CHAPTER 1

INTRODUCTION

1.1 Introduction

Due to the rapid development of modern technology, recent electronics devices
generate an enormous amount of heat, which disturbs the normal performance of the
devices and reduces their reliability. When a machine operates continuously at any
given load, a steady-state temperature distribution is established in the machine such
that the heat generated within the machine is equal to the heat transferred from the
machine to the surrounding medium. The temperature rise has to be limited for two
reasons: mechanical stress and the deterioration of the insulating materials. In electrical
motors, the generated heat is varied and it is depend to the size and the work load of the
specific motors. Example, the motors which used in industries are specifically made for
heavy duties and the heat generation of these motors is very high and it could damage
the internal parts and cause the efficiencies to drop. Heat generation is also caused the
life span of the motors to decrease and its cause a new replacement which normally cost

high.



Therefore, an efficient cooling system is one of the most important problems in
designing an electrical motor. There have been numerous attempts to remove high heat
flux effectively including natural convection, forced convection, through ventilation,
water jackets, submersible, wet rotor and wet stator, spray cooling, radiation and
conduction. Due to its simple application, air cooling has been the most widely used
cooling technique for electrical motors. Air cooling is usually used with fin-array heat
sinks which extend the heat dissipating surface area. The heat generated from the
surface is carried out by the air flows by naturally or by forced air convection.

But air cooling has certain limitations where the heat transfer coefficient and
heat capacity of air is much lower than the liquid forced convection. Liquid such as
water has high heat transfer coefficient than the air and it can dissipate more heats than
which done by the air. To improve the heat transfer rate, the water or the other liquids
such as ethylene glycol were dispersed and suspended with nanoparticles. This new
class of heat transfer fluids is called nanofluids where the high thermal conductivity
solid particles were mixed into the heat transfer liquids. According to the effective
medium theory for calculation of the mixture thermal conductivity, the thermal
conductivity of the solid particle laden fluid is expected to be higher than the pure liquid
(Chopkar et al., 2006). Early studies were performed with millimeter sized particles and
showed some increase in thermal conductivity. However, the application was hampered
by the some problems, such as abrasion, channel clogging due to poor mixing, and
severe pressure drops. Due to higher heat transfer rates, nanofluids have attracted much
attention from researchers as a new generation of heat transfer fluid for various

applications such as automotives, manufacturing and electronics.



1.2 Background of Problem

Currently electrical motors have promised efficiency from 50% to 100% but
practically it can be found within the range of 75% to 95%. From the electric motors

efficiency equation;

efficiency,n — P out __ P mechanical (11)

P input P electrical

Where, efficiency is determined by the mechanical power over electrical power
(source). But in real cases, few percentages of the input power (electrical power) were
released to surrounding as heat energy and it caused drop in output power (mechanical
power). To increase the mechanical power and reduce the heat to surrounding, a better

cooling system is needed.

The cooling systems which using fins and micro channels are already reached to
its limit (Kurkani, et al.,2008) and enlarging the heat transfer rate by increasing the area
also seemed unsuitable due to it will increase the size of the system (Keblinski et
al.,2005). The only option seems to be good is liquid cooling system and the heat
transfer rate is depend to the liquid’s heat transfer coefficient; k where high k will
caused high thermal conductivity. The current heat transfer fluids such as water and
ethylene glycol have low thermal conductivities and as a result there is a demand for
new and innovative heat transfer fluid which is able to improve the heat transfer rate in

electric motors cooling system.

Nanofluids seemed to have potential of replacing conventional coolant in
electric motors cooling system. There have been considerable reports which have shown
that nanofluids can enhance convective heat transfer coefficients. 15-40% of heat

transfer enhancement can be achieved by using various type of nanofluids (Yu et



al.,2007). By improving the heat transfer rate, the size and weight of a electric motors
can be reduced where previously bigger sized motors where used to transfer high
mechanical power due to high in heat losses. More mechanical power would be
generated when the heat losses become minimum and it is directly improve in energy
saving. A better thermal management for the electric motors is essential for improving
the motors life span by controls the mechanical stress and the deterioration of the

insulating materials.

Therefore, this study attempts to find out the heat transfer characteristic of
nanofluids as coolant fluid. Thermal performance of nanofluids compared to the
conventional coolants and the effects of volume fraction of the nanoparticles to the

thermal performances.

1.3 Statement of the Problem

This study is aimed to find out the answers for the following questions;

(@) Isthe nanofluids is better alternative way of cooling for electric motors.

(b) What would be the thermal performances of electric motors when using ethylene
glycol based aluminum oxide (Al,O3) nanofluid as the coolant compared to the
ethylene glycol base fluid coolant in electric motors?

(c) Influences on heat transfer rates when using Ethylene glycol based aluminum oxide

nanofluids as a coolant.



1.4  Objective of Study

The objectives of the study are as follow:

(@) To determine potential benefits can be achieved when using ethylene glycol based
aluminum oxide (AkLO3) nanofluids for the cooling in electric motors.
(b) To compare heat transfer performances using ethylene glycol based aluminum oxide

nanofluid with conventional coolants such as ethylene glycol.

1.5 Importance of the Study

As stated earlier, the traditional approach of increasing the cooling rate by using
geometry modification and improvement are already reached to its limits. The emerging
of nanofluids as coolant fluid with higher thermal conductivity is seem suitable to
replace water or conventional coolants in automotives, electronics and manufacturing
applications. In-depth studies and experiments need to be done before it can fully
implemented in industries. However, high cost of nanofluids production may hinder this
effort. Analytical analysis can be considered as initial study to determine the
performance of nanofluids in any applications including for electric motors cooling. The
data from the analytical study can be used to justify the suitability of nanofluids as
coolant fluid. If the data shows substantial improvement, experiment can be done to
validate the analytical result. In this study, it focuses on the analytical study of thermal

performance of electric motors using nanofluids.



1.6 Scope of the Study

Below are the included scopes

(@) Coolants that focused in this study are nanofluids.

(b) Application of nanofluids in electrical devices such as electric motors is emphasized
in this study.

(c) Only analytical studies are done to investigate the thermal performances when using
nanofluids.

(d) Relevant input data such as thermal performance formulas, properties of nanofluids
and etcs required for the calculations are obtained from literatures and calculated
from empirical correlations.

(e) The calculations assume that other factors such as thermophysical properties of

nanofluids remain constant.



CHAPTER 2

Lite rature Review

This chapter reviews relevant literatures on electric motors which can be seen
commonly in industries and nanofluids. Section 2.1 reviews how the electric motors
works and generate heats. It covers thermal characteristics of the motors and heat
sources in electric motors. Some of the current cooling methods of electric motors also
were discussed. In section 2.2 the fundamental of nanofluids were discussed. It covers
the preparation of nanofluids, convection and viscosity of nanofluids and heat transfer

variables of nanofluids.

2.1  Electric motors and the cooling methods

2.1.1 How does anelectric motor works and gene rates heat

From the handbook of electric motors it is stated that, the simple magnetic fields
push against one another and turn the motor shaft. To create the opposing magnetic

fields a current is passed through a wire. This generates a magnetic field around the
7



wire. By bundling the wire around steel laminations the field strength increases. By
arranging the bundles adjacent to magnets, the field generated by the coils interacts with
that of the magnets. If the poles of the two fields are the same they will repel each other
and tend to move apart. By holding either the magnet or coil still and mounting the

other on a shaft which can rotate the magnetic repulsion is captured as rotation.

