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ABSTRACT
The performance of automotive engines can be improved by

removing the amount of heat generated from internal combustion
through the radiators by enhancement of coolant fluid. The use of
nanofluids was one of the reasons to reduce the amount of heat and
increase the thermal performance of the engine. Most base fluids have
low thermal performance. However, their thermal efficiency can be
increased by using nanoparticles, Nanofluids are colloidal fluids
consisting of nano-sized particles <100 nm mixed with a base fluid. The
aim of the study is to reduce the size of the radiator and study the
economic analysis of the use of nanofluids in automobile radiators .In
this work, the effect of nanofluids on the thermal performance of
automotive radiators has been studied numerically and experimentally.
The numerical study was done using the COMSOL Multiphysics
software V.5.4 on three types of nanofluids (AlI203, CuO and MWCNT)
at different volume concentrations 0.5, 1, 2 % and at different flow rates
4, 6, 8 L/min with an inlet temperature of 60, 70 and 80 °C. Experiments
were performed on two different automotive radiators, the regular size
the smaller size by 35% approximately from the regular size radiator.
The three types of nanofluids have been tested on the radiator to
compare their thermal performance with respect to the base fluid. The
current results were compared with previous studies with high sobriety
to verify the numerical results, where we found a good agreement of
6.2% approximately, and to verify the experimental results, the results
were compared with correlations representing laminar flow within the
tubes, and the results showed a good agreement of 6.7% approximately.
The numerical results showed that the best thermal performance was an
MWCNT nanofluid, where the highest percentage of heat transfer

enhancement was obtained for the Nusselt number of 25.83%, 42.37%,

vi



and 59.7% at a volume concentration of 0.5, 1, and 2 %, respectively.
The experiment results showed that the nanofluids operate with higher
thermal performance than the base fluids. The highest Nusselt number
when using MWCNT nanofluid was 26.6%, 42% at a volume
concentration of 0.5, 1% compared to the base fluid. The economic
analysis of the experimental study showed that it is possible to reduce
the volume of the Automotive radiator by 35% approximately, as well as
give an additional area and a decrease in the amount of coolant when
using MWCNT nanofluid at a flow rate of 4 L/min and 80 °C.
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Chapter one Introduction

CHAPTER ONE

INTRODUCTION

1.1 General

One reason for global warming can be attributed to the harmful
gases emitted from the automotive engine exhaust. The Kyoto Protocol
was adopted in 1997 to reduce greenhouse gas emissions [1]. This has
encouraged many researchers to find an alternative technique to reduce
these gases' emissions. Energy consumption of automotive engines can
be reduced by improving the performance of the engine cooling system.
Heat transfer is an essential process in industrial and consumer products
in many industrial applications. If the engine temperature is too high,
there will be a chance of engine wear and an increase in the fuel's heat
and lubricating efficiency, which may affect the engine's performance.
The acceptable temperature ranged from 90 to 105 °C [2] should be
maintained to increase engine efficiency and reduce fuel consumption.
However, the efficiency of traditional coolant fluids such as water,
engine oil, ethylene glycol, etc., has to be enhanced. Therefore, there is a
need for a fluid with higher heat transfer performance. Modern
technologies are nanofluids, mixtures of base fluids and nanoparticles
with sizes ranging from 1 to 100 nanometers prepared as a suspension by
ultrasonic waves. By using different types of nanoparticles such as
(Minerals, metal oxides, ceramics oxide, metal carbides, carbon in
various forms, metal nitrides) [3] as shown in Table 1.1, to increase the
heat transfer rate of the heat exchangers, these particles can improve the
heat transfer in the coolant at a specific concentration compared to the

base fluid. It can be inferred that an enhancement in the heat transfer by
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more than 50% in real-time applications can be achieved using a low

concentration of nanoparticles [4].

Table 1.1 Materials of nanoparticles

Minerals gold, copper
metal oxides alumina, silica, zirconia, titania
oxide ceramics Al;O3, CuO, TiO;
metal carbides SiC

) ) Carbon nanotubes, diamond,
carbon in various forms

graphite

metal nitrides AIN, SiN

1.2 Heat Exchanger
A heat exchanger is a device that changes the temperature of a

fluid by transferring it through tubes that run through another material.
Heat exchange is the process of transferring heat from one medium to
another. Energy, chemicals, food industries, air conditioners, and freezers
are used for heat exchangers. The automobile sector, as well as domestic
appliances such as chillers, refrigerators, and water heaters, are the most
conventional heat exchanger applications that may be found. Heat
exchangers are also utilized in the oil and gas sector to chill and preheat
liquid, as well as in power plants to condense steam or preheat boiler
liquid intake. Other practical applications for heat exchangers are solar
collectors, aviation, electronic devices, etc. [5][6]. Heat exchangers that
are both efficient and cost-effective are required in this field. The primary
objectives of heat exchanger research are to lower the size of heat

exchangers while maintaining the same thermal performance and
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minimizing pumping power. Many efforts have been made in recent
decades to increase heat transfer efficiency in heat exchangers by boosting
the heat transfer coefficient of the fluids. Heat exchangers employ fluids
to transport heat throughout the system. Thermal conductivity, viscosity,
density, and specific heat are all factors that affect their ability to
exchange heat [7]. Nanofluids (NFs) are heat transfer fluids that can

improve the thermal performance of heat exchangers.

1.2.1 Automotive Radiators
Radiators are used to transfer thermal energy from one mode to

another for cooling and heating. Radiators work in automotive, buildings
and PC electronics, where radiators lose most of their heat through
convection. Coolant act as a cooling source for an automotive engine
because the temperature in the engine cylinder reaches 2000 to 2500 °C
[8]. If the coolant fluid has high-temperature differences, this may cause
engine components to be deformed. When heat is not dissipated from the
engine, the material cylinder may malfunction. Radiators can reduce the

chances of piston crashes and keep the temperature to a minimum.

Nowadays, aluminium radiators are used extensively, especially in
automotive; they usually include a jacket part, installed at the top to
allow coolant entry. The other is installed at the bottom to let the coolant
out. The radiator is consisted of tubes installed in a parallel arrangement,
whereas; the aluminium fins are connected to all tubes. In a radiator,
coolant flows from inlet to outlet through several tubes installed in a
parallel arrangement, and hot water enters through the inlet port. A fan is
installed behind the radiator for the cooling air for dissipate the heat
cooling in the radiator pipe to the surrounding. Usually, a mixture of

water and antifreeze (ethylene glycol or propylene glycol) in automotive
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radiators are used as a liquid coolant. Figure 1.1 shows the parts of the

cooling system in vehicles [9].

Pressure
Heater Hoses Cap

Upper Hose
Thermostat 1

l's'q

I

Heater Core k l

Lower Hose Transmission
Cooler

Figure 1.1 Parts of the cooling system in automotive

1.3 Nanofluids
Heat transfer has been enhanced by adding nano-sized particles to

many base fluids to increase the thermal conductivity and heat transfer
coefficient. For the first time, Choi has established a mixture of
nanoparticles with a base fluid to form a colloidal mixture called
(nanofluid) at Argonne National Laboratory, Argonne, Illinois, in 1995.
[10]. This fluid showed better thermal properties than the micro-size
fluids due to the nanoparticles' more extensive surface area and higher
momentum. Showed higher stability compared to the micros-size
particles. Due to the high thermal conductivity of the mixture of
nanoparticles mixed with the base fluid, these fluids are considered a
promising method for many uses in many thermal applications such as

solar energy. That act as heat exchangers to cool down the solar cells to
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increase their efficiency. Nanoparticles are made of several materials,
including metals, metal oxides, ceramic oxides, semiconductors, various
carbon forms, and many nanoparticles. Xuan and Li [7] suggested a
mechanism to suspend these nanoparticles using ultrasonic and magnetic

mixing devices; the stability has been enhanced by adding surfactants.

1.4 Thermal Conductivity of Nanofluid

Conductive heat transfer occurs between two objects in contact
with each other. Most metals are good conductors of heat, and the better
the conductor, the faster the heat transfer. When a substance is heated,
the particles vibrate, raising the energy inside, and thermal conduction
occurs. The nanomaterials' conductivity depends on many factors,
including the base fluid's conductivity and the nanoparticle concentration
ratio in the nanofluid [11]. The thermal conductivity values of the most

common nanoparticles are shown in Table 1.2.

Table 1.2 The thermal conductivity of common nanomaterials [12]

Thermal conductivity
Materials
W.K/m?
Diamond 3300
MWCNT 3000
Copper oxide (CuO) 76
Alumina (Al,O3) 40
Titanium dioxide (TiO,) 8.4
Water (base fluid) 0.613
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1.5 Types of Nanoparticles

1.5.1 Alumina
Alumina or Aluminum oxide is a Chemical composition with the

formula Al,Os. It exists in the form of two patterns that differ from each
other in the crystal structure, and thus they also differ in physical and
chemical properties and the applications, which are the alpha (a) type
and the gamma (y) ) type [13]. Aluminum oxide nanoparticles can be
synthesized by many techniques including ball milling, sol-gel,
pyrolysis, sputtering, hydrothermal, and laser ablation. The laser ablation
iIs a commonly used technique to produce nanoparticles, since it can be
synthesized in gas, vacuum or liquid. The technique offers several
advantages such as rapid and high purity process compared with other
methods It occurred in spherical or nearly spherical nanoparticles and
directed or undirected fibers. Small particle fiber diameter (2-10nm) and

Specific high surface area > 100 m2 / g [14].

1.5.2 Copper Oxide (CuO)
Copper oxide (CuO) nanoparticle powder is black-brown,

containing 79.87% copper and 20.10% oxygen. The physical properties
are the density of 6.31 g/cm3 and a molar mass of 79.55 g/ mol [15].
Copper oxide nanoparticles can be synthesized using the aqueous
precipitation method. In this method, copper acetate is used as a
precursor and sodium hydroxide as a stabilizing agent. They are used in
thermo-optical applications and ceramic resistors with ample magnetic

storage because they are high-tech superconductors.

1.5.6 Multi-Walled Carbon Nanotubes (MWCNT)
Multi-walled carbon nanotubes (MWCNTs) are hollow,

cylindrically shaped allotropes of carbon that have a high aspect ratio
(length to diameter ratio) Their name is derived from their structure

consisting of overlapping single-walled carbon nanotubes. [16] these
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tubes are very similar to the long, straight, parallel, and cylindrical
carbon layers around a hollow tube. MWCNTSs are sometimes used to

refer to double and triple-walled carbon nanotubes [17].

1.6 Surfactants
Surfactants are substances that have an active surfactant agent

consisting of hydrophilic groups that help reduce the biphasic tension of
a two-phase system, such as (liquid-solid) and another hydrophobic
group as how in Figure 1.2. It is classified into four groups (cationic,
anionic, amphoteric, and non-ionic). Common types of surfactants are
(sodium dodecylbenzene sulfonate, Gum Arabic, sodium dodecyl
sulfate, and Triton X-100) [18]. This material is used to increase the
stability of nanofluids, which are used in many applications for an

extended period of more than six months [19].

Surfactant

Nanofluid stabilizer
Base flud .

Nanoparticles

Figure 1.2 Structural of the surfactants
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1.7 Nanofluid Preparation
Two ways to prepare the nanofluid are usually used, the one-step

method and the two-step method. Each method has a specific procedure,

and each technique depends on the availability and materials used.

