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Abstract: High-performing cooling fluids are increasingly gaining prominence in thermal applications due to their 
superior heat transfer (HT) features compared to conventional coolants. This is attributed to the sub-optimal cooling 
and heat transfer limitations by conventional coolants. Reports reveal that HT enhancement includes different 
modifications to the radiator for effective heat dissipation, engineered suspensions of nanoparticles in base fluids 
ensures the direct deployment of existing radiators. In this study, reduced graphene oxide (rGO) nanoparticle was 
prepared by modified Hummer’s technique via reduction process, with graphite powder as starting material, while 
silicon dioxide (SiO₂) was commercially sought. A comparative study was conducted to investigate the heat transfer 
of de-ionised (DI) water-based rGO-SiO₂ against its individual make-ups (rGO and SiO₂). At different volumetric 
concentrations (0.1%–0.3%) and temperature (20-60°C), SiO₂-rGO|0.3 composite nanofluid achieved a thermal 
conductivity (TC) enhancement of 16.8%, 9.4%, 7.1%, and 1.8% over the DI-Water,  SiO₂|0.1, rGO|0.1, and SiO₂|0.3, 
which suggest a quick temperature equalization and better heat dissipation potential via Brownian motion, but 0.6% 
lower Tc compared to rGO|0.3 nanofluid. The viscosities of SiO₂|0.1, rGO|0.1, SiO₂|0.3, rGO|0.3 and SiO₂-rGO|0.3 
nanofluids increased by 4.5%, 8.8%, 12.2%, 17.0%, and 14.0%, respectively, which may lead to an increase in 
pumping power demand, however, the positive figure of merit (TCR>1.0) justifies the nanofluids as better alternative 
to the basefluid.  Furthermore, the Nu values of DI-Water/rGO SiO₂|0.3 was enhanced by 27.4%, 11.6%, 13.2%, 
7.6% and 3.9% over the basefluid, SiO₂|0.1, rGO|0.1, SiO₂|0.3 and rGO|0.3 nanofluids, with an observable Nu 
increment of 3.71% and 8.87% of SiO|0.3 and rGO|0.3 compared to SiO|0.1 and rGO|0.1, respectively. In conclusion, 
TC ratio of the nanofluids were above unity, indicating enhanced heat transfer capability of the nanofluids compared 
to the base-fluid, and the MATLAB implementation of the proposed nusselt number correlation, fitted from 
experimental data achieved an R2 = 0.964.  

Keywords: modified hummer’s technique; hybrid nanofluid; heat transfer; thermal conductivity ratio; nusselt 
number correlation 
 

1. Introduction  
The enhancement of heat transfer performance in automotive and industrial cooling systems has 

attracted substantial attention over the past decades. In the context of thermal energy systems, particularly 
in heating, ventilation, and air conditioning (HVAC), the complementary roles of storage, transfer, and 
delivery of heat, aids adequate thermal management (Aydin et al., 2025; CUCE, 2025; Izzah et al, 2025), 
with specific applications in building heating systems (for hot water or steam), laboratory and research 
equipment (to regulate heat in calorimetry or thermodynamic experiments), spacecraft and satellite 
thermal management (for dissipating waste heat from electronics and on-board systems through radiative 
heat transfer, e.g., international space station uses deployable radiators and satellites use radiator panels 
to maintain thermal balance), electronics and data centres for cooling high-performance computers (e.g., 
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gaming rigs, supercomputers), power generation plants for transformer cooling and generator cooling 
systems, railway and mass transit heating to heat passenger compartments in train coaches and metro 
systems,  agricultural and animal housing heating to maintain thermal comfort in greenhouses, poultry 
farms, and livestock shelters, swimming pool heating systems to control water temperatures, and  medical 
and pharmaceutical equipment to cool MRI, X-ray tubes, and CT scanners (Vadiee et al., 2020; Aacharya 
et al., 2023; Puttige et al., 2022). 