The force with which it turns is called torque. The amount of torque is always
proportional to the current or amps run through the wiring. That means in a given
motor 1 amp of current always generates X units of torque and 50 amps always generate
50X units of torque. This characteristic is constant for a motor regardless of the voltage
level and is known as the torque constant or K; and expressed as in/oz/amp or

mm/N/amp.

The speed at which the motor rotates is related to the voltage used. However
voltage is only potential energy and the actual rpm a voltage will create is determined
by how many turns of wire there are in each coil and magnet strength. More turns and
stronger magnets mean fewer rpm’s per volt. Weaker fields mean more rpm’s per volt.
This characteristic is the voltage constant or K,. It is expressed as the rpm/V of the

motor.

As the parts of the motor which determine the torque, the windings and magnets
also affect how fast the motor turns. In a perfect motor they would have no affect and
100% of the energy put in would be put out at the shaft. However losses due to
electrical resistance in the wire, the steel in the motor reacting against changes in
magnetic fields and parasitic drag in the moving parts mean a motor is less than 100%

efficient.

The efficiency of a motor is known at ‘eta’ and is expressed as a percentage e.g.

90% when 90% of the input is converted to power. Together the inputs: voltage and
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current, and the efficiency, determine the power output of a motor which is expressed as
Watts. Power is calculated by the formula Volts x Amps x motor efficiency, for an

example, Power = 12V x 10A x 0.90 = 108 Watts output (losses = 12W)

The energy which isn’t converted into motion becomes heat. This heat, or rather
the amount of heat relative to the motors ability to cool itself (surface area and mass),
determines how much power the motor can be made without causing damage. This is
because if the motor becomes too hot, the electrical resistance increases, heating
increases further and magnets lose their strength and motor wires melt. Also a motor
remaining at high temps may fail because the modern adhesives use to construct it
suffer heat induced fatigue and the magnets separate from the casing or shaft. At high
speed the collision of magnets and coils short the wiring leading to a catastrophic failure

of the speed controller and battery.

To overcome the heating problems, an effective cooling method is needed where
the cooling method not only is considered by the heat level but also the other operating
conditions are involved. Cooling system of electric machines is inevitably related to the
type of enclosure used in electric machines. Conventionally it is classified by direct and
indirect cooling systems. In the former the ambient air is in direct contact with the main
heat sources, which are winding and core, while in the latter the main heat sources are

completely surrounded by enclosure.

In direct cooling systems, the heat is dissipated by direct convection from the
surface of winding and core while in indirect cooling systems the heat is conducted
through the enclosed frame and dissipated at the outer surface of the enclosure. This
classification of direct and indirect cooling corresponds to two different types of
enclosure: the open and the closed, respectively but open enclosure types not widely

used because they provide less or no protection to the active parts of the machines.



In closed types enclosure, all the heat only can be dissipated by convection at the
outer surface of the enclosure. Sometimes an internal fan is installed to increase the rate
of heat flow from the inner parts to the outer surface of the machine. Similarly an
external fan is installed to increase the amount of heat through convection at the outer
surface, which is termed as forced external cooling. For the most severe thermal
conditions, incompressible fluids such as oils or high heat conducting fluid such as
nanofluids may be adopted instead of air where several studies and researches were

confirmed that nanofluids are most effective fluids to conducting heat.

2.1.2 Heat sources in motors.

There are two main heat sources in electric motors. The first one is, which is
most important one is called copper loss, which is the heat generated at coils. The other
kind of heat source is usually called a iron loss, which is the sum of the heat dissipated
at the motor core made of steel, thus sometime called a core loss. Certainly there are
other sources of heat generation such as mechanical friction in bearings but these will be
ignored since their contribution to the heat generation are too small compared to the

main two.

2.1.2.1 The total copper losses, Q.

The total copper losses, Q. of a motor can be calculated by multiplying the

number of phase N, by the copper loss in each phase of coil:
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Q. =N xI’R=NI*p= (2.1)

Where | is the phase current, R is the phase resistance, p is the resistivity, A is
the cross sectional area of wire and L is the length of the phase. Its shows that, the total
copper losses are proportional to the volume of the coils and the current, I is time-

averaged. So if a phase current is periodic with the period T, then,

Q. ==[) (DR dt (2.2)

And when the current is sinusoidal with the amplitude, I, the I is equal to % .

When the current flows in coils, it will generate heat and increase the coils

temperature which is in turn rise the resistance of the coils. It is known that the

resistance of the coils increases with temperature, T in °C by:

Where o is the thermal coefficient of resistivity and R, IS the resistance at20°C (Chai et

al., 1998).
The thermal coefficients are:
a = 0.0039/°C, for copper wire (99.5% pure)
a = 0.0041/°C, for aluminum wire (99.5% pure)

Thus, if the temperature rise at coils is100°C, then the phase resistance which is
linearly proportional to the copper losses Q. is increased by about 40%. This is cannot

be negligible when a harsh load condition is imposed.
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2.1.2.2 The iron losses, Q;

Iron losses are the heats dissipated at the stator and rotor of an electric motor. It
is composed by three different components which are: hysteresis loss, eddy current loss

and residual loss.

The hysteresis loss occurs in magnetic steel where it changes the magnetic states
of the electric motor, while the flux density, B varies. This loss is proportional to the
area encircled by the upper and the lower traces of the hysteresis loop. The area can be
obtained by an integration and is proportional to B?. Furthermore, if the shape of the
loop remains the same for each cycle, the loss power is simply the product of the area
and frequency. Therefore, the hysteresis loss is directly proportional to frequency f and
the square of peak flux density B? (Tan et al., 1995). Figure 2.1 shows an example of

hysteresis loops of a magnetic steel.

-50000 -40000 -30000 -20000 -10000 O 10000 20000 30000 40000 S0000
Magnetic Field Intensity (A/m)

Figure 2.1: Hysteresis loops of the magnetic steel (Tan et al., 1995)
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The eddy current loss is also caused by variation in flux densities where it
induces currents in materials with finite conductivity at the same frequency as the

variation in the magnetic field (Deng et al., 1999).

This loss is some sort of ohmic loss. To reduce eddy current, materials with low
resistivity are preferred such as ferrite. Since the mechanism for eddy current loss is the
same as that in a conductor, the eddy current loss is proportional to the square of

frequency and the square of peak flux density.

The residual loss or anomalous loss is simply taken from experiences that it is

proportional to frequency and peak flux density.

Since all the three losses are related to frequency, fand peak flux density, B, the

following empirical formula is used to model the iron losses,
Q; = k,fB* +k,f*B* + k,.fB (2.4)

Where, k;, k, and k, are coefficients of hysteresis, eddy current and residual losses

respectively.

2.2  Compact Heat Exchanger for Motor Cooling

Compact heat exchanger is taken into this study to dissipate the heat generations.
It is a unique and special class of heat exchanger which used to achieve large heat
transfer area per unit volume. Typical surface area to volume ratio for compact heat
exchanger is > 400m*/m® for liquids and > 700m?/m® for gases (Incopera et al., 2007).
Several considerations must take into account when designing compact heat exchanger.