1.7.1 The One-Step Method:
The stability of nanoparticles characterizes them due to the little

agglomeration of the particles inside the fluid. It includes synthesizing
particles and their dispersion with the base fluid by chemical and
physical methods such as physical and chemical depositing vapour.
Eastman et al. [20] have performed a direct condensation procedure of
metallic vapour into nanoparticles on ethylene glycol. Lo et al. [21] and
others used an electric arc to melt and evaporate pure metallic rods,
which were subsequently condensed in deionized water to obtain an
extremely stable nanofluid. One of the disadvantages of this method is
the high production cost. Thus, it is not possible to produce large
quantities with this method. This method was not used because of the
high cost of synthesizing a nanofluid with good specifications and the
difficulty of producing large quantities with it.
1.7.2 The Two-Step Method:

This technique is the most widely used [22]. It is possible to
produce large quantities of nanoparticles in this way, where the particles
are made in the form of dry powders. It can be dispersed with the base
fluid after several different methods, including magnetic mixing,
ultrasonic, and homogenization. one of the disadvantages of this method
is the aggregation of the nanoparticles in the base fluid. Figure 1.3 shows

how to prepare nanofluids using the two-step method.
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Figure 1.3 Nanofluid Preparation by The Two-Step Method

1.8 Advantages and Disadvantages of Nanofluids

In addition to a small boost in cooling efficiency relative to pure liquid,

the nanoparticles 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. Table 2 shows the most common

advantages and disadvantages of nano-fluid.

Table 1.3 Advantages and Disadvantages of Nano-Fluid

Advantages

Disadvantages

Enhanced heat transfer coefficient
to higher thermal conductivity, mainly
of laminar flow

It has to raise the pumping power because
of the significantly decreased pressure.

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

The high-cost suspension of nanoparticles,
especially those requiring the addition of
substances such as surfactants to improve
stability [23]

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

10
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Study Objectives
The main objectives of the current study can be listed as:

1- Numerically and experimentally investigate study the nanofluids
effect on the thermal performance in automotive radiator.

2- Reducing the size of the radiator by using nanofluids that have
better thermal performance than the rest to be used in the small
radiator to provide additional space under the hood.

3- Economic analysis of nanofluids in automobile radiators, in terms
of thermal performance and reasonable cost compared to the rest

of nanofluids.

11
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CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction
This chapter presents a review of the previous work carried out on

the automotive radiator thermal performance using nanofluids
(nanoparticles added to the base fluids, usually distilled water and

ethylene glycol).

2.2 Experimental Study of the of flow and heat transfer mechanism
of nanofluids in automobile radiators

Many studies have been presented to increase the thermal
performance of automotive radiators. One technique to improve the
thermal performance is adding nanoparticles (Al,O3;, CuO, MgO, SiO,,
ZnO, MWCNT, etc.) to the base fluids. Previous experimental research

on the nanofluids added to the automotive radiator is listed below.

Goudarzi and Jamali 2017 [13] Studied the effect of inserting the
coil wire of different shapes inside the automotive radiator pipe, and the
Al,O3 nanofluid was tested with varying volume concentrations, the
Nusselt number at Reynolds number (18,500 < Re < 22,700) with the
wire is higher compared to EG without wire inserts. Subhedar et al.
2018 [24] added nanoparticles of (Al,O3) with water and ethyl alcohol
with a mixing ratio of 50:50 and with a concentration of nanoparticles
(0.2-0.8) vol% and a temperature range of (65-85) °C. It was found that
the improvement in heat transfer at a concentration of 0.2 vol % was
30% compared to the base fluid. The results suggested the availability of
reduction in the automotive radiator size and thus in fuel consumption.

Elsaid 2019 [25] concluded from the experimental results that cobalt

13
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oxide is more efficient than aluminium oxide nanoparticles in heat
exchangers. The Nusselt number increases with the increase in the
temperature of the nanofluid. Said et al. 2019 [26] carried out an
experimental study on the automotive radiator by adding nanoparticles
(Al03, TiOy) to enhance the thermal performance. With a concentration
of (0.05-0.3) vol % and flow rate of (0.5-3) L/min, it was found that the
increase in Nusselt number was 24.21% at 0.3 vol% for Al,Os; and
14.99% at 0.3 vol% for TiO,.

Hot flow — 5 Cold flow — 5 Thermocouples ¢ (

Flow meter

L

Reservoir

E& —_—

Heater

Power Supply

Figure 2.1 Schematic representation for Said et al. 2019 [26]

M. Gajendiran, E. Saravanakumar 2016 [27] carried out an
experimental study using transformer oil as a base fluid with copper
nanoparticles. The heat transfer results increased by 15% more than
water and 66% more than the transformer oil coolant. Ravisankar et al.

2018 [28] used copper nanoparticles with water. The results showed an

14
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increase in the heat transfer coefficient compared to the base fluid by
16% at a concentration of 0.025% - 0.05% and 19 % at a concentration
of 0.05% - 0.075. Naraki et al. 2013 [29] carried out an experimental
study on nanoparticles of CuO with a size of 60 nm, a purity of 98% and
at a concentration of 0.04 vol % at a laminar flow, and a Reynolds
number (100<Re<1000) and PH 10.1. The results showed an
improvement in the heat transfer coefficient by (6-8) %. Heris et al.
2014 [30] carried out an experimental study by using CuO nanoparticles
with a concentration (0.05-0.8)%vol and a flow rate of (4-8 ) L/min.
They obtained the highest Nusselt number of 55% at a concentration of
0.8%, and the Nusselt number was found to increase when increasing the
flow rate of the nanofluid and the temperature. Samira et al. 2015 [31]
studied the pressure drop in the automotive radiator by using copper
oxide (CuO) nanoparticles of 60 nm diameter with (water and Ethylene
glycol in a ratio of 60: 40) and a concentration (0.05-0.8)%. The
nanofluid was prepared using the mechanical mixing of the liquid with
the nanoparticles for 14 hours and an ultrasonic treatment for two hours.
The results showed that with the increase in the inlet temperature of the
fluid, the viscosity of the nanofluid decreased, which in turn led to a
decrease in the pressure and the friction factor, the increase in the fluid
temperature by 19 °C has led to a reduction of the pressure by 13.17%.
Hamad. 2016 [32] carried out an experimental investigation of the heat
transfer performance using nanoparticles of copper oxide (CuO) and
titanium oxide (TiO) with (Water + EG) as a base fluid with a volume
concentration from (0.5-5) %. The results showed an increase in the heat
transfer enhancement of 12.4% for CuO and 9.52% for TiO, at a
concentration of 5% compared to the base fluid. The heat transfer
coefficient of copper oxide was more significant than the heat transfer

coefficient of titanium oxide.

15
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Figure 2.2 Experimental setup for Hamad. 2016 [32]

Vermahmoudi et al. 2014 [33] applied an experimental
investigation on the (HTP) heat transfer performance using iron oxide
(Fe203) as nanoparticles and water as a base fluid at concentrations of
(0.15, 0.4, 0.65) vol%. The nanofluid was prepared by the two-step
method, and the nanofluid was more stable at pH 11.1 for more than two
days. Experiments showed an improvement of 13% in the heat transfer
performance at a volume concentration of 0.65 vol%. Tafakhori et al.
2020 [34] have calculated the effect of magnetite iron oxide Fe3O.,
purity of 99% nanoparticles with a concentration of 0.9% and a diameter
of 28 nm in distilled water. They found that an increase in the thermal
conductivity of 55.73% has been achieved compared to the base fluid; it
is also found that after using the nanofluid, the coefficient of friction has

increased as a result of the increase in the cooling fluid viscosity.
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Hamzah and Al-amir 2017 [35] studied the effect of magnesium
oxide (MgQO) nanoparticles mixed with distilled water as a base fluid
with a concentration range (0.125-2) vol% and with a fluid flow rate (1-
10) L/min. The results showed an increase in the heat transfer rate of 6%
at 0.125 vol % concentration and 40% at volume concentration 2%.
Kumar Rai et al. 2018 [36] carried out an experimental study on mixing
MgO nanoparticles with base fluid 40:60 distilled water (DW) and
Ethylene Glycol (EG) at different concentrations using the two-step
method. The heat transfer rate increase with increasing the concentration
of the nanoparticles in the base fluid; the heat transfer rate (Q) has
improved from 5.59% to 29.83% at concentrations of 0.1 vol % to 0.15
vol % respectively, and the heat transfer rate also increases with the

increase in fluid flow rate.

Chougule 2013 [37] investigated the performance of the
functional nanofluid (carbon nanotube + water) at different volumetric
concentrations ((0.15%, 0.45%, 0.60%, and 1%) and a different pH of
the base fluid. The results showed that the maximum improvement in
heat transfer was 90.7% at a volume concentration of 1% compared to
distilled water, as well as, the thermal performance of the nanofluid at
PH (5.5) is better than that of nanofluid with PH (6.5 and 9). Ramaraju
et al. 2014 [38] found a significant enhancement in heat transfer when
adding nanoparticles of MWCNT to the base fluid (water + Ethylene
glycol). The results showed an increase in the automotive radiator
performance by 30% compared to the base fluid. Rashmi et al. 2014
[39] study the effect of corrosion and heat transfer when adding carbon
nanotubes with (water and Ethylene glycol) as a base fluid with adding
surfactants such as Gum Arabic (C15H20NNaO4). It was found that the
addition of Gum Arabic enhances the stability of the nanofluid and its

17
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corrosion resistance. Using carbon nanotubes improved the automotive
radiator's performance, which led to a reduction in fuel consumption and
reduced radiator volume. Moorthy and Srinivas 2016 [40] studied the
heat transfer in the carbon nanotubes with 20-40 nm in outer diameter,
1-25 um in length and 80 % purity and found that the average heat
transfer rate at a concentration of 0.1 vol % was 87.3%. M'hamed et al.
2016 [41] used a 1000 cc Perodua Kelisa engine to study the effect of
adding MWCNT nanoparticles with (water + Ethylene glycol at a mixing
ratio of 50: 50) with Diameter 20-30 nm , Length 3-8 um and at a flow
rate of (2-6) L/min. It was found that the heat transfer coefficient
increased by 19.63% at a concentration of 0.5% compared to the base
fluid.

Figure 2.3 Photograph of test set up for M'hamed et al. 2016 [41]

Ebrahimi et al. 2014 [42] used silicon oxide nanofluids to
increase the heat transfer rate. They found that the Nusselt number has
increased by increasing the fluid inlet temperature and the nanofluid
concentration, with Reynolds number (8000<Re<24000). Hussein et al.

2014 [43] found that the addition of silicon oxide nanoparticles at
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volume concentrations 1-2 % with to the base fluid (water + Ethylene
glycol) has increased the Nusselt number by 17.85%. Also, the increase
in titanium oxide particles has increased the Nusselt number by 16.4% at
a concentration of 2.5%. Hussein et al. 2014 [44] studied the effect of
silicon oxide nanofluids at volume concentrations 1-1.25% on the
distilled water as a base fluid of the automotive radiator using a low

concentration. found that the heat transfer rate (Q) has improved by 50%.

