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Abstract. Low-efficiency crossflow heat exchangers which are used as radiators in the automotive sector
may cause engine damage. Nano-fluids are ideal coolants due to their high heat diffusion coefficient and
can be added to almost any process that requires a fast reaction to thermal performance, such as the
automobile. The nanofluid's thermal conductivity is greater than that of the base fluid such as water and
ethylene glycol and can achieve more than 40% and enhance the heat transfer coefficient by more than
50%. The best results for heat transfer were to use carbon nanoparticles with base fluid. This article
reviews previous research investigating the effect of nano-fluid in automotive radiators in which
nanoparticles such as Al,03, CuO, TiO, and MWCNT are used. The preparation and application of nano-
fluid and measurement of thermal properties and the effect of volume fraction on efficiency are discussed.
The review also is focused on the numerical and experimental studies of previous work related to nano-
fluid performance in automobile radiators.
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1. INTRODUCTION

Cooling of the engine is one of the challenges facing automobile manufacturers because the excessive
heat can destroy the machine, as well as, the extra radiator weight may increase fuel consumption. The
traditional methods used to improve heat transfer rates are no longer effective as the manufacturers desire.
Water is considered a liquid with a high heat transfer coefficient of about 1000 W/(m?°C) for cold water
and 1000 — 6000 W/(m?°C) for hot water [1]. Other liquids are also added to water in a different ratio to
increase the boiling point and to reduce the degree of freezing, such as Ethylene Glycol (EG), for better
performance of the vehicle's cooling system. The discovery of nanoparticles manufacturing techniques
discovered by (Choi in 1993) [2]has led to the development of using nanoparticles in engine coolant
mixtures such as water and EG to increase the thermal performance. This has helped designers to reduce
the cooling system by making smaller radiators and also reducing the weight and fuel consumption. Nano-
fluids are usually prepared to contain tiny nanoparticles size (< 100 nm) [3]. An ultrasonic waves device
prepares the suspension by mixing a specific concentration in the base-fluids. Different nanoparticles such
as Al,O3, MWCNT, TiO,, CuO, MgO, Fe;0,4, and SiO, can be used to increase the heat transfer rate [4].
Kole & Dey[5], carried out an experimental study and showed that 3.5 vol.% of Al,O3; / EG Nano-fluids
had affected the maximum thermal conductivity to increase by 11.25% at 80 ° C. These particles have
improved the heat transfer rate in the coolant to the right concentration compared to the base-fluid.
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2. TYPE OF NANOPARTICLES AND SURFACTANT

Many particles are presently used with the base-fluids to enhance the thermal performance of the
engine coolant. The base-fluid may be water, organic-fluid like EG, biological fluids, oils, and phase
change materials. Metallic materials such as silver and gold, ceramic oxides such as alumina Al,O3, CuO,
and carbon forms like diamond, carbon nanotubes, and graphite are usually used in the nano-fluids [6].
The surfactant such as Sodium dodecyl sulfate (SDS) [CH3(CH;)11SO4Na], sodium dodecylbenzene
sulfonate (SDBS) [C1gH29Na0s3S], Cetrimonium bromide (CTAB) [(C1sH33)N(CHs)s] and the Arabic Gum
are added to increase the stability and homogeneity in nano-fluids [3]. Types of nanoparticles with general
classifications are shown in Table 1.

Table 1. Type of base-fluid, nanoparticles, and surfactants

Material Surfactant

Fluid

Anionic such as ([SDS] Sodium Dodecyl Sulphate)
Water
Ethen Glycol Cationic such as ([CTAB] CetylITrimethyl Ammonium Bromide)
Engine Oil
Transmission oil Non-ionic such as (Gum Arabic GA, Triton X-100)

Metallic
Materials

Gold Amphoteric such as (lecithin, hydroxylamine )[7]

Silver
Cooper

Ceramic
Oxide

alumina Al,O,
Silica
CuO
Tio2

Carbon

Diamond
SWCNT
MWCNT
Graphene

3. ADVANTAGES AND DISADVANTAGES OF NANO-FLUIDS

In addition to a small boost in cooling efficiency relative to pure liquid, the nanoparticle's
usefulness increases the heat transfer coefficient by improving the nano-fluids thermal conductivity.
There are, however, some significant disadvantages that raise questions about the use of nano-fluid in
automotive radiators [8]. Table 2 shows the most common advantages and disadvantages of nano-

fluid.
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Table 2. Advantages and Disadvantages of Nano-Fluid

Advantages Disadvantages

Enhanced heat transfer coefficient due to

higher thermal conductivity, mainly of laminar flow It has to raise the pumping power because of the

significantly decreased pressure.

The high-cost suspension of nanoparticles, especially
those requiring the addition of substances such as
surfactants to improve stability[9]

The accumulation of particles when the fluid is in a state
of stagnation for a long time causing the flow pathways
to close

Corrosive damage to subsided parts due to flow

It is possible to make miniature devices available because of
the improved heat transfer.

4. PREPARATION OF NANO-FLUIDS

Nano-fluids are dependent on the method and nature of the preparation. Most unstable nano-fluids
reduce heat transfer and deposition of particles and may lead to sedimentation and clogging of radiator
tubes and water pumps. There are two common ways of preparing the Nano-fluid [10].

