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Published: 5 November 2026 including the application of nanofluids. Despite growing interest in nanofluid-based
radiator cooling, limited studies have quantified the comparative performance of
base fluids, Gr/Water-EG single nanofluid and SiO,-Gr/Water-EG hybrid
nanofluids under varying concentrations, individually. This study experimentally
examined their thermophysical and convective heat-transfer behaviour in a radiator
channel flow using thermal conductivity, viscosity, inlet temperature, Nusselt
number and Reynolds number as performance indicators. Increasing nanoparticle
volumetric fraction enhanced the thermal conductivity of both graphite and SiO,-
Gr nanofluids, whereas increasing ethylene glycol (EG) fraction in the Water-EG
base fluid reduced thermal conductivity. Viscosity also increased with volumetric
fraction for all fluids, confirming the concentration-induced trade-off between heat-
transfer enhancement and flow resistance. The Nusselt number increased with inlet
temperature for the Water-EG base fluid and graphite nanofluid, indicating
improved convective heat-transfer response at elevated temperature. Conversely,
the SiO,-Gr composite nanofluid showed a reduction in Nusselt number with
increasing inlet temperature, suggesting temperature-sensitive transport behaviour;
however, at 51 °C, its Nusselt number remained approximately 26% higher than
Gr/Water-EG. Reynolds number increased with inlet temperature for the base fluid
and graphite nanofluid, indicating stronger inertial flow. Although the hybrid SiO,-
graphite nanofluid exhibited higher Reynolds numbers than the graphite nanofluid
under the tested conditions, the observed reduction in Nusselt number with
increasing inlet temperature suggests that the thermal enhancement mechanism may
be influenced by alterations in fluid properties and particle interactions.
Nevertheless, the SiO,-Gr nanofluid maintained a Reynolds number 66.7% higher
than Gr/Water-EG at 51 °C. Overall, the hybrid nanofluid improved heat-transfer
performance, although viscosity and flow penalties require optimization for
radiators in automotive application.

Keywords: radiator cooling; hybrid nano-fluids; channel flow; convective heat
transfer; automotive application; SiO,-graphite nanofluid

Copyright: © 2026 by the authors. This is an open access article under the terms and conditions of the Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
BY

Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.



https://crossmark.crossref.org/dialog/?doi=10.53941/tsa.2026.100023&domain=pdf

Ajuka and Akindele Therm. Sci. Appl. 2026, 1(4), 372-388
1. Introduction

Heat transfer associated challenges in thermal systems fields, such as automotive (engine cooling), HVAC
(refrigeration and air-conditioning heat exchangers), and mechatronics (Heat channels and electronic circuit cooling)
are currently experiencing swift revolution through the suspension of nanoparticles in basefluid for their thermal
transport assessment [ 1-3]. For a typical engine, it is known that the use of water as fluids has limitations, such as the
potential to freeze at low temperature (32 °F), and to cause duct corrosion when contaminated water is utilized,
thereby affecting the water pump [4]. Meanwhile the utilization of pure ethylene glycol (EG) has been reported to
carry heat away with 15% less efficiency due to its high viscosity when compared to water, which can result in engine
overheating [5].

The problem is that as heat becomes generated in an automotive engine from the process of combustion, with
a portion of this heat used to generate power, the remaining heat (surplus) is expected to be expelled as exhaust. If
the surplus heat generated is not properly dissipated, it can cause the engine temperature to rise excessively, leading
to issues such as overheating, breakdown of lubricating oil viscosity, and wear of engine components. The thermal
stress on the engine parts may even result in engine failure. Therefore, it is crucial to have an efficient cooling
system in place.

The thermal performance of engine cooling systems can be enhanced through several design, operational,
and fluid-based strategies, including increasing the fluid circulation rate [6], enlarging the effective radiator heat
transfer surface area [7], optimizing heat exchanger and flow-channel geometries [8,9], promoting fluid-side
turbulence, and incorporating additives into conventional working fluids [10,11] or combination of any of these
approaches [12]. Although these approaches can improve heat rejection capacity, they are often accompanied by
increased pumping power, higher pressure drop, greater system mass, packaging constraints, elevated cost, and
additional maintenance requirements [13]. Consequently, improving the intrinsic thermophysical properties of the
fluid itself has emerged as a more technically attractive strategy for enhancing engine heat dissipation. In particular,
increasing thermal conductivity, preserving adequate specific heat capacity, controlling viscosity, and strengthening
convective heat transfer behaviour can improve fluid effectiveness without requiring substantial redesign of the
existing cooling architecture [14]. In order to overcome the limitation of the fluids’ low thermal conductivity,
conventional working fluids are increasingly being blended with nanoparticles to form nanofluids [15].

Therefore, water-ethylene glycol (EG) mixture offers benefits over their individual utilization due to their
individual limitations [16], fortunately too, the CFD report by Yaw et al. [1] revealed that adequate heat transfer
through additives such as 0.01% hybrid nanofluid, may pave way for miniaturization of an engine. This argument
makes it relevant to describe the earlier attempts to improve heat transfer of conventional fluids which were
unsuccessful to be due to size of micro-particle used by Maxwell [17], in recent time, however, several studies
have indicated that nano-meter sized particles in the host fluid, termed nanofluids can enhance the rate of heat
transfer [18].

Nanofluids are liquid suspensions with particles smaller than 100 nm, and having a higher bulk solid thermal
conductivity than the base liquid, are currently being utilized to enhance heat transfer in thermal systems [19], by
suppressing natural convection [20]. Meanwhile, the radiator is a heat exchanger which removes heat absorbed by
fluids, such as water and ethylene glycol, as it passes through the engine block, to cause a controlled temperature
of the engine make-up materials in order to avoid mechanical failures due to excessive heat accumulation [21].
Different studies have applied nanoparticles for varying reasons, for example, Sathish et al. [22] examined the
thermal performance of aluminium oxide (Al,O3) nanoparticles in the applications of solar collector, Shi et al. [23]
studied water base aluminium oxide (Al,O3) nanofluid to enhance the rate of heat transfer in micro-channel, and
Yaw et al. [1] employed the use of graphene nanoplatelets/cellulose nanocrystal for automobile cooling
enhancement, while Tumane et al. [24] applied Cu nanoparticle in water base fluid to achieved an to improve the
heat transfer performance of a radiator.