Ali et al. 2015 [45] investigated the heat transfer efficiency of the
automotive radiator using (zinc oxide and water) as a nanofluid with a
concentration of nanoparticles (0.01-0.3) vol%. found that the heat
transfer coefficient has increased by 46% at a concentration of 0.2 vol%.
Qasim et al. 2020 [46] studied the heat transfer with a laminar flow rate
of (2-12) L/min. The maximum increase in the heat transfer rate was
found to increase by 41% at a concentration of 0.2 vol % when using
zinc oxide nanoparticles. The Nusselt numbers and the total heat transfer
coefficient was 31% and 50%, respectively, and the average pressure
drop and the friction factor were 47% and 46%, at 0.2% volumetric
concentration. Kurhe et al. 2016 [47] used titanium oxide nanoparticles
with water as a base fluid in the automotive radiator. The added
nanoparticles have reduced the radiator volume by 15% and saved 5% of
the fuel. Salamon et al. 2017 [48] carried out an experimental study on
titanium oxide nanoparticles added to water and Ethylene glycol with a
concentration of (0.1-0.3) vol%. It was found that the Nusselt number
was dependent on the flow rate, and the highest Nusselt number was

14.4 at a flow rate of 6 L/sec and a temperature of 80 degrees.
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2.2 Numerical Study of Flow and Heat Transfer mechanism of
nanofluids in automobile radiators
Many numerical studies have been conducted using the CFD

technique to simulate and analyze automobile radiators' fluid flow and
heat transfer. He et al. 2009 [49]. It was found that the data obtained
from the simulation was 25-30% higher than the experimental data; they
attributed the reason for this significant difference to many factors,
including the aggregation and the random movement of the particles. It
was also shown that the heat transfer coefficient increases with the
increase in Reynolds number and the concentration of particles.
Gunnasegaran et al. 2012 [50] conducting a numerical simulation
process for nanofluid flow and heat transfer properties in a heat
exchanger for nanoparticles (diamond, copper, silicon oxide) at
Reynolds number 4000-6000. The results showed that the heat transfer
coefficient is 9.1% higher than that of the base fluid, and 18% of the
pumping power must be added when using the silicon oxide nanofluid at
Reynolds 7000 compared to the base fluid. Bozorgan et al. 2012 [51]
used water as a base fluid and copper oxide as nanoparticles to make a
nanofluid in a Chevrolet Suburban diesel engine. A numerical study
under conditions of turbulent flow was performed. The results indicated
that the total heat transfer coefficient (h) of the nanofluid is higher by
10% than the total heat transfer coefficient of the base fluid. These
findings lead to the possibility of reducing the radiator's size in the
automotive and increasing the pumping power. Duangthongsuk and
Wongwises 2012 [52] suggest a model for predicting the heat transfer
coefficient of nanofluids at laminar flow. TiO2 nanoparticles were
dispersed in water at different concentrations to calculate nanofluids'
dispersal coefficient; compared the obtained results with work of
Sheikhzadeh 2014 [53] investigated the thermal performance of
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nanofluids on the automotive radiator numerically. An increase in the
heat transfer coefficient was increased by 4.5% for Ethylene glycol and
12.4% for the nanofluid. (Copper nanoparticles + water base fluid).
Huminic. 2013 [54] applied a numerical study using the ANSYS Fluent
software to study the effect of copper oxide (CuO) nanoparticles added
to (Water + EG ). determined the volume concentration of nanoparticles
and Reynolds number on the heat transfer coefficient is higher than that
of the base fluid at 1 vol % and 4 vol % concentration. Under the same
conditions, the flat tube showed a better thermal performance than the
circular and elliptic tube. Delavari and Hashemabadi 2014 [55] applied
a numerical study on water and Ethylene glycol behaviour as a base fluid
with aluminium oxide nanoparticles using laminar and turbulent flow
boundary conditions; the data indicated that increasing the volume
concentration of nanoparticles in the fluid has increased the Nusselt
number and the heat transfer coefficient and that the single-phase flow
predicted less of the Nusselt number for the experimental data than the
two-phase flow that gave a better result. Che Sidik et al. 2014 [56] Used
a numerical analysis to study the effect of aluminium oxide nanoparticles
with a concentration of 0.5-5% added to (water + Ethylene glycol 50:50)
as base fluid. Results showed that the heat transfer has improved with the

increasing concentration of the nanofluids.
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Figure 2.4 Dimensions of flat tube for Delavari and Hashemabadi
2014 [55] (A) side view, (B) top view.

2.3 Summary of Literature Review
After reviewing the previous studies above, the type of nano, the

size of the nanoparticles, the volumetric concentration and the
percentage of improvement can be summarized in Tables 2.1 to 2.10. It
can be concluded that the most common nanofluids used in the
automotive cooling system are aluminium oxide, copper oxide, as well
as, multi-walled carbon nanotubes; more than the rest of the
nanomaterials where the thermal performance improvement rate for the
mentioned materials was (50%)[57]. As a result, it was noted that the
multi-walled carbon nanotubes could give the best performance than the
rest of the other types of nanofluids. Thus, the focus in this study will be
on the use of mentioned nanomaterials in order to test the performance

of these materials numerically and experimentally. It's Noted that the
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effect of nanomaterials on the effect of the radiator size has not been
practically studied using two radiators of different sizes. The following
table (2.1) to the table (2.10) shows the previous researchers' use of
different nanoparticles with different base fluids such as water or water

with ethylene glycol with different volumetric concentrations.

2.4 Scope of study
We study the effect of nanofluids on the thermal performance of

radiators numerically and experimentally by calculating the Nusselt
number, the rate of heat transfer and the possibility of reducing the size
and weight of the radiator, thus saving space under the hood, as well as
studying the economic analysis of nanofluids as coolant in the cooling

system of automotive.
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Table 2.1 Summary of experimental study for Alumina or Aluminum Oxide (Al,O3) Nanoparticles

Particle volume Particle Maximum
Researcher's name Nano type | Base fluid . . enhancement Remarks
fraction (%0) size (nm) (%)
i total of heat transfers (Q) the
- 0, 0,
Chidambaram et al. 2014,[58] Al203 water (0.25-0.5) vol % 45 nm 49 % flow rate was 4-12 L/min
i . ethylene i 0 i 0 Increasing Heat transfer rate (Q)
Goudarzi and Jamali 2017,[13] Al203 glycol (EG) (0.08-1) vol % 9% at 18,500 < Re < 22.700
mixtures of
ethylene
. glycol, ) 0 0 Enhancement in thermal
Sundari et al. 2017,[59] Al203 Water and (0.05-0.15) vol % <50 nm 52.50 % conductivity (K)
20%
glycerin)
Heat transfer coefficient (h)
Subhedar, Ramani, and Gupta Alz03 (Water-EG) g 30 %
2018,[24] (50:50) (0-0.8) vol % 20 nm 28.47 % Nusselt number (Nu) at flow rate

4-9 L/min
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ALO water and 20 5 40
203 nm . 0 i _
Tijani and Sudirman 2018,[60] ethylene | (0,05-0.3) volo Nusselt number with flow rate 3
CuO glycol 60 nm 27 % 6 L/min and 20000< Re <85000
(50:50)
50200 44.29 % Enhance of Heat transfer rate (Q)
Chaurasia et al. 2019 [61] Al;03 Water (0.1-0.2) vol % am and Efficiency of the radiator at
40 % 0.66-1.66 L/min flow rate
Distilled
Al,O3 Water (DW) 10 nm 24.21 % Enhance Nusselt number at 50<
Said et al. 2019,[26] _ and ethylene |  (0.05-0.3) vol% Re <3000 and flow rate 0.5-4
TiO> glycol (EG) 5nm 14.99 % L/min
(50:50)
C030.4 water and (0.02-0.1) vol % | 8-21nm Nusselt number at Reynold
Elsaid 2019,[25] ethylene 31.8% number was 15000< Re < 75000
Al20s glycol (0.05-0.2) vol % | 11-25nm and flow rate 4 -16 L/min
water and cooling performance (Q) of the
T ¢ al. 2020.f62 ALO ethylene 0.5 vol % 13 15 o radiator with flow rate 10-25
opuz et al. [62] 203 glycol .5 vol % nm 0 L/min
(50:50)
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Table 2.2 Summary of experimental study for Copper (Cu) Nanoparticles

Particle volume Particle size Maximum
Researcher's name Nano type | Base fluid : enhancement Remarks
fraction (%) (nm)
(%)
Anuar 2016[63] Cu water (2-10) vol % 10-100 nm 92 % (Fr'sat transfer coefficient
Heat transfer rate (Q) more
M. Gajendiran, E. Thermic 0 0 than base transformer oil
Saravanakumar 2016[27] cu fluid 0.1-0.3) vol% 60 nm 66 % with a flow rate of 10-20
L/min
Heat transfer coefficient
Ravisankar et al. 2018 [28] Cu water (0.025-0.075) vol% 40 nm 88 % (h) when the
8000<Re<25000
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Table 2.3 Summary of experimental study for Copper Oxide (CuO) Nanoparticles

Researcher's

Particle volume

Particle

Maximum

name Nano type Base fluid fraction (%o) size (nm) enhancement (%) Remarks
cuo 60 overall heat transfer
u nm o

Peyghambarzadeh Water (0.15-0.65) vol% 9% coefﬁcn_ent (U) for both

et al. 2013[64] Fe,03 40 nm nanofluid at a flow rate (3-8.4)
L/min and 50<Re<1000
Heat transfer coefficient (h)

Naraki et al. Water with laminar flow 100

- 0, -80

2013[29] Ccuo distillated (0-04) vol% 60 nm 6-8% <Re<1000 and flow rate 0.2-
0.5 m3/hr.

Heris et al ;Ar%tirtrfDl\:r?e Improving Nusselt number

' CuO y (0.05-0.8) vol% 60 nm 55 % and the flow rate was (4-8)
2014[30] glycol (EG) L/min with 2000
(50:50)
Heris et al water and Pressure drops at flow rate 4-
2014[31] ' CuO ethylene glycol (0.05-0.8) % 60 nm 13.17 % 6.5 and Reynolds number
(60-40) % 1500-7800
Senthilraja, o - 5 530
i u nm 53 % i

Vuayakurr_war, and Water (0.05-0.15) vol% The maximum heat transfe_r

Gangadevi Al,O3 50 nm 40.08 % (Q) enhancement at 5 L/min

2015[65]
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\Rlz\rgllf:tglé?\rglapathy Heat transfer coefficient (h)
’ CuO distilled Water | (0.025-0.05) vol% 40 nm 2-4 % with turbulent flow 8000
and Alagumurthy <Re<2800
2017[66]
Pambhar et al. water and Enhancement in the heat
CuO (0.05-0.3) vol% 10 nm 20-30 % transfer (Q) at 0.3% volume

2019[67]

ethylene glycol

fraction

Table 2.4 Summary of experimental study for Iron Oxide (Fe,O3) Nanoparticles

Particle volume Particle Maximum
Researcher's name | Nano type Base fluid . . enhancement Remarks
fraction (%) size (nm) (%)
13 % the overall heat transfer
Vermahmoudi et al. coefficient (U) and heat transfer
- 0
2014[33] Fe20s Water (0.15-0.65) vol% | 40 nm 115 % rate (Q) at flow rate (0.2-0.25)
m3/h
Tafakhori et al. FesOs | distillated Water | (0-0.9) vol% 28 nm 21 % Improve - performance  of  the