4.1 One-Step Method

The one-step process consists of mixing and dispersing particles in a liquid simultaneously.
Eastman et al.2001 [11] developed a one-step evaporative condensation procedure for physically
preparing water / EG Nano-fluids. The drying and transporting process of the nanoparticles was
avoided. However, it is challenging to prepare nano-fluids on a large scale by the one-step
procedure as it is an expensive technique [10].

4.2 Two-Step Method

The two-step method represents the most common method for preparing nanoscale fluids. The
first step in this method is mixing the nanoparticles in the liquid by Magnetic stirrer Figure (1). The
second step is the mixing and suspension by the ultrasonic device[12]. Hung et al. 2011 [13] used
nanoparticles of aluminum oxide (Al,O3) to prepare the Nano-fluids using the two-step method by
mixing weight ratios (0.5, 1.1.5 wt%) with a size of 20 nm with water as base-fluid and adding a
dispersing component that is (chitosan). It was mixed using ultrasonic and hot plate magnetic
stirrer to create Nano-fluids (alumina). Vermahmoudi et al. 2013 [14] prepared nano-fluids from
iron oxide (Fe,Os) nanoparticles with a purity of 99% and a diameter of 40 nm, two types of
techniques have been proposing to prepare the liquid. The first technique is to use surfactants, and
the second is to change the PH of the fluid for synthesis. Then added a small quantity of iron oxide
0.02 vol % in 100 ml of distilled water. They found that the nano-fluid was more stable at a PH of
11.1 and polyethylene glycol surfactant. Al-Shamani et al. 2016 [15] Prepare the nano-fluid using
the two-step method and suspend the nanoparticles with base fluid using an ultrasound device.
Table 3. Shows nanoparticles type and surfactant.
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Figure 1. Magnetic Stirrer Device

Table. 3. Summary of Preparation of Nano-Fluids and Type of Nanoparticles, Surfactant, and PH

Authors Nano-fluids Surfactants / PH Dispersing mothed
24 hours at Ultrasonic bath
Ding et al.2006 [16] MWCNTSs/Water (GA) Gum Arabic, pH (6) | And 30 min at homogenizer
Li et al.2008 [17] CulWater SDBS, Ph(85-9.5) | 12 MinatUltrasonic bath
Zhu et al.2009[18] Al,O5-Water SDBS, pH 8-9 One hour at Ultrasonic bath
Phuoc et al.2011 [19] MWNT/Water Chitosan 10 minutes at Ultrasanic processor and
mixing for 20 minutes at a magnetic stirrer
Byrne et al.2012 [20] CuO/Water CTAB for 7-8 hours, an ultrasonic processor
with high intensity
MWNT functional 60 min at Ultrasonic bath and 3-hour

Lotfi et al.2012 [21] groups of COOH mixing at a magnetic stirrer

(MWNT)/water

5. THERMOPHYSICAL PROPERTIES

The advent of nanotechnology and the addition of nanoparticles with high thermal conductivity
(8.4 - 3300 W/m.K)[22] to fluids has enhanced heat transfer in traditional liquids such as water [23].
Many researchers have been investigated particle suspension in a conventional fluid such as water,
oils, and EG [24]. The most important properties are thermal conductivity, density, heat capacity, and
viscosity.

5.1 Thermal conductivity

The thermal conductivity of nano-fluids is usually calculated in the laboratory using a Kapton hot
disk sensor Figure 2, and the transient hot wire. It can also be calculated numerically by using the
Maxwell equation (1). Maxwell's model (1881) of the thermal conductivity for a liquid-solid mixture
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works well to measure the thermal conductivity with low concentrations for solids spherical
nanoparticles.[4].

Ky, + 2Kpe(Kp + Kp) @
nf = — * Kpf (D)
Kp + 2Kyt (Kp Kpp)®

To measure the thermal conductivity of non-spherical nanoparticles, Hamilton and Cruiser (1962)
proposed a model (2) for the liquid-solid mixture which takes into account the shape coefficient, n, as
its value depends on the shape of the particles, [n=3/¥] and [W=3 for spherical, ¥=6 for non-spherical]
[25]. Equation (3) gives the most accurate thermal conductivity product of the nanofluid performed by
Koo and Kleinstreuer in 2004 [26]. The summary of the thermal conductivity of nanofluids
enhancement is shown in Table 4.

_ Kp + (n - 1)be— (n - 1)(be+ Kp)(D

K = Ko + (0 — DKpe + (Kor— Kp)® > @)
o= [t 2K 200K, ~Kur) be] +5 X 10* B @ pby Cpby [~ £(T,3)(3)
(Kp + 2Kp) + B(Kp, — Kopr) pdp
f(T, ®) = (—134.63 + 1722.30) + (0.4705 — 6.040) (%)
- {0.0137(100 @)‘_0-8229 ,0 < 0.01
0.0011(100 )~°7272, ¢ > 0.01
Compression
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Figure 2. Schematic Diagram ofKapton Hot Disk Sensor
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Table 4. Summary of Thermal Conductivity Nano-Fluids Enhancement

Authors Nano-Fluids Concentration (%) vol Thermal Conductivity Enhancing (%)
Liu et al.2006 [27] Cu/Water 0.05%vol 12%
Zhang et al. 2006 [28] CuO/Water 7.5 %vol 52%
Ding et al. 2006 [16] MWCNT/Water 0.05-0.5%vol 79%
Beck et al.2009 [29] AlL,O,/EG 2-3%vol 19%
Godson et al.2010 [30] Ag/Water 0.3-0.9%vol 30%
Jahanshahi et al.2010[31] SiO,/EG 1-4%vol 23%
Paul et al.2010[32] ZrO,/Water 0-2.2%vol 60%
Chandrasekar et al. 2012[33] Al,Oz/Water 0.33-3%vol 9.7%
Karami et al. 2014 [34] MWCNT/Water 0.015%vol 32%

