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Advanced heat removal technologies are critical for high-performance automotive engines. The conventional
ﬂuids being used today are based on a mixture of distilled water (DW) and ethylene glycol (EG), which widens
the operational temperature range but at the same time limits the heat removal. Therefore, the use of nanoﬂuids
for improving heat transfer performance has soared over the past few years. The problem is that most of the
reports highlight the short-term heat transfer results which may not be true over time. In this paper, a suggested
best practice for analyzing the usage of nanoﬂuids in heat transfer applications is presented, speciﬁcally for an
actual car radiator. This work investigates the use of aluminum oxide (Al2O3) and titanium dioxide (TiO2)
nanoparticles dispersed in DW and EG at 50:50 volumetric proportions. The choice of these oxide-based nanoﬂuids is motivated by their anti-corrosive properties that are usually not analyzed or discussed in most of the
articles. Furthermore, the emphasis is given on the presentation of a comprehensive characterization of the
nanoﬂuids including thermophysical properties (size, density, viscosity, thermal conductivity, corrosive behavior) and long-term stability (zeta potential) which are essential for an end-user to have. The results showed a
maximum enhancement of the thermal performance by 24.21% using Al2O3 at a volume fraction of 0.3%.
Friction factor and performance evaluation criterion (PEC) for the radiator experiments are calculated in order to
determine the penalty in the pressure drop and to evaluate it properly. Finally, it is found that the values of PEC
lie in the range of 1.03–1.31 which indicates signiﬁcant ﬂow enhancement.

1. Introduction
The improvement in automotive technologies has led to increased
thermal loads, and therefore higher cooling rates are required [1]. The
addition of ﬁns, microchannel, and turbulators are the traditional approaches used to increase cooling rates of the radiator which are already extended to their limits [1,2]. In recent years, the automotive
industry has been focused on the weight reduction of the vehicle as it
improves the fuel economy and the associated running costs [3].
Weight reduction can be achieved in the engine cooling system. Furthermore, many conventional coolants (lubricants and water) have
characteristically shown poor heat transfer properties due to their lower
thermal conductivities (TCs) [1,4]. Engine performance, fuel eﬃciency,
and emissions are speciﬁc parameters of an automobile which are
profoundly aﬀected by convective heat transfer [5,6]. Therefore, a new
compact and innovative coolants and/or coolant systems are needed to
fulﬁll the growing needs for heat removal in a clean and eco-friendly
way [7].
∗

Nanoﬂuids (NF) have a huge ability to enhance automotive and
heavy-duty engine cooling rates, reducing the weight and lowering the
complexity of thermal management systems [2,3,5,7,8]. NFs are known
to have higher TCs and heat transfer coeﬃcients compared to the
conventional ﬂuids due to their larger surface area and a large number
of atoms present on the surface of the nanoparticles [3,5,9,10]. Many
researchers have suggested that one of the main parameters resulting in
the enhancement of heat transfer is the Brownian motion. Brownian
motion is caused by the slight perturbations in temperature and velocity
formulation as suggested by Xuan and Roetzel [11]. The random motion of the nanoparticles suspended in the ﬂuid cause thermal boundary
layer thickness to shrink, which has a signiﬁcant contribution to such
heat transfer enhancement [5,12]. The random motion of the nanoparticles would result in creating a slip velocity between the particles
and the ﬂuid medium [13,14]. Furthermore, these nanoparticles may
reduce corrosion and erosion dramatically due to their small size [15].
These ﬂuids have already been used for various automotive applications
such as coolants, fuel additives, lubricants, shock absorbers and
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Tube area, At = Wt Ht (m2)
Total area of the tube, At, total = Nt At (m2)
Speciﬁc heat (J.kg−1.K−1)
Heat capacity ratio
Hydraulic Diameter Dh = 4At (m)
Pt
Diameter of nanoparticle (nm)
Radiator height (m) Friction coeﬃcient
Gravity force (m.s−2)
Thermal Conductivity(W.m−1.K−1)
Radiator length (m)
Mass ﬂow rate (kg.s−1)
Number of tubes
Number of heat transfer units Nusselt Number
Wetted Perimeter, Pt = 2 Wt + 2Ht (m)
Predicted heat transfer rate (W)
Maximum heat transfer rate (W)
Radius (m)
Flow velocity (m.s−1)
Volumetric ﬂow rate (m3.s−1)
Tube width (m)

Greek Symbol
α
ε
ϑ
μ
ρ
φ
Ψ
ζ

Diﬀusivity (m2.s−1)
Eﬀectiveness
Sedimentation velocity of nanoparticles (m.s−1)
Viscosity (kg.m-1.s−1)
Density (kg.m−3)
The volume fraction of nanoparticles
Shape factor
Zeta Potential

Abbreviations
DW
EG
NF
PEC
PVP
TC

Subscripts
bf

Fin
nanoﬂuid
Particle
Radiator
Tube

Distilled water
Ethylene glycol
Nanoﬂuid
Performance evaluation criterion
Polyvinylpyrrolidone
Thermal conductivity