2020[34]

radiator
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Table 2.5 Summary of experimental study for magnesium Oxide (MgO) Nanoparticles

Particle volume

Particle

Maximum

Researcher's name | Nano type | Base fluid fraction (%) size (nm) | enhancement (%) Remarks
. Pure Heat transfer rate (Q) at 0.12vol%
- 0, 0,
Ali et al. 2015 [68] MgO Water (0.06-0.12) vol% 20 nm 31 % and flow rate (8-16) L/min
Hamzah and Al-amir Pure heat transfer rate (Q) at flow rate
- 0, - 0,
2017 [35] MgO Water (0.125-2) vol% 40% 1-10 L/min and 4500<Re<19000

Table 2.6 Summary of experimental study for Multi Welded Carbon Nanotube (MWCNT) Nanoparticles

Particle volume | Particle Maximum
Researcher's name Nano type Base fluid : . enhancement Remarks
fraction (%o) size (nm) (%)
water and The maximum enhanced heat
Teng and Yu 2013[69] MWCNT ethylene (0.1-0.4) vol% 20-30 nm 12.8 % exchange (Q)
glycol
Increasing Nusselt number at a
Chougule 2013[37] MWCNT Water (0.15-1) vol% 20-30nm 90.76 % flow rate (2-5) L/min and
9000<Re<27000
water and
Rashmi et al. 2014[39] CNT ethylene (0.02-0.1) vol% | 20-30 nm 19.69 % Heat transfer rate (Q)
glycol
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CNT 20-30 nm 90.76 % The maximum heat transfer
Chougule & Sahu, 2014 Water (0.15-1) vol% performance (Q) at a flow rate (2-
[70] Al203 100 nm 5203% | 5) L/min
Ramaraju et al. 2014 MWCNT VZ?;?:::: 0.02 vol% i 30 % the performance of an automobile
[38] ) ' radiator

glycol 40:60
Moorthy & Srinivas, 0 0 maximum heat transfer rate (Q) at
2016 [40] MWCNT Water (0.025-0.1) vol% | 20-40 nm 94.9 % 9500<Re<6000
, water and -

M’hamed et al. 2016 MWCNT ethylene (0.1-0.5) vol% 20-30 nm 19.63 % maximum average heat transfer
[41] glycol 50:50 coefficient (h) enhancement
Jadar et al. 2019[71] A- MWCNT | Pure Water 0.1 vol% 20 nm 45 % heat transfer (Q) of nanofluid
Muruganandam & Increasing mechanical efficienc
Mukesh Kumar 2020 MWCNT Water (0.1-0.3) vol% | 50-80 nm 18 % g . y
[72] and total fuel consumption at 0.3%

GO The enhancements of the overall
Kiling et al. 2020 [73] Water (0.01-0.02) vol% - 33.9% -

GNR heat transfer coefficient (U)
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Table 2.7 Summary of experimental study for Silica (SiO;) Nanoparticles

Particle volume | Particle Maximum
Researcher's name | Nano type | Base fluid . . enhancemen Remarks
fraction (%) size (nm)
t (%)
Ebrahimi et al. : Nusselt number increases with increasing
- 0, - 0,
2014[42] SiO» Water (0.1-0.4) vol % 13 % Reynolds number
Hussein, Bakar, & 22 % friction factor
Kadirgama, 2014 SiO» Water (1-2.5) vol%
40 % Nusselt number
[44]
Hussein et al. 2014 Si0, water and 99 nm 32 % energy rate enhancement
[43] ' : ethylene | (0.1-2.5) vol% 24 and 29.5 | effectiveness for TiO2, SiO2 nanofluids
TiO2 g|yc0| 50 nm 0 .
Yo respectively
Kannan & Si0, 22.91nm The nanofluids can improve heat transfer;
Sivakumar, 2015 CuO Water (0.5-3) vol% 19.29 nm the automotive coolant can achieve fuel
[74] consumption and size reduction.
Zn0O 70 nm
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Table 2.8 Summary of experimental study for Zinc oxide (ZnO) Nanoparticles

Particle volume Particle Maximum
Researcher's name | Nano type | Base fluid . . enhancement Remarks
fraction (%o) size (nm) (%)
Alietal, 2015 [45] |  ZnO Water | (0.01-0.3)vol% | 20nm 46 % Enhancement of heat transfer rate (Q) at a
flow rate (7-11) L/min
Zn0O
Ahmad etal., 2019 Water (0.12-0.4) vol% 140 nm 70 % heat transfer (Q) increases by using ZnO
[75] Al;03
41 % heat transfer rate (Q)
50 % overall heat transfer coefficient (U)
; Zn0O
a%sllm etal,, 2020 Water (0.1-0.3) vol% 20 nm 31 % Nusselt number (Nu)
47 % pressure drops
46 % friction factor
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Table 2.9 Summary of experimental study for Titanium Oxide (TiO;) Nanoparticles

. . . Maximum
Researcher's name Nano type Base fluid Partlcl.e volume Particle size enhancement Remarks
fraction (%0) (nm)
(%)
water and 8.3 % Nuhsselt number
enhancement
Salamon et al. 2017 Tio ethylene glycol | (0.1-0.3) vol% i
[48] (70-30) % . heat transfer (Q)
8.5% enhancement
Bhimani et al., 2013 Tio, Water (0.2-1) vol% 15 nm 45 % enr_la_nce heat transfer
[76] efficiency
Reducing in the area of the
10 % .
Kurhe et al., 2016 Tioz Water . 10-100 nm radiator
[47] 5% :
Fuel-saving
TiO2
,Sr;r]ned etal,, 2018 Pure Water (0.1-0.3) vol% 44nm 47% heat transfer rate (Q)
Devireddy et al water and
y Y TiO2 ethylene glycol (0.1-0.5) vol% 21 nm 35% heat transfer rate (Q)
2016 [78]
(60-40) %
2.5% pumping power
; TiO2
Nieh etal., 2014 water and (0.5-2) wet % 50 nm 25.6% heat dissipation capacity (Q)
[79] Al,O3 ethylene glycol
6.1% pressure drops
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Table 2.10 Summary of experimental study for Hybrid Nanoparticles

Particle volume Particle Maximum
Researcher's name Nano type Base fluid : . enhancement Remarks
fraction (%) size (nm) (%)
13 nm
Ramadhan et al., 2020 . . water/ethylene 0 0 heat transfer
[80] Al,03+TiO2+SiO glycol (0.05t0 0.3) vol % 50 nm 39.7 % coefficient (h)
23 nm
MWCNT+CuO+
Prasanna Shankara et deionized Water | (0.05 to 0.15) vol %. | 50-100 nm 295 % heat transfer

al., 2020 [81]

Graphene

coefficient (h)
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CHAPTER THREE

THEORETICAL ANALYSIS AND NUMERICAL
SIMULATION

3.1 Introduction
In this chapter, a three-dimensional numerical analysis of a flat

tube with fins, such as in an automotive radiator, was performed to
simulate the effect of nanofluids of aluminium oxide (Al,O3), copper
oxide (CuO), and multi-walled carbon nanotubes (MWCNT) on the
thermal performance of automotive engine radiator. Fluid flow and heat
transfer were solved by using the COMSOL Multiphysics software
V.54,

3.2 Mathematical Modelling

3.2.1 Assumption for Numerical Simulation

1. 3-Dimensional Cartesian coordinate.
2. Steady-state.

w

The fluid flow velocity inside the tubes is constant as shown in
Figure 3.1.

Incompressible fluid flow

Single-phase flow

Constant inlet temperature of fluid flow
Forced convection

radiations

© ©o N o 0 &

Constant fluid thermal properties
10.Newtonian fluid as assumed for nanofluid
11.Laminar flow

12.Fully developed flow

13.Symmetry was applied, including the radiator tube with fins on
each side.
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Velocity
velocity [m s?-1]

Figure 3.1 Variation of flow velocity in all tubes

3.2.2 Geometry
The effect of heat transfer was studied numerically on automotive

radiators, especially on flat tubes with fins. As shown in Figure 3.2, a
coolant fluid flows inside the tube, and air flows through the tubes and
fins to dissipate heat by forced convection. Figure 3.3 show the flat tube
with dimensions. The length of the entry region of the tube for laminer
flow was calculated to ensure that the flow is fully developed after

crossing this area. It will be calculate by the following equation [82] .
L igminer = 0.05 % Re * D, (3.1)

The study was conducted using COMSOL Multiphysics 5.4. The flat
Tube geometry is found in most automotive radiators made of

aluminium, as it works effectively in heat exchangers compared to tubes
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with a circular section [54]. The tube and fins dimensions are shown in
Table 3.1.

Figure 3.2 The 3-D geometry of the flat tube with fins
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Coolant Outlet

Coolant Inlet

Figure 3.3 Flat tube with dimensions

Table 3.1 show the dimension of geometry in this study measured

experimentally

Description Specification
Length of tube 350 mm
Height of tube 16 mm
Width of tube 2  mm

Thickness of tube 0.4 mm
Height of fins 16 mm
Width of fins 8 mm

Thickness of fins 0.09 mm
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3.2.3 Governing Equations
The computational fluid dynamics (CFD) Navier-stokes equation

and the following conservation equations were used to simulate the

nanofluid thermal performance [83].

Continuity Equation:

plaztat =)=

(au ou au)_ 3.
ox 0dy 0z (3.2)

Momentum Equation in 3D:

du ou owy _ _ap (azu 9%u 62u)
p(u +vay+waz)— +u + +

p(ua—+vg—;+ WZ—Z)=—6—Z+,U(—+—+—) (3.3)

p(u—+v—+ Z‘;})=—a—p+u(azw+azw+azw)—pg

Energy Equation:

oT oT 9%T . 9*T . 9°T
p.Cp. (ua +v + az) ~ k. (6x2 o azz) (3.4)

Where (u) is the velocity vector (m/s), (p) the nanofluid density
(kg/m?), (P) is the static pressure (Pa), (Cp) the nanofluid specific heat at
constant pressure (J/kg. K), (T) temperature of flow (K), and (k) is the
nanofluid thermal conductivity (W/m. K).
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3.2.4 Initial and Boundary Conditions
The above equations with couple systems are represented by the

equations of conservation of mass and momentum. The equation for
energy was solved by defining the boundary conditions where the inlet
of the fluid was uniform along the tube from (4-8) L/min, and the used
inlet temperature was 60, 70, 80 ° C. The thermal boundary conditions
on the outside of the automotive radiator are subjected to convective heat
transfer with an air velocity of 3 m/s on the tube walls and fins, and the
ambient temperature was 30 ° C for all the distilled water and

nanofluids.

Initial Conditions |.C.

u(xy,z) =0 (3.5)
v (xY,2z)=0 (3.6)
w (X, Y, z) =0 (3.7)
P(x,y,2)=0 (3.8)

Boundary Conditions B.C.

