MHNFs exhibit more significant en-
hancements in CHT compared to single nanofluids. However, the extent 
of these improvements in MHNFs is not sufficiently represented in the 
literature. Furthermore, there is a limited experimental examination of 
CHT enhancements in MHNFs that combine Fe3O4 with other nano-
particles. This study aims to determine the optimal nanoparticle con-
centration of Fe3O4/TiO2 nanofluids with an 80:20 ratio under turbulent 
flow conditions to balance enhanced thermal performance with energy 
efficiency. The primary objective is to identify the concentration that 
maximizes convective heat transfer while minimizing the associated 
pressure drop and energy consumption, particularly in turbulent flow 
conditions. By doing so, this research seeks to advance the under-
standing of how magnetic hybrid nanofluids can be optimized for in-
dustrial applications, contributing to the state-of-the-art by providing a 
more energy-efficient solution to heat transfer challenges. The success-
ful achievement of these objectives would not only validate the potential 
of Fe3O4/TiO2 nanofluids in enhancing thermal systems but also offer 
practical insights for their implementation in real-world scenarios, 
where energy efficiency and thermal performance are critical.This study 
systematically examine CHT and pressure drop characteristics of these 
hybrid nanofluids across various volumetric fractions (0.00625–0.3 %) 
using DIW as the base fluid within the turbulent flow range (Re 
3200–5400).

2. Experimental set-up and procedure

2.1. Preparation and characterization of MHNFs

The magnetic nanoparticles consisted of iron (III) oxide (Fe3O4) with 
a nano size of 20–30 nm and a purity of 95.5 %. Titanium dioxide (TiO2) 
with an 18 nm diameter and a purity of 99.9 % was also used, with the 
particle size matching the manufacturer’s specifications. The Ti O2 
nanoparticles were obtained from Nanostructured and Amorphous Ma-
terials Inc. in Houston, Texas, USA, while the rest were purchased from 
US Research Nanomaterial Inc. in Houston, Texas, USA. To improve the 
hybrid nanofluids stability, Gum Arabic (GA) with a purity of ≥98.5 % 
from Sigma-Aldrich in Berlin, Germany, was employed as a surfactant. 
The thermal properties of both the base fluid and the nanoparticles 
utilized in the research can be found in Table 1, with certain material 
characteristics and parameters sourced from the product datasheets 
provided by the respective companies.

The preparation of magnetic hybrid nanofluids (MHNFs) follows a 
two-step method. Step 1, Weighing nanoparticles involves combining 
Fe3O4 and TiO2 nanoparticles at an 80–20 % ratio using a digital bal-
ance (Radwag AS 220.R2, Radom, Poland, ±0.01 g accuracy). Step 2, 
adding surfactant incorporates Gum Arabic at a weight ratio of 0.75 to 
stabilize the nanoparticles. In step 3, Dispersing nanoparticles, the 
nanoparticles are initially mixed with a mechanical stirrer, then 
dispersed in DIW using ultrasonication with a Qsonica Q-700 Ultra-
sonicator for 4 h, employing a sequence of 5-second pulses and 2-second 
intervals. Step 4, Temperature control maintains a consistent tempera-
ture of 20 ◦C during dispersion with a programmable water bath 
(LAUDA ECO RE1225). Finally, in Step 5, the resulting nanofluid in-
volves preparing MHNFs with volume concentrations ranging from 
0.00625 % to 0.3 %, which are then assessed for stability and thermo-
physical properties. Fig. 1 provides a visual representation of this pro-
cess, and Eq. (1) [34] is used for calculating the nanoparticles. 
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Were Y being the ratio of the nanoparticles.
Various pieces of equipment were employed for diverse purposes in 

the study. These instruments included a pH meter (Jenway 3510, Staf-
fordshire, 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 accu-
racy 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 served various roles in the research, enabling thor-
ough analysis and precise measurements. Additionally, the prepared 
MHNFs underwent characterization for thermal conductivity (κ) and 
viscosity (μ) across different temperatures, from 10 ◦C to 50 ◦C. This 

Table 1 
Thermal properties of the materials under investigation at standard room 
temperature.

Properties Deionized 
water (DIW)

Iron (III) oxide 
(20–30 nm)

Titanium 
dioxide(18 nm)

Density (kg/m3) 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- 
likenanosheet

spherical
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analysis was done using the KD2 pro (Decagon Devices Inc). This 
approach enabled the evaluation of the thermal properties of magnetic 
hybrid nanofluids (MHNFs) under various temperature conditions. We 
utilized a range of techniques and instruments to ensure precision and 
reliability in assessing the stability, thermophysical properties, and 
other characteristics of MHNFs. For instance, transmission electron 
microscopy (TEM) was employed to analyse the morphology and dis-
tribution of the nanofluids. Stability was monitored using multiple 
methods, including viscosity measurements, UV–visible spectropho-
tometry, thermal conductivity assessments, and macroscopic observa-
tions, as shown in Fig. 2. To confirm the stability of the MHNFs, these 
properties were examined and kept constant throughout the stability 
evaluation period. Our study included comprehensive analyses through 
UV–visible spectrophotometry, thermal conductivity measurements, 
and viscosity tests, conducted immediately after sonication and after 24 
h, across temperatures ranging from 10 ◦C to 50 ◦C. Additionally, visual 
inspections were performed weekly over one month.