5.2 Viscosity

Viscosity is the resistance to nano-fluids flow within tubes and is a significant thermal
property. With an increase in fluid viscosity, the system needs more pumping force, affecting the heat
transfer coefficient. [35]. The first attempt to derive an equation for calculating viscosity was carried
out by Einstein (1956) using hydrodynamic equations [4]. Brinkman found an equation for knowing the
viscosity of a nano-fluid of spherical nanoparticles.[36]. Esfe et al. 2014 [37] Using equation (6), the
nano- fluids' viscosity was calculated from the magnesium oxide molecules of diameter 40. The units of
viscosity are [Pa.s].

Bnt _
o= (1+250,), ©<005 (4

Bt =1/ (1-0,)55)
Hpf

Mof 411610+ 10902(6)

Hbf

Lu and Fan.[38] applied a numerical simulation and experimental procedure to measure Al,Os/water
and Al,Os/EG Nano-fluids viscosity. The obtained results showed that the Nano-fluids viscosity
mentioned above improved the volume fraction of Al,O3 nanoparticles because they have a greater
surface area to volume ratio. Nguyen et al. 2007 [39] experimentally analyzed the viscosity of
CuO/Water, Al,Os/Water nanoparticles with different nanoparticle volume fractions. It was found that
its viscosity counts on temperature and particle concentration. In general, the viscosity of nano-fluid
increases with increasing particle size, but it decreases with increasing temperature. However, their
investigations confirmed that the Nano-fluids viscosity was approximately equal when nanoparticle
volume fractions were less than 4%.

5.3 Other Properties of Nano-Fluids

For the volumetric concentration of nanoparticles, all other properties are a linear relationship,
which results in the equations of specific heat capacity [ J/kg. k] and density [ kg/m®], respectively.
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Cpnr = (1 — @)Cppt + ©Cpp(7)
Pnf = (1 — @)ppr + @pp(8)

6. GOVERNING EQUATIONS IN HEAT TRANSFER CALCULATIONS
From the following equation, the heat transfer rate can be calculated
Q =1 Cp (Tin — Tour) )
m=pV Ap (10)
Where (Q) is the heat transfer rate, (Cp)specific heat, (Tin) is the inlet temperature and (Tout) is
the outlet temperature, the (m) mass flow rate be calculated the (p) is the density of fluid (V)

velocity of the fluid and (4;,, ) the inlet area of the flat tube.

to calculate the heat transfer coefficient using the following equation

h = m Cp (Tin - Tout)
As (Tb - Tw)

(11)

Where (4;) the surface area of a flat tube (Tb) is the reference point for the temperature of inlet and
outlet, (Tw) is the average wall temperature.

To calculate the Nusselt number, you can use the following equation

== (12)

Nu

Where the (D) hydraulic diameter, (k) the thermal conductivity of the fluid.

_ 4 x[nd*(D—d) =d]
"7 md+2+(D-d) (13)

7. THEORETICAL INVESTIGATION

The rapid development in computers and simulation software, in general, has led to reducing the
time and cost of machine fabrication, as well as, they obtained accurate results that are close to the finding
of experimental studies. The most reliable software is ANSYS Fluent and COMSOL [40].
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Pendyalaet al. 2015 [41] carried out a numerical analysis on a 3D automobile radiator using ANSYS
software to calculate the thermal properties of the Nano-fluids of CuO, Al,Os, SiO,; the diameters of
nanoparticles was (29, 45, and 20) nm, respectively. Taking into account (Naiver- Stock equations and
fluid flow and continuity equations), the entry temperature of the liquid and air was 90°C and 30°C,
respectively, the air velocity is 4.4 meters per second, the hydraulic diameter is 0.0404, and the thickness
of the fin is 0.001 mm. The results showed that copper oxide (CuO) and aluminum oxide (Al,O3) were
more efficient than silicon oxide in enhancing heat transfer during laminar and turbulent flow because of
the high thermal conductivity of the two mentioned nano-fluid.

Angadi et al. 2014 [42] applied a numerical study using the STAR CCM + program on automobile radiator
to study the heat transfer properties of pure water to compare it with Al,O; Nano-fluids at different
concentrations and flow rates (2-6) I/min. They found that the heat transfer efficiency of Nano-fluids is
higher than pure water because of the increase in thermal conductivity.

Vajjha et al.[43] Have been compared the dispersion of aluminum oxide (Al,O3) and copper oxide (CuO)
nanoparticles in the vehicle coolant combination EG and Water numerically. They found that the mean
heat transfer coefficient has increased to 36.6% for Al,Os; Nano-fluids at 3 vol% concentration and 49.7%
for CuO Nano-fluids at 3 vol% concentration. The summary of the previous theoretical investigation has
been organized, as shown in Table 5.