I - Inlet boundary conditions

Uin (X, Y, z,) =(0.0619 - 0.123) m/s (3.9)
Tin (X, Y, Z) = 60, 70, 80 °C (3.10)
Il - Outlet boundary conditions

P(xy,2)=0 (3.11)

111 - Wall boundary conditions

u(xy,z) =0 (3.12)
v(xY,2z)=0 (3.13)
w (X, Y, z) =0 (3.14)
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12

q" = hoyt * (Twall avg. — Tamb.) (3-15)

Heat transfer coefficient is taken from Heat-Transmission by
McAdams [84] can be calculated from the following equation which is

valid for wind speed ranging from 0 to 10 m/s [85]

h out =5.7+3.8 * U air (3.16)
Tamo (X, y,2) =30°C (3.17)
U air = 3 m/S (3.18)

3.2.5 COMSOL Multiphysics
COMSOL Multiphysics is a finite element analysis solver and

Multiphysics simulation software. It is used to perform many thermal
analysis cases. It supports standard physics-based, as well as coupled
systems of partial differential equations (PDEs). COMSOL offers an
integrated development environment (IDE) and a single workflow for
electrical, mechanical, fluid, acoustics, and chemical applications. Using
COMSOL Multiphysics as a simulator software can reduce prototyping

costs and time.

3.2.6 Mesh Independency
A tetrahedral mesh in this model was used, as shown in Figure

3.4. Several numerical attempts were carried out to obtain and verify
results for five different mesh sizes. The chosen mesh and the solution
approved contained 3,358,956 elements with a minimum quality of
0.5637 and an average of 0.8865. Figure 3.5 showing mesh
independence with outlet temperature. The solution time took about 8

hours for each case.
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Figure 3.4 The 3D mesh model tetrahedra type used for numerical
simulations
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Figure 3.5 Mesh independency curve with outlet temperature

3.2.7 Thermophysical Properties of Nanofluid
The thermal properties of the base fluid (distilled water) were

taken at a temperature of 60, 70, 80 °C from a thermodynamic chart [86].
The nanofluids thermal properties were calculated by equations to

predict the values of thermal conductivity (K), viscosity (wt), density
(p), and specific heat (Cp). Maxwell's model Eq. 3.1 [87] was used to

calculate the thermal conductivity of spherical nanoparticles such as
aluminium oxide (Al,O3;) and Copper Oxide (CuQ). The Hamilton and
crosser model Eq. 3.2 was used to calculate the effective thermal
conductivity for cylindrical nanoparticles (MWCNT) [88]. Einstein's
equation Eq. 3.3 [89] used for calculating the viscosity of nanofluids and
Eqg. 3.4 and Eq. 3.5 was used to calculate the specific heat and density
[79].
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_ Ky + 2Ky (Ky + Kir ) ,
MK, + 2Kyp — (Kp — Kpp )

Ky (3.19)

_Kp+ (n =Dy + (0= D(Kp + Kip)o

K K, + (n — D)Kys — (K, — Kps )9 br (3.20)
tnr = (1 — 2.5¢, ) tss (3.21)
pnr = (1 — @)pps + @pp (3.22)
Cong = (1 — @)Cpyy + @Cpy (3.23)

Where (¢) is the volume concentration of nanoparticles [78]
which can be calculated using Eqg. 3.6, other abbreviations such as (bf,

nf, p) denote to base fluid, nanofluid and particles, respectively.

W

Py
@ = |~—=—| X100 (3.24
W, Vs )
p'p pbf
Where W, pp, Wprand  pus Represents the weight and density of the
base fluid and the nanoparticles respectively.

3.2.8 Data Extraction

From the following equation [44], the heat transfer rate can be
calculated

Q =mCp (Tin — Toue) (3.25)

m=pV Ay (3.26)
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Where (Q) is the heat transfer rate, (Cp) specific heat, (Ti,) is the inlet
temperature and (Toy) is the outlet temperature, the (1) is the mass flow
rate, (p) is the density of fluid, (V) velocity of the fluid and (4;,,) is the

inlet area of the flat tube.

The heat transfer coefficient was calculated using the following equation
[13].

_ m Cp (Tin - Tout)

ATy — T (3.27)

Where (A;) is the surface area of the flat tube, (Ty) is the average

temperature of the inlet and outlet, (T) is the average wall temperature.

The Nusselt number and Reynold number can be calculated using the
following equation:

_h*Dh

N
YETR

(3.28)

_pruxDy
U

Re (3.29)

Where (K) is the thermal conductivity of the fluid; (Dy) hydraulic

diameter, which can be calculated from the following equation[44]:

b _ 4 X [rd*(D —d) +d]
T ond+2%(D—d)

(3.30)

The enhancement and error ratio can be calculated from the following
equations [41].

Nu,r — Nu
Enhancement = n of (3.31)
Nubf
Approx — Exact
% Error = * 100 (3.32)

Exact
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the Pumping power of the flat tube for study flow of a coolant is defined
as[83]:

P=Nxux*xAp*+A, (3.33)

Where the N is the total number of flat tube and A is the cross —
sectional area of the flow m2.
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CHAPTER FOUR
EXPERIMENTAL WORK

4.1 Introduction
In general, the objective of the experimental work is to study the

effect of nanofluids on the cooling system's performance in an automotive
radiator. The considered experimental parameters are; Nusselt number, heat
transfer rate, the volumetric concentration of nanoparticles, fluid outlet

temperature and fluid flow rate.

4.2 Experimental Setup
Figure 4.1 shows the schematic diagram of an experimental setup test

rig. The diagram shows the parts and equipment used to study the effect of
nanofluids on the automotive radiator. An induction consisting of an
automotive radiator with a flat tube section, an axial fan with capable to
ensure air velocity of 3 m/s, pipes and connections were used with a circular
section of 0.5 inches to circulate the fluid within the system. A 25-litre fluid
tank and 3000-watt heater with a thermostat were attached with a 0.5-hp
centrifugal pump; the system flow rate was controlled with a unit
containing an electric frequency converter Ls type to control the speed
pump, and a flowmeter ranged from 2 to 18 L/min. Two thermocouples (K-
type) were employed to measure the fluid inlet and outlet temperature. Six
thermocouples (K-type) were placed on the walls of the automotive radiator
tubes at specific locations to measure the temperature of the tube surfaces
with accuracy £ 0.1 °C. Temperatures curves were plotted using eight
channels Data Logger connected to a PC with a software interface. Fluid
pressure gauges were fixed at the inlet and outlet pipe to measure the static

pressure. Figure 4.2 show a photograph of the experimental setup .
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Inlet pressure gauge @ O inlet thermocouple

r Inlet water pipe——

Radiator

QD Flow meter

Axial fan
outlet pressure gauge

| ) outlet thermocouple ’ ]

Hot water pips—Q
7
Data logger Outlet water pipe ) \ Water pump Speed control

‘Water pump

E AC @ Heater and therm ostat
|

Fluid Heater tank

Figure 4.1 the schematic diagram of an experimental setup

Pressurc gauge

Labtop for date recording

Figure 4.2 photograph of the experimental setup
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4.2.1 Radiators
Figure 4.3 shows the radiators used in the current study. Two

automotive radiators with different sizes were used, the first one (63 cm X
35 cm) and the second one (38 cm x 34 cm), thickness for both radiators
were 16 mm; the tubes are distributed vertically, flat section fins made of
aluminium are distributed between the tubes. Table 4.1 shows the

dimensions of both radiators.

Figure 4.3 Radiators used in the study
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Table 4.1 The specification of radiators

details of the first

details of the second

Description radiator radiator
Number of tubes 60 37
Tube length 350 mm 340 mm
Tube height 16 mm 16 mm
Tube width 2 mm 2mm
Thickness of tube 0.4 mm 0.4 mm
Height of fins 16 mm 16 mm
Width of fins 8§ mm 8 mm
Thickness of fins 0.09 mm 0.09 mm
Material Aluminium Aluminium

4.2.2 Cooling Fan
Figure 4.4 shows the cooling fan used in the study; this fan is used to

dissipate the heat from the outside surfaces of the radiator by increasing the
heat transfer coefficient. Anemometer (AM- 4206) with Resolution (0.1

m/s) and range (0.4 - 25.0 m/s) as shown in Figure 4.5 were used to

measure the fan speed (3 m/s).
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Figure 4.5 Anemometer to measure airflow velocity

4.2.3 Water Pump
A Centrifugal pump with a capacity of 0.5 HP and a speed of 2850

RPM, as shown in Fig 4.6, continuously circulates the fluid from the water
tank to the automotive radiator. The speed is controlled by an Ls frequency

converter shown in Figure 4.7.
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Figure 4.7 Ls frequency converter
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4.2.4 Water Tank
Figure 4.8 shows a cylindrical water tank with a capacity of 25 liters,

dimensions of 30 cm in height and a base diameter of 30 cm, insulated by a
thermal insulator (Thermobreak) which has low thermal conductivity (k =
0.032 W / m.K). The tank contains two holes with a diameter of 1 inch for
the inlet and outlet of the fluid and another hole to fill the reservoir with
fluid.

Figure 4.8 cylindrical water tank

4.2.5 Water Heater
Figure 4.9 shows the water heater with a capacity of 3000 watts,

placed inside the water tank to heat the fluid. The temperature, which

ranges from (40-80) Celsius, is controlled by a thermostat set inside.
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Theromstat

Figure 4.9 water heater and thermostat

4.2.6 Rotameter
Figure 4.10 shows the flowmeter (LZM-15J) to measure the amount

of fluid flow through the system. The scale ranges from (2-18) L/min with
accuracy * 3%. The study was at a flow rate ranging from (4-8) L/min, and

the flowmeter was calibrated with a 2 L graduated cylinder.

Figure 4.10 Flowmeter and beaker
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4.6.7 Thermocouples
Eight thermocouples were used in the study; two of them are at the

inlet and outlet of the fluid, and the other six are placed on the wall of the
tube to measure the surface temperature, as shown in (Figure 4.11). Eight-
channel data logger (Huato) model (S220-T8) with accuracy = 0.1 °C were
used to record temperatures during the test. The thermocouples were
calibrated using a cold and hot bath using an alcohol thermometer with 0-

100 ° C gradient as shown in Appendix - A.

Figure 4.11 Distribution of thermocouples on the radiator

4.3 Nanofluid Preparation
A stable nanofluid gives more efficient results and is important in heat

transfer applications nanofluids. The three types of nanofluids used in this
study were prepared at different volume concentrations (0.5%, 1%) by
using the two-step method, in which the nanoparticles of each of
(aluminium oxide, copper oxide, and multi-walled carbon nanotubes) were
mixed with the distilled water as a base fluid by Ultrasonic device
(Elmasonic-P180H) for 3 hours with a frequency of 37 kHz and power 100
Watts as shown in the Figure 4.13. Surfactant (Gum Arabic) was added to

increase the stability, and fluid samples were taken after adding the
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surfactant; the difference between the fluid without the surfactant was
observed compared with those that did not contain it. As shown in Figure
4.14, even after three months had passed, it was not noticed any
sedimentation or accumulation on the nanoparticles in which the Gum
Arabic (C15H20NNaO4) was used. The weights of the nanoparticles were
calculated using an accurate scale shown in Figure 4.15. The specifications

of nanoparticles are shown in Appendix - B.

Figure 4.13 Ultrasonic device
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Figure 4.14 Nanofluids stability with surfactant Gum Arabic
(C15H20NNaO4)

Figure 4.15 Sensitive scale
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4.3 Nanofluid Properties Measurement

Figure 4.16 shows the device (Decagon KD2 Pro) with Accuracy (z 5 to
+ 10%) used to measure the thermal conductivity of the nanofluids used in
this study; the thermal conductivity was calculated at room temperature and
a concentration of 1%. The experimental results were compared with the
results of the equations in Chapter 5. Figure 4.17 shows the device
(Brookfield DV-111 ultra-viscometer) used to measure the viscosity of

nanofluids at room temperature.

