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Effective thermal management in automotive radiators is crucial for engine performance,
yet conventional coolants limit heat dissipation. This study presents a novel numerical
investigation of the effects of three types of nanofluids (Al2Os/base fluid, CuO/base fluid
and hybrid Al:Os—CuO/base fluid; base fluids are pure water and a 40:60 ethylene
glycol/water) on the heat transfer performance of automotive radiators. Numerical
simulations were studied with Reynolds numbers from 250 to 1750 and nanoparticle
concentrations from 1% to 7%. The results showed that the convective heat transfer
coefficient was significantly improved when using nanofluids. The most significant
enhancement was observed in the Al.Os—pure water nanofluid, with an improvement of up
to 32% at Re = 1750 and a nanoparticle concentration of 7%. The results also indicated
that the relative improvement rate of the convective heat transfer coefficient for
nanoparticles in the EG/W mixture was higher than in pure water. Furthermore, the
findings suggested that to fully realise the potential of hybrid nanofluids, several factors,
including nanoparticle mixing ratios, dispersion stability, interparticle interactions, and

flow conditions, must be carefully optimised.

1. INTRODUCTION

Thanks to continuous advancements in science and
engineering, internal combustion engines in modern
automobiles have achieved high thermal efficiencies, driven
by technologies such as turbocharging, direct fuel injection,
and lean-burn combustion under optimized operating
conditions. However, these engines are constantly subjected to
high thermal loads; therefore, to maintain engine performance
and longevity, effective thermal management becomes a key
factor. To achieve this, the cooling system must dissipate
excess heat, maintain the engine at its optimum operating
temperature, and enable rapid thermal stabilization during
start-up [1].

At the heart of the cooling system lies the radiator, which
serves as the primary component responsible for rejecting heat
generated during engine operation. A typical radiator
comprises three main sections: (1) the upper tank, which
receives hot coolant from the engine; (2) the lower tank, which
supplies cooled fluid back to the engine; and (3) flat tubes with
attached fins that facilitate heat exchange with ambient air. As
coolant flows through the tubes, it is cooled by airflow passing
over the fins. However, due to the flat geometry of the tubes
and fins, the heat transfer area is limited, resulting in
suboptimal thermal performance. Conventional coolants,
typically a water and ethylene glycol (EG) mixture, offer
benefits such as anti-freezing and elevated boiling points [2],
but suffer from low thermal conductivity and poor
performance under extreme or rapidly varying heat loads [3].
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To solve this problem, several studies have focused on
enhancing fin geometry (e.g., corrugated, perforated, or multi-
layer fins) to increase the surface area for heat exchange [4-6].
While effective, these approaches are approaching their
practical design limits [7, 8]. In light of rising fuel costs and
the demand for increased energy efficiency, downsizing the
cooling system, including the radiator, is a promising direction.
However, reducing the radiator's size while relying on
conventional coolant leads to a further drop in thermal

performance due to inherent limitations in thermal
conductivity.
Nanofluids, base fluids engineered with suspended

nanoparticles, represent a promising solution for thermal
management challenges. Their high surface-area-to-volume
ratio and superior thermal properties enable significantly
enhanced conductivity compared to conventional coolants [9-
11]. In the automotive sector, nanofluids have shown potential
for enhancing heat dissipation while facilitating system
miniaturization. For instance, Leong et al. [12] reported that
using a copper/EG nanofluid in automotive radiators increased
the heat transfer rate and overall heat transfer coefficient by up
to 3.8%. Peyghambarzadeh et al. [13] observed a 45%
improvement in cooling efficiency using water/Al:Os
nanofluids. Other studies involving CuO, Fe:Os [14-16] or
carbon nanotubes (CNTs) [17], have shown significant
enhancements in the heat transfer coefficient (8—55%) and
Nusselt number (up to 90.76%). Ferrdo Teixeira Alves et al.
[18] further demonstrated that Al.2Os:—CuO hybrid nanofluids
improved the Nusselt number by 16.64%. More complex
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hybrid nanofluids, such as TiO:-Cu- Ag [19], ZnO-TiO- [20],
ALO3/CuO/water-EG [21], CuO-MgO-TiO: [22], have also
shown promising results, with thermal performance
improvements of up to 46%.