Base-ﬂuid

performance of such NFs, and a more comprehensive analysis is necessary.
Therefore, this paper aims to suggest best practice guidelines to
properly present the performance of a NF in a car radiator. More speciﬁcally, this work investigates the forced convection heat transfer
coeﬃcients for a DW and EG at 50:50 vol mixture ﬂuid without and
with Al2O3 and TiO2 nanoparticles. The eﬀects of the operating conditions on the heat transfer performance using these ﬂuids are analyzed.
These NFs are examined from many points of view by taking into
consideration the stability and corrosion problems, as well as the
thermophysical properties and their eﬀect on heat transfer enhancement results. Hence, this study emphasizes the importance of a detailed
investigation of a NF that includes stability, thermophysical properties,
corrosion, heat transfer, Nusselt number, friction factor, and performance evaluation criterion (PEC) from laminar ﬂow to turbulent ﬂow,
to assess the short and long-term performance of the medium appropriately.

refrigerants [5,16]. Based on past reviews [2,5,7,17], TC is not the only
critical impact of the nanoparticles suspension to baseﬂuid, but also the
dynamic viscosity plays a vital role as well [18]. However, the high
volume fractions of nanoparticles-in-ﬂuids results in higher viscosity as
well as increased pumping power which is one of the main drawbacks
that restricts their widespread use in heat transfer applications [19,20].
Nevetherless, the increase in the viscosity has to be more than four
times larger than the comparable increase in TC for NF to be not beneﬁcial at all [21,22]. Furthermore, the long-term stability of the NF
mixture is another concern as it does have a direct eﬀect on the constancy of the TC [13,23].
Table 1 includes all the found studies, and their characteristics are
summarized in this table. More speciﬁcally, the NF type (nanoparticle
and base ﬂuid), the nanoparticle diameter, the concentration, the preparation technique, the type of the surfactant and the important outcomes of every study are given in this table.
While analyzing the recent literature on the use of NFs, one can
classify the published reports into two categories; one is mostly focused
on the thermophysical properties of the ﬂuids [7,34–37], and another
presents the resulting outcomes directly for a given application
[38–41]. However, from the application point of view, it is clear that
short-term results of NFs, while promising, can be diﬀerent on the longterm. This is because of the lack of a comprehensive analysis of the used
NF for that application. For example, Leong et al. [42] used EG with 2%
volume fraction of copper NF and reported enhancement in the overall
heat transfer coeﬃcient and bulk heat transfer by 3.8% compared to the
baseﬂuid. They also showed a reduction in the frontal air area by 18.7%
for Reynolds number of 6000 and 5000 for air and coolant respectively.
Heris et al. [43] extended the study using 0.8 vol % CuO in EG/water
and found 55% of heat transfer enhancement compared to the baseﬂuid. It is known that such materials suspended in the baseﬂuid will
endure corrosion problems in the pipe system on the long-term, resulting in a decrease in the performance and lifetime [44]. There are
many reports about the ability of NFs to be used as a coolant in the
literature as summarized in Table 2, but this data lacks the experimental results about the appropriateness of using NFs in cooling systems and its eﬀect on the metal surfaces. This is a one-sided view of the

2. Materials and methods
2.1. Materials
Two types of nanoparticles were used in this work: aluminum oxide
Al2O3 and titanium oxide TiO2 which were both purchased from
Nanostructured & Amorphous Materials Inc. (NanoAmor), USA. The
main reason for choosing these nanoparticles is low cost and non-toxic.
The chemical and physical properties of these nanoparticles are given in
Table 3. The baseﬂuid used in this study consisted of a mixture of DW
and EG (from Fluka Analytical). Two types of surfactants are used in
this study, one is a nonionic polymer of Polyvinylpyrrolidone (PVP),
whereas the other is anionic material of Arabic gum (AG) acquired from
Sigma Aldrich, Germany.
2.2. Preparation and characterization of NFs
The TiO2 and Al2O3 NFs were prepared by two-step method by
dispersing diﬀerent volume fractions, i.e., 0.05% and 0.3% in the
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Table 1
Summary of literature related to the stability of metal oxide NFs.

Two-step
method
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(37 kHz,80w)
ultrasonic mixerSonix
(20 kHz, 130 W,123 μm)

Ultrasonic method

Two-step
method

One -Step
method

Ultrasonic vibration
(24 kHz,400 W)

Ultrasonic Cleanser
(40 kHz, 100 W)
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Sodium hexametafosfate (1% mass
ratio)

–

Without surfactant

6 h pH = 4
9h

Without surfactant
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–

2h

sodium dodecylbenzene sulfonate
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Without surfactant

Without surfactant

Sodium dodecylbenz-enesulfonate
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dodecylbenz-enesulfonate
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Without surfactant

Cetyltrimethylammonium bromide
(CTAB) and AA
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Polyethylene glycol 400–1:2

Type of Surfactant and Ratio
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–

Digital Sonicator (37 kHz)
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High pressure
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method
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Process

Stable, ζ-value = -60.2 mV

Stable for 3 months

Stable, ζ-value = -38 mV

No sediment until 6 h after the ultra-sonication
process.

Stable, ζ-value between −40 and −45 mV. The
surface charge increases when the pH goes far away
from the IEP, so the particles get stable
Not stable

Stable, ζ-value = −40 mV. Isoelectric point at
pH = 4.7
Stable for 2 months, ζ-value = 100 mV. The isoelectric
point at pH = 9.5
Stable

Stable, ζ-value = 72.2 mV

Stable, ζ-value = 85.1 mV

Stable for 30 days, ζ-value = 41.8 mV
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Table 2
Summary of studied NFs for enhancement of car radiators performance.
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12.8%
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k, μ

–

3.8%
–

k, Cp, μ, ρ
k, Cp, μ, ρ

k, Cp, μ, ρ

knf (W.m−1.K−1)

Properties

Heat transfer coeﬃcient is enhanced by 29% at a particle loading of 0.5 vol% using Graphene
nanoplatelet.