Figure 4.16 Thermal conductivity measurement device
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Figure 4.17 viscosity measurement device

4.4 Experiment Procedures

1-

Connecting and assembling the parts of the model, such as measuring
devices, heater, radiator and pump, and connecting them to tubes
covered with thermal insulation, and then equipping the device with
electrical power for the heater and pump. Installing two
thermocouples on the inlet and outlet of the fluid tubes, as well as
installing six thermocouples on the outside of the radiator tubes to
know the surface temperature of the tube. The experiment took place
in the fourth month (April) of the year 2021

Testing the system using distilled water. The heater tank was filled

with 25 liters of distilled water and the heater was turned on at a
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certain temperature for the purpose of reaching the required
temperature after a period of approximately 30 minutes to reach the
state study temperature. Then the pump was turned on to circulate the
liquid from the heater to the radiator and vice versa, making sure that
there was no leakage in the pipes. The experiment was carried out in
stages, where the readings are taken at different temperatures. The
temperature is controlled by a thermostat at temperatures of 60, 70
and 80 degrees Celsius. As well as at different flow rates of 4, 6 and
8 liters per minute, the flow is controlled by a flowmeter that controls
the pump speed, which is the frequency converter.

Preparation of the nanofluid: The preparation was made using the
two-step method, where the nanoparticles are extracted with the base
fluid using an ultrasonic device. The aim of this is to obtain an
optimal dispersion of the particles within the fluid for the longest
possible period by using a surfactant (Gum Arabic).

Fill the heater tank with the nanofluid and operate the heater to reach
the required temperature, then the pump is turned on to rotate the
fluid and the speed of the pump is controlled by the frequency
converter device, The readings of the thermocouples are taken by
connecting them to the eight-channel data logger. The experiment
was repeated more than once for the purpose of verifying the validity
of the recorded data. An error rate was analyzed according to the
equations used and the accuracy of the devices used in the

experimental results as shown in the Appendix - C.
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CHAPTER FIVE
RESULTS AND DISCUSSION

5.1 Introduction
In this chapter. The numerical and experimental results are

presented and discussed. In the experimental results, the Nusselt number
and heat transfer rate were calculated for two different radiator sizes
using three different nanofluids (Al,O3;, CuO, MWCNT) at different
volume concentrations and different flow rates. A numerical model was
developed using the COMOSL Multiphysics V.5.4 simulation software
to reduce the cost of experiments and obtain results at the appropriate
volumetric concentration and inlet temperatures as reported in Appendix
-D.

5.2 Numerical Results

To understand the effect of Al,O3, CuO, MWCNT nanofluids in
the automotive radiator and reduce the experimental side's cost, the CFD
model has been used by employing COMOSL Multiphysics 5.4
simulation software. The boundary conditions were used for numerical
results at inlet temperatures of 60, 70, 80 °C with flow rates of (4,6,8)

L/min and volume concentrations of (0.5, 1, 2) %.

5.1.1 CFD Model’s Verification

The numerical result conducted using COMSOL 5.4 software is
compared with other researchers to validate the Programmed model.

A comparison with previous work was carried out to verify the
model used to study the flat tubes of the radiator using distilled water.

Hussein et al.[90] used an automotive radiator containing 32 flat copper
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tubes and an inlet temperature 80 °C fluid flow rate of 2-8 L/min. Figure
5.1 shows a variation between the Nusselt number and Reynolds number
for the present study compared with the previous studies of the
researcher. After comparing the present results with Hussein et al., It has

been conducted the percentage error is 6.2%, which is reliable.
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Figure 5.1 Comparison of the numerical results of the current study with
the experimental results of Hussein et al.[90]

Elsebay et al. [91] presented numerical results using ANSYS
Fluent software to study the heat transfer coefficient of flat tube used in
the automotive radiator with Reynolds number ranging from 250 t01750,
inlet temperatures 80 °C and air temperatures were 30 °C with tube
dimensions of height (3mm), width (9mm) and length (345mm). Figure
5.2 shows a variation between the Nusselt number and the heat transfer

coefficient for the present study compared with the previous studies of
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the researcher. After comparing the present results with Elsebay et al., It

has been conducted the percentage error is 6.2%, which is reliable.
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Figure 5.2 Comparison of the numerical results of the current study
with the Elsebay et al. [91]

5.1.2 Effect of Distilled Water Flow Rate in Radiators With
Different Inlet Temperatures

Initially, the effect of inlet temperature on distilled water at
different flow rates has been studied.

Figure 5.3 shows the variation of the Nusselt number with flow
rates for different inlet temperatures, where we notice that the flow rate
increases, the Nusselt number increases. The Nusselt number is directly
proportional to the convective heat transfer coefficient, which depends
on the mass flow of the fluid. Increasing the flow velocity leads to an
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increase in the Nusselt number. When the inlet temperature of the water
increases, the Nusselt number increases because of the change of thermal
properties of the fluid, such as increases the thermal conductivity of the
fluids and decreases of the specific heat.

Figure 5.4 shows CFD results of the surface temperature
distribution on three dimensional a flat tube with fins using distilled
water for three cases, the first case 4 L/min, the second case 6 L/min, the
third case for 8 L/min. We note the temperature distribution along the
length of the tube, where there is a rectangle at the top of the tube,
represents the inlet temperature 80 °C, and the other at the bottom of the
tube represents the outlet temperature. The outlet temperature varies
when the flow rate is different, as it is clear that at a flow rate of 4 L/min,
the outlet temperature was approximately 71.5 °C and at 6 L/min was
approximately 74 °C. Finally, at 8 L/min, it was approximately 76.4 °C.
The temperature difference decreases when the flow rate increases. As it
is clear at a flow rate of 4 L/min, we got the lowest temperature from the
outlet, and the outlet temperature increased by increasing this flow rate
due to the speed of flow inside the pipes and the time it takes for heat to
transfer from the fluid to the outside environment by convection.

Figure 5.5 shows the surface temperature distribution of the fins

and tube at the inlet, middle and end of the tube.

67



Chapter Five Result and discussion

11 -
—a— Water at 60 °C
104 —*— Waterat70°C
—a— \Water at 80 °C

Nusselt number

4 : : : : : :
4 5 6 7 8

Flow rate (1/min)

Figure 5.3 variation of the Nusselt number for distilled water
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Figure 5.4 Temperature variation of distilled water with a
different flow
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At 4 L/min

v 70

Figure 5.5 fins and the tube with the temperature variation flow rate and
temp

The increase in Nusselt number due to fluid temperature increase
has been explained in previous studies. It is attributed to the increase in

thermal conductivity and the decrease in specific heat [92].

Table 5.1 shows a comparison of the experimental results of the
thermal properties test with the results of the equations in chapter 3,

where the error rate was 1%.
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Table 5.1 Comparison of the thermal properties obtained using of
experimental test with the recommended correlations

Nanofluid Thermal properties | Experimental Value by
test Equation
Conductivity 0.71 0.707
MWCNT 1%
Viscosity 0.00037 0.0003625
Conductivity 0.691 0.687
CuO 1%
Viscosity 0.000368 0.0003625
Conductivity 0.688 0.685
Al203 1%
Viscosity 0.000365 0.0003692

5.1.3 Effect of Nanofluid Flow Rate in Radiators with Different Inlet
Temperatures

Figures (5.6, 5.7, 5.8) show the variation of the Nusselt number
with flow rates (4, 6, 8) L/min at different volume concentrations (0.5, 1,
2) % at different inlet temperatures (60,70,80) °C. for the three
nanofluids (Al,O3, CuO, MWCNT) The results indicated that the
increase in the volume concentration of nanoparticles had increased the
Nusselt number. Al,O3; nanofluid at 2 % volume concentration showed
an increase in Nu number of 29%, 32.7% and 32.9% at 60, 70, 80 °C
respectively, whereas, for CuO at 2% volume concentration was 38.9%,
43.7%, 48.6% at 60, 70, 80 °C respectively. MWCNT at 2% volume
concentration showed an increase of 45%, 52.8%, 59.7 % for each input
temperature 60, 70 and 80 °C, respectively. Since it is clear that the

increase in the Nusselt number increases with the increase in the inlet
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temperature of the nanofluid as well as the increase in the flow rate, it is
directly proportional to the convective heat transfer coefficient and thus
leads to the enhancement of the Nusselt number, the increase obtained at
2% volume concentration differs from another nanofluid is due to the
thermal properties of nanofluids. Figure 5.9 shows the Nusselt
enhancement when using nanofluids at different volume concentrations.
It’s proved that the nanofluids have significantly enhanced the Nusselt
number of the automotive radiator compared to distilled water. Adding a
small amount of nanoparticles in the base fluid, such as distilled water,
can change the fluid's thermal properties by increasing the thermal
conductivity, density and viscosity, and decreasing the specific heat.
This change in the thermal properties has led to a significant increase in
the heat transfer coefficient of the nanofluid [55]. In addition, the
collision between the nanoparticles and the tube's surface has resulted in
the dispersion and oscillation of the particles near the wall leading to an

increase in the rate of heat transfer [93].
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Figures 5.10, 5.11, 5.12. show the variation of the heat transfer
rate with flow rates (4, 6, 8) L/min at different volume concentrations
(0.5, 1, 2) % at different inlet temperatures (60,70,80) °C. for the three
nanofluids (Al,O3;, CuO, MWCNT). The highest percentage was
obtained at a volume concentration of 2%, the heat transfer rate
enhancement for Al,O; was 15.6%, 19%, 34%, and for CuO was 23.6%,
40.9%, 51.3%, whereas for MWCNT was 32%, 52.8%, 65.2% at the
inlet temperatures of 60, 70, 80 ° C respectively. This increase is due to
the amount of heat transfer rate, which is calculated by (Ti-T,) * m. The
heat transfer rate increases with the increase in the flow rate and the
temperature difference between the inlet and outlet. Then the engine will
run with better Heat transfer rate. Moreover, at a high flow rate,
nanoparticles are more affected by dispersion and chaotic movement,
which causes an increase in heat transfer rates and reduces the amount of
accumulation and aggregation of particles in the nanofluid [93]. Figure
5.13 shows the heat transfer rate enhancement for nanofluids at different
volume concentrations. It shows that the best improvement in the heat
transfer rate is for the MWCNT nanofluid at a concentration of 2%

compared with other nanofluids and the base fluid.
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Figures (5.14, 5.15, 5.16) shows CFD results of the surface
temperature distribution on three dimensional a flat tube with fins using
the three nanofluids for three cases, the first case at 0.5% volume
concentration, the second case at 1% volume concentration, the third
case for at volume concentration 2%. The figures show the temperature
distribution of the flat tube and fins, and the rectangle at the bottom
represents the outlet temperature of the nanofluid. The outlet temperature
decreases with the increasing volumetric concentration of nanoparticles
and varies with the nanofluid. The lowest temperature at a volume
concentration of 2% using MWCNTSs nanofluid has given better thermal
performance than Al,O; and CuO nanofluids at the same volume
concentration. This improvement in nanofluids can be attributed to the
high heat transfer officiation of the nanofluid, which leads to a more
significant heat transfer and, as the interaction between the dynamic
particles and the molecules in fluids leads to an improvement in the
thermal conductivity. Likewise, the random movement of particles
through the fluid has enhanced the fluid convection, and thus the heat

transfer rate will increase [94].
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Figure 5.16 Temperature variation of the flat tube with fins at 2 vol%