2.2. UV–visible spectrophotometry

MHNF were analysed via UV–Vis spectroscopy using an ONDA 
TOUCH UV-21 Spectrophotometer at room temperature. DIW served as 
the standard. Each measurement was repeated six times, and averages 
were calculated. The light spectrum covered wavelengths from 200 to 
300 nm, with 10 nm intervals from 200 to 280 nm and 1 nm intervals 
from 281 to 300 nm for all samples. The absorbance of MHNFs at 
different wavelengths and sedimentation percentage was determined 
using Eq. (2). 

Percentage (SF) =

(
Maximum absorbance − Total average absorbance

Maximum absorbance

)

× 100
(2) 

2.3. Setup used for measuring thermal, electrical conductivity and pH

In this study, the experimental setup comprised two main 

components: the section for measuring thermal conductivity and the 
constant temperature bath. To maintain precise temperature control, we 
employed a programmable water bath. Thermal conductivity measure-
ments were conducted continuously for 24 h, covering a temperature 
range from 10 ◦C to 50 ◦C with intervals of 5 ◦C. MHNFs’ thermal 
conductivity was determined using the KD2 pro instrument manufac-
tured by Decagon Devices Inc. This instrument operates within a spec-
ified range of 0.02 W⋅m− 1⋅K− 1 to 2 W⋅m− 1⋅K− 1, with a manufacturer- 
stated uncertainty level of 5 %. To ensure accurate readings, it is 
essential to maintain 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 electrical conductivity and pH of the fluid were addi-
tionally assessed, with temperature variations ranging from 10 ◦C to 50 
◦C at 5 ◦C intervals, as illustrated in Fig. 2b.

2.4. Measurement of viscosity

Viscosity is a crucial thermophysical property used to evaluate the 
stability of nanofluids. In this research, we conducted viscosity mea-
surements of MHNFs ( Fe3O4/Ti O2/DI Water) to assess their stability 
across a temperature range spanning from 10 ◦C to 50 ◦C. Before 
measuring the viscosity of the nanofluids, we ensured the accuracy of 
the vibro-viscometer through calibration. To maintain a consistent 
temperature 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 shown in Fig. 2a. The MHNFs’ 
temperature was adjusted between 10 ◦C and 50 ◦C in 5 ◦C increments. 
Initial viscosity measurements were taken immediately after preparing 
the nanofluids, and we continued to monitor them for 24 h to check the 
stability of each volume fraction. This allowed us to comprehensively 
evaluate the viscosity of MHNFs under varying temperatures and over 
different time intervals.

2.5. Nanoparticle morphology analysis in MHFs

The analysis of nanofluids containing Fe3O4 and varying proportions 
of TiO2 involved investigating their morphology and stability using 

Fig. 1. Schematic of the preparation process for MHNFs.

Fig. 2. Visual observation of Fe3O4/TiO2 nanofluids.
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Scanning Electron Microscopy (SEM) imaging. The morphological 
characteristics of Fe3O4 and TiO2 (18 nm) nanoparticles were observed 
in SEM images presented in Fig. 3. These images were captured at a 
magnification of 100 KX, with an EHT of 2.0 kV, and a scanning speed of 
9 µm/s. the Fe3O4 image illustrates a mix of small and large dispersed 
plate-like nanosheets. Additionally, the spherical shapes of TiO2 (18 nm) 
nanoparticles and the last SEM image Fe3O4/TiO2 of reveals the suc-
cessful suspension of nanoparticles, indicating the formation of a stable 
nanofluid. In the TEM image, it is evident that Fe3O4 nanoparticles 
appear more distinct compared to Ti O2.

2.6. Investigating thermo-physical properties of magnetic hybrid 
nanofluids

To assess the stability of the nanofluids, a method similar to previous 
studies Giwa et al. [35], and Osman et al. [36]. was employed. A data 
logger with a viscosity meter was set up to record data at 5-minute in-
tervals over 10 h, as shown in Fig. 4a, to evaluate stability at a tem-
perature of 30 degrees. Visual inspections were conducted during a 30- 
day monitoring period. Over this period, no sedimentation was observed 
for nanofluids with volumetric fractions of 0.00625 % Vol, 0.0125 % 
Vol, and 0.025 % Vol, while slight settling was noticeable for 0.05 %Vol. 
In contrast, nanofluids with volumetric fraction of 0.3 % Vol, 0.2 % Vol, 
and 0.1 % Vol displayed signs of settling. These findings corroborate 
results reported by Krishnan et al. [37] UV–Vis spectroscopy, following 
Beer-Lambert’s law [38,39] demonstrated a correlation between the 
absorption rate in Fe3O4/Ti O2 nanofluids and particle volumetric 
fraction, as shown in Fig. 4b and 4c. The UV–Vis spectroscopy results 
indicate that lower absorption rates are associated with decreased par-
ticle volumetric fraction, which is, in turn, linked to sedimentation 
percentages. Over 30 days, substantial settling was observed for nano-
fluids with volume fractions of 0.3 % Vol, 0.2 % vol, and 0.1 % vol, with 
sedimentation factor (SF) percentages of 37.79 %, 35.43 %, and 31.79 
%, 11.88 %, and 11.61 %, respectively. In contrast, nanofluids with 
volume fractions of 0.00625 % vol, 0.0125 % Vol, and 0.025 % vol 
exhibited exceptional stability, with SF percentages of 8.89 %, 9.82 %, 
and 10.24.%, respectively, highlighting their commendable stability, 
0.05 % vol is 10.68 % is slightly stable, and 0.1 %, 0.2 %, and 0.3 % 
are less stable, suggesting the need for optimization and stabilizers, 
especially at higher concentrations.