There are heat transfer surface area, heat transfer rate between the fluids, mechanical

13



pumping power, friction, pressure drop and velocities of the fluids and etc. These lead

to development of several compact heat transfer surfaces as shown in Figure 2.2

(c) (d)

Figure 2.2 Examples of Compact Heat Exchanger Surfaces (Kays & London, 1984)

Each of the surfaces has their advantages and disadvantages. F lat tube as shown
in Figure 2.2(c) is more popular for heat transfer applications due to its lower profile
drag compared with round tube (Vasu et al.,2008). In this compact heat exchanger, both

coolant and air flow are unmixed where they flow cross each other.
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In the next sections, the fundamental of nanofluids, its properties, experimental

and theoretical researches are discussed

2.3 Introduction to Nanofluids

There have been numerous efforts seeking innovative heat transfer liquids as
well as improvements in the cooling system to handle continual increases in the heat
dissipation in electronic devices such as electric motors. One proposed method is to
include high thermal conductivity solid particles into the heat transfer liquids.
According to the effective medium theory for calculation of the mixture thermal
conductivity, the thermal conductivity of the solid particle laden fluid is expected to be
higher than the pure liquid. Early studies were performed with millimeter sized particles
and showed some increase in thermal conductivity. However, the application was
hampered by the some problems, such as abrasion, channel clogging due to poor
mixing, and severe pressure drops. A recent development in modern nanotechnology
has enabled researchers to manufacture nanoscale metallic or nonmetallic particles.
Nanofluids were invented by incorporating these nanoscale solid particles into ordinary
liquids. The term 'Nanofluids' was first introduced by Choi and coworkers at Argonne
National Laboratory (Eastman et al, 1996). Nanofluids consist of small fractions of
nanoscale solid particles (dp <100nm) or nanotubes in base fluids such as water or oil.
Some examples of nanofluids are aluminum oxide particles in deionized water, copper
oxide particles in ethylene glycol and carbon nanotubes in oil. Nanofluids have the
potential to offer higher thermal conductivity compared to the base fluids themselves. A
number of thermal conductivity measurements on stationary nanofluids have been

performed since 1995; thermal conductivity increases of up to 60% have been reported
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with 5 volume % CuO nanoparticles (Eastman et al., 1996). Many of the measured
thermal conductivity values are much greater than predicted by effective medium

models.

Other advantages of nanofluids as heat transfer fluid are the fact that nanofluids
are not expected to cause clogging or abrasion problems in flow channels, and excellent
stability is expected due to the small particle size. Therefore, the use of nanofluids to
replace traditional heat transfer fluids, such as water, oil and ethylene glycol, may offer
the potential to increase the performance of liquid cooling systems without increasing

the complexity.

There are a number of problems in the application of nanofluids at the moment.
Previous measurements of the thermal conductivity of stationary nanofluids are very
widely scattered, despite the fact that the same particle materials and same
measurements techniques are used. These inconsistencies are discussed extensively in
the review paper by Kabelac & Kuhnke (2006). Inconsistencies are also found in the
relatively few experiments on nanofluid convective heat transfer and viscosity.
Convective heat transfer rates and viscosity of nanofluids are very critical because they
determine the capability of nanofluids as heat transfer liquids in heat exchangers.
Nevertheless, there has been little research on these, so further study is required to

completely understand the nanofluid behavior.

Numerous efforts have been devoted to the theoretical study to explain the
anomalous increase in nanofluid thermal conductivity. The proposed reasons are
Brownian motion of the particles, molecular level layering of the liquid at the
liquid/solid interface, and the effects of nanoparticle clustering. Based on the past
studies, nanofluid performance is a function of various parameters, such as particle

material, particle diameter, particle aggregation, pH of the suspension, temperature of
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the suspension and so on. This complexity makes it difficult to predict nanofluid
behavior. Moreover, there is so much variability among different experiments that the

theorist does not have a reliable basis for testing models.

2.2.1 Preparation of nanofluids

Nanoparticles which are used in nanofluids can be classified by the materials.
The most frequently used materials are oxide nanoparticles, such as aluminum oxide
(Al203) and copper oxide (CuQO). The second kind materials are metallic nanoparticles,
such as copper (Cu) and iron (Fe). The third type of nanomaterials are carbon nanotubes
(CNTSs). Most researchers use commercially available nanoparticles. The typical base
fluids are traditional heat transfer liquids, such as water, oil and ethylene glycol. The
nanofluids using oxide and metallic nanoparticles can be synthesized using simple
procedures. The general method consists of two steps; first mixing the nanoparticles
into the base fluid, then applying ultrasonication. Surfactant is required for the carbon
nanotube/deionized water mixture before sonication. The sonication time varies
depending on the individual researcher. To characterize prepared nanofluids, researchers
measure particle size with a dynamic light scattering method and utilize Scanning
Electron Microscopy (SEM) or Transmission Electron Microscopy (TEM) pictures.
Unfortunately, many researchers do not characterize the size distribution of the

nanoparticles in suspension.

Eastman et al. (1996) prepared Cu and AI203 nanoparticles using the gas
condensation process at the Argonne National Laboratory. They also purchased CuO
and additional AI203 nanoparticles. They reported that A1203, CuO nanoparticles have

such excellent dispersion properties in base fluids that no special procedures were
17



required to make stable nanofluids. But the Cu nanoparticle showed poor dispersion
properties, when it was mixed with deionized water, it settled rapidly. TEM pictures
were taken for characterization, representing considerable agglomeration among
particles. The general preparation method of oxide nanofluids can be seen in Das et al.
(2003)'s work. After mixing AlI203, CuO nanoparticles with deionized water, 12 hours
of sonication was applied to the mixture. They observed no sedimentation in the 12
hours subsequent to the nanofluid preparation. TEM images were also provided to

observe nanoparticle shapes.

There are only a few studies on the preparation of metallic nanofluids. For
example, Xuan & Li (2000) suspended Cu nanoparticles in deionized water base fluid
adding 9 weight % of laurate salt as a surfactant followed by ultrasonication. The
nanofluids were stable for 30 hours. TEM pictures showed some clustering. Hong et al.
(2006) prepared Felethylene glycol nanofluids successfully without any particular
surfactant. TEM pictures revealed that Fe nanoparticles are nearly spherical and form

clusters. The mean particle size was 10 nm with uniform distribution.

Special treatment is necessary to produce CNT/deionized water nanofluids. The
morphology of carbon nanotubes makes the dispersion difficult. Carbon nanotubes have
an extremely high aspect ratio so there is a high possibility of entanglement among
nanotubes. Furthermore, the tube surfaces are attracted by strong van der Waal's forces
which make dispersion challenging. The most commonly used method in the
preparation of CNT/deionized water nanofluids is to add appropriate surfactant and
apply ultrasonication. The role of a surfactant is to produce an efficient coating on the
tube surface so that the coated tubes do not bond together. The commonly used
surfactants in CNT/deionized water nanofluids are sodium dodecyl sulfate (SDS),
Triton X (TX-100) and Gum Arabic (GA). GA is known as the best stabilizer among

these. Ding et al. (2006) ultrasonicated CNTs first for 24 hours and dispersed the CNTs
18



into the deionized water/GA mixture. The TEM images show numerous carbon
nanotubes have been disentangled after this process. The prepared nanofluids made in
this way were found to be very stable for several months without observable

sedimentation.

2.2.2 Convection of nanofiuids

In order to apply nanofluids into a cooling system, their performance in a
convective heat transfer application should be confirmed. The physical effects that
cause changes in thermal conductivity may be altered by the net fluid motion. Also, the
nanoparticles may somehow change the fluid velocity field in natural or forced

convection.

As a result, nanofluids may show unexpected heat transfer behavior other than
the effect of thermal conductivity increase. However, there are only a few convection
data sets for nanofluids in contrast to numerous thermal conductivity measurements for
static nanofluids. So the convective heat transfer behavior of nanofluids is not well

known at this time.