Figures (5.17, 5.18, 5.19, 5.20) show the variation of the outlet
temperature of the fluid along the radiator flat tube length. A decrease in
the outlet temperature for the three flow rates (4,6,8) L/min of each
nanofluid (Al,03, CuO, MWCNT) as well as the distilled water at the
inlet temperature of 80 °C is achieved. The difference between the inlet
and outlet temperatures was 6.8 °C for distilled water, 7.8 °C for Al,Os,
8 °C for CuO and 9.2 °C for MWCNT. The decrease in the outlet
temperature depends on the fluid flow velocity and the volume flow rate.
The increase in heat transfer rate is caused by the increase in the
temperature difference between the inlet and outlet. Table 5.2
summarizes the results of the Nusselt number at different inlet
temperatures and different volume concentrations of nanofluids under

the current study.
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Figure (5.21) shows the pumping power required for each of the
distilled water and nanofluids previously studied numerically at a
volume concentration (1%), where the percentage increase in the
pumping power of the nanofluids is (1.7%, 1.46%, 0.73%) for each of
CuO, Al,03, and MWCNT, respectively compared with distilled water,
as it is clear that the result of the lower pumping power was for
MWOCNT nanofluid, and therefore because it has a lower density and
viscosity compared to other nanofluids such as Al,O; and CuO
nanofluid, where these properties affect the flow significantly as it
increases. Therefore, its need a greater pumping power. This increase in
the pumping power is slight and can be neglected as the thermal
performance increase significantly. Figures (5.22, 5.23) show the
velocity and temperature profile at different flow rates (4,6 and 8) L/min
for distilled water. It shows that the flow has become fully developed
after crossing the entry region that was previously determined from the
by Eqg. 3.1. Where the velocity at the walls is equal to zero m/s whereas
in the middle is at the highest value; this behavior is also found in the
temperature profile, as the temperature at the wall is less valuable than
that in the middle of the pipe. Figures (5.24, 5.25) show the flow in full
development in the form of arrows along the pipe, as well as the
streamlines of the flow. The velocity at the walls is at the lowest value
with blue color and at the middle is the highest value with red color. This
phenomenon of velocity distribution (if the flow is fully developed or
not) cannot be observed on the experimental side, but only in the

numerical simulation at the flow rate (4-8) L/min.
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Table 5.2 Table for summarizing the results of improvement in the
Nusselt number at 4 L/min

Temp. 60°C 70°C 80°C

;/r‘::trlgi 05% | 1% | 2% |0.5% | 1% | 2% |05% | 1% | 2%
Al203 205 | 1253 | 29.08 | 5.10 | 13.55 | 32.75 | 5.814 | 21.29 | 32.84
Cuo 8.41 | 23.75|38.69 | 8.39 | 28.81 | 43.70 | 1651 | 29.66 | 48.63
MWCNT | 16.97 | 32.13 | 45.09 | 18.59 | 35.67 | 52.78 | 25.83 | 42.37 | 59.79
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5.2 Experimental Result

5.2.1 Verification of The Experimental Setup

Before starting experiments on nanofluids, and for the reliability
and accuracy of the measurement by conducting test runs of distilled
water in the Automotive radiator, the results obtained experimentally
were compared with the experimental correlation below. Figure (5.26)
Show the variation of the Nusselt number with the Reynolds number.
The test data showed excellent agreement with an equation of Sieder
and Tate [95] (Eq 5.1) with a percentage error was 6.7% at Fully

developed laminar flow and fluid inlet temperature of 80 ° C.

Re x Pr\°3® [ pu\014
Nu = 1.86 * ( L/D, > * <E> (5.1)
Re * Pr * % > 10 (5.2)

= Experimental work
g —* Sider-Tate correlation

Nusselt number
~J
1

400 600 800 1000 1200 1400 1600
Reynold number

Figure 5.26 Verification of the experimental setup
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5.2.2 The Effect of The Nanofluid on The Performance of Regular
Size Radiator
The numerical results showed that the higher the inlet temperature

of nanofluid, the higher the system's thermal performance. Thus, the
current study was carried out at an inlet temperature of 80 °C. At the
same time, the highest thermal performance of the nanofluid was at the
highest volume concentration of 2%. However, the experiments were
carried out at lower concentrations to overcome the issues in the
experimental study in terms of the accumulation of nanoparticles in the
tubes, as well as the economic cost coming from the price of

nanoparticles and preparation of the nanofluid.

Experiments were conducted with Al,O;, CuO, MWCNT
nanofluids at different flow rates (4, 6, and 8) L/min and volume
concentration (0.5%, 1%) with a constant fluid inlet temperature of 80
°C. The Nusselt number, Heat transfer rate, and the outlet temperature
variation with a fluid flow rate of the aluminium oxide Al,O3 nanofluid
shown in Figures (5.27, 5.28, 5.29) respectively was at volume
concentrations 0.5, 1% and compared to the distilled water as the base
fluid. The maximum achieved enhancement of the Nusselt number was
21 %, the heat transfer rate 10 % and decreased outlet temperatures by
1.3 % at a concentration of 1%, and the flow rate of 4 L/min. This
increase is due to the thermal properties of the nanoparticles, which in
turn led to an increase in the system thermal performance. The Nusselt
number increases with an increase in the fluid flow rate as the fluid
velocity inside the tube increases, thus improving heat transfer from the
fluid to the wall and then the outside environment [78]. Many
researchers [22], [96] suggested that the physical explanation for
enhancing heat transfer and the thermal performance of the system using

nanofluids is affected by many factors, including the high thermal
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conductivity of the nanofluid compared to the base fluid, as well as,
Brownian motion, chaotic movement of nanoparticles inside the liquid
[97], the collision of nanoparticles with the wall of the tube can reduce
the boundary layer. Other factors such as fluid temperature, density,
viscosity, flow rate, and suspension performance of nanoparticles can

also play an important role in thermal performance [79].
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Figure 5.27 Variation of the Nusselt number of Al,O3 nanofluid at 80 °C
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The nanofluid results of copper oxide CuO, Nusselt number and
Heat transfer rate, and the outlet temperature variation with a fluid flow
rate are shown in Figures (5.30, 5.31, 5.32), respectively. The
experiments were at volume concentrations of 0.5, 1% and flow rates 4,6
and 8 L/min with inlet temperature 80 °C. The maximum enhancement
of the Nusselt number was 26.6% and the heat transfer rate 24.3% and
decreased outlet temperatures by 2.4 % compared to distilled water as
the base fluid. This improvement was due to the change in the thermal
properties of the nanofluids, where copper oxide has a high thermal
conductivity coefficient compared to distilled water as a base fluid. In
addition, the thermal performance increases with increasing the volume
concentration of nanoparticles in the base fluid, which improves the
nanofluid's thermal properties. The heat transfer rate is increased by
using CuO nanofluid because it contains a specific heat less than the
specific heat of the base fluid, as it acquires heat more slowly than the
base fluid. So, the neat transfer rate increases with the increase in the
flow rate because it is directly proportional to the mass flow of the fluid

and temperature difference.
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The results of multi-walled carbon nanotubes MWCNT nanofluid,
including the Nusselt number, Heat transfer rate, and outlet temperature
variation with a fluid flow rate, are shown in Figures (5.33, 5.34, 5.35).
The experiments were at volume concentrations of 0.5, 1% and flow
rates 4, 6, and 8 L/min with an inlet temperature of 80 °C. The maximum
enhancement of the Nusselt number was 42 % and the heat transfer rate
32.7 %, and decreased outlet temperatures by 3.4 % compared to
distilled water as the base fluid. The thermal performance of the
nanofluid is increased by increasing the flow rates and the volume
concentration of nanoparticles, which leads to enhancing the thermal
properties of the nanofluid compared to distilled water as a base fluid.
The highest thermal performance enhancement was obtained by using
MWCNT nanofluid due to the high thermal conductivity of the fluid; at
the same time, it contains the lowest specific heat compared to other
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nanofluids, thus losing the heat it acquires more slowly than the rest of
the fluids. That led to a decrease in outlet temperatures by 3.3%

compared to distilled water.
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Figure 5.33 Variation of the Nusselt number of MWCNT nanofluid at
80 °C
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Figures (5.36, 5.37, 5.38) compared the thermal performance in
terms of the Nusselt number, Heat transfer rate and the outlet temperature
variation with fluid flow rate of the system using the three different
nanofluids (Al,O;, CuO, MWCNT) at volume concentrations (0.5%,
1%) and flow rates of (4, 6, and 8) L/min and an inlet temperature of 80
°C using the regular size automotive radiator. The most effective thermal
performance was found when using the MWCNT nanofluid at 42% and
32.7% regarding the Nusselt number and the heat transfer rate,
respectively, at a volume concentration of 1% and a flow rate of 4 L/min.
This is because it has distinctive thermal properties such as a very high
thermal conductivity compared to the other nanoparticles up to 3000
W/m. K. The nanofluid enhances the heat transfer in the radiators. Thus,
it can reduce the radiator's volume, which reduces fuel consumption due
to reducing the cooling system's weight and more spacious area for the
engine[24]. The concentration of nanoparticles results in an increase in
effective thermal conductivity. Besides, the enhancement of heat transfer
is related to the collision between the nanoparticles and the automotive
radiator tube wall. This leads to an increase in Brownian motion and the
rate of energy exchange of the nanoparticles. The particle migration
increases with the increase in the nanoparticle concentration, which leads

to an increase in heat transfer.
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Figure 5.37 Variation of the heat transfer rate of Al,O3;, CuO, and
MWCNT nanofluid at 80 °C
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Figure 5.38 Variation of the outlet temperature of Al,O3, CuO, and
MWCNT nanofluid at 80 °C

5.2.3 Effect The Nanofluid Performance on Smaller Size
Radiator With MWCNT
The previous results on the regular size radiator showed that the

best thermal enhancement was found when using MWCNT nanofluid
compared to other nanofluids. Accordingly, the same nanofluid was used
on an automotive radiator, 35% smaller than the regular size, in order to
show the effect of thermal performance and to compare this effect of
nanofluid, at the same working conditions, with the distilled water in

regular size radiator.