Fig. 5a, presents the viscosity of the MHNFs over a temperature from 
10 ◦C to 50 ◦C, offering a comparison with the viscosity of DIW. The 
viscosity of the MHNFs is observed to decrease with an increase in 
temperature However, it is worth noting that both thermal and electrical 
conductivity demonstrate an increase as the volume fraction of nano-
fluids rises, These findings corroborate results reported by Zadkhast 
et al. [40] and Oraon et al. [41], as shown in Fig. 5b and 5c. Simulta-
neously, Fig. 5d displays a decline in the pH levels of the nanofluids as 
the temperature elevates Higher nanoparticle concentrations at each 
temperature point further reduce the pH, indicating increased acidity. 
This contrasts with DIW, which maintains a relatively constant pH 
around 7, emphasizing the significant impact of nanoparticles on fluid 

pH and suggesting complex physicochemical interactions as tempera-
ture and concentration vary, aligning with the patterns identified in 
prior studies by Krishnan et al. [37], and Giwa et al. [35]. These findings 
show nanofluids’ complex and multifaceted nature, highlighting the 
critical importance of meticulously selecting the most appropriate con-
centration for specific applications.

2.7. Experimental setup for force CHT and method

Fig. 6a and b illustrate the experimental setup and the test rig layout, 
including a pressure transducer, a storage tank, a micro gear pump, a DC 
power supply, a tube-in-tube heat exchanger, a test section, thermo-
couples, a flow meter, and a data acquisition system. This setup is 
designed to study the heat transfer properties of nanofluids. A Con-
stantine heating wire wraps around the test section to supply heat, and 
thick insulation minimizes heat loss. Nanofluids with varying weight 
concentrations are pumped through a copper pipe, and their mass flow 
rate is measured using a flow meter. The inlet temperature is kept at 20 
◦C by cooling the heated nanofluids through a heat exchanger, which 
transfers heat to cold water using a circulation pump. The data acqui-
sition system collects and processes signals from the flow meters, pres-
sure transducers, thermocouples, and the power supply.

In Fig. 6c, the testing portion comprises a copper tube that is cir-
cular, 1500 mm in length, with an inner diameter of 8 mm and an outer 
diameter of 9.5 mm. Four strategically placed thermocouples monitor 
tube wall temperatures at regular 130 mm intervals in North, South, 
East, and West directions. Continuous temperature monitoring occurs at 
the nanofluid inlet and outlet. A 200 W Constantine wire provides a 
constant heat flux, powered by a DC source with 1.22 A and 180 V. The 
shorter, 1000 mm long test section ensures fully developed hydraulics. 
Data accuracy is maintained by repeating experiments thrice, and cal-
culations use the average wall temperature.

The thermophysical characteristics of the MHNFs were assessed, and 
the density, as well as specific heat of each MHNF, were determined 
using Pak and Cho’s theoretical framework [42], as represented in Eqs. 
(3) and (4). 

ρnf = (1 − φ)ρbf +φρnp (3) 

Cpnf =
(1 + φ)ρbf Cpbf + φρnpCpnp

(1 − φ)ρbf + φρnp
(4) 

where, φ denotes mass ratio NF, and ρnf , ρbf , and φρnp stand for the 
densities of the nanofluid, base fluid, and nanoparticles, respectively. 
Additionally, Cpnf , Cpbf , and Cpnp denote their respective specific heats. 
The calculation of specific heat and density for MHNFs of Fe3O4/Ti O2 is 
performed using Eqs. (5) and (6) [43]

ρnp =
φ1ρnp1 + φ2ρnp2

φ
(5) 

Fig. 3. SEM Morphology Investigation: (a) Fe3O4 (20–30 nm) and (b) TiO2 (18 nm) Nanoparticles (c) Hybrid of Fe3O4/TiO2.
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Cpnf =
φ1ρnp1Cpnp1 + φ2ρnp2Cpnp2

ρnpφ
(6) 

The analysis of CHT and Nusselt number at various volume fractions 
involves utilizing thermophysical properties. Specifically, this entails 
estimating the heat absorption of the working fluid and the energy 
supplied to the test section, as described by Eqs. (7) and (8) [44]

Fig. 4. (a) Evaluation of stability as a function of time (b) Effect of Fe3O4/TiO2/DW density on light absorption at different wavelengths (c) Effect of 
Fe3O4/TiO2/DW density on light absorption at different wavelengths.

Fig. 5. (a) Influence of temperature on viscosity (b) Temperature-dependent on electrical conductivity (c) Temperature-dependent on thermal conductivity (d) 
Influence of temperature on pH.
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P = VI (7) 

Q = ṁc(tO − ti) (8) 

where V represents voltage, I stands for the current supplied by the 
power source, ṁ and c denote the mass flow rate and specific heat of the 
working fluid, respectively. tOandti correspond to the outlet and inlet 
temperatures of the test section, respectively. Utilizing Eq. (9) [45], 
computations are conducted to ascertain the local CHT coefficient along 
the axial distance of the test section. 

h =
Q

A(tw − tb)
(9) 

To ascertain the local CHT coefficient at every thermocouple point, the 
bulk fluid temperature was computed by utilizing the inlet and outlet 
temperatures, specific heat, and heat flux information obtained from a 
flow meter. Comparing this with the thermocouple-recorded surface 
temperature allowed computation of the Nu. The Nu was calculated 
using the obtained CHT coefficient from Eq. (10) [46] and the measured 
thermal conductivity of the nanofluid. 