TiO2 NFs showed enhanced in hydrodynamic ﬂow and heat transfer enhancement, which could be used
for industrial applications as well.
Higher volume fraction results in higher heat transfer enhancements of NFs.

For 0.4 vol %, the convection heat transfer coeﬃcient enhanced by 45.87%. Higher volume fractions
resulted in further improvement in heat transfer.
Results showed that TiO2 and CuO have better results than Al2O3 and Fe3O4.

35% enhancement in heat transfer is obtained at the concentration of 0.5%. Higher volume fractions
improves heat transfer.
Addition of nanoparticles improved the heat transfer and pressure. The increase in pressure drop could
limit the eﬃciency factor of the automotive radiator.
Increasing the nanoparticles increases the pumping power and heat transfer. Al2O3 showed better heat
transfer enhancement and lower pumping power compared to CuO.
A review on the application of NFs for cooling engine automotive.
The maximum dynamic enhanced up to 50% for 60:40 (DW: EG).

8% improvement in overall heat transfer at 0.4 vol% of CuO nanoparticles.
Advantages of using NFs as coolants for the automotive radiator and some guidelines have been
suggested for their rational design and usage.
SiC based NFs showed improved overall eﬀectiveness of 1.6 using NFs (0.2 vol%).

NFs showed improved heat transfer of 3.8%.
55% enhanced heat transfer at 0.8 vol% of CuO suspended in EG/DW.

Findings
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water bath. The device is equipped with a 6-cm long and 1.3-mm diameter KS-1 sensor probe. Once the desired temperature was reached,
the sample was allowed to become thermally stable before taking the
measurement (about 15 min). Ten values for each temperature were
recorded, for which the average data is reported in the ﬁgure to have
consistency. The viscosity and density of NFs were measured in the
same temperature range using an Anton Paar, Lovis 2000 M/ME density
and viscometer [58]. Density and viscosity data were repeated three
times to have consistency in results. For the evaluation of the corrosive
properties of the NFs, copper electrodes of 0.5 × 5 cm2 were used,
which were pre-cleaned with ethanol and deionized water, immersed in
0.5 M HCl. A three-electrode setup was used in which a saturated Calomel Electrode (SCE) served as a reference electrode and a platinum
plate as a counter electrode. The measurement was carried out on a Biologic VSP-300 potentiostat connected to a PC with EC-Lab software.

Table 3
Physical, morphological and thermal properties of TiO2 and Al2O3 nanoparticles.
Properties

Titanium Oxide
TiO2

Aluminum Oxide
Al2O3

Color
Particle size
Purity
Morphology of Particles
Form
Density (g.cm-3)
Thermal conductivity
(W.m−1.K−1)
Speciﬁc heat (kJ.kg−1.K−1)

White
5 nm
99.8%
Spherical
Powder
3.9
8.7 [55]

White
10 nm
99.99%
Spherical
Powder
3.9
40 [55]

689 [55]

880 [56]

mixture of DW and EG which was stirred for 30 min using a magnetic
stirrer followed by sonication using an ultrasonic processor (UP400S,
400 W maximum power, 24 kHz frequency) for about 2 h with 0.5 duty
cycles and 60% power amplitude heat transfer [5]. Such a technique
provides the required uniform and homogenous nanosuspension and
improves the stability of the NF. PVP and AG were used for stabilization
of TiO2 and Al2O3 NFs at diﬀerent mass fractions. An analytical grade of
0.1 mol L−1 of NaOH was used to adjust the pH of the solution and
control the stability of NFs. The stability of the NF was determined by
measuring the zeta potential (ζ) of the nanoﬂuid, which is the electric
potential in the double layer at slipping plane relative to the point in the
bulk ﬂuid away from the interface and is a key indicator of colloidal
stability. Therefore, the samples were evaluated using (Nanotrac Wave
II Q, Microtrac Inc., Nikkiso America) for ζ and particle size measurement.
A KD2 Pro Thermal Properties Analyzer (Decagon Devices, Inc., acc.
to ASTM D5334 and IEEE 442–1981 standards) was employed to
measure the TC of the prepared NFs [57] in a range 20 °C–70 °C using a

2.3. Radiator setup
The radiator setup is shown in Fig. 1. The main components of the
setup are the following:
1. Reservoir with 15 L storage capacity of the heat transfer ﬂuid.
2. Heater and temperature controller (maximum temperature of
200 °C).
3. Volumetric gear pump (Micro diaphragm pump with 4 L min−1
maximum ﬂow).
4. Flow rate control valve and ﬂow rate meter (LTZ M − 15, max.
4 L min−1).
5. Toyota Corolla 2006 model radiator with 2 L capacity at idle conditions (dimensions are given in Table 4).
6. K-type thermocouples ﬁxed at diﬀerent locations in the installation.