The investigation of nanofluid convection was initiated in 1998 by Pak & Cho
(1998). They measured the aconv of34 for AI203 /water nanofluids under the turbulent
flow condition. They attributed the high increase in the heat transfer coefficient to the
enhanced mixing caused by nanoparticles near the tube walls. In their experiment, a
10.7mm inside diameter stainless steel tube was used as a test section. The
hydrodynamic entry section (XD = 157) was long enough to accomplish fully
developed flow before the heat transfer test section (XD = 330). The tube was heated
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electrically. Under a constant heat flux condition, the wall temperatures were measured

by fourteen thermocouples which were attached to the outside of the tube.

Xuan & Li (2000) conducted convection experiments with Cu/water nanofluids
and measured the ocony OF 20 under turbulent flow conditions. A brass tube of 10mm
inner diameter and 800mm in length was employed as a test section. The tube was also
heated electrically and eight thermocouples were installed to measure wall temperatures
under a constant heat flux condition. Wen & Ding (2004) and Ding et al. (2006)
investigated the convective heat transfer of Al203/water and CNT/water nanofluids
under laminar flow conditions. They obtained aconv of up to 30 at the entrance region
with A1203/water nanofluid and aconv 0of350 with CNT/water nanofluid. They utilized
a copper tube with 4.5mm inner diameter and 970mm length. The whole test section
was heated by a silicon rubber flexible heater. Five thermocouples were mounted on the
test section to measure wall temperature distribution. Their results of huge aconv
values, however, are unconvincing because their plain water measurements show up to

30% discrepancy with known values.

Lee & Mudawar (2007) measured the acony Of 2.3 with ALOs/water nanofluid in
laminar flow in 21 parallel rectangular microchannels which were milled into a copper
block. Each microchannel was 215 um wide by 821um deep. Heating was supplied by
12 cartridge heaters on the bottom of the copper block. Four thermocouples were
inserted in the copper block near the microchannels and provided the temperature

measurements.

Heris et al. (2006) measured ocony Of 15 with AL Os/water nanofluid for laminar
flow in a tube. The test section consisted of a 6mm diameter inner copper tube and
32mm diameter outer stainless steel tube. Nanofluids flowed inside the inner tube while

saturated steam entered the annular section, which made constant wall temperature
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condition. Two thermocouples were installed at the inlet and outlet for measuring bulk
temperature of the fluids. Table 2.1 shows the summary of the past nanofluid
convection data. Similar to the conduction data, there is a large variation of data. The
aconv OF Al,03/water nanofluid varies from 2.3 to 30 under laminar flow condition. Due

to the insufficient data, no firm conclusions can be made.

Table 2.1: The ooy 0f Nnanofluids

Particle | Particle size | Basefluid | acng | Hydraulic Flow References
material (nm) material dia. Of tube | condition
(mm)

AlLO, 13 water 34 10.7 Turbulence | (Pak & Cho,
1998)

AlLO; 27-56 water 30 4.5 Laminar (Wen & Ding,
2004b)

ALO; 36 water 2.3 0.7 Laminar (Lee & Mudawar,
2007)

AlLO; 20 water 15 6 Laminar (Heris etal.,
2006)

Cu 100 water 20 10 Turbulence | (Xuan& Li, 2000)

CNT Not reported | water 350 4.5 Laminar (Ding et al., 2006)

2.2.3 Viscosity of nanofluids

Since viscosity of fluids determines the required pumping power in heat transfer
systems, viscosity change of nanofluids should be investigated very carefully to assess
the efficiency of nanofluids. However, little effort has been devoted to the viscosity of
nanofluids and there are inconsistencies in the available data. More studies are required
to understand the effect of nanoparticles on viscosity. The viscosity of nanofluids has

been measured by either measuring pressure drop in a tube or using a viscometer. Table
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2.2 shows the summary of previous viscosity measurements. Based on the available

viscosity data, some trends were found.

The viscosity of nanofluids generally increased exponentially as a function of
volume concentration. Because the viscosity increase is nonlinear, the avisc value is
different for each volume concentration of the same nanofluid. Also, viscosity of the
nanofluid decreased with increasing temperature similar to the plain base fluids. Most of
the researchers agreed that the viscosity of nanofluids is apparently higher than the
traditional viscosity model of particle laden fluid such as the Einstein model or
Batchelor's model. However, there is an inconsistency whether nanofluids are
Newtonian or Non-Newtonian fluid. Some researchers found that nanofluids have
shear-thinning behavior which means the viscosity decrease as the shear-rate increases.
Others describe nanofluids as Newtonian fluid. Sufficient data should be provided to

clarify the nanofluid behavior.

Wang et al. (1999) measured the viscosity of Al,Os/water nanofluids prepared
by three different methods and concluded that the preparation method affects the
viscosity of nanofluids. They claimed that the viscosity increases less as the
nanoparticles in the fluids are well dispersed. In shear rate-controlled measurements, a
constant rotation speed is maintained and the resulting torque generated by the sample is
determined using a suitable stress-sensing device, such as a torsion spring or strain

gauge.

Kwak & Kim (2005) conducted viscosity measurement of CuO/ethylene glycol
nanofluid with a ARES-LS (TA instruments) rotational viscometer, which measures the
applied torque on the sample while maintaining a selected shear rate. They found that
the nanofluid has a shear-thinning behavior. The avisc values of nanofluids decreased

significantly from 100 to O with shear rate increase. They attributed the results to the
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rodlike particle shape caused by particle aggregation. On the contrary, Chevalier et al.
(2007) carried out viscosity measurements of Silica/Alcohol nanofluids and observed
Newtonian behavior over a broad range of shear rates. Additionally, they observed
nanofluid viscosity increase with particle size decrease. Tseng & Wu (2002) measured
viscosity of Al203/water nanofluid and observed transition from shear thinning to shear

thickening when the shear rate exceeds a critical level.

Prasher et al. (2006¢) performed viscosity experiments with Al203/Propylene
Glycol (PG). Their results showed that the viscosity of nanofluid was constant over a
wide range of shear rate and the viscosity was much higher than Einstein's model. They
proposed particle aggregation to explain this unexpected high viscosity. They also
conducted analysis about the nanofluid efficiency and concluded that the viscosity has
to be increased by more than a factor of 4 to make the nanofluid thermal performance

worse than that of the base fluid.

Xuan k Li (2000) reported no viscosity increase of Cu/water nanofluid. They
measured the pressure drop of Cu/water nanofluid in a 10mm diameter by 800mm long
tube. Pak k Cho (1998) measured the pressure drops of A1203/water nanofluid in the
rectangular 215/um wide by 821//m deep microchannel and acquired avisc of from 0 to

19 depending on the Reynolds number from 200 to 800.