The nanofluid results of Nusselt number, heat transfer rate and the
outlet temperature are shown in Figures (5.39, 5.40, 5.41) using
MWCNT nanofluid. The experiments were at volume concentrations of
0.5, 1, 1.25%. The enhancement of Nusselt number was 20%, 31.7%,

and 57.1%, at volume concentrations of respectively. The heat transfer
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rate was 19.8%, 29% and 40.7%, at concentrations of (0.5, 1, 1.25 %)
respectively. In contrast, the decrease in the outlet temperature,
compared with distilled water as the base fluid in small size radiator was
(1.5, 2.1, 3.89 %) at concentrations of (0.5, 1, 1.25 %) respectively
compared with distilled water in a smaller radiator. The maximum
thermal performance was 10.8% for the Nusselt number, 9.7% for heat
transfer rate at 1.25% volume concentration of MWCNT nanofluid used
in the small size radiator compared to the distilled water regular size
radiator. Additionally, the concentration of nanoparticles plays an
important role in heat transfer efficiency. It can be shown that whenever
the concentration becomes greater, the heat transfer coefficient becomes
larger. This leads to the fact that it is possible to reduce the volume of the
car radiator to a certain percentage when adding nanoparticles to the base
fluid, taking into account the sedimentation and agglomeration of the
particles, for example, they can be disposed of by adding surfactants

such as gum Arabic.
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Figure 5.39 Variation of the Nusselt number of MWCNT nanofluid for a
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Figure 5.40 Variation of the heat transfer rate of MWCNT nanofluid for
a small radiator at 80 °C
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5.3 Comparing The Numerical Results with The Experimental
Results of Nanofluids

The experimental results were compared with the numerical
results obtained from the COSOL model of the three nanofluids at a
volume concentration of 1% and a temperature of 80°C. The results of
the comparison showed convergence of values by not more than 3.5%
between the numerical and experimental results. Figure 5.42 shows the

values of Nusselt number with the flow rate for comparison between the

results.
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Figure 5.42 Comparison of Numerical Results with The Experimental

Results at 1% and a temperature of 80°C
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5.4Economic Analysis Using for Nanofluid in Radiators

Economic analysis is a scientific method of research and giving a
logical method of study. It aims to achieve the product's efficiency to
satisfy the customer through the best use of materials. The current study
was about the use of nanofluids in automobile radiators. The results were
studied and analyzed on the thermal performance in heat transfer and
heat dissipation using three nanofluids aluminum oxide Al,O3, copper
oxide CuO, multi-walled carbon nanotubes MWCNT, with different
volume concentrations (0.5%, 1%, 2 %) and different temperatures (60,
70, 80 ) °C as well as different flow rates (4, 6, 8) L/min, where their
results were compared with distilled water as the base fluid. The best
fluid used is MWCNT nanofluid, which achieved the highest thermal
performance compared with other nanofluids because of the high thermal
properties of this fluid, as well as with distilled water. At the same time,
this nanofluid was used in an automotive radiator that was 35% smaller
than the regular radiator. The results found that using MWCNT
nanofluid in small radiator is better than using distilled water in the
regular radiator at the same operating conditions, such as ambient
temperature, flow rate, and inlet fluid temperature. The costs of each of
the small and the regular size of radiator were calculated, the costs of
purchasing the three nanoparticles and surfactants, the costs of preparing
the nanofluid that includes the ultrasound device, and calculating the
duration of the nanofluid remaining stable without sedimentation for the
longest possible period inside the radiator. Table (5.2, 5.3) shows the
costs of using nanofluids in this study. Thus, it was possible to reduce the
volume of the radiator and thus reduce the cost of purchasing the radiator
and reduce the amount of fluid inside the radiator. In addition, providing

additional space under the hood. A recent Massachusetts Institute of
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Technology study estimates that vehicle weight that for every 100-kg

reduction, the combined city/highway fuel consumption could decrease
by about 0.4 L/100 km for car [98].

Table 5.2 Cost of radiators and nanofluid

Regular radiator

Smaller radiator

Radiator’s weight 2.275 kg 1.575 kg
Volume of radiator 0.0358 m? 0.0135 m®
Fluid capacity 1.2 liter 0.75 liter
Radiator price 375% 17 %
Cost of the nanofluid 5% 32%
fuel Cost for 200,000 km 16.64 $ 104 %

Comparison

More weight, more cost

for automotive radiator
and Nanofluid more space

under the hood

Less weight, lower price
for automotive radiator
and nanofluid than the
regular size. less space

under the hood

Table 5.3 Cost of nanoparticles

. Volume Wight of | Price by .
Nanoparticles Concentration Particles Gram Total Price

0.5% 1.08 g 1112 $
MWCNT 1% 2.16 ¢ 10.3$ 222 %
1.25 % 2.7 27.8$
0.5% 8.23¢ 70.7 %

CuO 8.69%
1% 16.46 g 1415 %
0.5% 098¢ 5.39%

Al,O3 55%

1% 29 11%
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

In this study. The effect of nanofluids (Al,O3;, CuO and MWCNT)
on convective heat transfer by laminar flow in automotive radiators has
been numerically and experimentally investigated. The numerical results
were validated by comparing with experimental and numerical results of
previous researchers, comparing the results of the present study with the
results of previous researchers, the comparison with the experimental
research was an error rate of 6.2%, and with the numerical analysis, the
error rate was 7.2%. These results are good agreement for comparison
and verifying the validity of the experimental results by comparing the
results with correlations and changing Reynolds number from 250 to
1750 (4-8) L/min was an error rate of 6.7%.

1. The heat transfer of the three nanofluids was studied numerically
at volume concentrations 0.5, 1, 2 % and inlet temperature
60,70,80 °C, and flow rate (4,6,8) L//min. The results showed the
maximum enhancement of the Nusselt number by 25.8%, 42.3%
and 59.7 % at a volume concentration of 0.5%, 1 % and 2%,
respectively, when using MWCNT nanofluid with a flow rate of 4
L/min compared with distilled water as a base fluid.

2. Experimental results were carried out on two automotive radiators
of different sizes. The small size was 35% smaller than the regular
size, using the three nanofluids, with a volume concentration of
0.5, 1%, inlet temperature at 80 °C and a 4, 6, and 8 L/min flow
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rate. The experimental results showed that the maximum
enhancement of the Nusselt number was 42 % when using
MWCNT nanofluid with a volume concentration of 1% and a flow
rate of 4 L/min compared with distilled water a regular size
radiator.

3. Experimental results on a smaller automotive radiator with
MWOCNT nanofluid at volume concentration (0.5, 1, 1.25%) and
80 °C. The maximum enhancement of the Nusselt number was
10.8 % and Heat transfer rate was 9.7 % at volume concentration
1.25 % of the experiment for the smaller size radiator compared to
the with the distilled water of the regular size radiator.

4. The numerical and experimental results showed that the best
nanofluid is MWCNT at a flow rate of 4 L/min compared with the
results of other nanofluids (aluminium oxide Al203, copper oxide
CuO).

5. It is possible to reduce the volume of the car radiator by 35%
when using MWCNT nanofluid with a volume concentration of
1.25%. Thus, providing additional space under the hood, saving
the amount of fluid inside the tubes of the radiator.

6. The economic analysis was conducted on the radiators in
automotive, where it was found that it was possible to reduce the
size of the radiator when using the MWCNT nanofluid, as well as
an economy in the price of the radiator, with a difference of $ 20
for the smaller radiator, as well as the cost of the cooling fluid by
1.8% compared to the regular size radiator.
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6.2 Recommendations

Based on the previous conclusions, we suggest the following

recommendations.

1- Experimental study of the thermal properties of nanofluids and
observing the change in the properties by increasing the
temperature at different volume concentrations.

2- Experimental study of the effect of nanofluids on pressure drop
and friction factor at laminar and turbulent flow.

3- Study of the thermal performance of hybrid nanofluids in heat

exchangers.
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APPENDIX - A

THERMOCOUPLE’S CALIBRATION

In this study, eight K-type thermocouples were used to measure
the temperature distribution across the flat tube radiator pipe as well as
the input and output fluid temperature. The calibration certificate by the
manufacturer as shows in Figure Al. For optimum temperature reading,
all the thermocouples were calibrated with an alcohol thermometer by

using a water bath as shown in Figure A2.

THERMOCOUPLES

CERTIFICATE OF QUALITY

propueTr _ TEHRMOCOUPLES

MODE SNNT-02
SPECIFICATION  2M-%4"
TYPE K
MEASUREMENT RANGE 0~800 °C
INSPECTOR [\
OATE

Figure Al. The calibration certificate by the manufacturer for

thermocouples
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Figure A3. T1 thermocouples calibration
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APPENDIX -B

NANOPARTICLE’S PROPERTIES
Nanoparticles Specifications

All nanoparticles (manufactured by Guangzhou Hongwu Material
Technology Co., Ltd.) were used to prepare the nanofluids. The
properties of nanoparticles are listed in Table B1. Figure (B1, B2, B3)
shows scanning electron microscopy (SEM) for all nanomaterials used in

the study with a certificate originating from the manufacturer.

Table B1 details and properties of nanoparticles

Details AlO3 CuO MWCNT
Appearance White powder |Dark brown powder |Black powder
Purity 99.99% 99% 99%
D: 30-60 nm
Size (nm) D: 20-30 nm D: 30-50 nm L:5-20 um
Thermal conductivity (W/m. 46 26.5 3000
K)
Density (kg/m?3) 3890 6400 2100
Specific heat (j/kg. K) 778 531 769

54800 15.0kV 9.5mm x50.0k SE(M)

Figure B1. SEM images for MWCNT
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Figure B2. SEM images for CuO

Figure B3. SEM images for Al,Os
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APPENDIX -C

Uncertainty In Measurement

All guantities measured to estimate the Nusselt number and the
coefficient of friction are subject to uncertainty due to errors in
measurement. Quantities such as hydraulic diameter (Dy), length of tube
(L), wall temperature (T.), average fluid temperature (Ty), velocity of
fluid flow (U), are measured and calculated Possible errors in each for
estimating uncertainties associated with the experimental data for heat
transfer rate, Nusselt number and Reynold number. The experimental
uncertainty was calculated according to ANSI/ASME standards.
Uncertainties associated with the experimental data are calculated based
on a 96% confidence level. Calculations indicated that the uncertainties
involved in the measurements are about + 4% and £ 4.5%, respectively
for the heat transfer coefficient and the Nusselt number. As in the
following equations can be used to calculate the uncertainty of

experimental data:

i OR 2
wr = 20 (a_Xl * Wxi) (C-1)
Where
Wk = Uncertainty of the result

C1. Reynold Number Uncertainty

__ pxvxDp
U

Re (C-2)

dRe = [(%+ av)" + (%24 aa)| 3



A Re = :(% * Av)z + (% * Ad)z] (C-4)
A Re = :(Re * Av—v)z + (Re * %)2]0.5 (C-5)
ORI

C2. Nusselt Number Uncertainty

__ h=Dp,

=t ©
ANu = ("’(;V_h” ) Ah)2 (2 Ad)z]o's (C-8)
ANu = (% ) Ah)2 e Ad)z]o's (C-9)
A Nu = :(Nu ) %h)z + (Nu» %d)z]o's (C-10)
el RO 1

C-3. heat transfer coefficient Uncertainty
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C-4. Heat Transfer rate Uncertainty
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APPENDIX - E
WIND SPEED CALIBRATION

In this study, an AM-4206M anemometer was used to measure
wind speed. It was calibrated with the Davis standard weather station
installed above the ground in the Technical College of Engineering in

Najaf / Irag. Figure D1 shows the results of the calibration.
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Plot Davis weather station read
Intercep  -0.07991 +1.02596 |
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Figure D1 Anemometer Calibration
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performance compared to the base fluid. Using the (MWCNT-Water)
achieved 41.7% of Nusselt number where as, copper oxide (CuO) and
aluninum oxide (A1203) have improved the Nussult number by 31.7 %
and 12.3 % respectively. The Nusselt number showed an increase with the
mcrease 1 the flow rate and the mlet temperature.
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