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Abstract

The aim of this research is to investigttie adaption of advanced coolants
and phase change materials for electric machines in electric/hybrid vehicle
applications. The study uses:®k nanoparticles to enhantee heat transfer
ability of liquid cooling systems employing the commonly used cooling
jacket approach. Employing advanced coolants to impttokeat transfer
performance of cooling systems with minimal changes in their structure can
be considered as a ceffective and practical approach to meae
requirements of vehicle applications. line with this goal, in this research,
both heat transfer and fluid flow behaviors of cooling systems employing
nanofluids are investigated. In this walye feasibility and effectiveness of
the cooling system can be justified by taking practical catgrio account.
Results of the study are used to find the trafidetween the heat transfer
and fluid flow behaviors of the undstudy nanofluid coolant to achieve the
best possible overall performance. 3D CFD analyses ardausedluatéhe
cooling ystems proposed in this research.

Since the applicati@considered in this research are electric machines used
in electric vehicles, the lossestbk electric machinaverecalculated under
standard driving cycleg:rom the results, it was found that there are frequent
peak power demands resulting in seveesdkplosses. Also, it was observed
that the valus of peak losses are several times the mean value of electric
machine lossesConsidering this property of heat production in electric
machines used in electric vehiepplicationsand theprominentproperty of

phase change materials that have a high latent heat capacity, in this research
a hybrid cooling system consisting of a passiweling part based ophase
change materials arah active cooling part based on liquid coolingethod

was designedThe resiis of the analyss showed that the phase change
materialis able tgoroperly store excess thermal energy and the active cooling
part assists the passive cooling part by rejecting the stored thermal energy to
prepare the phase change material for the peak heating cycle.
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1. INTRODUCTION

1.1PROBLEM STATEMENT

Manufacturing cost is one of the barriers to the widespread use of Electric

Vehicles (EVs). Asthe electric motor is one of the most important

components in the powertrain structure of EVs, their cost can play an

important role in the production cost of EVs. Therefore, maximum utilization

of electric motor torque production capability is desiredBgrapplications

[1]. This becomes more important when considering the high power/torque

demand profile of electric motors used in electric vehicles. The highly

dynamic nature of the power/torque demands in electric vehicle applications

is the functionot he dri ver s behavior and the nu
starts. In these applications, the demanded peak torque can be several times

the rated torque of the electric motor.

One of the factors that is effective in sizing the electric motor is the rfatio o
peak power to rated power. On the other hand, the most important factor
involved in the ability of the electric motor to produce peak torque several
times greater than its nominal torque is the ability of the electric motor
cooling system [2, 3]. Thuspff given peak power and rated power, the
electric motor size can be reduced if the electric motor cooling system

possesses a high performance.
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In addition to the effect of the cooling system on the sizing of electric motors,
the performance of the electrinotor can be negatively affected by the
increase in temperature if the cooling system is incapable of controlling the
temperature by dissipating the heat flux generated by the electric m@jr [4
Therefore, the cooling system is a Kegtor insatisfyng the performance
and reliability of electric motors.

Without a highperformance cooling system, enhancement in the torque
density cannot be achieved. Appropriate heat removal can lift up limits of
maximum current density and repetitive peak powers. igians that for a

given volume, greater torque can be generated.

1.20BJECTIVES AND THESIS ORGANIZATION

In response to the mentioned requirements, the main goal of this thesis is
defined to investigate the tradéf among the performance, practicability,
and cat of proposed cooling systems. Therefordsitried to investigate
solutions that can improve the performance of the cooling system without a
significant increase in cost, energy consumption, and complexity. One
important factor inhecost reduction ithe structural simplicity of the cooling
system that can make it a general solution applicable to a wider range of
electric machines. In this regard, the cooling jacket approach was chosen.
Cooling systems based on the cooling jackettlaeanost common @oling
methods for electric machine applications, in which a coolant absorbs the heat
flux generated by the electric motor from the stator outer surface avoiding
excessive temperature rising1@]. Cooling jackets can be a part of electric
machine housingegardless of the internal topology of the electric machine.
Modifying the structural geometry and employing advanced coolants can
improve the performance of the cooling systefrherefore, in this thesis,
improving the overall performance of the coolisgstem for electric
machines is investigated in terms of structural geometry modification and

employing advanced coolants.