Table 5. Summary of the Theoretical Studies of Nano-Fluids

Authors Nano-fluids Results
B AlLOJW-EG To obtaiq the same amount of _heat transfer in the base-fl_uid,
Vajjha et al. 2010 [44] CZ 3 ' Nano-fluids require less pumping force than the base-fluid
uO/W-EG S - .
with different nanoparticle concentrations.
Patel. 2012[45] CuO/W-EG Using computer programs STAR CCM+, the results were
' TiO,/W-EG identical to the experimental results at a flow rate of 4 kg/s
Upon laminar flow and increasing the volume fraction of
Huminic et al. 2013 [46] CuO/EG nanoparticles, the heat transfer coefficient, Reynolds number,
and Brownian motion are enhanced.
In flat tubes as the heat transfer of Nano-fluids led to
Safikhani et al. 2014 [47] Al,O3/Water nanoparticle distribution, a crucial case in fluid dynamics at
laminar flow.
TiO,/Water By using Nano-fluids of CuO/Water and Fe,Os/Water, the
Hatami et al. 2014 [48] Fe,Os/Water, heat transfer enhancement was lower compared to TiO, —
CuO/Water, Water by 10%.
As the vapor flow rate increases, the heat transfer coefficient
Abbasi&Baniamerian. Al,O3, Au, CuO, TiO,/Water- decreases, the enhancement of the Nano-fluids heat transfer
2014 [49] vapor coefficient was higher for the Al,O; particles, followed by
TiO,, Au, and CuO.

8. EXPERIMENTAL INVESTIGATION

The thermophysical properties of Nano-fluids resulting from nanoparticle addition to the base-fluid
have led to an improvement in heat transfer and a reduced pumping power [29]. There is much research
that has been reviewed for applying Nano-fluids to automotive radiators. Said et al. 2019 [50]Studied
automobile radiator's performance experimentally by adding Al,Os/Water and TiO,/Water Nano-fluids as
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a coolant. It is found that the Nusselt number for a radiator at 0.3 vol% concentration was 24.21% for
Al,O3/Water and 14.99% for TiOy/Water. Anuar. 2016[51]Found that the coefficient of heat transfer has
increased by about 93% at 10%vol, a volume fraction upon an experimental study on the effect of
Cu/Water Nano-fluids. Tafakhori et al. 2020 [52]investigated the thermal properties of nano-fluids of
Fe304/DW experimentally, results showed that the thermal conductivity has increased by 550.3% at a
volume fraction of 0.9 vol%. Muruganandam & Mukesh Kumar. 2020 [53] carried out an experimental
analysis on MWCNT/Water Nano-fluids, surfactants (SDBS) and found that the mechanical efficiency
improved by 24% at 0.3 vol% and average fuel consumption 19% at 0.3 vol%. Ebrahimi et al. 2014
[54]concluded that in SiO, Nano-fluids when increasing the temperature of the liquid, an increase in the
Nusselt number and the rate of heat transfer will occur. Nieh et al. 2013 [55] have been working on
nanoparticles of aluminum and titanium oxide (Al,Os, TiO,), by using the two-step method to synthesize a
nano-fluid with a concentration of 0.2 wt% of nanoparticles with a base fluid consisting of water and EG
at a ratio of (50:50), the results showed that the efficiency factor increased to 27.2% and the heat
dissipation to 25.6% for nano-fluid. These results were higher compared to the base fluid. The summary of
the experimental investigation is shown in Table 6.

Table 6. Summary of the Experimental Study of Nano-Fluids

Authors Nano-fluids Concentration (%) vol Results
3.8% improvement in heat transfer
0
Leong et al. 2010[56] CuO/EG 2% compared to the base-fluid
At 0.4 vol% for MWCNT/EG -W Nano-
MWCNT/EG - 0 fluids, the most significant thermal
Teng and Yu. 2013[57] Water 0.4 % conductivity improvement was 49.6%

compared to EG - W.

At a concentration of 0.65 vol% for the
Fe,O5;-Water Nano-fluids, it was found
Fe,O4/Water 0.1-1% that 9% is the amount of enhancement in
the heat transfer coefficient compared to
water

Peyghambarzadeh et
al. 2013 [58]

At 50 ° C, the maximum improvement in
0-1% the thermal conductivity of Nano-fluids
using A0z particles was 8.3% at 0.1%
vol concentration.

Elias et al. 2014 [59] Al,Os/Water- EG

The use of the SiO, Nano-fluids enhanced
Hussein et al. 2014 . 01-2.0% the heat transfer rate by up to 50%
SiO,/Water
[60] compared to pure water and at lower
concentrations and flow rate of 2-8 I/min

At 0.3% vol concentration of TiO,
. N0 nanoparticles in the basic coolant mixture,
Hussein et al. 2014 Water/TiO, 0.1-20% an improvement in heat transfer of 8.5%
[61] .
was achieved and a Nusselt number of
8.3%.

At 0.8 vol% of the CuO-EG Nano-fluids,
the improvement in heat transfer
Compared to the base-

fluid, it was around 55 %.

Heris et al. 2014 [62] CuO/Water-EG 0.2-0.8%

1.31% is the maximum obtained to
Ali et al. 2015 [63] MgO/Water 0.05-0.12% enhance heat transfer with the MgO Nano-
fluids at 8-16 I/min, and 0.12% vol
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9. CONCLUSIONS

The review article states the numerical and experimental research conducted on the performance of
nano-fluids in automotive radiators. And explain the method of calculating conductivity and viscosity by
experimental and numerical approaches using equations or in the laboratory.

- The governing equations for calculating thermal properties, the equations for the analysis of heat
transfer, and the Nusselt number are illustrated.

- Thermal conductivity and viscosity affect the nano-fluids, the nature of the flow, and the fluid's
thermal improvement.