Radiators, as critical components in thermal management systems, including systems such as hybrid, 
electric, fuel cell, industrial engines aerospace systems (Li et al., 2025; Dan et al., 2023; Gong C. et al, 
2020, Yakubu et al., 2024, Madheswaran et al., 2022); require effective cooling fluids to ensure optimal 
performance and energy efficiency (Dika et al., 2025; Lipnicky et al., 2024). Traditional heat transfer 
fluids such as water, ethylene glycol, and their mixtures possess relatively low thermal conductivity, 
which limits their efficiency in high-performance applications (Bencs et al., 2021; Pacifique et al., 2023), 
and to address this limitation, nanofluids, which are fluids engineered by dispersing nanoparticles into 
base fluids are recently been deployed extensively due to their potential to significantly improve thermal 
conductivity and convective heat transfer rates (Porgara et al., 2024; Rahman et al., 2024). Among 
various nanoparticles, certain metal oxides such as SiO₂ have been widely employed due to their stability, 
low cost, and ease of preparation (Zango et al., 2025; Hashimoto et al., 2021). However, their relatively 
low thermal conductivity limits the maximum achievable enhancement (Hashimoto et al., 2021). In 
contrast, carbon-based materials, especially reduced graphene oxide (rGO), which exhibit extraordinary 
thermal conductivity and surface area, making them highly promising for thermal applications (Anegbe 
et al., 2024; Malavekar et al., 2024). On this basis, composite nanofluids, incorporating more than one 
type of nanoparticle in basefluid, have emerged as a strategy to synergize the desirable properties of 
different materials and achieve superior thermal performance (Haeri et al., 2024; Ali et al., 2018). Recent 
investigations suggest that hybrid nanofluids, particularly those combining graphene related composites, 
such as SiO₂, metal oxides, could offer significant improvements in heat transfer characteristics, yet their 
application in practical systems such as radiators remains underexplored.   

Furthermore, reports shows that studies have been conducted to investigate the thermophysical 
properties of nanofluids originating from different allotropes of the interstellar carbon (10–25% 
polycyclic aromatic hydrocarbons (PAHs) thought to hold the explanation to the origin of life), perhaps, 
to infer the impact of the different structural properties on the heat transfer capacities (Yi et al., 2021), 
including fullerenes (Quadros et al., 2022; Reding et al., 2022), carbon nanotubes (Li et al., 2020; 
Khoswan et al., 2024), and graphene (Elsaida et al., 2021; Yusuf et al., 2025), among the 703 crystal 
structures in 121 of the 230 space groups of three-dimensional carbon allotropes that have been proposed 
based on SACADA (Samara Carbon Allotrope Database) statistics (Hoffmann et al., 2016). However, 
the attributed stability and reduced pressure drop capacity of rGO marks its uniqueness for use in 
nanofluids applications for example, Bahiraei and Heshmatian (2018) reported that it stabilizes and 
prevents sedimentation or aggregation of the nanofluids. Overall, this implies that there is a dearth in 
comprehensive reports of studies on the synergistic effects of combining hybridized composite 
nanoparticles’ on overall thermo-physical properties, flow characteristics, and heat transfer rates under 
operable conditions. In an effort to bridge this gap, various studies have been conducted in this direction 
to proffer efficient and sustainable thermal management solutions, as highlighted in related studies below. 
Studies on the thermal properties of rGO-based nanofluids includes that of Sharma et al. (2024) which 
investigated the thermal conductivity of nanofluids containing graphene oxide (GO), functionalized GO 
(f-GO), and rGO. Their findings revealed that at a concentration of 0.23 wt.%, the thermal conductivity 
enhancements were 15.3% for GO, 21.8% for f-GO, and 11.9% for RGO compared to deionized water, 
and the superior performance of f-GO was attributed to increased interlayer coupling due to covalent and 
hydrogen bonding, which also contributed to better stability of the nanofluids.  