State of the art review on cooling systems of electric machines is presented

in Chapter 2. Properties and evaluation methods of@nmg nanofluids as
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advanced coolants are discussed in Chaptler Ghapter 4, heat transfer of
Phase Change Materials (PCMs) is studied.

To create a platform for the targeted investigations, several 3D models of the
cooling system based on the coolingk@t approach are built. The cooling
jacket surrounds the stator and emdding areas of stator windings.
Channels have rectangular and circular ceesgionsin Chapter 5, @et of
studies are performed on cooling jackets with rectangular channels. In
Chapter Scoolants are chosen as mixtures of water and Ethylene Glycol with
various mixture ratios. Moreover, to investigate the effect of different
structural geometries, various number of channel turns are considered. 3D
CFD analyses are performed feach combination of different geometries
and mixture ratios. The overall performance of each scenario is investigated

on the basis of a defined performance evaluation index.

To improve the cooling performance of the unsterdy cooling system
through emjoying advanced coolants, the effects of adding nanoparticles
into the base fluid are investigated in Chaptem6line with this goal, to
increase the heat transfer capability of the cooling system and to reduce
operating temperatures of the electric Mae, Aluminum-oxide
nanoparticles are added into the base fluid (pure water). To correctly evaluate
the performance of the cooling system, both fluid flow and heat transfer
performances are evaluated. Also, the effect of the flow rate of the cooling
fluid and turns number of spiral channels of the electric machine cooling
jacket on heat transfer capability and fluid flow performance of the cooling

system are studied.

Passive cooling techniques are promising in regard to their no energy
consumption. In Chater 7, cooling systems based on employing Phase
Changed Materials (PCMsre studied for electric machine applications.
PCM-based cooling systems take advantage of the high latent heat absorbance
capability of PCMs during phase change processes. A-metatl PCM that
possesses higher thermal conductivity compared to Paraffin that is a
common PCM studied in the literature is selected. Three different cooling

systems are investigated in Chapter 7. In the first study, entire the cooling
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jacket is filed byPCM creating a completely passive cooling system. In the
second scenario, PCM is used in spiral paths with different channel turns.
Finally, a combination of the passive PChased cooling system artde
watercooling system is investigated. Changes intdmaperature of PCM,
rotor and stator temperatures, and volume fraction liquid phase of PCM in
different geometric arrangements are investigated. In all cases, it was
observed that employing PCM in a totally passive cooling system can
maintain the electrimot or 6 s operating temperature W
but for a certain amount of time. Actually, after the melting process, the heat
transfer capability of the cooling system significantly deteriorated. This
makes the PCMbased passive cooling systemtahie for shortime heat
removal needs. This property of P&sed cooling systems brings to mind
the idea that a combination of passive P8&ed cooling system and active
cooling system with an advanced coolant can be a promising choice for
electric mabine applications. In this way, the P@based passive cooling
system acts on top of the watmoling active cooling system. So that the
PCM-based part of the cooling system is responsible for absorbing excessive
heat generated at repetitive peak powerragpey points and the spiral
channel nanofluid cooling system is responsible for removing the heat
generated by more frequently operating modes of the electric motor at rated

power or lower.



2. LITERATURE REVIEW

2.1 INTRODUCTION

State of the art on cooling system techniques for electric machines is reviewed
in this chapter. The literature review covers various categories of electric

machine cooling system topologies.

2.2THE NEED FORHEAT MANAGEMENT

OF ELECTRICMACHINES

Overheatingreduces theperformance and durabilitgf electric machines

This increases the need to use and improve the performance of thermal
management systems. Especially that the tendency of manufacturers and
consumers of electric machines is to build asel @lectric machines with high
performance and reliability. Therefore, to prevent damage caused by
overheating, special attention should be paid to the design of thermal

management systems.