- Enhancement value by using nano-fluids was more than 50% compared to base-fluids

- The paper summarized the research conducted on nanoparticles of the metallic/non-
metallic form, where AI203 nanoparticles were the most widely used because they provide good r
esults and have a minimal price.

- Most researchers agreed that increasing the volume fraction more than (1 vol%) could decrease the
heat transfer rate.

- However, there are problems and challenges in obtaining a stable nano-fluid for a long time; this
includes low pressure and high cost for some types of nanoparticles with high conductivity
coefficients such as MWCNT.

REFERENCES

[1] D. E. Maddox and I. Mudawwar, “Single and two-phase convective heat transfer from smooth and

enhanced microelectronic heat sources in a rectangular channel,” Am. Soc. Mech. Eng. Heat Transf.
Div. HTD, vol. 96, no. November 1989, pp. 533-541, 1988, doi: 10.1115/1.3250766.

[2] S.U.S. Choi, “Enhancing thermal conductivity of fluids with nanoparticles,” Am. Soc. Mech. Eng.
Fluids Eng. Div. FED, vol. 231, no. March, pp. 99-105, 1995.

[3] G. Saxena and P. Soni, “Nano Coolants for Automotive Applications: A Review,” vol. 20, no.
February, pp. 8-22, 2018.

[4] X. Q. Wang and A. S. Mujumdar, “A review on nanofluids - Part I: Theoretical and numerical
investigations,” Brazilian J. Chem. Eng., vol. 25, no. 4, pp. 613-630, 2008, doi: 10.1590/S0104-
66322008000400001.

[5] M. Kole and T. K. Dey, “Thermal conductivity and viscosity of Al203 nanofluid based on car
engine coolant,” J. Phys. D. Appl. Phys., vol. 43, no. 31, 2010, doi: 10.1088/0022-
3727/43/31/315501.

[6] J. Sarkar, P. Ghosh, and A. Adil, “A review on hybrid nanofluids: Recent research, development
and applications,” Renew. Sustain. Energy Rev., vol. 43, pp. 164-177, 2015, doi:
10.1016/j.rser.2014.11.023.

[71 A. O. Borode, N. A. Ahmed, and P. A. Olubambi, “Surfactant-aided dispersion of carbon

ATU-FIIMSE, Volume 1 — Issue 2 — February 13, 2021, © 2021 FJIIMSE, All Rights Reserved

~
w



[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Al-Furat Journal of Innovations in Mechanical and Sustainable Energy
Engineering (FJIIMSE) Published by Al-Furat Al-Awsat Technical University
(ATU) / Iraq

nanomaterials in aqueous solution,” Phys. Fluids, vol. 31, no. 7, 2019, doi: 10.1063/1.5105380.

J. Lee and 1. Mudawar, “Assessment of the effectiveness of nanofluids for single-phase and two-
phase heat transfer in micro-channels,” Int. J. Heat Mass Transf., vol. 50, no. 34, pp. 452-463,
2007, doi: 10.1016/j.ijheatmasstransfer.2006.08.001.

S. Shimpi, “Review on Enhancement of Radiator Efficiency using Nanotechnology,” Int. J. Res.
Appl. Sci. Eng. Technol., vol. 8, no. 5, pp. 1543-1548, 2020, doi: 10.22214/ijraset.2020.5250.

W. Yu and H. Xie, “A review on nanofluids: Preparation, stability mechanisms, and applications,”
J. Nanomater., vol. 2012, 2012, doi: 10.1155/2012/435873.

J. A. Eastman, S. U. S. Choi, S. Li, W. Yu, and L. J. Thompson, “Anomalously increased effective
thermal conductivities of ethylene glycol-based nanofluids containing copper nanoparticles,” Appl.
Phys. Lett., vol. 78, no. 6, pp. 718-720, 2001, doi: 10.1063/1.1341218.

N. Ahammed, L. G. Asirvatham, J. Titus, J. R. Bose, and S. Wongwises, ‘“Measurement of thermal
conductivity of graphene-water nanofluid at below and above ambient temperatures,” Int. Commun.
Heat Mass Transf., vol. 70, pp. 66-74, 2016, doi: 10.1016/j.icheatmasstransfer.2015.11.002.

Y. H. Hung, T. P. Teng, T. C. Teng, and J. H. Chen, “Assessment of heat dissipation performance
for nanofluid,” Appl. Therm. Eng., vol. 32, no. 1, pp. 132-140, 2012, doi:
10.1016/j.applthermaleng.2011.09.008.

Y. Vermahmoudi, S. M. Peyghambarzadeh, S. H. Hashemabadi, and M. Naraki, “Experimental
investigation on heat transfer performance of Fe 2 O 3/water nanofluid in an air-finned heat
exchanger,” Eur. J. Mech. B/Fluids, wvol. 44, pp. 32-41, 2014, doi:
10.1016/j.euromechflu.2013.10.002.

A. N. Al-Shamani, K. Sopian, S. Mat, H. A. Hasan, A. M. Abed, and M. H. Ruslan, “Experimental
studies of rectangular tube absorber photovoltaic thermal collector with various types of nanofluids
under the tropical climate conditions,” Energy Convers. Manag., vol. 124, pp. 528-542, 2016, doi:
10.1016/j.enconman.2016.07.052.

D. Zhu, X. Li, N. Wang, X. Wang, J. Gao, and H. Li, “Dispersion behavior and thermal
conductivity characteristics of AI203-H20 nanofluids,” Curr. Appl. Phys., vol. 9, no. 1, pp. 131-
139, 2009, doi: 10.1016/j.cap.2007.12.008.