Furthermore, based on reports of previous studies (publication trend) on nanofluids, hybrid nanofluids and
convective heat-transfer (Figure 1) in radiator cooling, there have been many suggestions that by selectively
combining two different types of nanoparticles, the hybrid nanofluid exhibits higher heat transfer rates compared
to its individual nanoparticle counterparts [25,26], and this should directly improve heat transfer properties of the
basefluid, and positively impact the life of the engine.

Other related studies include that of Arbak et al. [27] which experimentally examined the heat transfer
characteristics of bimetallic nanoparticles (CuO-ZnO) in automotive radiators using four different fluids under
constant heating power. Two cartridge heaters, each with a power of 160 W, are used to heat the nanofluid within
a half ('2) inch cross pipe fitting, with the heated nanofluid is then directed to a heat exchanger with a width and
height of 120 mm. They noted that an additive ratio of 0.3% gave the highest UA value compared to the 0.1% and
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0.2% water-bimetal mixture fluids, and further increase in the bimetallic nanoparticle additive rate generated a
corresponding increase in heat transfer rate. Additionally, Ukueje et al. [28] conducted a comprehensive review to
provide an overview of the thermal conductivity of hybrid nanofluids and their potential application in cooling
automobile radiators. They noted that hybrid nanofluids have better thermal conductivity and heat transfer
coefficient than mono nanofluids and regular liquids, possibility of obtaining optimum thermal augmentation at
lowest concentrations (approximately less than 0.1 vol. %) based on the uniformity of dispersion process. They
concluded that automobile radiator’s overall heat transfer can be enhanced using a mixture of nanofluids as
conventional fluids, because one nanoparticle acts as the core while the others adhere to the core, resulting in
enhanced thermal conductivity. Furthermore, Cardenas Contreras and Bandarra Filho, [29] studied the heat transfer
performance of an automotive radiator using MWCNT nanofluid dispersed in a binary mixture of water-EG
(50:50) within a wide range of high operating temperatures. At 0.025%, 0.05% and 0.1% volume fractions using
the two-step method of synthesis, the nanoparticle concentration and fluid inlet temperature impact were evaluated
for corresponding heat transfer rate and the overall heat transfer coefficient. Using a constant 2 m/s air velocity
and 0.09 kg/s to 0.11 kg/fluid mass flow rate, 4.6% and 4.4% heat transfer rate and overall heat transfer coefficient
were obtained, respectively. They concluded that an increase in concentration increases heat transfer performance,
however, at high nanofluid inlet temperatures, performance decreases. In addition, Ramji et al. [30] investigated
the use of Tungsten Trioxide (WO3) Nano-fluid in an automotive radiator. The study utilized H,O-WO; as
operational fluid and compared the heat transfer rate and outlet temperature of fluid for various flow rate which
ranged from 0.2 m*hr to 0.5 m’/hr. At a frequency of 30 kHz and 1000 watts power, the nanofluid was
ultrasonicated for 4 h to prepare three samples with 0.0166%, 0.0334%, and 0.06667% volume concentrations.
Based on experiments and having set the inlet condition of fluid was set at 50 °C, with a reported minimal
temperature variation in the system, they reported a 4.18% maximum increase in the heat transfer rate compared
to the basefluid.
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Figure 1. Comparative annual distribution of publications for studies related to nano-fluids, hybrid nanofluids and
convective heat-transfer performance (Source: Scopus & Web of Science, 2016 to 2025).

In another study, Erkan et al. [31] examined the impact of using nanofluids (Al,Os, SiO, TiO,) over
conventional water, with ethylene glycol, in automotive radiators on the exegetic properties of diesel engines. To
ensure a well-blended mixture of nanoparticles and the base fluid, a SONICS Vibra cell magnetic stirrer was
utilized at 20 min duration, pulse 10.03, and 60% amplitude. At 1800 rpm fixed engine speed, six different
nanofluid tests were performed on two different dispersions rates (0.2% and 0.4%). They noted that in the values
of the experimental parameters, pure water lagged behind the nanofluids performance, and the least exhaust
temperature value was obtained using Al,Os/Ethylene Glycol mixture with an 8.858 kW of exergy exhaust value.
And Vele and Patil [32] conducted a review study of heat transfer enhancement in car radiators utilizing nanofluids.
They noted that the thermo-physical characteristics (thermal conductivity, viscosity and density) nanofluids are
substantially higher than the base liquid. The study focused on the gap related to thermal conductivity and viscosity
measurement of fluid mixture. They submitted that nanoparticles concentration and temperature increase thermal
conductivity, but viscosity and density decreased with temperature and increases with nanoparticles concentration.
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The authors further recommended that more studies should be conducted to get a better comprehension of
augmentation mechanisms of heat transfer using hybrid nanofluids and its real-life applications.

Furthermore, on other recent study reports, Kanti et al. [33] combined experiments, numerical simulations,
empirical correlations, and Bayesian-optimized XGBoost modelling to predict the Nusselt number, friction factor,
and entropy generation of 50:50 Al,O3;-CuO/water hybrid nanofluids under turbulent tube flow. They reported a
strong predictive accuracy and up to 71% lower total entropy generation; however, the restricted turbulent-flow
geometry and material system limits a direct applicability to automotive radiators operating with graphite-based
Water-EG nanofluids. In addition, an earlier study by Ajuka et al. [34] theoretically evaluated the entropy
generation in graphene-nanoplatelet nanofluids flowing through micro- and minichannels, and they reported that
particle concentration, channel scale, and base-fluid composition strongly govern the competing contributions of
thermal and frictional irreversibility; however, the theoretical laminar-flow analysis did not provide radiator-scale
experimental validation or data-driven performance prediction. Moreso, the experimentally investigated
surfactant-stabilized 50:50 MWCNT-ALOs/water hybrid nanofluids in an outdoor flat-plate solar collector by
Kanti et al. [35] demonstrated the application potential of stabilized hybrid suspensions for improving solar-
thermal performance; nevertheless, its water-based collector configuration differs substantially from the forced-
convection, Water-EG automotive radiator environment considered here and does not constitute a machine-
learning modelling study. Here, the present study experimentally compares graphite and SiO,-graphite nanofluids
in a Water-EG coolant under radiator-relevant conditions, with emphasis on concentration-dependent
thermophysical behaviour and the balance between convective enhancement and flow-related penalties; the
resulting dataset also establishes a basis for subsequent machine-learning-assisted prediction and multi-objective
optimization. Therefore, this study is being conducted to provide better insight on the heat transfer performance
of hybrid and composite nanofluids for a pragmatic application, experimentally.