From the point of view of reducing costs as vasthdaptingelectic machines

for applications with size constrainthanufacturerintendto decreasehe
size ofelectric machineslit means that the trend is to increase the power
density ofelectric machinesAn increasein power density indicates that

designing an eitient cooling system fahesafe performance of eleit
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Figure 2.1. Reasons for defects in electric machifies.

machineswith high power density is necessary ardermal management

plays acritical role intheir developments [1].

Several reasons includingverheating, wrong mechanicabupling, voltage
unbalance, exposure to contaminargs;. can lead to failure of electric
machinegFigure 2.1)[12]. Among themoverheatings themajor factor in

damagingeledrical machineg12].

In general, for all electric/electronics devicdamages such geerforation,
moving metal devices caused by inserted momentum from electands
intermetallic growth are related tweheating effects. In factherate of such
damagesincreases significantlyvith the increase of temperaturigven if
overheating does not cause any of the mentioned failures, it can interfere with
the normal operation of the devideor example, as the result of overheating,
the movement of free electrons inside semiconductors incréeadsg to

noises in signalslp].
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The normal operation of electric machines as power conversion devices
consumes energy and generates heat. Thetefdectric machines are
designed for a specific operating temperature range depending on their type
of operation. To prevent failures, it is necessary to keep the temperature of
electric machines within the allowable range to prevent a drop in perfoemanc
and damage to the electric machiAe. a resultthermalmanagementor
electricmachiness of high importancdn general, according RESEARCH

AND MARKETS, the global market of thermal management materials and
devices is predicted to worth $16 bitidy 2024[14].

The commonest method for cooling electrical motorstheough the
obligatory movementof the air. This method may not be practical and
effective for applications of new electricalachins due to reasons such as
reliability, weight, and noise Consequently, designing efficient cooling
systems for countering this challengeofshigh importarce and affectghe

performance of electrimachinedirectly [15].

2.3HEAT MANAGEMENT SYSTEMSFOR

ELECTRICMACHINES

Heat can be generateddifferent parts of an electric machine. The generated
heat can be transferred to the outer surface of the electric machine by various
heat transfer mechanismand through adjacent parts. There are several
methods to transfer heat and cooling an electrichina.

In general, ooling methods are divideimto two categories of active and
passive methods according tahe mechanismof heat transfer tothe
environment. Passive cooling methods are basedesratural movement of
heat transfer and without consumiany energy. On the contrargctive
cooling method need energy consumption aadactive external system of
thermal desorption such as forced air movement, cooling with liquid,

refrigeration systenetc.[16].
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2.3.1ACTIVE COOLING SYSTEMS

Active methods aresed for high heat desorption from eléctmachines
Active cooling methods have higiooling capacities 17]. Employing active
cooling systemsthe temperaturecan be controlled and even kept belihe
environmenttemperatureln order to justifythe adoption of active cooling
systemstheir reliability, powerconsumptionandmaintenance requirements
must be considereérorced cooling with airflow or liquid, liquid or ajet,
thermoelectric coolingand refrigeration system are examples of active

coding systemg18,19].

A commonkind of active cooling systesns the movement of airflow by
employingafan. In comparison with natural transfer usegassive cooling
methodsthe coefficient of heat transfer is higher in active metheds! this
coefficient increases wittheincrease of aftow rate.The major drawback of
employing the forcedir-cooling system isthe decreasean reliability and

increase ofound regardintheuse of moving components.

Among the many other methods otige cooling, cooling systems based on
the Peltier effecemploy semiconductordor thermal management. These
cooling systems have advantagegsh as high cooling capacity, smsilte
having great service life apndot having moving components a Pelter
device, electriccurrentflows through a pair of semiconductorshe side
having a negative charge becomes cooler and the side havipgsitive
charge becomes hottdhe regative electrode is attached to the surface that
must become cold, whikkhepositive electrode will be attached to theface
that transfers heat to the environmétigh expenses and low electiteermal
efficiency are disadvantagesof employing Peltierdevices for thermal
managemeni20].