Y. Ding, H. Alias, D. Wen, and R. A. Williams, “Heat transfer of aqueous suspensions of carbon
nanotubes (CNT nanofluids),” Int. J. Heat Mass Transf., vol. 49, no. 1-2, pp. 240-250, 2006, doi:
10.1016/j.ijheatmasstransfer.2005.07.009.

X. F. Li, D. S. Zhu, X. J. Wang, N. Wang, J. W. Gao, and H. Li, “Thermal conductivity
enhancement dependent pH and chemical surfactant for Cu-H20 nanofluids,” Thermochim. Acta,
vol. 469, no. 1-2, pp. 98-103, 2008, doi: 10.1016/j.tca.2008.01.008.

M. D. Byrne, R. A. Hart, and A. K. Da Silva, “Experimental thermal-hydraulic evaluation of CuO

ATU-FIIMSE, Volume 1 — Issue 2 — February 13, 2021, © 2021 FJIIMSE, All Rights Reserved

~
S




[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Al-Furat Journal of Innovations in Mechanical and Sustainable Energy
Engineering (FJIIMSE) Published by Al-Furat Al-Awsat Technical University
(ATU) / Iraq

nanofluids in microchannels at various concentrations with and without suspension enhancers,” Int.
J. Heat Mass Transf., wvol. 55, ~no. 9-10, pp. 2684-2691, 2012, doi:
10.1016/j.ijheatmasstransfer.2011.12.018.

T. X. Phuoc, M. Massoudi, and R. H. Chen, “Viscosity and thermal conductivity of nanofluids
containing multi-walled carbon nanotubes stabilized by chitosan,” Int. J. Therm. Sci., vol. 50, no. 1,
pp. 12-18, 2011, doi: 10.1016/j.ijthermalsci.2010.09.008.

R. Lotfi, A. M. Rashidi, and A. Amrollahi, “Experimental study on the heat transfer enhancement of
MWNT-water nanofluid in a shell and tube heat exchanger,” Int. Commun. Heat Mass Transf., vol.
39, no. 1, pp. 108-111, 2012, doi: 10.1016/j.icheatmasstransfer.2011.10.002.

J. Sarkar, “A critical review on convective heat transfer correlations of nanofluids,” Renew. Sustain.
Energy Rev., vol. 15, no. 6, pp. 3271-3277, 2011, doi: 10.1016/j.rser.2011.04.025.

M. Gupta, V. Singh, R. Kumar, and Z. Said, “A review on thermophysical properties of nanofluids
and heat transfer applications,” Renew. Sustain. Energy Rev., vol. 74, no. December 2015, pp. 638—
670, 2017, doi: 10.1016/j.rser.2017.02.073.

W. Duangthongsuk and S. Wongwises, “A dispersion model for predicting the heat transfer
performance of TiO 2-water nanofluids under a laminar flow regime,” Int. J. Heat Mass Transf.,
vol. 55, no. 11-12, pp. 3138-3146, 2012, doi: 10.1016/j.ijheatmasstransfer.2012.02.016.

P. Estell¢, S. Halelfadl, and T. Mar¢, “Thermal conductivity of CNT water based nanofluids:
Experimental trends and models overview,” J. Therm. Eng., vol. 1, no. 2, pp. 381-390, 2015, doi:
10.18186/jte.92293.

J. Koo and C. Kleinstreuer, “A new thermal conductivity model for nanofluids,” J. Nanoparticle
Res., vol. 6, no. 6, pp. 577-588, 2004, doi: 10.1007/s11051-004-3170-5.

M. Chandrasekar, S. Suresh, and T. Senthilkumar, “Mechanisms proposed through experimental
investigations on thermophysical properties and forced convective heat transfer characteristics of
various nanofluids - A review,” Renew. Sustain. Energy Rev., vol. 16, no. 6, pp. 3917-3938, 2012,
doi: 10.1016/j.rser.2012.03.013.

M. P. Beck, Y. Yuan, P. Warrier, and A. S. Teja, “The effect of particle size on the thermal
conductivity of alumina nanofluids,” J. Nanoparticle Res., vol. 11, no. 5, pp. 1129-1136, 2009, doi:
10.1007/s11051-008-9500-2.

M. S. Liu, M. C. C. Lin, I. Te Huang, and C. C. Wang, “Enhancement of thermal conductivity with
CuO for nanofluids,” Chem. Eng. Technol.,, vol. 29, no. 1, pp. 72-77, 2006, doi:
10.1002/ceat.200500184.

X. Zhang, H. Gu, and M. Fujii, “Experimental study on the effective thermal conductivity and
thermal diffusivity of nanofluids,” Int. J. Thermophys., vol. 27, no. 2, pp. 569-580, 2006, doi:
10.1007/s10765-006-0054-1.

ATU-FIIMSE, Volume 1 — Issue 2 — February 13, 2021, © 2021 FJIIMSE, All Rights Reserved

~
a1




[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Al-Furat Journal of Innovations in Mechanical and Sustainable Energy
Engineering (FJIIMSE) Published by Al-Furat Al-Awsat Technical University
(ATU) / Iraq

L. Godson, B. Raja, D. M. Lal, and S. Wongwises, “Experimental investigation on the thermal
conductivity and viscosity of silver-deionized water nanofluid,” Exp. Heat Transf., vol. 23, no. 4,
pp. 317-332, 2010, doi: 10.1080/08916150903564796.