2. Nanofluids Concepts, Properties and Applications

Nano-fluids are advanced heat-transfer fluids formed by dispersing nanoscale solid particles, typically
metals, metal oxides, carbon-based materials or hybrid nanoparticle systems, into conventional base fluids such as
water, ethylene glycol, engine oil or water-ethylene glycol mixtures. The concept was established to overcome the
relatively low thermal conductivity of traditional fluids by introducing nanoparticles with superior thermal
transport capability into the fluid matrix [36]. Their enhanced performance is generally attributed to improved
effective thermal conductivity, Brownian motion, interfacial nanolayer formation, particle-fluid interaction and
micro-convective transport mechanisms [37]. However, nanofluid performance is not governed by thermal
conductivity alone, since dynamic viscosity, density, specific heat capacity, colloidal stability and pressure drop
collectively determine the practical heat-transfer effectiveness of the suspension. Recent reviews have shown that
nanofluids can improve convective heat-transfer coefficients substantially, but viscosity rise and stability degradation
remain major limitations for long-term deployment in engineering systems [38]. Consequently, nanofluids are
increasingly applied in automotive radiators, microelectronics cooling, heat exchangers, solar thermal systems,
photovoltaic-thermal collectors and industrial thermal-management systems where compactness, high heat removal
rate and energy efficiency are required.

2.1. Factors Affecting Nano-fluid Performance and Convective Heat Transfer Characteristics

The performance of a nanofluid is controlled by nanoparticle concentration, particle size, morphology,
material composition, base-fluid chemistry, temperature, pH, surfactant dosage, sonication time and flow regime.
Increasing nanoparticle volume fraction generally improves thermal conductivity and Nusselt number because
more thermally conductive solid pathways are introduced into the base fluid, but excessive loading may increase
viscosity, intensify particle agglomeration and raise pumping power requirements [37]. Temperature also plays a
critical role, since higher temperature can enhance Brownian motion and reduce base-fluid viscosity, thereby
improving convective transport, although poor suspension stability at elevated temperature may reduce
performance reliability. In forced convection, Reynolds number, Prandtl number and Nusselt number are key
descriptors of heat-transfer behaviour, with higher Reynolds number typically promoting turbulence, thinner
thermal boundary layers and improved convective heat transfer. For radiator and heat-exchanger applications, the
best nanofluid formulation is therefore not the one with maximum nanoparticle loading, but the one that provides
an optimum balance between heat-transfer enhancement, viscosity penalty, pressure drop, stability and thermal
efficiency. This performance compromise explains why current studies increasingly focus on hybrid nanofluids,
optimized mixture ratios and machine-learning-assisted property prediction to maximize heat transfer while
minimizing hydraulic losses [38,39].
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2.2. Review of Hybrid Nanofluids Application in Radiators

Hybrid nanofluids have received increasing attention in radiator cooling because the combination of two or
more nanoparticle classes can provide complementary thermal, structural and rheological advantages beyond those
obtainable from mono nanofluids. In automotive radiators, oxide, metallic and carbon-based nanoparticle systems
have been shown to improve convective heat transfer coefficient, Nusselt number, fluid temperature drop and
overall heat rejection relative to conventional water or water-glycol fluids. Early radiator studies demonstrated that
TiO,/water and TiO./ethylene-glycol-water nanofluids enhanced convective heat transfer by about 20-37%,
confirming the sensitivity of radiator performance to nanoparticle loading, Reynolds number and base-fluid
composition [10]. Graphene and graphene-oxide-based fluids further extended this performance envelope, with
reported improvements in overall heat transfer coefficient and radiator effectiveness arising from the high thermal
conductivity and two-dimensional heat-spreading capacity of carbon nanostructures [40,41]. A major transition in
the literature is the shift from mono nanofluids to hybrid systems, as Abbas et al. [42] reported that Fe;Os-
TiO,/water hybrid nanofluid improved heat transfer rate and Nusselt number by 26.7% and 20.03%, respectively,
at low concentration, although excessive loading reduced performance due to stability and blockage effects.
Similarly, Li et al. [43] showed that SIC-MWCNT hybrid nanofluids produced a 26.5% improvement in convective
heat-transfer coefficient compared with pure ethylene glycol, while Kumar et al. [44] reported about 40%
enhancement in temperature drop and cooling capacity using MWCNT-SiO,/ethylene glycol-water hybrid
nanofluid in a louvered fin radiator.

Recent experimental radiator investigations have strengthened the evidence that hybridization can improve
thermal performance but also introduces hydraulic penalties. Hassaan [45] experimentally tested MWCNT-
Al Os/water hybrid nanofluid in an automobile radiator and reported increases of 28.5% in convection heat-transfer
coefficient, 22.54% in effectiveness and 23.74% in Nusselt number, but with pressure-drop increments of up to
24%, indicating the unavoidable trade-off between heat-transfer enhancement and pumping power. Numerical and
simulation-based studies have also examined Al,O3, CuO and Al;03-CuO hybrid nanofluids in water and ethylene-
glycol-water mixtures, showing that heat-transfer coefficient increases with Reynolds number and nanoparticle
concentration, but that mixture ratio, dispersion stability, interparticle interaction and base-fluid selection must be
optimized before hybrid nanofluids can be reliably deployed in radiators [46]. More recently, ternary hybrid
nanofluids have been investigated for ruffled-fin automotive radiators, with Fe/Cu/Ag, Fe/Cu/ZnO and
Ag/Al,03/TiO, combinations improving Nusselt number and overall heat-transfer coefficient, while an optimum
case produced a 44.6% outlet-temperature reduction; however, the performance index decreased by 5.8-11.7%,
confirming that thermal enhancement must be assessed together with hydraulic and efficiency penalties
(Oshionebo et al., 2025) [12]. Collectively, these studies establish hybrid nanofluids as promising radiator fluids,
but their practical adoption remains constrained by viscosity rise, sedimentation, agglomeration, corrosion risk,
material compatibility, cost, repeatability and limited long-duration engine-cycle validation.