Nu =
hDi

k
(10) 

where A represents the test section’s area, tw signifies the average wall 
temperature, tb and stands for the average bulk temperature, the Nu is 
directly related to the CHT, as demonstrated by Eq. (10). where, Di 
represents the inlet diameter of the test section, and K corresponds to the 
thermal conductivity of the nanofluids.

Besides performing heat transfer measurements, the research also 
encompassed assessing viscous pressure losses in the test section for 
deionized water and nanofluids. The experimental results were then 
contrasted with projected pressure loss estimates in Eq. (11) [46]

f =
ΔP

(
L
Di

)(
ρv2

2

) (11) 

Before investigating nanofluid convective heat transfer coefficients, we 
validated our setup by testing it with DIW in a circular tube Re 
3200–55,000. We compared our results to Ghajar and Tam (1994) [47]
and Olivier and Meyer [48] equations, suitable for turbulent flows in 
Eqs. (12) and (13). 

Nu = 0.026.Re0.8.Pr0.385.
(x

D

)− 0.0054
(

u
uw

)0.4

(12) 

3 ≤
x
D
≤ 192;7000 ≤ 49000;4 ≤ Pr ≤ 34;1.1 ≤

u
uw

≤ 1.7 

Nu = 0.026.Re0.788.Pr
1
3.

(
ub

uw

)0.4

(13) 

With the range of 3.73 ≤ Pr ≤ 5.06 and 3000 ≤ Re ≤ 17,800.
In Fig. 7, the Current experimental Nu are compared to Olivier and 

Meyer’s correlation, with an average deviation of 0.47 % (highest 6.6 %) 
in a turbulent flow. Ghajar and Tam’s correlation shows a 3.4 % average 
deviation (highest 10.5 %) in turbulent flow. The results closely match 
experiments with DIW.

2.8. Data reduction and uncertainty

The methodology outlined by Dunn [49], was employed to compute 
the uncertainties associated with both the measured and evaluated pa-
rameters. These uncertainties were assessed at a 95 % confidence level 
as shown in Eq. (14). 

ux =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

u2
B + U2

P

√

,P% (14) 

Fig. 6. (a) Schematic diagram set-up (b) Picture of test rig (c) Schematic diagram of the test section.
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where uB represents bias error and up represents the precision error in x 
with a probability of P%.

The calculation of parameter uncertainty based on measured vari-
ables can be accomplished using a series of equations as outlined below 
in 15 to 17, 

R(x) = f
(
x1, x2, x3,⋯⋯⋯..xn

)
(15) 

For a given variable xi, the uncertainty in the parameter R, con-
cerning both its mean value R and its true (actual) value Ractual, can be 
expressed as follows, 

Ractual = R+ δR (16) 

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

δR =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

δx1
∂R
∂x1

)2

+

(

δx2
∂R
∂x2

)2

+ ⋯⋯⋯..+

(

δxn

∂R
∂xn

)2
√

(17) 

Where δxi represents the uncertainty of the evaluated variable xi.
The uncertainty of the CHT coefficient in the experimental outcomes 

was approximately 0.116 %, which falls well within an acceptable 
range. This low level of uncertainty underscores the reliability and 
precision of the experimental measurements, ensuring that the reported 
enhancements in heat transfer are both accurate and reproducible.

Table 2 displays the uncertainty associated with the experimental 
outcomes, illustrating the widest range of uncertainties associated with 
each parameter across all conducted experiments.

Fig. 7. Validation of experimental setup.
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3. Results and discussion

3.1. Heat transfer coefficient of varying volume fraction

Fig. 8 illustrates the effect of varying volume fractions on heat 
transfer at different Reynolds numbers with Fe3O4/TiO2 nanofluid 
volume fraction, the percentage enhancements in the CHT coefficient for 
various volume fractions of Fe3O4/TiO2 nanofluid, in comparison to 
DIW, exhibits a notable trend. At 0.3 % vol, the CHT coefficient expe-
riences a substantial enhancement of approximately 11.42 %, while at 
0.2 % vol, it increases by approximately 14.03 %. The enhancement 
continues to rise with decreasing volume fractions, reaching about 
18.04 % at 0.1 %vol and approximately 19.98 % at 0.05 %vol. The 
enhancement is more pronounced for even lower concentrations, with 
approximately 22.91 % at 0.025 %vol and a peak of around 26.33 % at 
0.0125 %vol. The enhancement remains high at 0.00625 % Vol, with an 
approximate increase of 24.30 %. These results demonstrate the signif-
icant improvements in CHT coefficient when using Fe3O4/TiO2 nano-
fluid as compared to DIW for various volume fractions.