Fig. 1. Schematic presentation of the experimental setup for a Toyota Corolla 2006 radiator.
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actual conditions) to the radiator to cool it down, and then the engine
heats it due to heat released by the combustion process. The hot coolant
ﬂows through the radiator tubes which are linked to several ﬁns as
shown in (Fig. 1).
In the case of the pressure drop, the friction factor of the NFs
compared to the base ﬂuid does not change signiﬁcantly with a low
volume fraction of the nanoparticles under similar ﬂow rate [64],
however, if higher volume fractions are used it would aﬀect the
pumping power [5].
The friction factor, fnf for laminar ﬂow is calculated using Equation
(5) which was correlated by Darcy-Weisbach [65], which is expressed
as follows:

Table 4
Geometric characteristics of the car radiator.
Description

Speciﬁcation

Radiator Length (Lr)
Radiator Width (Wr)
Radiator Height (Hr)
Tube Width (Wt)
Tube Height (Ht)
Number of tubes (Nt)
Fin Length (Lf)
Fin Height (Hf)
Number of ﬁns (Nf)

61 cm
6 cm
41 cm
35 mm
1 mm
36
20 mm
76 μm
7600

fnf = 64/Re

2.4. Heat transfer calculations
The main purpose of the radiator is to decrease the temperature of
the coolant ﬂuid (see Fig. 1), which is computed using the ε-NTU
method [59]. The heat transfer rate for each ﬂow can be calculated
using:

fnf = (0.79Ln Renf −1.69)−2

(1)
where the speciﬁc heat of the coolant (NF) is obtained from Refs.
[11,60]:

φ (ρCp) p + (1 − φ)(ρCp)bf
ρnf

(2)

The deﬁnitions of the temperature are provided in Fig. 1. The
parameter (ϕ) represents the volume fraction of the particles in the
baseﬂuid. In the experimental results the Nu number can be calculated
using the following equation [61,62]:

Nuexp =

hexp Dh
k exp

=

PEC =

• (T
mC
p coolant , in − Tcoolant , out ) Dh
As (Tb − Tw ) k exp

(3)

•
2m
(Wt + Ht ) μ

(7)

3.1. Stability of TiO2 NFs and Al2O3 NFs
The stability of NFs and the behavior of the nanoparticles in the
baseﬂuid has been a dilemma that has not been resolved completely up
to date as each nanoparticle behaves and reacts diﬀerently to diﬀerent
base ﬂuids [13,69]. The agglomeration of nanoparticles does not only
result in the sedimentation and clogging but also decreases the thermal
conductivity. Surfactants or dispersants are usually used to stabilize the
NFs. Additions of surfactants lower the surface tension of the host ﬂuids
and increase the immersion of the nanoparticles [70]. From the detailed
literature carried out in the introduction section, it can be said that the

(4)
−1

ENu
E1/3
f

3. Results and discussions

where Tcoolant, in and Tcoolant, out are the inlet and outlet temperatures of
the coolant, respectively Tb is bulk mean temperature (the average of
the inlet and outlet temperature) and Tw the outlet tube surface temperature (the average temperature of the seven temperatures recorded
by thermocouples), Dh is the hydraulic diameter (m), Dh = 4At / Pt , At is
the tube area, At = Wt Ht and Pt is the Perimeter, Pt = 2Wt + 2Ht [62].
Reynolds number is calculated by the equation below [63]:

Re =

(6)

An orderly error analysis was carried out to estimate the possible
errors related with the heat transfer coeﬃcient, Nusselt number,
Reynolds number and friction factor using the approach suggested by
Beckwith et al. [67]. The following uncertainties were obtained 0.22%,
0.25%, 0.3% and 0.3%, respectively.
The performance evaluation criteria (PEC) according to Webb [68]
at a given pumping power is used to evaluate heat transfer improvement. The heat transfer enhancement is deﬁned as: ENu = Nnf / Nbf , while
the relative pressure drop penalty is given by Ef = fnf / fbf . In other
words, PEC is the ratio of heat ﬂow rate transferred for a given pumping
power in a test section, which is written as combing these two dimensionless numbers as:

• C
•
q• = m
air p, air (Tout , air − Tin, air ) = mcoolant Cp, coolant (Tin, coolant − Tout , coolant )

Cpnf =

(5)

The friction factor, fnf for turbulent ﬂow is calculated using
Equation (6) suggested by Filonenko [66], expressed as follows:

−1

where, μ is dynamic ﬂuid viscosity in kg.s .m
The coolant is pumped from the heater (simulates the engine in

Fig. 2. Zeta potential values for a) Al2O3 NFs and b) TiO2 NFs without surfactant (WOS) and with surfactants (AG and PVP at diﬀerent ratios).
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particle diameter for the higher volume concentration, which is due to
agglomeration of the nanoparticles.
On the other hand, Fig. 3b shows the average particle size of TiO2
-DW/EG NFs for 0.05 and 0.3 vol%. As observed from the ﬁgure, the
TiO2 NF with 0.3 vol% had an average particle diameter equal to
0.036 μm (36 nm). Whereas, the TiO2 NF with 0.05% volume fraction
had the average particle diameter equals 0.0064 μm (6.4 nm). On the
other hand, higher volume fraction results in a bigger sized average
particle diameter. Fig. 3a and b shows the inset photographs of the
prepared NFs after 24 h.