Building on these advancements, this study investigates the
convective heat transfer performance of nanofluids containing
AlL:Os, CuO, and their 50:50 hybrid mixture, dispersed in two
base fluids: pure water and a 60:40 water/ethylene glycol
mixture. Nanoparticle volume concentrations of 1%, 3%, 5%,
and 7% are examined. A representative tube model of a car
radiator is simulated using ANSYS Fluent, employing CFD
techniques to analyze heat transfer performance via the
Nusselt number and convective heat transfer coefficient.

2. CALCULATION OF
PROPERTIES OF NANOFLUIDS

THERMOPHYSICAL

The thermophysical properties of nanofluids were estimated
using well-established theoretical models that have been
validated and widely applied in previous research [23, 24]. The
investigated nanofluid systems include:

Nanoparticles: Al20s, CuO, and a hybrid mixture
(50% AlOs + 50% CuO);

Base fluids: pure water and ethylene glycol/water
mixtures with volume ratios of 20:80 and 40:60.

The thermophysical properties of the base fluids were
obtained from established data sources [25, 26]. It is assumed
that the nanoparticles are uniformly and stably dispersed
within the base fluid, enabling the use of effective medium
theory to estimate the bulk properties of the nanofluid. The
following models were employed for the calculation:

Density:

Prg = @pp + (1 = @)ppy (1
Specific heat capacity:
(pcp)nf = (p(pcp)p +(1- (p)(pcp)bf (2)

Thermal conductivity (Maxwell model for sperical paricles):

.- ky + (© — Dkyp — o(® — 1) (kyy — k)
YTk, + (@ = Dkyy + ok — k)

pr  (3)

where, the shape factor is assumed to be ® = 3 for spherical
particles [27, 28].
Viscosity (for pure water as the base fluid):
tnf = tor(1239° +7.39 + 1) “4)
where, the indices “nf”, “bf”, and “p” denote nanofluid, base
fluid, and particles, respectively.

In the case of ethylene glycol/water mixtures as the base
fluid, the same equations remain valid for nanoparticle volume
fractions up to 3%, as supported by Sharma et al. [29]. The
Maxwell model was selected for its proven accuracy with
spherical particles at low concentrations (up to 7%), as
validated in prior studies [23, 24]. Factors such as Brownian
motion and particle agglomeration were not incorporated, as
the single-phase homogeneous approximation assumes stable
dispersion and negligible dynamic effects under laminar flow
conditions, consistent with the low nanoparticle fractions and
validated models used here [30]. Future work could extend to

multiphase models for higher concentrations or unstable
dispersions.

In addition to single-component nanofluids, this study also
investigates hybrid nanofluids (Al:0s—CuO at a 50:50 ratio),
which have demonstrated enhanced thermal performance.
According to Sudarmadji et al. [31], such hybrid systems can
achieve up to 83% improvement in heat transfer due to
synergistic effects, including particle resonance and
intensified Brownian motion.

The effective properties of hybrid nanofluids were
computed using a weighted average approach:

Density of hybrid nanofluid:

Pnf = D1pp1 + D2ppz + (1 — @1 — B2)ppr )
Wlth @1 = @2 = @/2.
Specific heat capacity of hybrid nanofluid:
(pCp)nf = ®1(pcp)p1 + Q)z(PCp)pz +(1-9, (6)

- Q)Z)(pcp)bf

where, p1, p2 refer to Al,O3 and CuO.

These models have been reported to agree well with
experimental data in numerous studies [25, 32] and were
adopted as input parameters for the CFD simulations
conducted in ANSYS Fluent. The full list of thermophysical
properties used in the simulations is summarized in Table 1.