These results collectively emphasize the substantial improvements in 
CHT coefficient offered by Fe3O4/TiO2 nanofluid at various volume 
fractions when compared to DIW, with an optimal enhancement 
observed at intermediate volume fractions. Contrary to the conventional 
belief that higher nanoparticle concentrations improve heat transfer, the 
data consistently demonstrates that the 0.00125 %vol concentration 
yields the highest heat transfer coefficient, followed by 0.025 %vol. This 
challenges common assumptions and suggests that lower nanoparticle 
concentrations are more effective in this specific nanofluid and flow 
regime. Possible reasons include improved nanoparticle dispersion, 
reduced viscosity, and better alignment with flow characteristics at 0.05 
% concentration.

Fig. 8b, c, and d depict local CHT coefficients vs. position (x/d) for 
Fe3O4/TiO2 nanofluid at various volume fractions and DIW as a refer-
ence at the lowest Re for turbulent flow in a circular pipe. Regardless of 
Re, 0.0125 %vol consistently achieves the highest heat transfer co-
efficients at various positions along the pipe, establishing it as the 
optimal concentration for enhancing heat transfer in this experimental 

setup. This holds across different flow x/d positions. Variations in heat 
transfer coefficients along the pipe length, regardless of Reynolds 
number, underscore non-uniform heat transfer. This highlights the need 
to consider specific positions (x/d) in applications requiring efficient 
heat transfer. Notably, at the of Re 3214.162, the 0.3 %vol concentration 
of Fe3O4/Ti O2 nanofluid exhibited reduced heat transfer enhancement 
compared to DIW. A similar trend was seen with 0.2 %vol, and 0.1 %vol 
particularly at positions x/d 15 and 31.25, due to elevated fluid viscosity 
hindering Fe3O4/Ti O2 nanofluid flow. These findings emphasize the 
complex nature of nanofluid behavior in heat transfer, influenced by 
multiple factors including nanoparticle properties, their interactions, 
and flow conditions.

3.2. Percentage enhancements in volume fraction at various positions 
along the tube (x/d)

In Fig. 9a, At Re 5200, the Fe3O4/Ti O2 nanofluid consistently ex-
hibits positive percentage enhancements in volume fraction at various 
positions along the tube (x/d) for concentrations ranging from 0.3 %Vol 
to 0.00625 %Vol. The highest percentage enhancements, reaching 
approximately 46.24 % and 45.07 %, are typically observed at x/d at 
96.25 for 0.00625 %Vol and 0.0125 %vol respectively and in contrast, 
the lowest percentage enhancements, going as low as approximately 
6.24 %, are found at x/d is 80 for 0.3 %vol. challenging the common 
assumption that higher nanoparticle concentrations enhance heat 
transfer. Fig. 9b, At Re 4200, a similar pattern is observed, with positive 
values in most cases and percentage enhancements ranging from 
approximately 5–36.86 %. The highest enhancements occur at x/d is 
47.5 for 0.0125 %Vol, while the lowest enhancements are at x/d 47.5 for 
0.3 %vol, with a percentage of approximately 5 %. In Fig. 9c, at a Re of 
3200, the percentage enhancements at various volume fractions 
(0.00625 %vol, 0.0125 %Vol, and 0.025 %vol) were examined. The 
percentage enhancements ranged from approximately 53.58–24.29 %. 
The most significant enhancements were observed at x/d 96.25 for the 
0.025 %Vol volume fraction. However, no enhancements were detected 
for the 0.3 %Vol volumetric fraction at any position. For the 0.2 %Vol 
and 0.1 %Vol volume fractions, it is worth noting that there were no 
enhancements at x/d 15 and 31.25 positions.

In Fig. 10a, the mean heat transfer coefficient comparison between 
DIW and Fe3O4/TiO2 nanofluid in a circular tube during forced con-
vection reveals a noteworthy trend. Contrary to the conventional belief 
that higher nanoparticle concentrations improve heat transfer, the data 
consistently demonstrates that the 0.0125 %vol concentration yields the 
highest heat transfer coefficient, followed by 0.00625 %vol. This chal-
lenges common assumptions and suggests that lower nanoparticle con-
centrations are more effective in this specific nanofluid and flow regime. 
Possible reasons include improved nanoparticle dispersion, reduced 
viscosity, and better alignment with flow characteristics at 0.0125 %vol, 
0.0062 %vol and 0.025 %vol concentration. This underscores the need 
for a nuanced approach to nanoparticle concentration and system- 
specific design for efficient heat transfer applications.

While in Fig. 10b and 10c, the pressure drops as a function of flow 
rate and the pressure drops as a function of Re as depicted. The pressure 
drops as a function of Re, the experimental outcomes proved the 
behaviour of Fe3O4/TiO2 nanofluids in the turbulent region of forced 
convection is governed by a combination of factors, primarily concen-
tration, viscous drag effects of the Fe3O4/TiO2 nanofluids and flow rate. 
The findings show that as the nanofluid concentration increases, there is 
a correlated increase in pressure drop. This concentration-dependent 
behaviour is particularly pronounced at higher concentrations, high-
lighting the nanofluids’ heightened influence on hydraulic resistance. 
Moreover, the relationship between pressure drops and flow rate for all 
concentrations is characterized by a linear decrease. Interestingly, this 
linear trend aligns closely with the behaviour of DIW, indicating that 
while flow rate remains the primary determinant, higher nanoparticle 
concentration exacerbates the pressure drop, the finding is in alignment 

Table 2 
The measured uncertainties in the parameters.