eﬀect of surfactant addition on the stability and heat transfer characteristics of NFs are not well elucidated and prospected [71].
The stability of Al2O3 in a mixture of DW/EG for three volume
concentrations: 0.05% and 0.3% were measured. Fig. 2a shows the
results of stability for the examined samples. The best stability was
found to be for the samples with AG surfactant with 0.05 and 0.3 vol%.
The ζ-value is around 9.78 mV with a negative polarity which is considered the highest value at pH 9.81. Furthermore, PVP did not aﬀect
the ζ values for both 1:1 and 1:3 nanoparticles to PVP mass ratios, and
the ζ value stayed close to the isoelectric point. PVP as a surfactant for
Al2O3 has been used in literature for the stability of only DW or EG
based NFs but no literature on using PVP for a mixture of DW and EG
has been reported before [72,73].
The stability of TiO2 nanoparticles in a mixture of DW/EG for 0.05
and 0.3 vol% and the results are presented in Fig. 2b. It can be seen
from this ﬁgure that best results were found around 5 mV for 0.05 vol%
and a pH of 9.15 with the addition of base and without any addition of
surfactants. On the other hand, the results for 0.3% volume fraction
show that the highest value for ζ is around 10 mV at pH 0.27 without
any addition of base or surfactants which can be considered a little
stable. The results also show that each of the PVP and AG surfactants
give an adverse eﬀect for both 1:1 and 1:3 nanoparticles to surfactant
mass ratios. It seems that the stability will be better for 1:3 TiO2 nanoparticles to AG mass ratio which increases the pH above 9 instead of
4. Titrations were performed for 0.05% and 0.3% volume concentrations of TiO2 –DW/EG NFs to ﬁnd the isoelectric points (IEP). The
0.05% volume concentration curve shows that the iso-electric points
nearest to be between pH equals 8 and 9 which considered at this point
the NF is unstable. While the 0.3% volume concentration curve shows
that the nearest iso-electric points to be at pH equals 2, and the ζ becomes higher when the pH is more acidic.

3.3. Viscosity, density and thermal conductivities of NFs
Viscosities of Al2O3 and TiO2 NF using two varying volume fractions
were measured in the temperature range of 20 °C–70 °C and plotted in
Fig. 4a. Moreover, to verify the accuracy of experimental results, the
viscosity of baseﬂuid was measured and compared with the ASHRAE
standard [74]. Fig. 4a presents that the viscosity exponentially reduces
with the rising temperature. Higher values of viscosity were observed
for the NFs compared to the baseﬂuid. With the additions of nanoparticles, the viscosity of the NFs increased as well. It is shown that
TiO2 NF has a higher viscosity than Al2O3 NF. Moreover, comparing
with the literature [5,75–77] the viscosity should increase with a higher
volume concentration of the particles and decrease with an increase in
temperature which is consistent with the obtained pattern.
NF density depends on the nanoparticles and baseﬂuid densities.
The nanoparticles increase the density of the baseﬂuid since the solid
has a higher density than the liquid. The density of NF is an essential
property because it aﬀects the Reynolds number, friction factor, pressure drop, and Nu number. Fig. 4b presents the experimental data of
density for Al2O3, and TiO2 NFs in the range of 20 °C–70 °C at varying
volume fraction (0.05 & 0.3 vol%). As it is portrayed in the ﬁgure, the
density decreases with the increase of temperature and in all cases, NF
gave higher density than the baseﬂuid. Moreover, it has to be said that
the NF density increases with the increase of the nanoparticle concentration. It is shown that the TiO2 NF has a higher density than Al2O3
NF. Similar trends were reported in the literature [5,75–77].
Fig. 4c shows the TC of the mixture of DW/EG (50:50), Al2O3–DW/
EG NF with the characterization of 0.05% volume fraction, pH equals
3.66 and Al2O3–DW/EG NF with the characterization of 0.3% volume
fraction, pH equals 9.81 and with the addition of 1:1 nanoparticle to AG
surfactant mass ratio. TC of the baseﬂuid in Fig. 4c above was compared
with ASHRAE standard [74], and a similar trend for the baseﬂuid was
obtained. Moreover, the NFs show that the TC has enhanced after
adding nanoparticles to the baseﬂuid and with increasing the volume
fraction the TC improved. Also, the highest enhancement of TC was
found to be at 65, and 70 °C for the 0.3% volume fraction and the values

3.2. Particle size analysis
Dynamic light scattering (DLS) method is used to determine the size
of the particle by recording the changes in the intensity of light scattered from a NF. This technique indicates the average agglomerate size
in the ﬂuid. The larger particles present faster sediment than the
smaller particles. This fact leads to a decrease in average particle size,
and it has a signiﬁcant inﬂuence on the stability of nanoparticle in the
liquid. Fig. 3a shows the average particle size of Al2O3–DW/EG NFs for
0.05 and 0.3 vol% through a graphical illustration. For the 0.05% volume fraction, the average particle diameter was at 0.0683 μm
(68.3 nm) while for 0.3 vol%, the average particle diameter was observed to be 0.086 μm (86 nm). The results of DLS show that the higher
volume concentration of the nanoparticles had some inﬂuence on the
size of particles as indicated in Fig. 3a below resulting in bigger average