The reviewed literature shows a consistent performance pattern; nanoparticle addition generally improves
thermal conductivity and Nusselt number, but at the expense of increased viscosity, pressure drop and pumping
power, making thermo-hydraulic optimization more important than thermal enhancement alone. The major
research goal addressed in this study is the limited availability of coupled thermophysical and convective-
performance data for graphite and SiO,-graphite/Water-EG nanofluids under concentration-dependent radiator-
relevant conditions. While previous studies have reported enhancements for TiO,, Al,Os3, CuO, Fe,03-TiO,,
MWCNT-ALO3, SIC-MWCNT and ternary nanofluids, fewer studies have systematically linked concentration,
mixture-ratio effect, viscosity penalty, Nu-Re dependence and THPI for SiO»-graphite hybrid nanofluids. Therefore, the
present study contributes by clarifying whether the hybrid SiO,-graphite formulation provides a net thermal advantage
over graphite-only nanofluid when both heat-transfer enhancement and hydraulic resistance are considered.

3. Materials and Methods

In this study, two different nanoparticles, SiO, (5-20 nm, 99.5%, white) and Graphite (25-60 nm, black)
powders (Sigma-Aldrich, St. Louis, MO, USA) were commercially sought, and the manufacturer specifications
adopted. The steps involved in this experimental study using Water-ethylene glycol (W/EG) based graphite, silicon
IV oxide (Si0,), and graphite-silicon IV oxide (Gr-SiO,) nanofluids at different volume fractions are well detailed
in this section. For stability and elimination of particle agglomeration, the nanofluid (suspension) was magnetically
stirred for 12 h at 600 rpm and subsequently ultrasonicated for 60 min under continuous operation using a Branson
M2800H ultrasonic bath operating at a nominal frequency of 40 kHz. The sample was contained in a sealed vessel
and indirectly immersed in the bath, while the bath temperature was monitored and maintained below 30 °C to
minimize temperature-induced property changes, and the suspension was observed to be visually homogeneous at
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the time of testing. In addition, thermal conductivity was estimated over the investigated temperature range of 25—
60 °C using the stated effective-property mixture model and the constituent thermal conductivities, while dynamic
viscosity was measured at the corresponding test temperatures using an Anton Paar (MCR 303) modular compact
rotational rheometer equipped with a concentric-cylinder measuring geometry and a Peltier cylinder temperature-
control system, selected to provide adequate sensitivity and controlled shear conditions for low-viscosity water—
ethylene glycol nanofluids. Measurements were conducted over a shear-rate range of 101000 s™! after thermal
equilibration at each test temperature. Dynamic viscosity was determined from the shear-independent region of
the flow curve. Three measurements were performed for each sample, and the results were reported as the mean
and standard deviation. The rheometer provides a nominal torque range of 1 nN-m to 230 mN-m. The experimental
rig set-up with the measurement instrumentations is shown in Figure 2 a,b. The rig includes a tank, pump, radiator,
connecting tubes and measurement devices (thermocouples, pressure gauges, a flow-meter, etc.) and other
accessories (valves, a cross flow finned heat exchanger (radiator), a cooling fan, and a storage tank (with an
embedment of a heater coil connected to heating source to raise the temperature of the working fluid).

Figure 2. (a): Front and side views of experimental set-up; (b): Schematic view of experimental set-up.

The inlet and outlet temperatures and pressures of the fluid were measured using thermocouples and pressure
gauges, while fluid flow rate was determined by an Omega FL-45100, with 100 °C temperature limit flow meter
(see Tables 1-3) for specific details of measuring devices, test rig, and pump specification) and Table 4 for material
features. For the baseline control experiment, 5 L of distilled water was charged into the test reservoir without the
addition of nanoparticles, and all relevant experimental parameters were measured and recorded under identical
operating conditions. This configuration served as the reference case for evaluating the influence of nanoparticle
incorporation on the thermophysical and heat transfer performance of the working fluid. The experimental
procedure was subsequently repeated using a different mixture ratio of water-to-ethylene glycol (Water-EG) base-
fluid mixture without nanoparticle addition. All operating conditions, measurement protocols, and data acquisition
procedures were maintained constant to ensure experimental consistency and enable direct comparison with the
distilled water control. The nanoparticle-free water-EG mixture constituted a secondary benchmark for assessing
the performance enhancements attributable solely to nanoparticle dispersion.

Thereafter, nanofluids containing varying concentrations of graphite (Gr), silicon dioxide (Si0O,), and hybrid
graphite-silicon dioxide (Gr-SiO,) nanoparticles were prepared using the water-EG basefluid and subjected to
experimental evaluation. During each test, the fluid was circulated through the experimental loop, while two gate
valves were employed to regulate and maintain the desired flow rate. The corresponding thermal and hydraulic
performance parameters were recorded systematically for subsequent analysis and comparison with the control
and base-fluid benchmark cases. The specifications of the materials used in the experiment are listed below:

Table 1. Technical specification values of measuring device.

S/N Measurement Device Range Uncertainty
1 Flow Meter 2-40 L/min +0.17 L/min
2 Thermocouple 0-250 °C +0.035 °C
3 Pressure Guage 1-280 psi +0.035 psi
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Table 2. Dimensions of radiator heat exchanger (test rig specification).