Parameter Uncertainty (%)

Reynolds number 2.145
Bulk temperature 1.2
CHT coefficient, h 2.49
Nusselt number 3.69

Fig. 8. (a) Effect of varying volume fractions on heat transfer at different 
Reynolds numbers and Other Fig. 8 Local CHT coefficients as a function of 
position (x/d) for Fe3O4/Ti O2 nanofluid at various volume fractions. (b) 
Highest (Re 5200) (c) Middle (Re 4200) (d)Lowest (Re 3200).
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with Emad et al. [46,50] and Sundar [19]. While Fig. 10c, reveals a 
complex relationship with pressure drop at various concentrations 
compared to DIW. The pressure drop data across different Re and 
volumetric fractions of Fe3O4/TiO2 nanofluid exhibits a clear linear 
trend. As nanoparticle concentration increases, the pressure drop 
consistently rises, indicating a direct relationship between concentration 
and hydraulic resistance. The highest pressure drops, approximately 21 
%, occurs at Re 5018 for the 0.3 % vol fraction. Conversely, as the 
volume fraction decreases, the pressure drop diminishes, with lower 
concentrations corresponding to reduced pressure drops, such as 13.10 
% at Re 5144.4 for 0.2 % vol and 7.67 % at Re 5258.7 for 0.0125 % vol. 
This linear behavior suggests that increased nanoparticle concentration 
leads to greater fluid viscosity, resulting in higher resistance to flow.

Moreover, flow rate plays a significant role, as higher Re values 
amplify the pressure drop due to the combined effects of turbulence and 
concentration, aligning with patterns observed in previous studies by 
Chinnasamy et al. [44], The implications of these results are significant 
while increasing nanoparticle concentration may seem beneficial for 
heat transfer, this study shows that lower volume fractions (0.0125 % 
vol and 0.00625 % vol) enhance heat transfer more effectively than 
higher concentrations. However, the data indicate that higher concen-
trations also introduce significant resistance within the system, 
impacting energy efficiency and challenging balancing the benefits of 
enhanced heat transfer against the drawbacks of higher-pressure losses.

Determining the optimal concentration that balances these chal-
lenges is crucial for applying nanofluids in thermal systems. Carefully 
selecting nanoparticle concentrations and flow rates is vital to optimize 
thermal performance while managing pressure drop, ensuring that the 
benefits outweigh the potential drawbacks.

In Fig. 10d, e, and f, pressure drop versus flow rate for Fe3O4/TiO2 
nanofluids at varying Re 52,000, 4200, and 3200 and different x/d po-
sitions and concentrations compared to DIW unveil a consistent rela-
tionship between volume fraction and pressure drop, indicating that 

lower concentrations lead to reduced pressure losses at various positions 
(x/d). Position specific variations are evident, where specific positions 
experience lower pressure drops, reflecting varying resistance levels and 
flow dynamics. Moreover, introducing substances increases pressure 
drop compared to DIW at all positions, emphasizing the trade-off be-
tween enhancing fluid properties and elevating pressure drop. The 
relationship between pressure drops and position underscores the 
intricate and dynamic nature of fluid flow within the system, offering 
crucial insights for applications prioritizing the minimization of pressure 
drops. These findings showcase a concentration-driven impact on pres-
sure drop and its dependence on position within the system, providing 
valuable data for applications in fluid dynamics and system efficiency.

Furthermore, to assess the overall performance of Fe3O4/TiO2 
nanofluids in heat transfer systems and to determine the optimum vol-
ume fraction the Total Efficiency Index (TEI) was evaluated.

The TEI is a parameter used to evaluate the overall performance of 
Fe3O4/TiO2 nanofluids in heat transfer systems, particularly when using 
nanofluids. It combines both the thermal enhancement, and the asso-
ciated pressure drop or friction factor penalties into a single metric, 
providing a more comprehensive assessment of the system’s efficiency.

The TEI is typically defined as the ratio of the heat transfer 
enhancement (often measured as the convective heat transfer ratio be-
tween the nanofluid and the base fluid) to the corresponding increase in 
pumping power or friction factor as express in Eq. (18) [51]. 

η =

havg,bf
havg,nf

ΔPnf
ΔPbf

(18) 

Fig. 11a and b show the analysis of the TEI for Fe3O4/TiO2 nanofluids 
across various volume fractions, ranging from 0.00625 % to 0.3 %, re-
veals critical insights into the optimal nanoparticle concentration for 
heat transfer systems. The data indicates that lower concentrations, 
particularly around 0.0125 % vol, consistently exhibit higher TEI values 

Fig. 9. Percentage enhancements for each volume concentration at various positions along the tube (x/d) (a) Highest (Re 5200) (b) Middle (Re 4200) (c)Lowest 
(Re 3200).
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across different flow rates. This suggests that as the concentration of 
nanoparticles decreases, the thermal efficiency improves, likely due to 
better nanoparticle dispersion and lower viscosity, which enhances 
convective heat transfer while minimizing thermal resistance and 
pumping power requirements.

In contrast, higher concentrations, especially in the range of 0.2–0.3 
% vol, demonstrate significantly lower TEI values. This reduction in 
efficiency can be attributed to the increased thermal resistance and flow 
disruption caused by the higher presence of solid particles, which 
impede fluid movement and diminish overall heat transfer effectiveness. 
The mid-range concentrations, such as 0.05–0.1 % vol, show moderate 
TEI values, indicating some benefit in heat transfer but not as pro-
nounced as at lower concentrations.