Table 1. Thermal properties of base fluids, nanoparticles and

nanofluids
. . Thermal .
. Density-p, Viscosity- conductivi Specific
Materials (kg/m?) H, ty-k heat-Cp,
(kg/m.s) (W/m.K) (kJ/kgK)
Pure water 992 0.00065 0.633 4174
20:80%
EG/W 1008 0.0019 0.58 4020
40:60%
EG/W 1055.39 0.00226 0.412 3502
ALO3 3960 - 40 773
CuO 6000 - 33 551
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Note: EG/W - ethylene glycol/water

3. NUMERICAL SIMULATIONS

3.1 Geometry and mesh

The geometrical configuration of the automobile radiator is
shown in Figure 1. The radiator consists of flat tubes integrated
with corrugated fins to optimize heat transfer between the
internal working fluid and ambient air. Each tube has principal
dimensions of 21 mm (width, a), 4 mm (height, b), and 315
mm (length, c). The wall thickness is 0.2 mm. The thickness
of the fin is 0.1 mm, and the number of fins on the tube is 34.
As documented in prior research, these dimensions align with
standard commercial automotive radiator designs [32].

3.2 Governing equation

The governing equations for fluid flow and heat transfer
within the radiator are formulated and solved in Cartesian
coordinates, as ANSYS Fluent adopts this coordinate system
for implementing the conservation equations of mass,



momentum, and energy. The radiator geometry is fully defined
and embedded into a structured computational mesh to ensure
numerical accuracy and simulation results convergence [33].

2 =21 mm o
b= i
31 St

Figure 1. 3D geometry of the radiator tube (left) and
computational mesh model (right)

Continuity equation:
The conservation of mass for incompressible flow is
expressed as:

d
3 (V) =0 )

where, V; is the component of the velocity vector in the i-th
direction (m/s).

Momentum equation:

4] dp Op av;
a—x[(Pansz) = _a_x]-+ a—xj<llnf <6_xl)> (3

where, p, is the density of the nanofluid (kg/m?), p is the
pressure (Pa), i, is the dynamic viscosity of the nanofluid
(kg/m.s) and i, j € {1, 2, 3} represent the spatial coordinates.

Energy equation:
The conservation of energy for the nanofluid is given by:

O (onsConeViT) = 2k (aT) 9
axi pnf pnfVi _axi nf axi ()

where, C,u is the specific heat capacity of the nanofluid
(J/kgK), T is the temperature of the fluid (K) va K, is the
thermal conductivity of the nanofluid (W/m.K).

3.3 Boundary conditions

The numerical simulations investigated laminar flow
conditions across Reynolds numbers (Re) of 250-1750
(specifically 250, 500, 750, 1000, 1250, 1500, and 1750).
Comparative analysis of convective heat transfer coefficients
(h) between pure water and ethylene glycol/water (EG/W)
base fluid was performed at four inlet velocities (0.05, 0.10,
0.15, and 0.20 m/s).

Boundary Conditions:

e Inlet: Uniform velocity profile with temperature
fixed at 353.15 K (80°C)

e Qutlet: Pressure outlet (0 Pa gauge pressure)

e  Walls: No-slip condition for all solid boundaries

e Interfaces: Conservative interface flux at fluid-
solid boundaries

e  Ambient: Air temperature maintained at 303.15 K
with external convective coefficient of 50 W/m?-K
(representing vehicle speed of 72 km/h)

The hydraulic diameter of the flat tubes was calculated as
0.00613 m based on their cross-sectional dimensions (21 mm
width x 4 mm height).

Modeling Assumptions:

e Incompressible nanofluid with constant density
(pressure- and temperature-independent within the
studied range);

e Laminar flow regime with negligible viscous
dissipation effects;

e Single-phase homogeneous fluid approximation,
validated by previous studies [30], for:

—  Well-dispersed nanoparticles

—  Effective thermophysical properties

— Hydrothermal behavior comparable to
pure liquids

Numerical scheme:

The finite volume method (FVM) in ANSYS Fluent 19.2
solved the governing equations (continuity, momentum,
energy) with:

e Double-precision arithmetic

e SIMPLE algorithm for pressure-velocity coupling

e  Second-order upwind discretization

e Convergence criterion: residuals < 10 for all
equations

3.4 Mesh independence study

To optimize the computational model, a mesh independence
study was performed in ANSYS Fluent to (1) minimize
computational cost while (2) ensuring solution accuracy.
Multiple mesh configurations with progressively refined
element densities were evaluated by monitoring the coolant
outlet temperature as the convergence criterion (Figure 2). The
second size (1,074,150 elements) is utilized in this study.
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Figure 2. Mesh convergence analysis