In another study, Bharadwaj et al. (2024) examined rGO-based nanofluids and reported a maximum 
thermal conductivity enhancement of 27.5% at 0.15 vol% fraction and 60 °C. The study highlighted a 
linear relationship between thermal conductivity and temperature, and a polynomial relationship with 
concentration, emphasizing the potential of rGO nanofluids in solar applications. In addition, as desirable 
as the enhancement of thermal conductivity is, the need to balance the challenges of the accompanying 
increase in viscosity, such as higher pumping power requirements, for practical application of nanofluids 
has underscored the relevance and significance of related studies such as the viscosity study by Hadadian 
et al. (2014) on the viscosity of graphene oxide/ethylene glycol nanofluids, which reported an observed  
3.4-fold increase in viscosity at a concentration of 0.005% and 20 °C. This significant rise in viscosity, 
even at low concentrations, underscores the need for careful optimization. Similarly, Cabaleiro et al. 
(2018) reported an increase in viscosity up to 130% for GO/water nanofluids at concentrations ranging 
from 0.0005 to 0.1%. These findings suggest that while nanoparticle addition enhances thermal 
properties, it also necessitates a trade-off with fluid dynamics. Additionally, on heat transfer (HT) 
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performance metrics, Ranjbarzadeh et al. (2017) investigated the convective heat transfer of 
water/graphene oxide nanofluids in a tube under air cross-flow. They reported an increase in the average 
Nusselt number by up to 51.4% at a concentration of 0.2%, indicating enhanced convective heat transfer 
performance. In another study, Bai et al. (2020) observed an increase in the Nusselt number ratio from 
1.02 to 1.18 with increasing GO concentration, demonstrating the positive impact of GO on convective 
heat transfer. Finally, on hybrid nanofluids, mixtures of different nanoparticles have been explored to 
synergistically enhance thermal properties while mitigating drawbacks like increased viscosity, including 
the study by Kazemi et al. (2020) which comparatively studied the mono and hybrid nanofluids 
containing graphene and silica. Their results indicated that hybrid nanofluids exhibited better thermal 
conductivity enhancements than their mono counterparts. Specifically, the hybrid nanofluid showed a 
27% increase in thermal conductivity at 1.0 vol.% concentration and 50 °C, highlighting the potential of 
combining graphene and SiO₂ for improved thermal performance. Consequently, all the studies above 
did not investigate the figure of merit (FOM) for which it permissible to clarify the trade-off of adopting 
nanofluid despite the increased pumping power requirement, including the SiO₂-based hybrid nanofluid. 
Furthermore, while some of these studies reveal that the integration of high thermal conductivity carbon-
based nanomaterials with stable metal oxide particles holds great promise for next-generation heat 
transfer fluids, none among these studies have specifically conducted studies on the impact of rGO-SiO₂ 
nanofluid with emphasis on its operability-based figure of merit (FOM) and efficiency as radiator coolant.   

Furthermore, application of related nanofluids include include the studies by Ponangi et al. (2021), 
which utilized ultra-low concentrated rGO nanofluid (0.002-0.006 vol. %) in a radiator, at 80 – 170, 210 
– 270, and 40 ºC and 60 ºC of hot coolant Re, air Re, and inlet temperature of hot coolant, respectively. 
They reported a maximum increase of 100.5 % and 111% for the convective heat transfer coefficient and 
effectiveness with a reduction in friction factor, respectively, at 0.006 vol. % concentration. They 
concluded that rGO nano-coolant offers great scope for reducing the radiator size and increasing its 
performance. Ong et al. (2022) utilised EG/Water-SiO2 nanocoolant in a car radiator to determine the 
thermal profile.  They reported that the 15–25 nm, SiO2 nanofluid exhibited enhanced heat transfer 
performance. They noted that the SiO2 1 vol% showed took a shorter time to achieve and maintain at 
optimal working temperature compared to other samples, with submission that SiO2 nanocoolant 
possesses slightly higher properties than the base fluid and conventional coolant. They concluded that 
the average heat transfer coefficient is directly proportional to the volume concentration of nanofluids 
and the heat transfer performance of the radiator increased with the inclusion of nanoparticles to the base 
fluid. Furthermore, the experimental and numerical studies by Joshi et al. (2024) using Graphene Amine 
based nano-coolant with varied coolant temperatures (50 °C–80 °C) and flow rates (3 l/min to 9 l/min), 
achieved an elevated Nusselt numbers, heat transfer coefficients and heat transfer rates, compared to 
EG/De-ionised water basefluid. They noted a 20% deviation in the theoretical and practical experiments. 
They concluded that a maximum heat transfer enhancement and heat transfer coefficient of 154.3 % and 
83.1% (3209.52 W/m2K),  were achieved at 80 °C temperature and 9 l/min flow rate of by the Graphene 
Amine. 

Consequent to the submissions above, investigating the performance of rGO-SiO₂ nanofluid in a 
radiator, will significantly contribute to the fundamental understanding of hybrid nanofluids, and also 
provide practical insights for enhancing cooling system efficiency in automotive and industrial 
applications, as it further bridges the current research gap on development of more efficient and 
sustainable thermal management technologies from synthesis to application.  

2. Materials and Method 
The various materials and test-rig for the experiment were prepared and tested. For the nanofluid 

preparation, Silicon oxide (SiO₂) was commercially sought, while rGO was synthesized from graphite 
powder (using Sodium nitrate, potassium permanganate, sulphuric acid, hydrogen peroxide and distilled 
water). The sequential process summary involved is given in Figure 1. 