Liquid cooling is another common active cooling method. In this method,
heat isdesorbed fronthe electric machinky pumping liquid. These systems
includeapump, heat exchangemd cooling plated.iquid flow absorls heat
from cooling plates and transfers thematteat exchanger where heat is

transferred tédheenvironmentBecause ofhehigh thermal capacity of liquid
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and lower thermal resistance between the heated surface ancdcbqmpdre
to air, liquid coolilg systems are able ttesorbhigh heat flux. The main
disadvantage of liquid cooling systens are high expenses ancbmplexity
[21].

2.3.2PASSIVE COOLING SYSTEMS

Compared to active cooling systems, passive cooling systems have no moving
parts and also do not qeire energy consumptionThese reduce the
manufacturing cost of the cooling systemreduce its maintenance
requirements, and @mease its reliabilityAlthough the cooling capacity of
passive cooling systems is less than that of active cooling systems, they are
very popular due to the mentionedlvantagesand are widely used in
applications that do not require high cooling capacity. In these applications
employing passive cooling systems is the superior option. Air cooling based
on the natural movement of air and phase changed material cooling systems

are among the passive cooling syst¢pag.

Employing Finned housing for electric machines allowsitthi@ementation
of passive cooling. In this case, cooling is achieved thrahghatural
movement of the air between fingstalledon the housing of the electric
machine. Alvantages include low cost, simple structure, and high reliability.
However, it shald be noted thathe cooling capacity is low regardintpe
sizeof the electric machindue tothe use of naturatonvection Material,
space, numberheight, distance betweeins, thickness and orientation
(vertical, horizontal, or radialpf fins are the factors that affecthe
performance ohatural cooled electric machinds the end, adopting the
natural cooling method leads to increased reliability at the cdsitilofing a
heavierelectric machine with a low current density [23]

Employing heat jpes can improvéhe heat transfer performance of passive
cooling systems. Heaipes do not desorb heat but transfer it to another place
Heat pipes are used as a part of thermmanagement systenof electric
machinego distributeand transfer the generatedat effectivelyEmploying

heat pipes in passive cooling systems impralvekeat transfer ability of the
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system leading to a smaller afighter passive cooling systenin these
systems, heat pipes transfer the heat to thawaiof the stator in a passive
way to be dissipated from the stator surface by means of natural convection
[24].

2.4ELECTRIC MOTORCOOLING SYSTEM

CATEGORIES

Various cooling techniques for electric machines can be categorizetiento

following categories.

2.4.1HEAT REMOVAL FROM THE SURFACE OF
ELECTRIC MACHINES

The generated heat from different sources inside the electric machine is
conducted to the external housing of the electric machine. The transferred
heat is a significant part of the interlyabenerated healntegrated heat
extraction fins and ducts improve the heat transfer to the housing. Also,
externaly mounted fins provide a larger surface for the sake of heat removal.
The conducted heat to the external surface can be removed by means of

external coolig systems or through natural convection.

2.4.1.INATURAL CONVECTION (FREE COOLING

In the case of natural cooling, two types of fins can be employed to improve
the performance of the cooling system. Integrated heat extraction fins/ducts
enhance heat transfer fnoinside the electric machine to its housing. On the
other hand, the transferred heat is dissipated by means of convection and
radiation heat transfers from the external surface of the electric machine
housing. Usually, the housing external surface is $modhere is a
possibility to increase the convection surface with the help of external fins
mounted on the housing. In this way, external fins increase the convection
surface between the housing and environment air leading to increased heat
removal. It sbuld be noted that orientation, length, and spacing between fins

significantly affect the convection heat transfer process of passive natural

10
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(b)