Table 2.2: The ais of various nanofluids

Particle | Particle | Base fluid | oyisc Measurement References
material | size material technique

(nm)
ALO; 28 Water 10 Viscometer (Wang etal., 1999)
ALO; 13 Water 0-20 Viscometer (Pak & Cho, 1998)
ALO; 36 Water 0-19 Pressure drop (Lee & Mudawar, 2007)
ALO; 37 Water 0-100 Viscometer (Tseng & wu, 2002)
ALO; 28 Ethylene | 7.6 Viscometer (Wang etal., 1999)
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glycol

ALO; 40 Propylene | 14 Viscometer (Prasher et al., 2006¢)
glycol
CuO 12 Ethylene | 0-100 Viscometer (Kwak & Kim, 2005)
glycol
CuO 100- Ethylene | 10 Viscometer (Liu et al., 2006)
200 glycol
TIO, 7-20 Water 20-100 | Viscometer (Tseng & lin, 2003)
TiO, 27 Water 0.4 Viscometer (Pak & cho, 1998)
TiO, 25 Ethylene | 13 Viscometer (Chen etal., 2007)
glycol
Cu 100 Water 0 Pressure drop (Xuan & Li, 2000)
CNT Not Water 0.2 x Viscometer (Ding et al., 2006)
reported 10’
Silica 35 Alcohol 10-14 Viscometer (Chevalier et al., 2007)
Silica 9 Alcohol 5-8 Viscometer (Chevalier et al., 2007)
Silica 190 Alcohol 5-6 Viscometer (Chevalier et al., 2007)

2.2.4 Heat Transfer Variables in Nanofluids

The heat transfer enhancement in nanofluids has been attributed to many

mechanisms, and each will be discussed individually. As the reader will see, most

research has been done on how variables affect the effective thermal conductivity, not

the heat transfer coefficient independently.

1) Particle Agglomeration

One challenge with nanofluids is that the nanoparticles tend to agglomerate due

to molecular forces such as Van Der Waals force. Karthikeyan, Philip, and Raj found in

their experiments with copper oxide/water nanofluid that the nanoparticle size and

cluster size have a significant influence on thermal conductivity. They also found that
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agglomeration is time-dependent. As time elapsed in their experiment, agglomeration
increased, which decreased the thermal conductivity. Figure 2.3 shows how the thermal
conductivity decreases with time. From Figure 2.3, it can be seen that the thermal
conductivity of the nanofluids drops dramatically as time increases, which Karthikeyan,
Philip, and Raj attribute to particle agglomeration. They confirmed this theory

microscopically, which is shown in Figure 2.4.

As one can see in the Figure 2.4, the clustering of the nanoparticles greatly
increases with time, and it is noticeable after only 60 minutes. Karthikeyan, Philip, and
Raj observed that there was no sedimentation when the photos were taken.
Agglomeration causes the effective surface area to volume ratio of the nanoparticles to
decrease, which reduces the thermal conductivity of the fluid. The group also concluded
that agglomeration increases with increasing nanoparticle concentration because the
particles are closer together and experience more Van Der Waals attraction. Wang
measured the viscosity of alumina-water nanofluid and found that viscosity increases as
nanoparticles agglomerate, which could also contribute to the lower thermal

conductivity when agglomeration increases.
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Figure 2.3: Thermal conductivity decreases with time (Karthikeyan, N. R., J.

Philip, et al., 2008)
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2) Volume Fraction

Effective thermal conductivity of nanofluid increases with increasing volume
fraction of nanoparticles, but as the volume fraction of nanoparticles increases, it may
no longer be valid to assume that the nanoparticles stay suspended. This is why it is

more effective to use a very small volume fraction in nanofluids.

3) Brownian Motion

Several researchers have found that Brownian motion, which is the random
movement of particles, is one of the key heat transfer mechanisms in nanofluids. It is
thought to cause a microconvection effect. Brownian motion only exists when the

particles in the fluid are extremely small, and as the size of the particles gets larger,

Brownian motion effects diminish.

4) Thermophoresis

Thermophoresis occurs because of kinetic theory in which high energy
molecules in a warmer region of liquid impinge on the molecules with greater
momentum than molecules froma cold region. This leads to a migration of particles in

the direction opposite the temperature gradient, from warmer areas to cooler areas.
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5) Nanoparticle size

Several studies have found that as nanoparticles are reduced in size, the effective
thermal conductivity of the nanofluid increases. This is because of two reasons. As the
nanoparticle size is reduced, Brownian motion is induced. Also, lighter and smaller
nanoparticles are better at resisting sedimentation, one of the biggest technical

challenges in experimenting with nanofluids.

6) Particle shape/surface area

Several studies have found that rod-shaped nanoparticles, such as carbon
nanotubes, remove more heat than spherical nanoparticles. This may be due to the fact
that rod-shaped particles have a larger aspect ratio (the ratio between a particle’s surface

area to volume) than spherical nanoparticles.

7) Liquid layering on the nanoparticle- liquid interface

Some researchers have suggested that there is liquid layering on the
nanoparticles, which helps enhance the heat transfer properties of the nanofluid. The
thickness and thermal conductivity of the nanolayer are not known yet, but the liquid
molecules close to a solid surface have been proven by Yu, Richter et. al., (2000) to
form layers. Ren, Xie, and Cai (2005) made a theoretical model to study the change in

thermal conductivity from adding liquid layering on the nanoparticles. They assumed
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that the thermal conductivity of the layer would be somewhere between the thermal
conductivity of the bulk fluid and the nanoparticle. They found that an increase in the
layer thickness leads to a large thermal conductivity enhancement. Their results are

shown in Figure 2.5.

In the figure 2.5, d is the thickness of the liquid layering, and rp is the
nanoparticle radius. As one can see, the thermal conductivity of the nanofluid goes up
with increasing surface layering. Ren, Xie, and Cai also found that as the nanoparticles

increased in size, the effects of the liquid layering became weaker.
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Figure 2.5: Dependence of thermal conductivity enhance ment on the reciprocal of

the nanoparticle radius (Ren, Y., H. Xie, et al., 2005).
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8) Temperature

Nanofluids’ effective thermal conductivity and Brownian motion increase with

temperature. Chon, Kihm, Lee and Choi did an experimental investigation of alumina

nanofluids and how their thermal conductivity varies with temperature. Figure 2.6

shows their results. From Figure 2.6, it is evident that the normalized thermal

conductivity, or the ratio of the thermal conductivity of the nanofluid to the thermal

conductivity of the base fluid, is highly dependent upon temperature as well as volume

fraction of nanoparticles. As the temperature and volume fraction of nanoparticles

increase, the thermal conductivity increases as well.
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Fig. 2.6: Experimental results of thermal conductivity dependence on temperature

(Chon, C. H., K. D. Kihm, et al., 2005)
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9) Reduction in thermal boundary layer thickness.

Several researchers have mentioned that a reduction in the thermal boundary
layer thickness may be a mechanism that causes heat transfer enhancements in

nanofluids, but there has been very little research in the area to date.

Research with nanofluids is still fairly new, so some of the mechanisms that affect heat
transport in nanofluid have yet to be studied in depth. In addition, most research has
been done on mechanisms that affect thermal conductivity and not as much research has

been done on mechanisms that affect the heat transfer coefficient in convection.
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CHAPTER 3

Methodology

3.1 Work breakdown Structures

Work breakdown structure is a management tool to break a project down into
manageable pieces and to ensure that all of the work elements needed to complete the
research work scopes is identified. In this study, the works are divided into 5 main
categories: Literature review, thermophysical properties of nanofluid and air,
mathematical formulation of electric motors, analysis and report writing. The objectives
of study are achieved when all of the activities in each level are accomplished. Figure

3.1 shows the work break down structure used in this study
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Figure 3.1 Work breakdowns Structure
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3.2 Input Data

3.2.1 Thermophysical Properties of Coolants and Air

Among the many types of nanofluids, ethylene glycol-based aluminum

oxide (AkLO3) nanofluid is only considered in this study. Several thermophysical

properties of the nanofluid are needed in this study. They are specific heat, density,

thermal conductivity, viscosity and Prandtl number. Properties for the coolant and air

are obtained from the literatures as shown in Table 3.1 and Table 3.2. These properties

are based on temperature at 360K for coolant while 311K is for air. Temperature of

coolant must be higher than the air because the heat is transferred from coolant to air. It

is obtained from average operating temperature value from literature. Another important

parameter is thermal conductivity of fin material (copper). Its thermal conductivity is

398W/mK at 334K based on average operating temperature of air and coolant.