2.1. Modified Hummer’s Method: rGO Preparation 
Improved strategies of nanoparticle synthesis for sustainable environment and renewable energy have 

remained the foundation of recent processing of nanofluids (Behera et al., 2025; Abady et al., 2024), 
including the use of surfactants for stability (Cakmak et al., 2020). But, surfactant addition impacts the 
overall property of the nanofluid (Kaggwa et al., 2023; Wang et al., 2021; Shamsuddin et al., 2021), a 
case this study tried to avoid by not using surfactant. In this study, the starting material, commercially 
sought graphite powder 99.9 % (Alfa Aesar Co.) of 0.5g was chemically exfoliated using the modified 
Hummers via its addition to a continuously stirred mix of 27 ml and 3 ml concentrated sulphuric acid 
(H2SO4) and phosphoric acid (H3PO4), at 9:1 volume ratio, respectively. Then, potassium permanganate 
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(KMnO4) of 3g was measured and slowly added to the solution, with 4-hours of continuous stirring. 10 
ml of hydrogen peroxide (H2O2) was gradually added to the resulting darkish-green solution to eliminate 
excess of KMnO4 within 1hour of continuous stirring, and the solution of the ensuing exothermic 
reaction was cooled. Both hydrochloric acid (HCl) and deionized (DI) water of 10 ml and 30ml were 
respectively added, and the obtained solution was centrifuged at 5000 rpm for 10 minutes. The 
supernatant layer was decanted while the residuals was re-washed thrice with HCl and DI water to obtain 
the GO sample, which was heated at 300°C of 5°C min−1 for 2hours to produce the exfoliated reduced 
graphene oxide (rGO). 

 
Figure 1. Summary of rGO Synthesis Process.   

The water based mono SiO₂, rGO, and hybrid composite of rGO-SiO₂ samples were prepared via 
dispersion at a different volume concentrations (0.1% and 0.3%). The various water based fluids were 
ultrasonicated for 12-hours, and it was visually confirmed that there were no particle agglomeration and 
sedimentation. These nanofluids were prepared before the experimental application, in the next phase, 
and the material specifications used in the set-up are highlighted in Table 1.  

Table 1. Material List and Technical Specification.  
S/N Measurement Device Range Specification / Uncertainty 

1 Flow Meter 2 – 40L/min Standard Analogue / ±0.17 L/min 

2 Thermocouple -50 – 750 oC Type K / ±0.035oC 

3 
4 
5 
6 
7 
8 
 
9 

Pressure Gauge 
Boiling Ring 
Water Pump 
Pipes, clips and hoses 
Frame fabrication 
Electrical wires and 
extension outlets 
Honda Radiator 
(Down-flow radiator) 

1 – 1931kPa 
220 -240V 
 

Bourdon tube/ ±0.24kPa 
1500W 
0.373kW, 2.1A, 50Hz, (Maximum flow: 
40l/m) 
Materials: Plastic, metal and flexible rubber 
Mild steel frame 
10A, 220V, 50/60Hz 
1litre 

The developed test rig (Figure 2), comprised of a reservoir, circulation, and measurement components 
in a closed-loop fluid system, assembled on a mobile steel frame for portability and experimental 
flexibility. 
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(a) 

   

(b) 

Figure 2. Experimental Set-up: (a) Schematic view; (b) Pictorial view. 

The test-rig components include a single-row Aluminum core, tube and fin, radiator with cooling fan, 
25-liter high-density polyethylene (HDPE) container served as the primary fluid reservoir, centrifugal 
pump (0.5 hp, 5-35L/min., and 220v (A/C)), and piping network (¾-inch and 1-inch PVC pipes, elbows, 
unions, and T-joints) for fluid transport to simulate typical industrial piping configurations, as well as 
Gate valves for flow regulation and section isolation. Valves were integrated into the circuit to control 
fluid flow, and hose clamps were used to ensure leak-tight connections of the reinforced flexible tubing 
utilised at critical junctions for easy dismantling and vibration-isolation. All these measuring instruments 
provide real-time data on the fluid dynamics during experimentation. Detail specification of the radiator 
is given in Table 2. 

Table 2. Specifications of Radiator.  
S/N Parameter Value (mm) 

1 Tube numbers  34 

2 Radiator length 371 

3 Width of Radiator  527 

4 Width of the radiator tube 37.5 

5 Length of Tube 355 

6 Length of Fin 9 
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7 Thickness of Fin   0.0008 

8 Distance between adjacent fins 14 

At different volumetric fractions, the tank receives the nanofluids.  The pump is switched off to allow 
the nanofluid sample inside the tank to heat up and reach the intended temperature for the test (for 
example, 50 oC). Once this maximum temperature has been reached, the pump is switched on and the 
nanofluid sample is able to be pumped into the radiator. The fluid exiting the radiator flows back to the 
storage tank, for the cycle to repeat itself, and records of the process parameters (temperature, pressure, 
flow-rate, etc.) are taken at intervals in order to analyse the fluid flow characteristics. 