Figure 2.2. Electric machine housings for natural convection cooling,sfaooth housing,
(b) housing with perpendicular fins [27, 28].

convection coolind25]. Fins must be mounted in a way not reducing the
natural airflow R6]. To achieve that, in the case of employing fins, they must
be mounted perpendicular to tle¢ectric machine rotor shaft. kigg 2.2
depics an example of the smooth housing and the housing with fins mounted
perpendiculato the external surface of the electric machine housing. Since
the thermal resistance between solid surfaceshaadr is vey large, the heat
transfer capability of the natural convection cooling method is limited.
Therefore, the natural convection method is suitable fordower electric
machines or very large electric machines with a substantial convection
surface allowingan enhanced heat transfer through the convection heat

transfer proces<J].

11
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Figure 2.3. Axial (left) and radial (right) fins [30].

The usage of the natural convection method for K\W25-phase Brushless

DC motor was reported ir2p]. In this design, radial fins were mounted on
the external surface of the electric machine. After optimization of the electric
machine, it was found th#te housing with radial fans is a significant portion

of the whole electric machine size. BO[, a permanent magnet synchronous
machine was designed for aerospace actuation applications. In this study, the
natural convection cooling performances of hogswith axial fins and
housing with radial fines were evaluated in terms of the heat transfer
performance and volume of the cooling system. It was found that in the case
of employing radial fines, the convection heat transfer is greater and the
volume of he cooling system is smaller. This is because radial fins are
mounted vertically and not reduce the natural airflow that is critical for the
heat removal from the surface in natural convection cooling systems. Both

examined fins configurations are showrigure 2.3

An optimization method based on 2D analysis without using lumped thermal
networks was proposed i8]). It is shown that design parameters suctinas
height of finsthedistance between adjacent fittse width of fins, and their
orientation significantly affect the heat transfer performance of the cooling
system. Using the proposed 2D model, it is possible to speed up the selection
process among various possible fins arrangements prior to 3D CFD analysis.
Various housing structural desigmsere compared in3p]. The evaluated
housing structures are shown intig 2.4 It was found that the housing with

Square and standard frames have a larger heat transfer coefficient compared

12



2. Literature review

() (d)

Figure 2.4. Modelled housing tys, (a) cylindrical, square, standard, with mounted radial
fins [32].

to the cylindrical housing frame. Also, the housing with radial fines has a heat
transfer coefficient of 2 to 3 times of housings without fines. Again, these
results confirm that mountinfins can lead to an improved heat transfer

performance if they do not disturb the natural airflow.

The possibility of adapting the natural convection cooling for a permanent
magnet synchronous machine for airliner high lift actuator was investigated
in [33. It was found that in order to fulfillifetime and reliability
requirements, in the case of adopting the natural cooling metreléngth

of the electric machine must be increased significantly making the natural
cooling inappropriate for this apehtion. An axial permanent magnet

13
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machine for wind turbine application was desigrid].[In this design natural
cooling was chosen. It was concluded as the speed of the electric machine is
low, the natural cooling method leads to a proper heat rerao¥auccessful

thermal management of the electric machine.

2.4.1.2SELF-COOLING AND EXTERNAL COOLING

In this cooling technique, heat removal is carried out by fluid flow receiving
its flow power from the electric machine itself. In this way, rotation of the
electic machine shaft is exploited to move fluid without any external power
[35). This can be achieved by installing a fan on the si3#t ¢r a pump
directly driven by the shafB[/]. In the case of generator applications, a fan
or a pump can be directly poreel from the generated electrical energy by
the electric machine itself. In the case of using the fan driven by the shatft, its
heat transfer performance is limited by the shaft speed so that at low speeds
flow rate of the fluid reduces leading to a redubedt transfer performance.
According to the International Protection (IP) 54 oENWA, fan-cooled
electric motors are recommended for applications with the rated ppwer

300 KW [38]. Figure 2.5shows a structure of an electric machine employing

the forcedair cooling system by installing an internal fan on the si3&jt [

Another way of forceair-cooling system is to employ an external fare
cooling system in this method consists of fangwonps driven independently

by means of their own electric motoB9. Therefore, the heat transfer
performance of external cooling systems is not limited by the shaft speed of

the electric machine.