Table 3.1 Thermophysical Properties of Coolant and Aluminum oxide Particles

(Incopera et al., 2007)

Property Ethylene Glycol Aluminum oxide
(360K) (360K)
Specific heat(J/kgK) 2682 870.0
Density(kg/m3) 1071 3970
Thermal Conductivity(W/mK) 0.2622 37.84
Viscosity (Ns/m2) 0.003066
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Table 3.2 : Thermal Properties of Air (Incopera et al., 2007)

Property At311K
Viscosity(Ns/m2) 0.00001898
Co(A/kg K) 1007.4
Prandlt number 0.706

For nanofluid, these properties are calculated from formula obtained in

literatures as shown in Table 3.3. Thermal conductivity of the calculated values is

compared with the relevant literature since theoretical values usually give lower thermal

conductivity. In this study, the thermal conductivity values from Eastman, et al (2001),

were used in calculating thermal performances.

Table 3.3: Theoretical Formula to Calculate Heat Transfer Properties of Ethylene

Glycol-based Aluminum oxide Nanofluid

No | Properties Formula Reference
Heat (1-0)p;Ci+op, C, _
1 = Velagapudi, et
Capacity Pa
al., (2008)
2 Density Por=(1-0)pitop,
1 Lee et
3 Viscosity M =H 5
") al.,2008
. Thermal Dk (-Do(ke-ky) Eastman, et
A
Conductivity o+ (n-Dkero(krk, ) al. (2001)
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3.2.2 Geometry Configuration of Compact Heat Exchanger

Several geometry configuration and operating conditions are required in this

study. These data are obtained from literatures as shown in Table 3.4 and Table 3.5

Table 3.4 : Core Geometry of Flat Tubes, continuous fins and Operating

Condition of Compact Heat Exchanger (Vasu et al., 2008)

Num Description Air Coolant
Fluid inlet 20-55°C 70-95°C
' temperature (Assume T,=37.5°C | (Assume T,=86.5°C)
2 Core width 600 mm
3 Core height 500 mm
4 Core depth 400 mm
5 Tube Size (18.72 x 2.45) mm
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Table 3.5: 11.32-0.737-SR Surface Characteristic of Compact Heat Exchanger

(Kays & London, 1984)

Num Description Air Side Coolant side

1 | Tube arrangement Staggered

2 Fin type Ruffled

3 Fin pitch 4.46 fin/cm

4 | Fin thickness 0.01cm

5 Hydraulic diameter, D" 0.351cm 0.373cm

6 | Free flow area/frontal 0.78 0.129
area, o

7 | Heat transfer area/total 886m°/m’ 1387 /m°
volume,a

8 | Finarea/total area,p 0.845

3.3  Mathematical Formulation of Ethylene Glycol Based Aluminum Oxide

Nanofluid in Electric Motors Cooling

The mathematical formulations can be divided into two sections which are air

side and nanofluid side. Figure 3.2 depicts a typical compact heat exchanger that
commonly used in industries.
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Water

Figure 3.2: Typical Flat Tubes, Continuous Fin Compact Heat
Exchanger(Kays & London, 1984)

3.3.1 Air Side Calculation (Kays & London, 1984) and (Vasu et al., 2008)

The following equations (air side and nanofluid side) were used to calculate the
properties of air and nanofluid where the heat is exchanged from fluid to air. So, both
air side and nanofluids side calculations are important to calculate heat exchanger
effectiveness (NTU), overall heat transfer coefficient and finally the total heat transfer

rate for the system.

(a) Air heat capacity rate, C,
Ca=W,Cpa (3.2)
(b) Heat transfer coefficient, h,

.G.C
h,="2 e (3.2)
Pr. '3

a
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where

(c) Fin efficiency of plate fin, 7

_tanh mL
Com

n

where

(d) Total surface temperature effectiveness,

no:1.o-(1.o-nf)x%

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)
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3.3.2 Nanofluid Side Calculation

(a) Heat transfer Coefficient

N n kn
g =g 2t (3.9)
where
Nu,; = 0.023Re, ;>®Pr, .02 (3.10)
G.D
Re, ;= ——unf (3.11)
Mnf
_ 1
Hins=He (1_(P)2.5 (3-12)
w
Gy = —2= (3.13)
f Afr an
W
v =—X (3.14)
nf
Mot Cpont
(= nfk f” (3.15)
n

(1-9)p,Cptop, Cp
Cont = P (3.16)
pnf

pnf=(1-<p)pf+<ppp (3.17)
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(b) Heat capacity rate, Cpy

Cnf:\Nm‘Cp,nf

(c) Heat Exchanger effectiveness for cross flow unmixed fluid,
— 1 0.22 * 0.78
e=1-0 [ ()| (NTU) 22 {exp[-C" (NTU)°78]-1)
where

C...
C*= minimun
C

maximum

UaAfr,a

NTU=
Ca

(d) Overall heat transfer coefficient, based on air side

Neglecting wall resistance and fouling factor

1 1
Ua no ha

(e) Total heat transfer rate

Q = 8Cmin (Tnf,in - Ta,in)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

41



3.4 Analysis

This study is concentrate on total heat transfer which can be achieved when
aluminum oxide nanoparticles were mixed in ethylene glycol basefluid. To find the
outcome, Ms Excel was used to analyze thermal performance of compact heat
exchanger. Mathematical formulation for compact heat exchanger, nanofluid and
relevant input data from previous section were used in this study. Analysis was done

based on the following:

(@) Thermo physical properties of coolant (ethylene glycol + aluminum oxide).
(b) Influence of volume fraction of aluminum oxide particles to the thermal

performance of electric motors (heat transfer rate, Q)

42



3.5

Flow Chart

The following flow chart indicating the flows of processes which were carried

out throughout this study until the end (final preparation of the dissertation).

Identification of thesis topic

Understand the title

Define the main idea, objectives and scopes of the study

y

Project planning

Preparation of flow chart and work breakdown structure

A 4

Lite rature reviews

Search for relevant journal and reference books

Y

Mathematical Formulation and Input Data

Determination of mathematical formulation for nanofluid and compact heat
exchanger.

Y

Analysis

Analyzing thermal performance of compact heat exchanger using Ms Excel

oes th
analyzed
data
acceptable No
Yes

Discussion, conclusion and recommendations

Y

)

Figure 3.3 Flow Chart
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CHAPTER 4

Results and Discussion

This chapter reviews the result and discussion obtained from this study. Section
4.1 reviews discussion on thermophysical properties of coolants while influence of
volume fraction of aluminum oxide particles to thermal performance of electric motors

in section 4.2.