Fig. 3. Particle size distribution of a) Al2O3 NFs (inset after 24 h) b) TiO2 NFs (inset after 24 h).
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Fig. 4. a) Viscosity of diﬀerent NFs as a function of temperatures b) Density of diﬀerent NFs as a function of temperatures [74], and c) Variation of TC with the
temperature for DW/EG baseﬂuid, Al2O3–DW/EG NF and TiO2–DW/EG NF at a diﬀerent volume fractions [74].

of TC was between 0.543 and 0.555 W m−1 K−1. It is obvious from
Fig. 5c that the TC of TiO2 NF increased with higher volume fraction
from 0.05% to 0.3% and the highest value of TC was found to be around
0.505 W m−1 K−1 at 70 °C. Comparing the results of TC of TiO2 NFs
with Al2O3 NFs, the TC of Al2O3 NF at 0.3% volume fraction had a
better improvement rather than TiO2 NFs. The increased TC is due to
Brownian motion, are the main factors that control the thermal behavior of nanoparticles in the baseﬂuid. The TC of the NF increases with
increasing the temperature and volume concentration, while it decreases with increasing of the particle size [5].

Table 5
Ecorr, Icorr and corrosion rate for the tested samples.

Acidic medium

NF

Sample

Ecorr (mV)

Icorr (μA)

Corrosion Rate (mmpy)

Reference
TiO2
Al2O3
Reference
TiO2
Al2O3

−304.80
−306.46
−326.85
−34.823
−265.060
59.489

7.38
4.82
5.70
0.098
41.88
1.261

0.172
0.112
0.133
0.022
0.976
0.029

Fig. 5b which are carried out using fresh copper samples as working
electrodes immersed in the baseﬂuid as well as in the two Al2O3 and
TiO2-based NFs show the opposite behavior to that shown in Fig. 5a.
This indicates that Al2O3-based NF is less corrosive for the piping
system in heating applications. This is due to the diﬀerence in the pH
value of the NFs, which is pH 9.81 for Al2O3 based NF and pH equals
3.66 for TiO2-based NFs.

3.4. Corrosion test results
The corrosion rates were measured on three copper samples using a
Biologic workstation coupled with EC-Lab software. Fig. 5a depicts the
current-voltage proﬁles in semi-log scale for the studied samples in an
acidic environment. It is clear that the reference specimen (see inset in
Fig. 5a) that was tested in 0.5 mol L−1 HCl without the addition of any
nanoparticles is the most damaged one. Furthermore, the specimen that
was tested in the same acidic electrolyte with the addition of TiO2 at
0.05% (same pH as the reference) seems to be the least corroded one.
The corrosion rate in mm per year (mmpy), Ecorr, and Icorr obtained
from Fig. 5a using Tafel ﬁt approximation are presented in Table 5.
The ﬁtting corrosion parameters conﬁrm that the sample tested
using TiO2 nanoparticles has the lowest Icorr of 4.82 μA which indicates
a minimum electrochemical reactivity. However, when the Al2O3 nanoparticles were added to the electrolyte, Ecrorr decreased by 20 mV
which means that it is more favorable thermodynamically. The eﬀect of
the corrosive properties of the NFs was also investigated. The results in

3.5. Radiator test results
The experimental runs on the radiator were done for ﬁve diﬀerent
types of coolants: (i) baseﬂuid (50:50 DW/EG) (ii) Al2O3 and TiO2
based NFs at 0.05 vol% (i.e., 0.19 wt% for Al2O3 and 0.18 wt% for
TiO2), and (iii) Al2O3 and TiO2 based NFs at 0.3 vol% (i.e. 1.02 wt% for
Al2O3 and 1.12 wt% for TiO2). The amount of coolant was set to 4 L
placed in a reservoir tank (see Fig. 1), and heated to 80 °C. After
reaching 80 °C, the pump and the fan were switched on. The tests were
done for four diﬀerent ﬂow rates (0.5, l, 2 and 3 L min−1) for 30 min
each. The temperatures were recorded every 1 s using a data logger

Fig. 5. a) The three copper specimens: 0.5 M HCL as a reference, 0.5 M HCL + Al2O3 nanoparticles, and 0.5 M HCL + TiO2 nanoparticles b) The Ewe with the log I for
the three tested samples.
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0.3% for Al2O3 NFs at a ﬂow rate of 1 L min−1, and for TiO2 NFs at the
same volume fractions and ﬂow rate, the PEC values reaches a maximum of 107% and 122% for 0.5 and 1 L min−1, respectively. From the
PEC values of the studied ﬂuid, it appears that the energy budget using
NFs is favorable. The volume fraction increases the friction factor and
pumping power slightly; this increase is due to the addition of the nanoparticles to the baseﬂuid, which results in higher density as well as
the higher viscosity of the NFs. Similar trends were reported by other
literature studies [5,65,86].