14
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Figure 2.5. Forcedair cooling by an internal fan3g].

Selfcooling techniques areevaluated for large induction machines with 2

15 MW [40]. The evaluation experimental results showed that the self
ventilated cooling system is feasibier high-power applications. In this
study, modifyingthe geometrical structure of the cooling system, the stator
temperature rise was reduced by 10%. Modified fan blades were developed
for selfcooling large electric motorgl]]. The goal of the modifideon was

to reduce ventilation resistance to increttseflow rate and heat transfer
capability of the cooling system. It was observed that the modified fan can
increase the airflow by 80% and reduce the stator average temperature by
30%. In @2], a totaly enclosed electric machine with an internal fan was
designed for traction applications. As the designed motor is enclosed so can
reduce the dushtake and reduce acoustic noise. Experimental tests under
the continuous rated load depicted that the teatpes rise of the motor is
maintained below the defined temperature limits. Another modified blade
configuration for selcooling systems using an internal fan was proposed in
[43]. It was shown that the modified fan can improve the flow rate by 90%

while noise is reduced. Moreover, because the ventilation resistance is
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reduced, the modified fan is derived by 50% less power compared to the
conventional internal fan leading to an increased efficiency of the electric
machine. CFD analysis of a radial internf@n for electric machine
applications was reported if4]. According to the analysis, the flow rate can

be maximized when there is no counpeessure. The derived relationships

of the analysis can be used tbe sizing of the internal fan. A setfooling
permanent magnet machine was designed 48]. [ Applying some
modifications such as vent holes in the rotor structure, it was demonstrated
that more uniform cooling performance is achieved through the rotor. The
results showed th#tetemperature risefgpermanent magnets can be reduced
by up to 20%. A seltooling system form11l KW induction machine was
designed in46]. The design goal was to increase heat transfer of the cooling
system in the endinding area. Using a combination of stirrers mourded

the shaft with direct control of the emdnding porosity, it was reported that

the thermal resistance between the -emuling area and frame can be
reduced by 12% leading to the increased heat transfer performance in-the end
winding area. Another irestigation abouthe cooling of endwinding
regions was performed idT]. According to the results, it was suggested that
for a selfcooling electric machine to achieve an adequate heat transifier at
endwinding area, high air velocities on the end shield and direct airflow into

the endwinding area are required.

The hermal performance of a 1.65 MW permanent magnet synchronous
machine employing forcedir cooling with an external fan was investigated
[48]. It was concluded that the number of ventilation holes on the frame
significantly affectghe consistency of the airdiv distribution so that larger
numbers of ventilation holes leadamore uniform air flow distribution. The

uniform airflow distribution leads to a uniform heat removal.

2.4.2CLOSED-CIRCUIT COOLING

Closedcircuit cooling methods consist of two parts. In epalt, the cooling
fluid flows in a closed circuit. The first part of the cooling system transfers
the generated internal heat of the electric machine to an outer surface to the

second part of the cooling system. Then, heat removal is carried out by the
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secondary cooling system. Closedcuit cooling systems have an extended
heat transfer performance comparedHe previous categories mentioned
above. Therefore, closatircuit cooling systems are preferred for high power
density electric machines. Variogsoling systems are included under this
category. The secondary cooling system can be integrated into the electric
machine or installed separately. Most of the cleseclit cooling systems
exploit the high heat transfer capability of liquid coolantthiir secondary

cooling system part.

The heat transfer performance of a wateoling cooling system for
permanent magnet retarder applications was investigatéd]imrhe termal
performanceof the designed retarder was compared to anaated retardr

with the same structure. Experimental results showed that the-coated
retarder could reach a temperature balance after operating at 1500 RPM after

4 minutes and its temperature remains

k

load, the temperature of thairc ool ed counterpart reachec

minutes.