S/N Parameter Value
1 Number of tubes 34
2 Radiator length 371mm
3 Radiator width 527mm
4 Width of the radiator tube 37.5mm
5 Tube Length 355mm
6 Fin Length 9mm
7 Fin thickness 0.08mm
8 Distance between adjacent fins 14mm

Table 3. Pump specification.

S/N Pump Parameter Value
1 Maximum Voltage 220 v (A/C)
2 Flow rate 5-35 L/min
3 Frequency 50 Hz
4 Maximum Current 2.1A
5 Power Rating 0.5 hp
Table 4. Experimental material characteristics.
Experimental Materials Density SHC Particle Size  Viscosity (cP) Thermzzlvg/gil;ll;)l} ctivity
Nanoparticles
Graphite 1800 706.9 25-60 nm N/A 129
Si0, 2650 680 5-20 nm N/A 1.4
Basefluids
Distilled Water 1000 4181 N/A 0.890 cP @ 25 °C 0.607
Ethylene Glycol 1115 3140 N/A 18.376 cP @ 20 °C 0.251

Experimental Description

For the nanofluid preparation, water and Water-EG (100, 50:50, 30:70) ratio were utilised. In Figure 2b, the
heated (hot) basefluid flows from the reservoir tank to the radiator, while the cooler fluid returns to the reservoir
tank. The thermocouples measure the temperature of the fluid at the inlet and the outlet of the car radiator, while
the thermostat of the heater regulates the temperature of the fluid. The experiment was conducted by varying the
volumetric fraction of the nanoparticles in the nanofluid. The pump is switched off to allow the nanofluid sample
inside the tank to heat up and reach the intended temperature of 60 °C. Once this maximum temperature has been
reached, the pump is switched on and the nanofluid sample is pumped into the car radiator. The fluid exiting the
radiator will flow back to the storage tank and the cycle repeats itself, while the parametric measurements
(temperature, pressure, flowrate, etc.) were being recorded throughout this process at a set time interval over a
fixed period of 10 mins to determine the fluid flow characteristics.

The volume fraction of hybrid nanofluid was determined by:

Mgy Msio2
_ / Per T / Psio2
Mgy Msio2 Mys
/Par + /pSiOZ + /be
where ¢ = volume fraction, Vy,; = volume of graphite nanoparticle, V;,,,, = volume of SiO, nanoparticle,

Vys = volume of base fluid.
Heat transfer heat in fluid:

)

Q.= mcCp,c(Tc,in - Tc,out) (2a)

Qq = macp,a(Ta,out - Ta,in) (2b)
Energy-balance (€gp) closure:

|Qc - Qal
€= ————%100
EB (Qc + Qa)/ (20)
2
Heat-transfer rate evaluation:
Q. +Q
Qavg =——2 (2d)

2

where Q = Heat transfer (W), p = density of the fluid (kg/m?), Cp = specific heat (J/°C-kg), Ti and T, are inlet
and outlet temperatures.
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Density for nanofluid:
Py = (1 = P)pps + G6rPor + DBsio2Psioz 3)
Specific heat capacity of the nanofluid,

Pwi(1 — ¢)cpuwr | Prcrd
cpg = — =+ CPEGf 4)
Pt Pt
where pws, pegs, and pr are the densities of water, ethylene glycol fluid, the water—ethylene glycol mixture,
respectively.

Nusselt number (Nu):

hexpD
Nty = ";” L (5)
nf
— Qc .
hexp - As (Tb,m_Tw,m)’
where Ty, and T, ,, are the mean bulk coolant and mean tube-wall temperatures, respectively.
Where he,, = heat transfer coefficient (W/m?-°C), Q = heat transfer (W), A, = surface Area.
Hydraulic diameter (Dy):
D h= HAtubes (©6)
Ptube
where Dy, = Hydraulic diameter (m), Awbe = Area of tubes (m?), Pupe = Perimeter of tube (m).
Reynolds Number of fluid (Re):
Pfluids Dy, * v¢
Refpyjig=—"—"7-"— ™

uf
where V; = LA; Regyiq = Reynolds Number, priyia= pensity of the riuia(kg/m?), Vi = mean fluid velocity
t

within each tube, V = total volumetric flow rate, N;= Number of tubes carrying flow in parallel.
Thermal Conductivity-to-Viscosity Ratio (Performance Ratio):

k/kps ®
K/ s
Thermo-hydraulic performance criterion (PEC):
Nunf/Nubf (9a)
(Fas/ for)?
where friction factor ‘f’ is the Petukov’s correlation determined as;
f = (0.79InRe — 1.64)~? (9b)

where Nuyr, Nuyy, frr, and fpr are the Nusselt numbers and friction factors of the nanofluid and basefluid,
respectively.
Standard Deviation (SD):

Ly (= x)?
= (&=t ¥t 7 10
SD 3-1 (10)

Standard Uncertainty:

a
Ugny = [Z ;Zf l (an

where x; represents each independently measured input variable.

https://doi.org/10.53941/tsa.2026.100023 379



Ajuka and Akindele Therm. Sci. Appl. 2026, 1(4), 372-388

4. Results and Discussion

At constant inlet temperature (50 °C) and fluid volumetric flow (4 x 1072 m%/s), heat characteristic of the
nanofluids were determined as shown in Table 5, which reveals the variations in the outlet temperatures and
pressures. At smaller concentrations of nanoparticle (Gr and SiO,), the were decrease in outlet temperatures and
increase in pressures as volume fractions increased, while at significant volume fractions, temperatures and
pressures increased with increased volume fractions. The Table 5 shows the outcome properties of the addition of
graphite, silicon IV oxide, and graphite-silicon IV oxide nanoparticles to water—ethylene glycol (W/EG) of
different concentrations. Observation reveals that the density, viscosity and heat transfer of W/EG increased with
increase in graphite nanoparticle concentration, and at increased concentrations of Graphite + SiO,), whereas only
the density and heat transfer increased when SiO, was added to W/EG, while the specific heat increased but later
decreased as concentration increased. This may be attributed to the low heat conduct of silicon IV oxide especially
at higher concentration. Meanwhile, observation reveals that addition of silicon IV oxide to W/EG and graphite
nanofluid dampened the heat transfer properties of the nanofluid with an increased silicon IV oxide concentration
causing a major reduction in this value.