4. RESULTS AND DISCUSSION

4.1 Calculation of average heat transfer coefficient and
average Nusselt number

The average convective heat transfer coefficient havg and



average Nusselt number Nuavg were determined using
Newton's law of cooling and thermo-fluid parameters obtained
from CFD simulations. The total heat transfer from the coolant
to the inner tube wall is expressed as:
Q= hangs(Tb - Ty) (10)

where, Ay is the inner surface area of the tube, T, denotes the
average tube wall temperature, and 7} is the average coolant
temperature.

The average heat transfer coefficient was calculated directly
from the heat flux density using:

n

q

havg - Tb — Ts (11)

Here, q"' represents the mean heat flux density across the
tube wall (W/m?), obtained from the Total Surface Heat Flux
field using the Area-Weighted Average function (Surface
Integrals tool) in Ansys Fluent. The tube wall temperature Ts
was similarly determined by area-weighted averaging of the
Wall Temperature field data. The mean fluid temperature Tb
was computed as a mass-weighted average across the entire
fluid domain using the Volume Integrals > Mass-Weighted
Average function.

The average Nusselt number was subsequently calculated
as:

havg Dh
k

(12)

Nugpg =

where, Dy is the hydraulic diameter and & is the thermal
conductivity of the fluid.

4.2 Simulation model verification

To validate the accuracy of the CFD model, the present
study replicated simulations using pure water as the working
fluid, adopting the geometric configuration and boundary
conditions reported by Hussein et al. [34]. The thermophysical
properties of pure water were also taken from the same source.
Unlike the original study, which simplified the model by
neglecting the tube wall thickness and excluding the fins, the
current model incorporates these features to more accurately
represent the actual structure of an automotive radiator.
Nusselt number data from the reference study were extracted
using the WebPlotDigitizer software, as the original
publication did not provide tabulated data. The simulation
results were then compared with the reference data, as shown
in Figure 3. The results demonstrate that the present model
successfully reproduces the increasing trend of the Nusselt
number with Reynolds number. The average deviation
between the two datasets of Nusselt number is approximately
10.3%, which is considered acceptable in light of the
differences in physical modeling and the potential
uncertainties introduced during data extraction from graphs.

4.3 Effect of ethylene glycol on the convective heat transfer
coefficient

Figure 4 represents the variation of the convective heat
transfer coefficient (h) with inlet velocity for three working
fluids: pure water, a 20:80 ethylene glycol/water (EG/W)
mixture, and a 40:60 EG/W mixture. The results indicate that
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h decreases as the ethylene glycol content in the mixture
increases. This observation agrees with the experimental work
of Chen et al. [35], which demonstrated that ethylene glycol
reduces heat transfer efficiency due to its lower thermal
conductivity and higher viscosity. Pure water consistently
exhibits the highest h value among the three fluids at any given
inlet velocity. The 20:80 EG/W mixture shows intermediate
performance, whereas the 40:60 EG/W mixture exhibits the
lowest heat transfer coefficient across the investigated range
of velocities. This behavior can be attributed to the combined
effects of increasing viscosity and decreasing thermal
conductivity as the ethylene glycol concentration rises, which
hinder effective heat transfer between the liquid flow and the
pipe wall. Moreover, h increases with inlet velocity in all cases,
following the theory of forced convection heat transfer. Higher
velocities enhance flow turbulence, thereby improving the
convective heat transfer coefficient. However, the rate of
increase in h is noticeably lower for mixtures with higher EG
content, reflecting the detrimental effect of ethylene glycol on
overall heat transfer performance.
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Figure 3. Nusselt number versus Reynolds number for the
current CFD model compared with Hussein et al. [34]
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Figure 4. Effect of ethylene glycol concentration on the
convective heat transfer coefficient