(Graphtec GL240, for K type thermocouples ± (0.05% of rdg. +1.0).
Fig. 6 shows the experimental Nu number values vs. ﬂow rate
computed for the ﬁve studied coolants. Prior to analyzing the Nu
number (eq. (1)), Fig. 6 showed that the optimum ﬂow rate is about
1 L min−1 (results are not shown here). Generally, higher ﬂow rates
increase the heat transfer, but after a certain limit, the ﬂuid does not
remain for an adequate time in the system for the heat transfer to be
properly performed. Nu, on the other hand, is a nondimensional heat
transfer coeﬃcient which gives an appropriate comparison between the
conduction and convection heat transfer. From Fig. 6, it can be said that
the use of NFs enhances the performance of the radiator setup at all
tested ﬂow rates. The ﬂow structure is aﬀected by the presence of the
nanoparticles in the baseﬂuid, therefore chaotic movements, dispersions and ﬂuctuations of the nanoparticles especially near the tube wall
result in enhanced energy exchange rates between the tube wall and the
ﬂuid. Furthermore, the increase in the concentration of nanoparticles
(see for instance Nu increases from 6.78% to 23.67% as the concentration increases from 0.05 vol% to 0.3 vol%, shown in Fig. 6.) increases the heat transfer performance due to increased TC. This is due
to the increased interaction and collision of nanoparticles which intensify even more with the increase in volume fraction resulting in
enhanced heat transfer from the tube wall to the NF [78]. As for the
diﬀerence between the two types of NFs, Al2O3 based one outperforms
TiO2 NF in terms of heat transfer enhancement: for example, for
1 L min−1 ﬂowrate, the Nu number for Al2O3 at 0.05 vol% was 9.79%
higher than the reference, and 24.21% higher when 0.3 vol% was used.
Whereas, the enhancement of Nu for TiO2 at 0.05 vol% and 0.3 vol%
was 5.73% and 14.99% for the mass ﬂow rate of 1 L min−1, respectively. These results are in line with recent literature; Hwang et al. [79]
reported an enhancement in Nu above 8% at 0.3 vol% of Al2O3 nanoparticles under laminar condition. Xuan and Li [80] investigated Cu
nanoparticles in DW and showed that the Nu for the NF ﬂowing in a
tube under constant wall heat ﬂux varied from 5% to 14% by increasing
the volume fraction from 0.5% to 1.2% for the same ﬂow rate, respectively. Peyghambarzadeh et al. [81] reported an enhancement of
40% in Nu number using 1 vol% of Al2O3 nanoparticles into DW or EG
in comparison with the pure DW and pure EG, and Suresh et al. [82]
reported an increase of 13.56% in Nu number using 0.1 vol% of
Al2O3–Cu/water hybrid NFs. This result was expected due to the higher
TC of Al2O3 nanoparticles presented in Table 3.
The eﬃciency of the automotive radiators is eﬀected by the
Pumping power. For this purpose, the friction factor is analyzed under
similar conditions as those used for the overall heat transfer coeﬃcient.
Fig. 7a shows the eﬀect of volume fraction on the friction factor for both
the investigated NFs as well as the baseﬂuid. It can be said that the
trends of the points in Fig. 7a are similar to the results of equation (5)
about the friction factor. The mass ﬂow rate of the hot ﬂuid ﬂowing in
the tubes of the radiators is directly proportional to the pumping power.
Increased mass ﬂow rate results in increased Reynolds number which
results in higher head loss due to the friction in riser tubers and head
loss due to sudden expansion and contraction in header tube. Consequently, pumping power increases since the head losses are increasing.
The friction factor at 70 °C decreased by 1.80%, 1.80%, 1.80% and
0.59% for 0.05 vol% and 14.74%, 14.74%, 14.74% and 5.00% for
0.3 vol% of Al2O3 NFs at the mass ﬂow rates of 0.5, 1, 2, and 3 L min−1,
and for TiO2 NFs it increased by 2.41%, 2.41%, 2.41% and 0.78% for
0.05 vol% and decreased by 10.03%, 10.03%, 10.03% and 3.36% for
0.3 vol% at the same mass ﬂow rates. The same ﬁndings have been
reported in the literature for laminar and turbulent ﬂow regimes
[52,62,82,83].
The PEC is directly related to the gains and losses of energy in an
industrial plant. Such criteria have already been used by other researchers [60,84,85]. As for the heat transfer coeﬃcient where the Nu
has been compared with that of baseﬂuid, similarly, the PEC ratio for
the four NFs presented in Fig. 7b. The PEC values at 70 °C reaches a
maximum of 110% and 131% for the volume fractions of 0.05% and

3.6. Re-evaluation of some NFs properties after radiator tests
Fig. 8 represents the NFs at a volume fraction of 0.3% before and
after being used in a radiator for a period of 6 months. It can be observed from the ﬁgure that Al2O3 NF after being used in a radiator and
tested after a period of 6 months showed an increment in the average
particle diameter from 0.086 μm (86 nm) to 0.765 μm (765 nm), which
means that the particles have aggregated and thus showing bigger sized
particles. For TiO2 NF after being used in a radiator and test after a
period of 6 months showed an increment as well in the average particle
diameter from 0.036 μm (36 nm) to two peaks of 0.0688 μm (68.8 nm)
and 0.659 μm (659 nm), which showed an aggregation of the nanoparticles as well but smaller compared to Al2O3 NF.
The TC of Al2O3 NF and TiO2 NF at 0.3% volume fractions after
being used in a car radiator versus the initially prepared NFs are shown
in Fig. 9. It is observed from the data that TC values for Al2O3 NF have
dropped signiﬁcantly by 5.46%, 6.92%, 5.73%, 3.48% and 4.28% for
the temperatures of 25 °C, 35 °C, 45 °C, 55 °C, and 65 °C, however, TiO2
NF after being used in the radiator dropped by 0.82%, 1.59%, 1.83%,
0.25% and 0.81% which is not very high compared to Al2O3 NF. Hence
it could be concluded from this results reported in Fig. 8, that the
thermophysical properties of prepared NFs might show improved and
better results in the short period, but for the long run, it may not stay
the same. In this study, Al2O3 NF showed better properties and heat
transfer enhancement in the short run, but comparing the TC property
which is the main contributing property regarding heat transfer enhancement dropped signiﬁcantly after being used in a radiator. However, TiO2 NF showed consistent values with a slight drop compared to
the initial values of TC, this can also be veriﬁed from the particle size
distribution shown in Fig. 8. Which shows that the particle size of the
Al2O3 NF has become larger, therefore, making the NF less stable