2.2. Uncertainty Analysis 
For this study, the uncertainty analysis was conducted by determining the measurements’ error. Errors 

in the measurement of volume flow rate and hydraulic diameter of the tubes are responsible for the 
uncertainty range of both Reynolds number and Nusselt number (Nu), and errors in the measurement of 
temperatures additionally affect Nu.  According to Moffat’s (1988) diffusion theory, equation 1 was used 
to estimate the uncertainty in the equipment measurements as shown in Table 1.0. Further runs were 
conducted to verify the reproducibility of the experiment.  

UR = �∑ �∂R
∂Vi

Uvi�
n
i �

1
2  (1) 

2.3. Experimental Equations 
The thermal properties of the samples, base fluids, mono, and hybrid nanofluids were first determined, 

for example, temperatures (using thermocouples), and substituted to obtain various thermal properties. 
Volume fraction: 

∅hnf =
�w ρ� �

i
+ �w ρ� �

j

�w ρ� �
i

+ �w ρ� �
j

+ �w ρ� �
bf

 (2) 

Density:  

ρhnf = ρi∅i + ρj∅j + (1 − ∅hnf)ρDW (3) 

Specific heat capacity: Thermal equilibrium based model,  

Cp,mnf =  
∅�ρCp�n + (1 − ∅)�ρCp�bf

∅ρn + (1 − ∅)ρbf
 (4) 

Cp,hnf =  ρi∅iCp,i + ρj∅jCp,j + (1 − ∅hnf)ρdw (5) 

For the equations above Ø, ṁ, ρ, Cp are the volume fraction, mass, density, specific heat capacity of 
the fluids. 

Kmnf = Kbf
Knp + 2Kbf − 2∅�Kbf − Knp�
Knp + 2Kbf + ∅�Kbf − Knp�

 (6) 

Khnf = Kbf

⎝

⎜
⎛
�∅npiKnpi + ∅npjKnpj�

∅i,j
+ 2Kbf + 2�∅npiKnpi + ∅npjKnpj� − 2∅i,jKbf

�∅npiKnpi + ∅npjKnpj�
∅i,j

 +  2Kbf  −  �∅npiKnpi + ∅npjKnpj�  +  ∅i,jKbf⎠

⎟
⎞

 (7) 

In addition, the newton’s cooling relation is utilized to determine the Nusselt number (Nu) and 
coefficient of heat transfer (h) as follows; 

Heat transfer coefficient: 

Q = hAs(Tb − TS) (8) 
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Bulk Temperature:   

Tb =
Tin + Tout

2
 (9) 

Tube wall temperature:   

Ts =
T1 + T2 + ⋯ . +T8

8
 (10) 

Heat transfer rate:   

Q = ṁCp∆T =  ṁCp(Tin − Tout) (11) 

where, mass flow rate:  ṁ = ρṾ 
Substituting equation (11) into (8), and re-arranging; 
Heat transfer coefficient (h):   

hexp =
mCp(Tin − Tout)

As(Tb − Ts)  (12) 

Propagated relative uncertainty in h: 

𝛿𝛿ℎ
ℎ
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𝛿𝛿ṁ
ṁ
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2

+ �
𝛿𝛿𝐶𝐶𝑃𝑃
𝐶𝐶𝑃𝑃

�
2
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𝛿𝛿(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)
(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)

�
2

+ �
𝛿𝛿𝐴𝐴𝑠𝑠
𝐴𝐴𝑠𝑠

�
2

+ �
𝛿𝛿(𝑇𝑇𝑏𝑏 − 𝑇𝑇𝑠𝑠)
(𝑇𝑇𝑏𝑏 − 𝑇𝑇𝑠𝑠) �

2

 (13) 

Reynolds Number (Re):    

Reexp =  
ρ × V × D

μ
 (14) 

Uncertainty in Re is dependent on 𝜌𝜌,𝑉𝑉,𝐷𝐷, 𝑎𝑎𝑎𝑎𝑎𝑎 𝜇𝜇, as: 

Reexp =  
ρ × V × D

μ
=  
𝜌𝜌𝜌𝜌
𝜇𝜇

 ×
𝑄𝑄

𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝐴𝐴
  

Re Uncertainty is computed as: 

𝛿𝛿𝛿𝛿𝛿𝛿
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2
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𝜇𝜇
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2

 (15) 

Nusselt number (Nu):   

Nu =
Econv
Econd

=  
hexp × Dh

k
 (16) 