4.4 Effect of AL:Os and CuO nanoparticle concentrations
in pure water on the convective heat transfer coefficient

Figures 5 and 6 depict the variation of the convective heat
transfer coefficient (h) with Reynolds number for different
concentrations of Al:Os and CuO nanoparticles dispersed in
pure water. The investigated nanoparticle volume
concentrations include ¢ = 0 (pure water), 0.01 (1%), 0.03
(3%), 0.05 (5%), and 0.07 (7%). The results indicate that the
heat transfer coefficient increases markedly with rising



nanoparticle concentration across the entire range of Reynolds
numbers considered. At a given Reynolds number, nanofluids
containing Al:Os or CuO exhibit significantly higher h values
compared to pure water. The enhancement effect becomes
more pronounced at higher concentrations, particularly at ¢ =
0.07, where the heat transfer coefficient reaches its maximum
value within the investigated range. The maximum
enhancements are approximately 32.18% for Al:Os and
28.51% for CuO relative to pure water (see Tables 2 and 3),
demonstrating the significant impact of nanoparticle addition
on the thermal performance of the base fluid.

operating conditions. However, within the simulation
parameters of this study, the maximum observed difference
between the two nanofluids was approximately 3% (see Table
3), suggesting that the disparity in heat transfer performance
remained relatively small within the investigated range.
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Figure 6. Effect of CuO nanoparticle concentration on h in
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Figure 5. Effect of Al:Os nanoparticle concentration on h in
pure water

4.5 Comparison of convective heat transfer coefficients of
nanofluids containing Al:Os; and CuO nanoparticles in
pure water

Figure 7 illustrates the variation of the convective heat
transfer coefficient with Reynolds number for nanofluid
solutions comprising Al2Os and CuO nanoparticles at different
volume concentrations (1%, 3%, 5%, and 7%) in pure water.
Overall, both types of nanofluids exhibited a marked
enhancement in heat transfer performance compared to pure
water. This enhancement increased progressively with
Reynolds number and nanoparticle concentration. A
comparison between the two nanoparticle types revealed that
the Al20s-based nanofluid achieved higher heat transfer
coefficients than the CuO-based nanofluid under identical

pure water
1800
—  ALD-1%
AlLO-3%
. ALy O5-5%
1600f~ AL -T%
: Cule-1%
CuO-3%
& 1400 Cut5%
rf CuO-T4
S | _
= |1200F
1000+ . ort
S(.‘”L 1 A 1 L
200 600 1000 1400 1800
Reynold number

Figure 7. Comparison of convective heat transfer
coefficients of nanofluids containing Al:Os and CuO

Table 2. Convective heat transfer coefficient (h) of pure water at various Reynolds numbers

nanoparticles in pure water

Re 250 500 750 1000 1250 1500 1750
h (W/m?K) 860.391 939.14 1010.04 1073.19 1130.11 1182.11 1230.26
Table 3. Heat transfer coefficients of pure water-based nanofluids at different concentrations
h Pure Water-ALO3 Pure Water-CuO
Re 1% 3% 5% 7% 1% 3% 5% 7%
250 886.89 945.73 1011.38 1083.10 885.13 940.16 1001.43 1068.00
500 969.39 1039.18 1119.47 1208.09 966.23 1029.81 1102.88 1183.56
750 1043.29 1121.68 1212.80 1313.64 1039.23 1109.61 1191.78 1282.97
1000 1108.10 1194.35 1294.11 1404.67 1104.23 1180.31 1269.83 1369.43
1250 1168.11 1259.44 1366.57 1485.39 1162.80 1243.81 1339.61 1446.39
1500 1222.13 1318.75 1432.44 1558.65 1216.29 1301.74 1403.12 1516.36
1750 1272.04 1373.57 1493.23 1626.19 1265.83 1355.33 1461.83 1580.95
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Table 4. Heat transfer coefficients of 40:60 (EG/W)-based nanofluids at different concentrations

h ] 40:60 (EG/W)-ALO3 40:60 (EG/W)-CuO

Re 40:60 (EG/W) 1% 3% 1% 3%

250 703.963 728.437 786.53 725.555 777.719

500 828.688 858.191 929.289 854.311 917.448

750 922.624 955.876 1036.693 951.263 1022.604

1000 1001.671 1038.111 1127.326 1032.859 1111.221

1250 1071.891 1111.206 1207.959 1105.329 1190.026

1500 1136.079 1178.006 1281.656 1171.602 1262.049

1750 1195.721 1240.055 1350.015 1233.168 1328.917

Table 5. Effect of AL.Os nanoparticles on heat transfer in water and EG/W solution at various Reynolds numbers
P Pure Water-Al:O3 40:60(EG/W)-ALO3
ure