Table 5. Properties of nanofluids at different concentrations at 50 °C and 4 x 107> m®/s of (n = 3) independently
repeated runs.

Vol. Fraction Viscosity

Nanofluid (vol. %) T, (°C) P (Psi) Density (kg m™) (Pa-s) Cp (J/Kg°C) Qur (W) UQnt
Gr/Water-EG 8714 x 107 48.15+0.18 58.90+042 1024.529+ 1.12 0'8.%%1102* 350138'.54928 = 10"1‘32:22’3 £ 1627
Gr/Water-EG ~ 1.743x 102 3550=0.16 92.63=0.61 1024.508 £ 1.06 0'8.1)1)%11? 35%‘&? * 19’;%:‘5‘81 2048
Gr/Water-EG 2614107 1938+0.12 103.25+0.72 1024.846 + 1.24 0'81010%'175* 35221'%167 * 38%%?23 * 5686

SiO)/Water-EG ~ 3.205x 102 49.83£0.20 92.63+0.64 1036.873 + 1.38 0'8})%%21%* 1641‘1'.12879 £ 3879337:7342 653
SiOy/Water-EG 376 102 45.02+0.17 89.13+0.58 1064372+ 1.51 0'3%%%1* 1651%'%362 * 6154491+ 105.66 968
SiO)/Water-EG ~ 4.388 x 102 43.00%0.19 87.22+0.55 1094.222 % 1.63 0'81010%2155* '66111'%18 * 6773470+ 117.24  108.5
Gr'Si%(/}W*‘“’r' 0.0910 4449018 85254053 1010283+ 1.17 0&35?; 40253';559 £ 32623986134 549
W/ngigngr * 0.1667 4929021 99.50+0.69 1018.837 £ 1.29 0&33;* 38621'.71(;4 * 3198690+ 63.71 562
W/ Egigz()Gr * 0.2160 49.68+0.22 100.00+0.74 1084.408 + 1.56 Od%lggg 37235'.73719 * 2665.828+55.98  48.6

Where, T,, V, Cp and Qyr are the inlet temperature, outlet temperature, volumetric flow rate, specific heat
and the heat transfer rate of the nanofluids, respectively.

4.1. Validation of Experimental Results Using Established Correlations

The thermal-hydraulic behaviour of Gr/Water-EG and SiO,-Gr/Water-EG nanofluids were semi-empirically
validated, with the experimentally determined Nusselt numbers and friction factors compared with established
correlations. The Dittus—Boelter correlation was used for heat-transfer validation, while the Petukhov correlation
was used for friction-factor validation (Figure 3). The comparison was performed using the same hydraulic
diameter, measured flow conditions, and thermophysical properties evaluated at the bulk mean temperature.

4.2. Thermal Conductivity of Fluid at Different Concentration

The impact of volumetric fraction on the thermal conductivity of Water-EG fluids, Gr/water-EG nanofluids
and SiO,-Gr/Water-EG is shown in Figure 4. Accordingly, observation shows that the thermal conductivity of
Water-EG fluids decreases with increasing concentration of EGC while in the case of Gr/Water-EG, the thermal
conductivity of the nanofluids increases with increasing volumetric concentration of Graphite nanoparticles. It can
be inferred that at varying mixture ratios of Water-EG (100, 50:50, 30:70), a sharp decline in thermal conductivity
is evident, indicating that compared to nanofluids, the presence of nanoparticles elevated the heat conduction of
the Water-EG. The increase in the volume of EGC in Water-EG does not have a positive impact on the thermal
conductivity of the Water-W/EG as fluid. Meanwhile, at different concentrations of the SiO,-Gr/Water-EG
nanofluid, addition of SiO, at small concentration does not cause much dampening effect on the thermal
conductivity of the nanofluid.
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(a) Validation of Heat-Transfer Correlation (Dittus-Boelter) for Base Fluids
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(b) Validation of Friction Factor Correlation (Petukhov) for Base Fluids
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Figure 3. Validation of heat-transfer and friction correlations using base fluids. (a) against Dittus-Boelter

correlation; (b) Petukov correlation.
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Figure 4. Comparison between thermal conductivity of Water-EG fluids, Graphite/Water-EG nanofluids and SiOa-

Gr/Water-EG.

4.3. Viscosity of Fluids at Different Concentration

The impact of volumetric fraction on the viscosity of Water-EG fluids, Gr/Water-EG nanofluids and SiO,-
Gr/Water-EG is illustrated in Figure 5. In the Figure, the viscosity of Water/EGC fluids increases with increasing
concentration of EGC, at different mixture ratio of Water-EG (100, 50:50, 30:70). Moreso, as the volume of
nanoparticle concentration increased, viscosities increased for all as volume fractions. The obvious sharp increase
in the case of graphite-EGC nanofluid became more evident at 1.743 x 1072 showing that increase becomes more
significant as volume concentration increases. Overall, the results indicate that viscosity remains concentration-
dependent, with the hybrid nano-fluid showing a more pronounced viscosity response than the graphite-only suspension.
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Figure 5. Viscosity of Water-EG, Gr/Water-EG nanofluids and SiO2-Gr/Water-EG fluids.
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4.4. Effect of Fluid Inlet Temperature on the Fluid Side Nusselt Number

The relationship of the inlet temperature with the fluid side Nusselt number of Water-EG fluids, Gr/Water-
EG nanofluids and SiO,-Gr/Water-EG is shown in Figure 6. The Nusselt number for Water/EGC fluids increased
with increase in inlet temperature. Likewise for Gr/Water-EG nanofluid, the Nusselt number increased with
increase in inlet temperature indicating that heat transfer is more of convection than conduction. Meanwhile, for
SiO, fortified nanofluid, the Nusselt number decreased with increase in inlet temperature (meaning that more
volume of SiO, may be needed for better heat transfer by conduction. Although classical forced-convection theory
generally predicts increasing heat-transfer coefficients with increasing Reynolds number and temperature-
dependent property variations, observed decrease in Nusselt number for the SiO,-graphite nanofluid with
increasing inlet temperature may be associated with concentration-dependent changes in effective viscosity,
thermal diffusivity, particle clustering, further validation measurements may be required before a definitive
mechanistic explanation. At 51 °C, the SiO,-Gr/Water-EG nanofluid exhibited an approximately 26% higher
Nusselt number than the Gr/Water-EG nanofluid, indicating greater convective heat-transfer performance under
the investigated condition.

a - —
—&— Gr/Water-EG SiO2-Gr/Water-EG
550 - 1
b Hybrid nanocoolant (SiO3-Gr/Water-EG)
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with increasing temperature.
5 i
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« Different letters indicate statistically significant differences at p < 0.05. of measurement uncertainties.