Relative uncertainty in Nu: 

𝛿𝛿𝛿𝛿𝛿𝛿
𝑁𝑁𝑁𝑁

= ��
𝛿𝛿ℎ𝑒𝑒𝑒𝑒𝑒𝑒
ℎ𝑒𝑒𝑒𝑒𝑒𝑒

�
2

+ �
𝛿𝛿𝛿𝛿ℎ
𝐷𝐷ℎ

�
2

+ �
𝛿𝛿𝛿𝛿
𝑘𝑘
�
2

 (17) 

Where the hydraulic diameter:  

Dh =  
4 × A

P
  

The pumping power requirement by nanofluids necessitates the need for a figure of merit (FOM); 
Thermal Conductivity Ratio: 

TCR =
Knf

Kbf
 (18) 

Note: h, As, Tb, Ts, K, V, D, Econv, Econd are the heat transfer coefficient, surface area, bulk temperature, 
tube-wall surface temperature, thermal conductivity, velocity, internal diameter, thermal energy 
exchanged by convection and conduction, respectively. Subscript i and j represents SiO₂ and rGO; SiO₂-
rGO = i, j nanoparticles; while Ti and To are inlet and outlet temperatures, and subscripts mnf and hnf 
are mono and hybrid nanofluids, respectively.  
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3. Result and Discussion 
The results in terms of thermos-physical properties, heat transfer coefficient, figure of merit in 

relation to pumping power is elucidated in this section. 

3.1. Hybrid Composite Characterisation 
Particle morphologies were observed by scanning electron microscopy (SEM) model Jeol JSM-

6010LV at a magnification of 1000× using a 15 kV accelerating voltage under Backscattered Electron 
Detector (BSD FULL) mode. The SEM image of rGO sheets reveals a disordered, crumpled-sheet-like 
morphology characteristic of rGO nanosheets. The bright regions represent agglomerated rGO flakes or 
clusters, whereas the darker areas are indicative of the porous structure and interstitial voids between 
sheets. This irregular texture, marked by overlapping and entangled lamellar structures, is a strong 
indication of the successful chemical reduction of graphene oxide (GO), where oxygen-containing 
functional groups are partially removed, leading to restacking and folding of the graphene sheets due to 
van der Waals attractions. The lateral size of the visible rGO flakes is observed within ~100 nm (Figure 
3), which aligns with expectations for chemically synthesized graphene derivatives. The presence of 
voids and wrinkled textures provides evidence of high surface area and structural defects, both of which 
are beneficial for applications such as energy storage, catalysis, and thermal transport. 

 
Figure 3. SEM Image of synthesized rGO. 

Notably, the rough and uneven topography also implies potential interfacial compatibility, of multi-
layered rGO structures with retained structural defects and wrinkles. Such features are critical for 
facilitating electron transport and anchoring nanoparticles or other functional agents in hybrid systems. 
The nanoscale thickness and irregular shape of the flakes further enhance the surface-to-volume ratio, a 
parameter crucial for adsorption, sensing, and catalytic applications. 

3.2. Thermal Properties  
The thermal properties (viscosity and thermal conductivity) of the base fluid and nanofluid samples 

at different temperatures range of are analysed in the given range 20 °C to 60 °C. 
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Figure 4. Viscosity of the basefluid and different nanofluid samples. 

In Figure 4, which illustrates the plot of the different viscosities of the experimental samples against 
temperature, observation reveals that the basefluid and rGO|0.3 were the least and most viscous of the 
sample set, and viscosity decreased with increase in temperature.  The basefluid viscosity is lower than 
the SiO₂|0.1, rGO|0.1, SiO₂|0.3, rGO|0.3 and SiO₂-rGO|0.3 nanofluids by 4.5%, 8.8%, 12.2%, 17.0%, and 
14.0%. Further observation reveals that SiO₂-RGO|0.3 is less viscous than rGO|0.3 nanofluid, which 
implies a better flow and mixing potential. 

 
Figure 5. Thermal conductivity of the samples at different temperatures. 

The impact of temperature on the thermal conductivity (TC) of the basefluid and nanofluids are 
illustrated in Figure 5. Observation shows that the DI water and rGO|0.3 had the least and highest TCs, 
with an increase in the TCs of all the fluids as temperature increases. The TC enhancement of the SiO₂|0.1, 
rGO|0.1, SiO₂|0.3, rGO| 0.3 and SiO₂-RGO|0.3 nanofluids were 6.7%, 9.03%, 14.7%, 17.5% and 16.8%, 
respectively. In addition, rGO|0.3 had a higher TC of 0.64% over the SiO₂-RGO|0.3 nanofluid.  