Reh Water 40:60(EG/W) 1% Enha(r;/ie)ment 3% Enha(l;/?;ment 1% Enha(l;/fsment 39, Enha(r(l)/c:;ment
250 860.39 703.96 886.89 3.08 945.73 9.92 728.44 3.48 786.53 11.73
500 939.14 828.69 969.39 3.22 1039.18 10.65 858.19 3.56 929.29 12.14
750 1010.04 922.62 1043.29 3.29 1121.68 11.05 955.88 3.6 1036.69 12.36
1000 1073.19 1001.67 1109 3.34 1194.35 11.29 1038.11 3.64 1127.33 12.54
1250 1130.11 1071.89 1168.11 3.36 1259.44 11.44 1111.21 3.67 1207.96 12.69
1500 1182.11 1136.08 1222.13 3.39 1318.75 11.56 1178.01 3.69 1281.66 12.81
1750 1230.26 1195.72 1272.04 34 1373.57 11.65 1240.06 3.71 1350.02 12.9

4.6 Comparison of convective heat transfer coefficients of
nanofluids containing AL:Os; and CuO nanoparticles in a
40%EG/60% Water base fluid

Figure 8 illustrates the variation of the convective heat
transfer coefficient (h) with Reynolds number for nanofluids
containing ALOs; and CuO nanoparticles at volume
concentrations of 1% and 3%, using a base fluid of 40%
ethylene glycol and 60% water (40%EG/60%Water). Similar
to the results obtained with pure water, both nanofluids
exhibited significant enhancements in the convective heat
transfer coefficient compared to the base fluid without
nanoparticles. This enhancement increased with Reynolds
number and nanoparticle concentration.
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Figure 8. Comparison of convective heat transfer
coefficients of nanofluids containing Al:Os and CuO
nanoparticles in a 40%EG/60%Water base fluid

However, consistent with previous observations, the CuO
nanofluid demonstrated a lower improvement in heat transfer
performance compared to the Al2Os nanofluid under identical
conditions. Notably, when comparing the heat transfer
enhancement efficiency of a nanofluid containing 3% AlLO; in
two different base fluids at Re = 1750, it was found that the
enhancement in the 40%EG/60%Water mixture was 12.9%,

which was higher than that in pure water (11.65%) (see Tables
4 and 5). This finding indicates that selecting a base fluid with
an appropriate ethylene glycol ratio, combined with an optimal
nanoparticle concentration, can yield superior heat transfer
efficiency compared to using pure water as the dispersion
medium.

Table 5 presents the convective heat transfer performance
of nanofluids containing Al.Os nanoparticles dispersed in two
different base fluids: pure water and a 40:60 ethylene
glycol/water (EG/W) mixture. The results were evaluated over
a Reynolds number range of 250 to 1750, with nanoparticle
volume concentrations of 1% and 3%. The addition of Al.O;
nanoparticles significantly increased the convective heat
transfer coefficient in both base fluids. At a concentration of
1%, the heat transfer efficiency improved from approximately
3.08% to 3.40% in pure water, and from 3.48% to 3.71% in
the EG/W mixture. When the nanoparticle concentration
increased to 3%, the efficiency gain became more pronounced,
reaching 11.65% for pure water and 12.90% for EG/W at Re
= 1750. These results highlight the positive and consistent
effect of ALOs nanoparticles in enhancing heat transfer
performance across a range of flow rates.

Although pure water exhibited a higher absolute heat
transfer coefficient due to its superior thermal conductivity,
the relative improvement rate (%) resulting from the addition
of nanoparticles was consistently higher in the EG/W mixture.
This can be attributed to the inherently lower heat transfer
capacity of EG/W, where the incorporation of nanoparticles
produced a relatively more pronounced effect. For instance, at
Re = 1500 with a nanoparticle concentration of 3%, the
enhancement reached 12.81% in EG/W compared to 11.56%
in pure water.