The optimal concentration for Fe3O4/Ti O2 nanofluids is identified at 
approximately 0.0125 % vol, where the TEI is highest across all flow 
rates. This concentration offers the best balance between enhanced heat 
transfer and minimal pressure drop, making it ideal for applications 
requiring efficient thermal performance. The implications for heat 
transfer systems are significant, as this concentration can improve en-
ergy efficiency by maximizing heat transfer rates while minimizing the 
additional energy required for pumping. In practical applications such 
as heat exchangers or cooling systems, utilizing a nanofluid with 0.0125 
% vol concentration could lead to more energy-efficient operations, 
reducing operational costs and optimizing system performance. There-
fore, this concentration should be considered the optimal choice for 
engineers and designers aiming to achieve high-efficiency thermal 
management in various industrial applications.

Table 3 presents a comparison of the current study’s findings with 
similar research in the literature, emphasizing the novelty of the 
Fe3O4/TiO2/DIW hybrid magnetic nanofluid. Unlike previous studies, 

which reported maximum heat transfer enhancements at higher nano-
particle concentrations, this study demonstrates significant improve-
ments even at lower concentrations. Specifically, an enhancement of 
26.33 % was observed at 0.0125 % volume fraction and 24.30 % at 
0.00625 % volume fraction under turbulent flow. This contrasts with 
earlier work, such as Lee et al. [52], who found a 23 % increase at 0.2 wt 
% for Co0.5Zn0.5F2O4/DIW, and Sundar et al. [19], who reported a 31 % 
enhancement at 0.3 wt% for Fe3O4/MWCNT/DIW. The results underline 
the effectiveness of Fe3O4/Ti O2/DIW in achieving high heat transfer 
performance at lower nanoparticle concentrations.

4. Conclusion

This study investigates the optimal nanoparticle concentration for 
Fe3O4/Ti O2 hybrid nanofluids with an 80:20 ratio under turbulent flow 
conditions. The aim was to balance enhanced convective heat transfer 
with minimized pressure drop and energy consumption. Existing 
research has often focused on single nanofluids or hybrid nanofluids 
under laminar conditions, emphasising high nanoparticle concentra-
tions. This approach can lead to increased viscosity and higher energy 
requirements, thus creating a need for more effective optimization of 
nanoparticle concentrations.

Key Findings of Fe3O4/TiO2 nanofluid presents a multifaceted pic-
ture of its behaviour. 

1. Nanofluid Stability: The stability of Fe3O4/TiO2 nanofluids was 
assessed, revealing that nanofluids with lower volume fractions 
(0.00625 %Vol, 0.0125 %Vol, and 0.025 %Vol) exhibited excep-
tional stability over a 30-day monitoring period. In contrast, those 
with higher volumetric fractions (0.1 %Vol, 0.2 %Vol, and 0.3 %Vol) 

Fig. 10. (a)Comparison of mean heat transfer coefficient with flow rate for DW and Fe3O4/Ti O2 nanofluid. (b)Pressure drops as a function of flow rate and (c) 
Pressure drop versus flow rate at varying Reynolds numbers for Fe3O4/Ti O2 nanofluids at different x/d positions and concentrations (a) Highest (Re 5200) (b) 
Middle (Re 4200) (c)Lowest (Re 3200) (a) Highest (Re 5200), (b) Middle (Re 4200) (c)Lowest (Re 3200) (d) Pressure drop versus flow rate for Fe3O4/Ti O2 

nanofluids at Re 52,000 with different x/d positions and concentrations compared to DIW (e) Pressure drop versus flow rate for Fe3O4/Ti O2 nanofluids at Re 42,000 
with different x/d positions and concentrations compared to DIW (f) Pressure drop versus flow rate for Fe3O4/Ti O2 nanofluids at Re 3200 with different x/d po-
sitions and concentrations compared to DIW.
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Fig. 11. (a) Total efficiency index of Fe3O4/Ti O2 nanofluids across various volume fractions and Reynolds (b) Total efficiency index of Fe3O4/Ti O2 nanofluids 
across various volume fractions and flow rates.

Table 3 
Comparison of CHT in magnetic nanofluids with current study versus similar literature.

Investigator Nanofluid type Flow 
regime

concentration Observation

Lee et al. [52] Co0.5Zn0.5F2O4/DIW Laminar 0.025–0.2 wt% CHT Coefficient increases with a maximum of 23 % at 0.2 wt%
Shahsavar et al. [53] Fe3O4/CTNs/DIW Laminar 0.5–0.9 wt% CHT Coefficient increment with a maximum of 20.5 % at 0.5 wt%
Chinnasamy et al. 