Figure 6. Impact of inlet temperature on the Nu of Water-EG fluids, Gr/Water-EG, & SiO2-Gr/Water-EG.

4.5. Effect of Fluid Inlet Temperature on the Fluid side Reynolds Number

The relationship of the inlet temperature with the fluid side Reynolds number of Water-EG fluids, Gr/Water-
EG nanofluids and SiO,-Gr/Water-EG is represented in Figure 7. In the Figure, the Reynolds number increased
with increase in inlet temperature for Water/EGC and Gr/Water-EG, indicating potential for increased drag
coefficient and a decreased lift condition, unlike the case of a decreasing Reynolds number for SiO,-Gr/Water-
EG, which is associated with the increasing inlet temperature. The presence of SiO, dampens the conductivity of
the nanofluid to foster laminar flow potential, with the composite (SiO,-Gr/Water-EG) nanofluid having a 66.7%
higher Reynolds number than Gr/Water-EG nanofluid at 51 °C.
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Figure 7. Variation of Re with inlet temperature for Water-EG, Gr/Water-EG, & SiO2-Gr/Water-EG.
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4.6. Effect of Volume Fraction of Nanoparticles on Nusselt Number

The impact of the volume fraction of nanoparticles on Nusselt numbers on Water-EG, Gr/Water-EG and
Si0,-Gr/Water-EG fluids is illustrated in Figure 8. As illustrated in Figure 8, the Nusselt number for Gr/Water-
EG decreased as the volume concentration increased, this is an indication that heat transfer is dominated by
convection. Nusselt number increased for Water/EGC and SiO,-Gr/Water-EG as volume concentration increased,
indicating that heat transfer is dominated by conduction, and the Nusselt number of SiO,-Gr/Water-EG surpasses
the Nusselt number of Gr/Water-EG by 25.93%.
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MhENE

Figure 8. Effect of concentration on Nu for Water-EG, Gr/Water-EG, and SiO2-Gr/Water-EG nanofluids.

4.7. Effect of Concentration on Thermal Conductivity Enhancement

Figure 9 shows the thermal conductivity enhancement of Gr/Water-EG and SiO,-Gr/Water-EG nano-fluids
as a function of nanoparticle volumetric fraction. Enhancement is evaluated relative to the Water-EG base fluid,
with the figure showing a clear concentration-dependent improvement in thermal conductivity enhancement for
both nanofluids, where the SiO,-Gr/Water-EG hybrid nanofluid consistently outperformed the Gr/Water-EG
nanofluid across the investigated nanoparticle volumetric fraction range. This progressive enhancement which
increased with nanoparticle volumetric fraction for both nanofluid systems, confirms that particle loading improves
conductive heat-transfer potential. For Graphite/Water-EG, the enhancement rises from approximately 0.02% at
1.0 X 1072 to about 0.10% at 4.5 X 1072, indicating a near-linear improvement with concentration. The SiO»-
Gr/Water-EG hybrid nanofluid exhibits a higher enhancement over the entire range, increasing from roughly
0.067% to 0.13%. This superior response suggests that hybridization promotes a more effective thermal transport
pathway than single-particle graphite dispersion, likely due to the complementary contribution of SiO, and
graphite particles to energy transport within the base fluid.

Overall, the trend is important because the hybrid nanofluid maintains a consistent performance benefit at all
concentrations. The difference between both fluids is more pronounced at lower particle fractions and becomes
narrower at the highest concentration, where the Gr/Water-EG nanofluid approaches the hybrid nanofluid
response. This indicates that increasing graphite loading improves conductivity substantially, while the hybrid
formulation provides an earlier enhancement benefit even at lower concentration.
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Figure 9. Impact of concentration on thermal Conductivity Enhancement (%) of Nanofluids.
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4.8. Thermal-Hydraulic Performance Assessment: Heat-Transfer Enhancement Versus Hydraulic Penalty

Figure 10 presents the thermo-hydraulic performance criterion (PEC) of Gr/Water-EG and SiO,-Gr/Water-
EG nanofluids relative to the base fluid under different coolant inlet temperatures. The PEC values remained below
unity for both nanofluids, indicating that the increase in heat-transfer capability was accompanied by a higher
hydraulic penalty. Gr/Water-EG exhibited the closest approach to the neutral performance threshold (PEC = 1.0),
demonstrating a more balanced thermal-hydraulic response, whereas SiO,-Gr/Water-EG achieved higher Nusselt
number enhancement but suffered a greater reduction in PEC due to increase in the estimated hydraulic penalty.
These results highlight the importance of considering both heat-transfer enhancement and frictional losses when
evaluating nanofluids for radiator applications.
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Figure 10. Thermo-hydraulic performance criterion of Gr/Water-EG and SiO2-Gr/Water-EG nanofluids.

4.9. Enhancement Summary and Thermo-Hydraulic Assessment of Nanofluids

To provide a consolidated evaluation of the thermal and flow-performance characteristics of the investigated
nanofluids, the maximum relative enhancements in thermal conductivity, Nusselt number, Reynolds number,
viscosity variation, and thermo-hydraulic performance criterion (PEC) are summarised in Table 6. This summary
complements the preceding graphical analyses by quantitatively comparing the performance of Gr/Water-EG and
Si0,-Gr/Water-EG nanofluids relative to the Water-EG base fluid.