From an application standpoint, these findings suggest that
AlL:Os nanofluids in an EG/W medium can provide relatively
greater benefits in terms of heat transfer efficiency, making
them particularly suitable for systems that utilize base fluids
with low inherent thermal conductivity. However, it is
important to note that increasing the nanoparticle
concentration may lead to higher viscosity and pressure losses,
which could negatively impact the overall thermo-hydraulic
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performance of the system. Therefore, future investigations
should consider additional factors such as pressure drop and
pumping power to obtain a more comprehensive assessment
of operational efficiency.

Moreover, in contrast to the findings reported by
Sudarmadji et al. [31], where CuO nanofluids demonstrated
superior heat transfer performance over ALQs, the present
study reveals that Al:Os outperforms CuO under steady flow
conditions and at higher concentrations (3%). This disparity
underscores that the heat transfer performance of different
nanoparticle types is strongly influenced by specific operating
conditions, channel geometry, and base fluid properties.

Temperature
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Figure 9. Temperature distribution along the cooling tube for
two types of nanofluids with different base fluids at Re =
1750

Figure 9 illustrates the temperature distribution obtained
from simulations of fluid flow in the cooling tube at a
Reynolds number of Re = 1750. The analyzed cases involve
nanofluids containing CuO and Al-Os nanoparticles at volume
concentrations of 3% and 7%, dispersed in two base fluids:
pure water and a 40:60 ethylene glycol/water mixture (EG/W).

The temperature contours depict the distribution of
temperature along the tube length as the coolant circulates
through the system. The results reveal a gradual decrease in
temperature along the nanofluid flow direction, indicating heat
transfer from the fluid to the tube wall and subsequently to the
surrounding environment. These findings are consistent with
the work of Tijani and bin Sudirman [32], where heat is
transferred from the high-temperature coolant through the flat
tube and fins via a combination of convective heat transfer
within the fluid and conduction through the solid material. The
continuous and uniform temperature profiles, without the
presence of localized hot spots, suggest that the flow remains
stable and that the heat transfer problem has been effectively
resolved within the computational domain. Furthermore, the
contour plots visually highlight the extent and intensity of heat
exchange on the tube surface, thereby identifying the locations
of effective cooling zones along the system’s length.

4.7 Comparison of heat transfer efficiency of three types of
nanoparticles: CuO, AL:Os, and AL:Os; + CuO in two base
fluids

Figures 10 and 11 illustrate the variation of the convective
heat transfer coefficient for three types of nanoparticles, CuO,
Al>03, and a hybrid mixture of Al>Os + CuO, dispersed in two
base fluids: pure water and a 40:60 ethylene glycol/water



(EG/W) solution. In all cases, the nanoparticle concentration
was maintained at 3% by volume, while the Reynolds number
ranged from 250 to 1750 to simulate different flow regimes.
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Figure 10. Comparison of heat transfer efficiency of three
types of nanoparticles in pure water
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Figure 11. Comparison of heat transfer efficiency of three
types of nanoparticles in the base fluid (40:60 EG/W)

The simulation results reveal a consistent trend across both
base fluids: The Al:Os nanofluid exhibits the highest heat
transfer coefficient, followed by the hybrid nanofluid (Al.Os +
Cu0O), with the CuO nanofluid showing the lowest
performance. This trend remains largely unaffected by
changes in Reynolds number, suggesting that the type of
nanoparticle has a more pronounced influence on heat transfer
enhancement than the flow rate.