M. Karami, M. A. Akhavan Bahabadi, S. Delfani, and A. Ghozatloo, “A new application of carbon
nanotubes nanofluid as working fluid of low-temperature direct absorption solar collector,” Sol.
Energy Mater. Sol. Cells, vol. 121, pp. 114-118, 2014, doi: 10.1016/j.solmat.2013.11.004.

M. Jahanshahi, S. F. Hosseinizadeh, M. Alipanah, A. Dehghani, and G. R. Vakilinejad, “Numerical
simulation of free convection based on experimental measured conductivity in a square cavity using
Water/SiO2 nanofluid,” Int. Commun. Heat Mass Transf., vol. 37, no. 6, pp. 687-694, 2010, doi:
10.1016/j.icheatmasstransfer.2010.03.010.

G. Paul, M. Chopkar, I. Manna, and P. K. Das, “Techniques for measuring the thermal conductivity
of nanofluids: A review,” Renew. Sustain. Energy Rev., vol. 14, no. 7, pp. 1913-1924, 2010, doi:
10.1016/j.rser.2010.03.017.

N. Zhao, S. Li, and J. Yang, “A review on nanofluids: Data-driven modeling of thermalphysical
properties and the application in automotive radiator,” Renew. Sustain. Energy Rev., vol. 66, pp.
596-616, 2016, doi: 10.1016/j.rser.2016.08.029.

H. C. Brinkman, “The viscosity of concentrated suspensions and solutions,” J. Chem. Phys., vol. 20,
no. 4, p. 571, 1952, doi: 10.1063/1.1700493.

M. Hemmat Esfe, S. Saedodin, and M. Mahmoodi, “Experimental studies on the convective heat
transfer performance and thermophysical properties of MgO-water nanofluid under turbulent flow,”
Exp. Therm. Fluid Sci., vol. 52, pp. 68-78, 2014, doi: 10.1016/j.expthermflusci.2013.08.023.

W. Q. Lu and Q. M. Fan, “Study for the particle’s scale effect on some thermophysical properties of
nanofluids by a simplified molecular dynamics method,” Eng. Anal. Bound. Elem., vol. 32, no. 4,
pp. 282-289, 2008, doi: 10.1016/j.enganabound.2007.10.006.

C. T. Nguyen et al., “Temperature and particle-Size dependent viscosity data for water-based
nanofluids - Hysteresis phenomenon,” Int. J. Heat Fluid Flow, vol. 28, no. 6, pp. 1492-1506, 2007,
doi: 10.1016/j.ijheatfluidflow.2007.02.004.

A. S. Tijani and A. S. bin Sudirman, “Thermos-physical properties and heat transfer characteristics
of water/anti-freezing and A1203/CuO based nanofluid as a coolant for car radiator,” Int. J. Heat
Mass Transf., vol. 118, pp. 48-57, 2018, doi: 10.1016/j.ijheatmasstransfer.2017.10.083.

R. Pendyala, J. L. Chong, and S. U. Ilyas, “CFD analysis of heat transfer performance in a car
radiator with nanofluids as coolants,” Chem. Eng. Trans., vol. 45, pp. 1261-1266, 2015, doi:
10.3303/CET1545211.

V. M. Angadi, R. Nagaraj, and O. D. Hebbal, “CFD Analysis of heat transfer enhancement of a car
radiator using nanofluid as a coolant,” Int. J. Eng. Res. Technol., vol. 3, no. 8, pp. 1058-1063, 2014.

ATU-FIIMSE, Volume 1 — Issue 2 — February 13, 2021, © 2021 FJIIMSE, All Rights Reserved

~
(o]




[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Al-Furat Journal of Innovations in Mechanical and Sustainable Energy
Engineering (FJIIMSE) Published by Al-Furat Al-Awsat Technical University
(ATU) / Iraq

R. S. Vajjha, D. K. Das, and D. R. Ray, “Development of new correlations for the Nusselt number
and the friction factor under turbulent flow of nanofluids in flat tubes,” Int. J. Heat Mass Transf.,
vol. 80, pp. 353-367, 2015, doi: 10.1016/j.ijheatmasstransfer.2014.09.018.

G. Huminic and A. Huminic, “Numerical analysis of laminar flow heat transfer of nanofluids in a
flattened tube,” Int. Commun. Heat Mass Transf, vol. 44, pp. 52-57, 2013, doi:
10.1016/j.icheatmasstransfer.2013.03.003.

M. Hatami, D. D. Ganji, and M. Gorji-Bandpy, “CFD simulation and optimization of ICEs exhaust

heat recovery using different coolants and fin dimensions in heat exchanger,” Neural Comput.
Appl., vol. 25, no. 7-8, pp. 2079-2090, 2014, doi: 10.1007/s00521-014-1695-9.

R. S. Vajjha, D. K. Das, and P. K. Namburu, “Numerical study of fluid dynamic and heat transfer
performance of A1203 and CuO nanofluids in the flat tubes of a radiator,” Int. J. Heat Fluid Flow,
vol. 31, no. 4, pp. 613-621, 2010, doi: 10.1016/j.ijheatfluidflow.2010.02.016.

A. M. M. J.R. Patel, “Effect of Mass flow Rate of Air on Heat Transfer Rate in automobile radiator
by CFD simulation using CFX .,” vol. 1, pp. 1-4, 2012.