3.3. Figure of Merit (FOM) and Enhancement 
The thermal conductivity ratio (TCR) for the water based SiO₂|0.1, rGO|0.1, SiO₂|0.3, rGO|0.3 and 

SiO₂-rGO|0.3 were evaluated for how much they measure as alternatives.  To be considered as better 
alternatives to the basefluid, TCR > 1 is a practical measure to ensure better heat transfer characteristics. 
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Figure 6. Combined surface plot of TCR and TCE over Temperature. 

Figure 6 illustrates the thermal conductivity ratio (TCR) and thermal conductivity enhancement (TCE) 
of the experimental samples as a function of temperature. The average values of the TCR (yellow surface 
plot) are 1.07, 1.08, 1.15, 1.175 and 1.167 for SiO₂|0.1, rGO|0.1, SiO₂|0.3, rGO|0.3 and SiO₂-RGO|0.3, 
respectively. Each of this values are above unity (>1), indicating that they are better alternatives to the 
basefluid,  for example, the higher the Mo value (Mo > 1), the better will be its heat transfer 
characteristics, despite being more viscous. rGO|0.3 has the highest TCR with the elevation being more 
pronounced at 60oC. Additionally, the mesh plot shows the distribution of the TCE of the sample set. 
While the average TCE’s of SiO₂|0.1, rGO|0.1, SiO₂|0.3, rGO|0.3 and SiO₂-RGO|0.3 are 6.7%, 8.9%, 
17.5% and 16.7%, respectively; rGO|0.3 has the highest TCE at 60oC, which is 4.33% higher than SiO₂-
RGO|0.3 nanofluid.   

 
Figure 7. Heat transfer coefficient (h) of samples at different Reynolds number (Re). 

The Figure 7 reveals the heat transfer coefficient of the samples (base fluid and nanofluids) at varying 
Re values. The nanofluids, SiO₂|0.1%, rGO |0.1%, SiO₂|0.3%, rGO|0.3% and SiO₂-rGO|0.3%, were 23.2%, 53.22%, 
56.3%, 104.0% and 121.8% higher over the basefluid. Within the Re range of 4100 to 7100, the figure 
shows a slight increase in heat transfer at Re 4100 to 4600, thereby implying slight heat transfer rate per 
unit area over time. Overall, the increased heat transfer coefficient is an indication of an enhanced mixing, 
and increased rate of heat transport within the fluid. SiO₂-rGO|0.3%, had the highest heat transfer 
coefficient. 
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Figure 8. Impact of mass flow rate (ṁ) on Reynolds number (Re). 

Figure 8 illustrates the influence of mass flow rate on Reynolds number (Re), with rGO|0.3% and DI 
water samples having the highest and the least Re. Furthermore, the highest and least Re values were 
achieved at mass flow rates of 25 l/min and 5 l/min. The result shows that increase in volume fraction 
increased the Reynolds number for both mono nanofluids. 

 
Figure 9. Impact of mass flow rate (ṁ) on Nusselt number. 

Figure 9 shows the impact of mass flowrate on Nusselt number (Nu), observation shows that increase 
in mass flow rate (m) leads to increase in Nu, with a record of the least and the highest Nu being obtained 
at 5 l/min and 25 l/min. For all the samples, result shows that at different mass flow rate, RGO|0.3 has 
the highest Nu, in contrast to DI water with the least Nu. The result shows that increase in volume fraction 
increased the Nusselt number for both mono nanofluids. 
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Figure 10. Nusselt number (Nu) of samples at different Reynolds number (Re). 

The Figure 10 illustrates the relationship of Nusselt numbers of the experimental samples at varying 
Reynolds number. Statistical observation shows that the maximum deviation of the rGO|0.3% samples 
is 28.5% higher than the basefluid. Meanwhile, SiO₂| 0.1 %, rGO| 0.1 %, SiO₂ | 0.3 %, and SiO₂-rGO| 0.3 %, were 
14.7%, 16.3%, 23.8, and 25.0%, respectively. Furthermore, visual inspection reveals that Nu increased 
with Reynolds number, with the nanofluids exhibiting higher Nu values. This may be attributed to the 
enhanced heat transfer performance resulting from the increased thermal conductivity of the nanofluid 
which allows for a more efficient heat transfer. The increasing Nu value with increasing Re indicates 
increment in mixing and heat transfer rates, as well as turbulent flow potential, which is led by rGO|0.3% 
sample. This may result from the thinning of the thermal boundary layer at higher Reynolds numbers, 
which enhances the convective heat transfer process. 