Although hybrid nanofluids are often expected to combine
the advantages of their individual components, the present
findings indicate that the heat transfer performance of the
AlLOs + CuO hybrid is not superior to that of the pure Al.Os
nanofluid. The lower performance of the Al.Os—CuO hybrid
nanofluid compared to pure Al2Os may be attributed to the
fixed 50:50 mixing ratio used in this study. This mixing ratio
may not be optimal for maximizing synergistic thermal effects.
Additionally, particle—particle interactions and possible
reduction in effective thermal conductivity due to CuQO's lower
thermal conductivity than Al.Os could also contribute. Prior
studies [18, 21] indicate that hybrid nanofluids only
outperform single-component nanofluids when composition,
dispersion stability, and flow conditions are carefully
optimized. This suggests that the enhancement mechanism in
nanofluids is not simply additive; rather, it depends on several
factors, including the mixing ratio of the constituent
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nanoparticles, their dispersion stability in the base fluid,
particle—particle interactions, and specific flow conditions.
Some previous studies have also reported that hybrid
nanofluids demonstrate significant performance
improvements only when configuration parameters and
operating conditions are carefully optimized. Therefore, the
design and application of hybrid nanofluids should be
approached comprehensively and selectively, rather than
assuming inherently superior performance.

5. CONCLUSIONS

A numerical study was conducted to determine the effect of
three types of nanofluids (Al:Os/base fluid, CuO/base fluid,
and hybrid ALl:Os; — CuO/base fluid; base fluids are pure water
and a 40:60 ethylene glycol/water mixture) on the heat transfer
coefficient enhancement of a flat tube integrated with
corrugated fins. This study provides the first comprehensive
comparative analysis of Al2Os, CuO, and hybrid Al>2Os—CuO
nanofluids in pure water and EG/W mixtures. The results show
that Al-Os nanofluids achieve up to a 32% improvement in
performance, surpassing even the hybrid nanofluids under the
tested conditions. These findings advance nanofluid
applications in automotive cooling by demonstrating the
importance of base fluid selection for relative efficiency gains.
Based on the results, the main conclusions of this study can be
summarised as follows:

* Nanofluids significantly improve the convective heat
transfer coefficient of automotive radiators. The increase in
convective heat transfer coefficient is linearly proportional to
both the nanoparticle concentration and the Reynolds number.
Among the three nanofluids, the Al.Os—pure water nanofluid
exhibited the highest enhancement, with an increase of up to
32% at Re = 1750 and a nanoparticle concentration of 7%.

* The hybrid nanofluid did not demonstrate a clear
advantage over the mono Al:Os nanofluid. This suggests that
heat transfer enhancement depends not only on particle
composition but also on the mixing ratio, dispersion properties,
and flow conditions.

* Although nanofluids based on pure water exhibited higher
absolute heat transfer coefficients, those based on EG/W
showed a relatively greater percentage improvement (e.g.,
12.9% vs. 11.7% for Al-Os at Re = 1750), highlighting their
potential for applications involving low thermal conductivity
base fluids.

* The temperature on the tube wall gradually decreased
along the flow direction of the nanofluid, confirming that both
convective and conductive heat transfer processes were
effective. Furthermore, no abnormal temperature locations
were observed on the tube wall. This confirmed that the flow
was stable and that the numerical model was well constructed.

While this numerical study demonstrates significant heat
transfer enhancements, limitations of this work include the
assumption of ideal nanofluid stability, neglecting long-term
issues such as particle sedimentation or agglomeration in real-
world applications. Additionally, the study did not account for
the cost implications of nanoparticle synthesis and integration
into automotive systems, which could affect practical
feasibility. Future research should address these through
experimental stability tests, economic analyses, and pressure
drop and pumping power assessments for comprehensive
thermo-hydraulic optimization.
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NOMENCLATURE

A

surface area (m?)

Cp specific heat capacity, J. kg™!'. K-!

Dn hydraulic diameter, m

h convective heat transfer coefficient, W.m"
2.K-1

k thermal conductivity, W.m™!. K!

Nu Nusselt number

p pressure, Pa

Q heat transfer rate, W

q" heat flux, W.m

Re Reynolds number

T temperature, K

\Y% velocity, m.s™!

Greek symbols

o) nanoparticle volume fraction (%)

u dynamic viscosity kg.m™'.s"!

P density, kg.m"

Subscripts

avg average value

bf base fluid

nf nanofluid

p nanoparticle

s surface

Abbreviations

CFD computational fluid dynamics

EG/W ethylene glycol/water mixture

FVM finite volume method

SIMPLE Semi-Implicit Method for Pressure-Linked

Equations (algorithm)