H. Safikhani and A. Abbassi, “Effects of tube flattening on the fluid dynamic and heat transfer
performance of nanofluids,” Adv. Powder Technol., vol. 25, no. 3, pp. 1132-1141, 2014, doi:
10.1016/j.apt.2014.02.018.

M. Abbasi and Z. Baniamerian, “Analytical simulation of flow and heat transfer of two-phase
Nanofluid (stratified flow regime),” Int. J. Chem. Eng., vol. 2014, 2014, doi: 10.1155/2014/474865.

Z. Said et al., “Enhancing the performance of automotive radiators using nanofluids,” Renew.
Sustain. Energy Rev., vol. 112, no. May, pp. 183-194, 2019, doi: 10.1016/j.rser.2019.05.052.

F. S. Anuar, “Thermophysical Properties of Copper / Water Nanofluid for Automotive Cooling
System — Mathematical Modeling Thermophysical Properties of Copper / Water Nanofluid for
Automotive Cooling System — Mathematical Modeling,” no. April, pp. 1-10, 2016, doi:
10.13140/RG.2.1.5069.6083.

M. Tafakhori, D. Kalantari, P. Biparva, and S. M. Peyghambarzadeh, “Assessment of Fe304—water
nanofluid for enhancing laminar convective heat transfer in a car radiator,” J. Therm. Anal.
Calorim., 2020, doi: 10.1007/s10973-020-10034-0.

M. Muruganandam and P. C. Mukesh Kumar, “Experimental analysis on internal combustion
engine using MWCNT/water nanofluid as a coolant,” Mater. Today Proc., vol. 21, no. XxXxx, pp.
248-252, 2020, doi: 10.1016/j.matpr.2019.05.411.

M. Ebrahimi, M. Farhadi, K. Sedighi, and S. Akbarzade, “Experimental investigation of force
convection heat transfer in a car radiator filled with SiO2-water nanofluid,” Int. J. Eng. Trans. B
Appl., vol. 27, no. 2, pp. 333-340, 2014, doi: 10.5829/idosi.ije.2014.27.02b.17.

H. M. Nieh, T. P. Teng, and C. C. Yu, “Enhanced heat dissipation of a radiator using oxide nano-

ATU-FIIMSE, Volume 1 — Issue 2 — February 13, 2021, © 2021 FJIIMSE, All Rights Reserved

~
~




[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Al-Furat Journal of Innovations in Mechanical and Sustainable Energy
Engineering (FJIIMSE) Published by Al-Furat Al-Awsat Technical University
(ATU) / Iraq

coolant,” Int. J. Therm. Sci., vol. 77, pp. 252-261, 2014, doi: 10.1016/j.ijthermalsci.2013.11.008.

K. Y. Leong, R. Saidur, S. N. Kazi, and A. H. Mamun, “Performance investigation of an
automotive car radiator operated with nanofluid-based coolants (nanofluid as a coolant in a
radiator),” Appl. Therm. Eng., vol. 30, no. 17-18, pp. 2685-2692, 2010, doi:
10.1016/j.applthermaleng.2010.07.019.

M. M. Elias et al., “Experimental investigation on the thermo-physical properties of Al203
nanoparticles suspended in car radiator coolant,” Int. Commun. Heat Mass Transf., vol. 54, pp. 48—
53, 2014, doi: 10.1016/j.icheatmasstransfer.2014.03.005.

A. M. Hussein, R. A. Bakar, and K. Kadirgama, “Study of forced convection nanofluid heat transfer
in the automotive cooling system,” Case Stud. Therm. Eng., vol. 2, pp. 50-61, 2014, doi:
10.1016/j.csite.2013.12.001.

A. M. Hussein, R. A. Bakar, K. Kadirgama, and K. V. Sharma, “Heat transfer augmentation of a car
radiator using nanofluids,” Heat Mass Transf. und Stoffuebertragung, vol. 50, no. 11, pp. 1553-
1561, 2014, doi: 10.1007/s00231-014-1369-2.

T. P. Teng and C. C. Yu, “Heat dissipation performance of MWCNTSs nano-coolant for vehicle,”
Exp. Therm. Fluid Sci., vol. 49, pp. 22-30, 2013, doi: 10.1016/j.expthermflusci.2013.03.007.

H. M. Ali, M. D. Azhar, M. Saleem, Q. S. Saced, and A. Saieced, “Heat transfer enhancement of car
radiator using agua-based magnesium oxide nanofluids,” Therm. Sci., vol. 19, no. 6, pp. 20392048,
2015, doi: 10.2298/TSCI1150526130A.

S. Z. Heris, M. Shokrgozar, S. Poorpharhang, M. Shanbedi, and S. H. Noie, “Experimental Study of
Heat Transfer of a Car Radiator with CuO/Ethylene Glycol-Water as a Coolant,” J. Dispers. Sci.
Technol., vol. 35, no. 5, pp. 677-684, 2014, doi: 10.1080/01932691.2013.805301.

S. M. Peyghambarzadeh, S. H. Hashemabadi, M. Naraki, and Y. Vermahmoudi, “Experimental

study of overall heat transfer coefficient in the application of dilute nanofluids in the car radiator,”
Appl. Therm. Eng., vol. 52, no. 1, pp. 8-16, 2013, doi: 10.1016/j.applthermaleng.2012.11.013.

P }ATU-FJIMSE, Volume 1 — Issue 2 — February 13, 2021, © 2021 FJIIMSE, All Rights Reserved