4.1  Thermophysical Properties of Coolant

The finding indicates that thermophysical properties of ethylene glycol coolant
change with addition of aluminum oxide particles. Using equations listed in Table 3.3,
the thermo physical properties of nanofluid are calculated and plotted in relation of
aluminum oxide volume fraction. Density and viscosity of ethylene glycol coolant
increase with addition of aluminum oxide particles as shown in Figure 4.1 and 4.2
respectively. At 2% volume fraction of aluminum oxide particles, the ethylene glycol
coolant exhibits 5.41% increase for density and 5.19% increase for viscosity. As for

specific heat, it will be lowered with addition of aluminum oxide particles as shown in
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Figure 4.3. For instance, specific heat of ethylene glycol decreases 4.75% at 2% volume
fraction of aluminum oxide. Therefore, less energy per unit mass is needed to increase

its temperature by one degree Celsius. This clearly shows that volume fraction of

aluminum oxide particles play major effect on these properties.

Thermal conductivity of ethylene glycol coolant also increases with aluminum
oxide particles as depicted in Figure 4.4. In this study, the set of data obtained from
Eastman, et al., (2001) were considered and it shows that by addition of 2% aluminum
particles, it can increase the thermal conductivity up to 6%. From the study, it is noted
that small addition of particles is enough to provide higher thermal conductivity.

Therefore, it can minimize the clogging problems when it applied.
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Figure 4.1: Effect of Volume Fraction of Aluminum Oxide Particles to Density of

Ethylene Glycol
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4.2 Influence of Volume Fraction of Aluminum Oxide Particles to Thermal

Performance of Electric Motors

This section analyses the thermal performance of electric motors at fixed air
(4000) and coolant (5000) Reynold number. Figure 4.5 depicts that as aluminum oxide
volume fraction increases, the coolant mass flow rate increases as calculated based on
equation 3.11 and 3.13.This is mainly due to an increase in viscosity level of nanofluid.
From Figure 4.6, it can be observed that coolant volumetric flow rate decreases with
aluminum oxide volume fraction. At 2.0% aluminum oxide volume fraction, the coolant
volumetric flow rate reduced 0.22% compared to basefluid. Prandtl number of the
coolant is dependent on viscosity, thermal conductivity and specific heat. In this study,
it is found that Prandtl number of coolant decreases with aluminum oxide particles
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which is mainly due to higher thermal conductivity of nanofluid. This is shown in
Figure 4.7. Since there is no specific empirical formulation for ethylene-glycol based
aluminum oxide nanofluid, Dittus-Boelter equation is used to calculate Nusselt number
for both types of coolants. The results are then plotted as shown in Figure 4.8 which
indicates lower coolant Nusselt number with addition of aluminum oxide particles. Its
shows that Nusselt number decrease 1.68% when aluminum oxide at 2% of volume

fraction.

Ethylene glycol based aluminum oxide nanofluid demonstrates higher coolant
heat transfer coefficient and overall heat transfer coefficient based on air side as shown
in Figure 4.9 and 4.10. Heat transfer coefficient of coolant increases linearly with
aluminum oxide particles. 4.21% enhancement can be achieved at 2% volume fraction
of aluminum oxide particles. Overall heat transfer coefficient based on air side also
increases with aluminum oxide particles. It can be translated to reduction of air side area
up to 0.9% at 2% aluminum oxide particles. Kulkarni et al., (2009) in their
investigation of nanofluid application in building heating also reveal possibility
reduction of heat transfer surface area of heat exchanger. It is found that 20.37%, 17.3%
and 8.5% area reduction for 6% Aluminum Oxide oxide, 6% aluminum oxide and 6%
silicon carbide of EG/water basefluid respectively. As the volume fraction of nanofluid
increases, the heat transfer rate increased up to 0.15% at 2% wvolume fraction of
aluminum oxide particles as shown in Figure 4.11. The heat transfer rate is calculated

based equation 3.26.
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CHAPTER 5

Conclusions and Recommendations

This chapter reviews overall conclusions which can be made based on the

analysis done in previous chapter. Section 5.1 discusses on the conclusion of the study

while suggestion for future works are included insection 5.2

5.1

(@)

(b)

©)

Conclusion

The conclusions of this study are as below

Ethylene glycol based Aluminum Oxide nanofluid offers higher thermal

conductivity, viscosity and density compared to ethylene glycol basefluid.

Ethylene glycol based Aluminum Oxide nanofluid offers lower specific heat

compared to ethylene glycol basefluid.

Thermal conductivity, density and viscosity of ethylene glycol based Aluminum

Oxide nanofluid increase with volume fraction of Aluminum Oxide particles.
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(d)

)

(

)

(h)

(i)

5.2

As the volume fraction of Aluminum Oxide nanoparticles (ranging from 0% to
2%) increases, the coolant mass flow rate, heat transfer coefficient and overall

heat transfer coefficient based on air side increase at fixed air and coolant

Reynold number

As the volume fraction of Aluminum Oxide nanoparticles (ranging from 0% to
2%) increases, the coolant volumetric flow rate, Prandtl number and N usset

number decrease at fixed air and coolant Reynold number

Electric motors which using nanofluid as a coolant offers higher coolant heat
transfer coefficient, overall heat transfer coefficient based on air side and heat

transfer rate compared to ethylene glycol basefluid coo lant

Application of nanofluids in electric motors cooling can reduce heat transfer

area for air and it can leads to small size of electric motors in future.

By replacing conventional ethylene glycol with nanofluid as coolant, it can
reduce coolant mass and volumetric flow rate, for the same coolant heat transfer

coefficient. This will reduce energy consumption for the motor cooling system.

Finally, from this study it proved that by adding aluminum oxide as nanofluid
particles into ethylene glycol basefluid can increase the heat transfer rate of

electric motors which can lead to higher cooling rate.

Recommendations

For future work on this topic, the author would like to recommends the

following recommendations.
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(@)

(b)

(©)

Experimental work should be done to validate to analytical result.

Other types of nanofluids should be considered in cooling of electric

motors.

Effect of temperature on thermophysical properties of nanofluid coolant

must take into consideration in the analysis.
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Appendix A

This section reviews sample calculations used in this study

Thermophysical Properties of Nanofluid

Consider 2% Aluminum Oxide + Ethylene glycol nanofluid
(a) Density

Given:

Aluminum Oxide volume fraction, ¢ =2%

Density of ethylene glycol basefluid, p, = 1071kg/m®

Density of Aluminum Oxide particle, Py = 3970kg/m®

Hence, density of 2% Aluminum Oxide + Ethylene glycol nanofluid

Por = (L-@)ptop,

= (1- 0.02)1071+0.02(3970)= 1128.98kg/m?
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(b) Heat capacity
Given :
Aluminum Oxide volume fraction, ¢ =2%
Density of ethylene glycol basefluid, p; = 1071kg/m’

Density of Aluminum Oxide particle, Pp= 3970kg/m®

Density of 2% Aluminum Oxide + Ethylene glycol nanofluid, p = 1128.98kg/m?

Hence, heat capacity of 2% Aluminum Oxide + Ethylene glycol nanofluid

_(1-0)pCrtop,C,
pnf

nf

_ (1-0.02)1071 x2682+0.02x3970x870.0
B 1233.14

=2554.6] /keK

(c) Viscosity
Given:
Viscosity of basefluid (Ethylene glycol), p, = 0.003066 Ns/m
Aluminum Oxide volume fraction, ¢ =2%

Hence, viscosity of 2% Aluminum Oxide + Ethylene glycol nanofluid, p.