The comparison demonstrates that nanoparticle hybridisation enhanced the thermal transport capability of
the nanofluid system. The SiO,-Gr/Water-EG hybrid nanofluid achieved the highest thermal conductivity
enhancement (0.130%) and maximum Nusselt number enhancement (48.571%), compared with 0.099% and
17.714%, respectively, for Gr/Water-EG. The improved convective performance of the hybrid nanofluid can be
attributed to the combined contribution of graphite and SiO, nanoparticles, which enhances energy transport
pathways and modifies the thermo-physical behaviour of the base fluid.

The Reynolds number variation followed a similar trend, with the SiO,-Gr/Water-EG nanofluid exhibiting a
substantially higher relative increase (339.103%) compared with Gr/Water-EG (82.692%). However, this increase
should not be interpreted independently as a direct measure of improved thermo-hydraulic performance because
Reynolds number is influenced by changes in density, viscosity, and flow conditions. Therefore, the enhanced
convective response must be evaluated together with the associated hydraulic penalty.

The viscosity analysis indicated only marginal changes across the investigated concentration range, with
maximum increases of 0.085% for Gr/Water-EG and 0.055% for SiO,-Gr/Water-EG. Although these variations
are relatively small, the cumulative effect of modified thermophysical properties influences the frictional
behaviour and must be considered when evaluating practical radiator applications. The conventional thermo-
hydraulic performance criterion (PEC) was therefore considered to provide a more physically meaningful
assessment by incorporating both heat-transfer enhancement and frictional effects. The estimated PEC values
remained below unity for both nanofluids, indicating that the increase in heat-transfer capability was accompanied
by an increase in hydraulic penalty. Gr/Water-EG exhibited PEC values of approximately 0.98, 0.97, and 0.96 at
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50, 51, and 52 °C, respectively, demonstrating a comparatively balanced thermo-hydraulic response. In contrast,
Si0,-Gr/Water-EG achieved higher Nusselt number enhancement but showed lower PEC values of approximately
0.95, 0.92, and 0.89 over the same temperature range due to the greater relative hydraulic penalty.

Overall, the results demonstrate a trade-off between thermal enhancement and hydraulic performance. The
Si0,-Gr/Water-EG hybrid nanofluid is advantageous when maximum heat-transfer augmentation is prioritised,
whereas Gr/Water-EG provides a more balanced thermo-hydraulic response with improved compatibility for
applications where pumping requirements and energy consumption are critical considerations.

Table 6. Thermal enhancement, flow behaviour, and thermo-hydraulic performance comparison of nanofluids
relative to base-fluid.

Performance Indicator Gr/Water-EG SiO:-Gr/Water-EG Comparative Basis
Maximum thermal conductivity enhancement (%) 0.099 0.130 Relative to Water-EG
Maximum Nusselt number enhancement (%) 17.714 48.571 Relative to Water-EG
Maximum Reynolds number variation (%) 82.692 339.103 Relative to Water-EG
Maximum viscosity increase (%) 0.085 0.055 Increase from lowest to highest tested
concentration
PEC at 50 °C 0.98 0.95 Relative to Water-EG
PEC at 51 °C 0.97 0.92 Relative to Water-EG
PEC at 52 °C 0.96 0.89 Relative to Water-EG
Average PEC 0.97 0.92 Mean value across 50-52 °C

5. Conclusions

This study evaluated the thermophysical and convective heat-transfer behaviour of Water-EG, Gr/Water-EG
and SiO,-Gr/Water-EG fluids under varying concentration and inlet-temperature conditions. The findings show
that nanoparticle addition enhanced thermal performance, but the improvement is governed by the balance between
conductivity gain, viscosity rise and flow-response behaviour.

e  Increasing nanoparticle volumetric fraction improved the thermal conductivity of both Gr/Water-EG and
Si0,-Gr/Water-EG nanofluids, confirming the positive contribution of dispersed nanoparticles to heat
conduction. In contrast, increasing the EGC fraction in the Water-EG base fluid reduced thermal
conductivity, indicating that EGC enrichment lowers the conductive heat-transfer potential of the base fluid.
Viscosity increased with concentration for the base fluid and all nanofluids, showing the expected trade-off
between thermal conductivity enhancement and flow resistance.

e  The fluid-side Nusselt number increased with inlet temperature for the Water-EG base fluid and
graphite/Water-EG nanofluid, indicating improved convective heat-transfer response at elevated inlet
temperatures. However, the SiO,-Gr/Water-EG nanofluid showed a decreasing Nusselt number with
increasing inlet temperature, suggesting that the SiO,-fortified suspension is more sensitive to temperature-
induced changes in effective transport behaviour. Nevertheless, at 51 °C, the SiO,-graphite nanofluid
achieved a Nusselt number approximately 26% higher than the graphite nanofluid, demonstrating superior
heat-transfer potential under the tested condition.

e  Reynolds number increased with inlet temperature for the Water-EG and Gr/Water-EG fluid systems,
indicating an increased tendency toward stronger inertial flow and enhanced convective transport.
Conversely, the Si0,-Gr/Water-EG nanofluid exhibited a reduction in Reynolds number with increasing inlet
temperature, implying that SiO, addition modifies the flow response. Despite this, the SiO,-Gr/Water-EG
nanofluid maintained a Reynolds number 66.7% higher than the graphite nanofluid at 51 °C, confirming
stronger flow activity at the selected operating point.

e  With respect to nanoparticle volume fraction, the Nusselt number decreased for graphite/Water-EG but
increased for SiO,-Gr/Water-EG, indicating that hybridization improved concentration-dependent heat-
transfer behaviour. The SiO,-Gr/Water-EG nanofluid produced a Nusselt number 25.93% higher than the graphite-
based (Gr) nanofluid, confirming that SiO, incorporation enhances the thermal response of the hybrid fluid,
although its viscosity and Reynolds-number behaviour must be considered in practical radiator optimization.
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