Fig. 6. Radiator performance comparison using NF (0.05%, 0.3%, and baseﬂuid) with respect to the eﬀect of volume concentration on the Nu number at
diﬀerent ﬂow rates.
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Fig. 7. Eﬀect of volume fraction and ﬂow rates on (a) the friction factor and (b) PEC with respect to Reynolds number.

Fig. 8. Particle size distribution of (a) Al2O3 NFs (b) TiO2 NFs, before and after being used in a car radiator.

a lower melting temperature [87] and which eﬀects the stability of NFs
at higher temperatures. The behavior was observed for the studied NF
as a surfactant was used to ensure the stability of the prepared Al2O3
NF.
More research with a broader range of particle loadings in the
various baseﬂuid is required to see the tribological eﬀect in automotive
thermal systems. Nanoparticles suspended in coolant has the perspective to enhance cooling rates of an automotive and heavy-duty engine
with a compact sized cooling system. Further extensive investigations in
this area will contribute to the design of eﬃcient engine cooling and
other thermal systems that contain NFs. Advance cooling system design
using NFs would create a future generation engine that would work at
higher optimum temperatures with improved power output. Higher
speeds, better fuel consumption, reduced environmental impact and
reduction in cost can be achieved with lighter and smaller engine
components. So, the future engines with nanoﬂuids can be more eﬃcient and more sustainable energy systems which will lead to reducing
environmental issues such as global warming [88,89]. It is also very
important to develop a common correlation for NF heat transfer and
friction factor in radiators. Therefore, additional investigations are required to develop generalized Nu and friction factor corrections for NFs
in automotive applications. The improvement of the heat transfer
ability of the NFs also makes their use in heat exchangers an interesting
option, resulting in better system performance with an added advantage
in energy eﬃciency.

Fig. 9. TC with the temperature for Al2O3–DW/EG NF and TiO2–DW/EG NF at
0.3% volume fractions before and after being used in a car radiator after 6
months.

compared to the TiO2 NF which resulted in better size range and TC
after being used in the system, making it a better coolant in the long
run.” The drop in the thermal conductivity of Al2O3 NF could also be
due to the use of AG surfactants, as reported elsewhere [5,7], which has
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4. Conclusions
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The objective of this paper is to carry out an experimental investigation of the heat transfer in an actual automobile radiator which
operates with diﬀerent nanoﬂuids. The examined nanoﬂuids are created by dispersing Al2O3 and TiO2 nanoparticles in DW and EG at 50:50
mixtures by volume and the analysis is conducted for diﬀerent volume
fractions and ﬂow rates. The TiO2–DW/EG NFs and Al2O3–DW/EG NFs
were prepared by using a two-step method. The thermophysical properties of the examined NFs have been studied in this paper in order to
determine their impact on the heat transfer phenomena. Their stability
was also examined using ζ-method and particle size analysis, while a
corrosion test had been also done for copper samples. The most important conclusions of this work are summarized below:
- The most stable sample from Al2O3 NFs was Al2O3–DW/EG NFs at
0.3% volume fraction with 1:1 nanoparticle to AG surfactant mass
ratio. As for the TiO2 NFs, the TiO2 -DW/EG NFs with 0.3% volume
fraction without any addition of surfactant was found to be the most
stable nanoﬂuid.
- The dynamic light scattering results show that the high volume
concentration leads to an increase in the average particle size which
is not good for the stability of nano-suspension.
- The viscosity and density results show that TiO2 NF has higher
viscosity and density compared to Al2O3 NFs, while the TC of
Al2O3–DW/EG NF at 0.3% volume fraction had a better performance
than TiO2 –DW/EG NFs.
- The highest Nu was found to be at 0.3% volume fraction for all
measured ﬂow rates and from corrosion test. The corrosion test
showed that Al2O3 nanoparticles have a higher corrosion rate (0.133
mmpy) than TiO2 nanoparticles (0.112 mmpy) in an acidic electrolyte. However, Al2O3-based NF showed lower corrosion (0.029
mmpy) for the piping system compared to TiO2-based NF (0.976
mmpy) in heating applications.
- Finally, it is signiﬁcant to state that the Nusselt number increases
with the use of nanoparticles and especially for the Al2O3 nanoparticle. The enhancement is found 9.79% with 0.05% concentration and 24.21% with 0.3% concentration at a mass ﬂow rate of
1 L min−1.
The ﬁndings of this study can be easily scaled up and used for automotive car radiators for better performance. Moreover, this work
suggests future directions for engineers to manufacture extremely
compressed and eﬀective radiators for automotive.
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