3.4. Propagation of Uncertainties 
The uncertainties determined for the Reynolds number, heat transfer coefficient and Nusselt number 

based on experiment are summarized in Table 3.  

Table 3. Uncertainties in h, Re and Nu. 
Q (L/min) 𝛿𝛿ℎ (%) 𝛿𝛿𝛿𝛿𝛿𝛿 (%) 𝛿𝛿𝛿𝛿𝛿𝛿 (%) 

5 % 3.63% ± 3.40% ± 3.76% 
15 % 1.70% ± 1.14% ± 1.97% 
25 % 1.43% ± 0.69% ± 1.75% 

According to Table 3, it may be inferred that at low flow rate (5 L/min) uncertainties are noticeably 
larger, whereas, at 15–25 L/min they fall to around 1–2%. The Re uncertainty falls with flow, resulting 
from the flow meter’s uncertainty value (±0.17 L/min). Furthermore, the relationship of Q, which grows 
wtih the fractional error (0.17/Q), which shrinks, may influence the δRe% drop from ~3.4% at 5 L/min 
to ~0.69% at 25 L/min. Heat-transfer uncertainty (δh) and Nusselt uncertainty (δNu) follow the 
same trend, and as the h and Nu depend on multiple measured quantities (temperatures, area, Cp, k), 
additional independent uncertainty contributions remain even when flow uncertainty is small, making 
them slightly larger than δRe. 

3.5. Regression Fitting for Nusselt Number (Nu) 
Using least square regression method, which was implemented in MATLAB, the average Nusselt 

number correlation was obtained based on the experimental data, and this is given in the equation [17];  

ln(Nu) = 0.4292ln(Re2) + 0.0201ln(∅μ) − 0.4937ln(μ) − 0.04301ln(Pr2) (17) 

This is valid for 0 ≤ ∅ ≤ 0.3% 
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Figure 11. Proposed equation showing predictive correlation on experimental data 

According to Figure 11, which compared the predicted and the actual Nu value, Points close to the 
red dashed line indicate a goodness of fit of the model. Observation reveals that R² (= 0.9640) which 
quantifies how well the regression model explains the variability in the data is within 0.95 < R2 <1.0, 
which is of a high predictive capability. 

4. Conclusion 
This study investigated the thermo-physical and heat transfer performance of various nanofluids, 

including mono and hybrid composition of SiO₂, rGO, and SiO₂–rGO nanoparticles dispersed in 
deionized water.  The SEM morphological analysis of the synthesized rGO particle showed aggregated 
and wrinkled sheet-like structure. Viscosity measurements revealed that all nanofluids exhibited a 
decreasing trend with increasing temperature, with rGO|0.3 exhibiting the highest viscosity, while the 
basefluid remained the least viscous. Notably, the SiO₂–rGO|0.3 nanofluid showed improved flow-
capability compared to rGO|0.3, indicating better mixing potential. Thermal conductivity enhancements 
were observed across all nanofluids, increasing with temperature. rGO|0.3 nanofluid exhibited the 
highest thermal conductivity enhancement (17.5%), slightly outperforming the SiO₂–rGO|0.3 hybrid 
nanofluid. The thermal conductivity ratio (TCR) and enhancement (TCE) also exceeded unity for all 
nanofluids, confirming their thermal performance superiority over the basefluid. The highest TCR and 
TCE were recorded at elevated temperatures, with rGO|0.3 exhibiting peak values. Heat transfer 
coefficients across the Reynolds number range (4100–7100) indicated significant enhancements, 
particularly for the SiO₂–rGO|0.3 nanofluid, which achieved a 121.8% improvement over the basefluid. 
The influence of mass flow rate on Reynolds and Nusselt numbers demonstrated that higher flow rates 
led to increased convective heat transfer. rGO|0.3 consistently exhibited the highest Nusselt numbers 
across flow conditions, while the basefluid remained the lowest. A regression-based Nusselt number 
correlation was developed using the least squares method, achieving a strong predictive accuracy with 
R² values between 0.95 and 1.0. This correlation effectively predicted relationship between flow 
dynamics and fluid properties within the tested volume fraction range (0–0.3%). 
Overall, the findings affirm that rGO-based and hybrid nanofluids significantly enhance heat transfer 
performance, with SiO₂–rGO hybrids offering a beneficial compromise between thermal conductivity 
and viscosity. These results underscore the potential application of such nanofluids in advanced thermal 
management systems, particularly where efficient heat transport and stability are critical. 
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