1 1
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(d) Thermal Conductivity
Aluminum Oxide volume fraction = 2%

Thermal conductivity of Aluminum Oxide particles, k,=37.84W/mK
Thermal conductivity of basefluid (ethylene glycol) k,= 0.2622W/mK

Shape factor, n= 3

Hence thermal conductivity of 2% Aluminum Oxide + Ethylene glycol nanofluid

_ lkp+(n-1)kf-(n-1)(p(kf-kp)
Tk +(-Dkero(kek, )

37.84+(3-1)0.2622-(3-1)0.02(0.2622-37.84)
37.84+(3-1)0.2622+0.02(0.2622-37.84)

k:O.261I = 0.277917W/mK

Calculation of Thermal Performance of Electric Motor

(a) For air side calculation
Air Reynold number = 4000

Air viscosity = 0.00001898Ns/m?

GaDh,a

Reynold number, Re,=
a

4000_Ga><0.00351
~0.00001898

Mass velocity, G,= 21.62962963
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Mass flow rate, W,=G, XA X0,=21.62962963%0.5%0.6x0.78=5.0613333

0.174 0.174

= Rl ~ 300005 0.007260395

Colburn factor,j,

Heat capacity, Cp .= 1007.4J/kgK
Prandtl number, Pr=0.706

J,G2Cpa 0.007260395%21.62962963x1007.4

Heat transfer coefficient , h,=

pr./3 0.7067/3
=199.5299837W/m’K
. .- ! tanh mL
Fin efficiency of plate fin,n, = -

Fin length, L = 0.005715m
Thermal conductivity of fin = 398.3 W/mK

Fin thickness = 0.0001m

. 2h,  [2x199.5299837 _ 100.0953559
|kt~ .| 398.3x0.0001 =

tanh mL

Fin efficiency of plate fin,n=

mL

_ tanh (100.0953559x0.005715)

= 0.903529547
(100.0953559x0.005715)

Hence total surface temperature effectiveness, no

A
no=1.0-(1.0-nf)><Kf
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= 1.0-(1.0-0.903529547)%x0.845=0.918482467

(b) For coolant side calculation

Consider 2% Aluminum Oxide + Ethylene glycol nanofluid
Coolant Reynold number = 5000

Hydraulic diameter, Dy, . = 0.00373m

Viscosity of 2% Aluminum Oxide + Ethylene glycol nanofluid, u_= 0.003224831Ns/m’

G D
Renf= nf *~ h,nf
nf
G, Xx0.00373
5000 = ———
0.003224831

Coolant mass velocity, G,=4322.829772/n¥s

A\
an — nf
Afr Ot
an
4280.532 =

0.4x0.6x0.129

Coolant mass flow rate, W = 133.8348097kg/s

an

Coolant volumetric flow rate, v =
Pnf

H nfcprnf

Coolant Prandtl number, Pr = ™

nf

_0.003224831 x2554.564
0.277917

=29.64204
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Coolant Nusset number , Nu_.=0.023Re, ;>®Pr, ;**

=0.023x5000°8x29.64204%3=57.87304

Nu,k, 57.87304x0.277917
Dpne 0.00373

Heat transfer coefficient of coolanth (=

=4312.043

Ovwverall heat transfer coefficient based on air side, U,

1.1 1
o @)

a

nf

1 1 1

— = +
U 0.918482467 x 199.5299837 (@) 4312.043

¢ 886

U, = 143.978 W/n?K

i . 5098.7872W
Alr side capacity rate , C,=W,c,,= 5.0613333x1007.4:T
Coolant side capacity rate ,C¢=W,(C,, ¢ = 133.8348x2554.564=341889.6

Cmin imun — 5098.7872W/K

C

C* = minimum

C

maximum

_ 5008.7872

Ay, .= Radiator volume X «,
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vry 2 Yia _ 143978 x012% 886 oo,
- Cc, 5098.7872 -

1 %
Effectiveness , e=1-exp [(F)] (NTU)®2{exp[-C"(NTU)*8]-1}

1 *
=1-ex [(—*>] 3.002231534) %22 exp|-0.01491355 " (3.002231534 ) ©78|-1
P 0.01491355 ( ) { p[ ( ) ] }

=0.947664102
Total heat transfer rate , Q =&C_ . (Ty¢;, — T,

a,in )

= 0.947664102x5098.7872x% (86.5-37.5):236.7649 kW
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Appendix C

In this study, the thermal performance of electric motor using ethylene glycol

based Aluminum Oxide nanofluid is investigated analytically. This section reviews the

finding calculated from the mathematical formulations.

Thermophysical Properties of Coolant

In this study, ethylene glycol liquid acts as base fluid. Addition of Aluminum
Oxide particles will affect its thermal physical properties as shown in Table C1.
Properties of nanofluid are calculated fromempirical formulation. In this study, the
thermal conductivity values from literatures were used in calculating thermal
performance of radiator. In Table C.2, the influence of volume fraction of aluminum

oxide particles to thermal performance of electric motor were calculated.
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Table C.1: Thermal Physical Properties of Ethylene Glycol Based Fluid and

Nanofluid

Aluminum oxide
volume fraction

(%) Density | Heat capacity Viscosity Thermal conductivity
0 1071 2682 0.003066 0.2622
0.2 1076.8 2668.6 0.003081 0.263744
0.4 1082.6 2655.4 0.003097 0.265294
0.6 1088.4 2642.3 0.003112 0.26685
0.8 1094.2 2629.4 0.003128 0.268412
1 1099.9 2616.6 0.003144 0.269981
1.2 1105.8 2603.9 0.00316 0.271556
1.4 1111.6 2591.4 0.003176 0.273137
1.6 1117.4 2579 0.003193 0.274724
1.8 1123.2 2566.7 0.003208 0.276317
2 1128.98 2554.6 0.003225 0.277917
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Table C.2: Influence of Volume Fraction of Copper Particles to Thermal

Performance of electric motor

Aluminum Heat Overall Heat
Oxide Coolant | Coolant | Coolant | Coolant | Coolant | transfer heat transfer
volume mass mass volumetric | Prantl Nusselt | coefficient | transfer rate,Q

fraction | welocity | flow rate | flow rate | number | number | ofcoolant | coefficient
236.4184

0 4109.92 | 127.2431 | 0.118808 | 31.3616 | 58.86041 | 4137.587 | 142.6883
236.4535

0.2 4130.541 | 127.8816 | 0.118761 | 31.17835 | 58.75702 | 4154.641 | 142.8181
236.4886

0.4 4151.308 | 128.5245 | 0.118719 | 30.99772 | 58.65469 | 4171.78 | 142.9477
236.5235

0.6 4172222 | 129.172 | 0.118681 | 30.81967 | 58.55342 | 4189.005 | 143.0771
236.5584

0.8 4193.283 | 129.824 | 0.118648 | 30.64416 | 58.45318 | 4206.317 | 143.2064
236.5931

1 4214.493 | 130.4807 | 0.11862 | 30.47115 | 58.35398 | 4223.716 | 143.3354
236.6277

1.2 4235.854 | 131.142 | 0.118596 | 30.30059 | 58.2558 | 4241.204 | 143.4643
236.6622

1.4 4257.366 | 131.8081 | 0.118577 | 30.13244 | 58.15862 | 4258.779 | 143.593
236.6965

1.6 4279.032 | 132.4788 | 0.118562 | 29.96665 | 58.06244 | 4276.444 | 143.7215
236.7308

1.8 4300.853 | 133.1544 | 0.118551 | 29.8032 | 57.96725| 4294.199 | 143.8498
236.7649

2 4322.83 | 133.8348 | 0.118545 | 29.64204 | 57.87304 | 4312.043 | 143.978
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