[44]
Fe3O4/MWCNT/DIW Laminar 0.025–0.2 wt% The highest increment was 15.9 % at 0.1 wt%

Lee et al. [54] Fe3O4/MWCNT/DIW/ 
EG

Laminar 0.025–0.2 wt% The highest improvement was 3.23 % at 0.1 wt%

Tekir et al. [55] Fe3O4/Cu/DIW Laminar 0.5–1.5 wt% CHT Coefficient increment with a maximum of 10.5 % at 1.5 wt%
Sunder et al. [19] Fe3O4/MWCNT/DIW Turbulent 0.1–0.3 wt% Maximum of 31 % enhancement in Nu at Re 22,000 with 0.3 wt% at 1.18 times increment in 

pumping power
Current study Fe3O4/TiO2/DIW Turbulent 0.00625–0.3 wt 

%
An enhancement at the lower volume fraction of 26.33 % at 0.0125 % vol, and 24.30 % at 
0.00625 % vol
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displayed signs of settling. This underscores the importance of 
selecting the appropriate nanoparticle concentration to maintain 
stability in nanofluid applications

2. Uv–vis spectroscopy and Sedimentation: UV–Vis spectroscopy was 
employed to analyse nanofluid stability. It was found that lower 
absorption rates correlated with decreased particle volume fractions, 
which, in turn, were linked to sedimentation percentages. These 
findings align with previous studies and highlight the complex na-
ture of nanofluids

3. Heat transfer Enhancement: The coefficient of CHT in the nanofluids 
demonstrated significant improvements with increasing particle 
volume fraction, up to an optimal concentration of 0.0125 % vol. 
Contrary to conventional beliefs, lower nanoparticle concentrations 
proved to be more effective in enhancing heat transfer, possibly due 
to factors such as improved nanoparticle dispersion, reduced vis-
cosity, and better alignment with flow characteristics

4. Viscosity and Conductivity: The viscosity of the MHNFs decreases 
with rising temperature, aligning with typical fluid behavior. Both 
thermal and electrical conductivity increase with the volume fraction 
of nanofluids, indicating their potential to enhance these properties 
compared to deionized water (DIW)

5. pH Levels: The results reveal a decline in the pH levels of the 
nanofluids as the temperature rises. Higher nanoparticle concentra-
tions result in further reductions in pH, indicating increased acidity. 
This contrasts with the relatively constant pH of DIW, underscoring 
the complex physicochemical interactions within the nanofluids

6. CHT coefficient Enhancement: Demonstrates a significant improve-
ment in the CHT coefficient with varying volume fractions of 
Fe3O4/Ti O2 nanofluid, compared to DIW. An optimal enhancement 
is observed at lower volume fractions, challenging the common 
assumption that higher nanoparticle concentrations always lead to 
better heat transfer. Lower concentrations are more effective, likely 
due to factors like improved nanoparticle dispersion, reduced vis-
cosity, and better alignment with flow characteristics

7. Pressure drops are highest at 21 % for 0.3 % vol at Re 5018, 
decreasing with lower concentrations: 13.10 % at Re 5144.4 (0.2 % 
vol), 11.94 % at Re 5041.6 (0.1 % vol), 9.82 % at Re 5112.2 (0.05 % 
vol), 7.67 % at Re 5258.7 (0.0125 % vol), and 10.29 % at Re 5094.0 
(0.00625 % vol). The implications of these results are significant 
while increasing nanoparticle concentration may seem beneficial for 
heat transfer, this study shows that lower volume fractions (0.0125 
% vol and 0.00625 % vol) enhance heat transfer more effectively 
than higher concentrations. However, the data indicate that higher 
concentrations also introduce significant resistance within the sys-
tem, impacting energy efficiency and challenging balancing the 
benefits of enhanced heat transfer against the drawbacks of higher- 
pressure losses

8. The Total efficiency index (TEI) analysis of Fe3O4/Ti O2 nanofluids 
across varying volume fractions reveals that the optimal nanoparticle 
concentration for achieving maximum thermal efficiency lies at 
approximately 0.0125 % vol. At this concentration, the nanofluids 
consistently exhibit higher TEI values, indicating enhanced heat 
transfer performance with minimal thermal resistance and pressure 
drop. The superior performance at this concentration is likely due to 
the more uniform dispersion of nanoparticles, which promotes 
effective convective heat transfer while maintaining low viscosity 
and reducing the pumping power required. Consequently, this con-
centration represents the most effective balance between thermal 
enhancement and system efficiency, making it the optimal choice for 
heat transfer applications

Conversely, higher concentrations, particularly between 0.2 % and 
0.3 % Vol, demonstrate significantly lower TEI values, indicating a 
decrease in thermal efficiency. The presence of higher solid particle 
concentrations disrupts fluid flow, increasing thermal resistance and 
reducing overall heat transfer effectiveness. These findings underscore 

the importance of selecting the appropriate nanoparticle concentration 
to optimize thermal efficiency in heat transfer systems. By choosing the 
optimal concentration, engineers can achieve significant energy savings 
and improved system performance, making TEI a critical parameter in 
designing and operating advanced thermal management systems.

5. Implications and Recommendations

While this study has demonstrated the potential of Fe3O4/TiO2 
hybrid nanofluids at lower concentrations can provide superior thermal 
performance and energy efficiency compared to higher concentrations. 
This challenges the common assumption that more nanoparticles always 
lead to better heat transfer. For practical applications, selecting the 
optimal concentration is crucial for balancing thermal performance and 
system efficiency.

Further research is needed to explore different nanoparticle mate-
rials and hybridization ratios across various flow regimes. Additionally, 
investigating long-term stability and thermal conductivity under vary-
ing conditions could provide deeper insights into practical applications. 
Advanced modeling techniques, including machine learning, could 
optimize the properties of hybrid nanofluids, supporting their use in 
complex industrial systems.
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