A direct oil cooling for electric machines used in traction applications was
designed in%0]. The cooling system includes oil channels in the stator and
in the housing. It was shown that although éxestence of oil ducts in the
stator reduces the produced torque by 1%, the oil cooling system can reduce
the average temperature rise by 50%, compared to the cooling system without
direct oil channels in the stator. A watmoling system for a permanent
magnet linear machine was designed5h|.[ The structure of the machine

and its cooling system are shown inuiig 2.6According to the results, it was
demonstrated that employing the watepling systemthe temperature rise

is remarkably reduced. It wdound that employing the wateooling system,
thethrust density of the linear electric motor can be improved by 176% while

the operating temperatureremaiop el ove its | imit of 155

17
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2z,

Figure 2.6. Linear electricmachine and itsooling system [4].

Employing a watecooling system with fluid channels in the stator showed

13 eC temperature reduction for an el ec
vehicle applications52]. 47% stator winding temperatureduction of a

small synchronous machine when a wateoling system is used compared

to the aircooling system was reported B3].

An electric machine employing a cooling jacket for formula E applications
was designed irbf] and shown in Figure 2.Dptimizing the material of the
machine, geometries of the stator and the cooling jacket, it was reported that

the average winding temperature is reduced by 20%.

18
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Figure 2.7. Radial schematic view of the electric machine toedcooling jacket$4].

A watercooling system consisting of several wateoledplates inserted
into the stator core laminationfa permanent magnet synchronous machine
was proposed in5p]. It was demonstrated by experimental ¢kt using

the preosed cooling method, the maximum stator winding temperature can
be reduced by 20%.

2.5DISCUSSION

There are many researches reported in the literature on the thermal analysis
of various coolingsystems for electric machine applications. As reported in
this chapter, most of the studies dealing wht@thermal analysis of electric
machines in terms of heat transfer performance of the cooling system. These
onedimensional evaluations of the coolingstem performance fail to give

the designers a clear picture of the overall performance of the cooling system
and practical criteria to select a proper cooling system topology. In fact, the
heat transfer performance of a cooling system is only one fotir¢ @verall
performance of the system. It is clear that employing an-designed
cooling system can lead to a significant reduction in the temperature of the
electric machine, but certainly increases the cost of production of the product
to an unnecessy amount. Therefore, from an engineering design point of

view, the optimal design of the cooling system for electric machines is crucial.
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This research aims at providing a comprehensive analysis of electric machine
cooling systems in terms of their hefansfer performance and other

parameters affecting energy consumption and cost of the cooling system such
as structural geometry and fluid flow performance.
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3. HEAT TRANSFER OF
NANOELUIDS

3.1INTRODUCTION

Since the heat transfer performance of a cooling systesutlgt is affected

by thethermophygcal properties of its working fluidts enhancement can be
adhievedby employing an advanced coolant. This can lead to a more compact
and energefficient cooling system. As an advanced heat transfer medium,
nanofluids have received much attention to be used in-pagformance
cooling systems because of their heat transfer performance improvement
potentials. Employing nanofluids as higbrformance coolants caassively
enhancethe heat transfer perfimance of coolig systems even without
alteringthe geometries of the cooling system. Dispersion of nanoparticles in
the base fluid increasésethermal conductivity of the coolant and intensifies

its turbulence. In this contexthis chapter describeke interdependenand
interrelated properties of nanofluids contributboghe enhancement of the

cooling system heat transfer performance.
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3.2NANOTECHNOLOGY

The prefix "nano” derives from the Greek wdida n oasdin the metric
system, means "one billionth" of a met®nenanometer is a factor of 10
metersTo realize the dimensions in the nanoscale, it should be notetie¢hat t
diameter of a human hair is, on average, about 50h@d@metersand a
bacterial cell has a diameter of several hundred nanom@&teessmallest
objects visible to the unaided eye are about 10,000 nanometers imsize.
generalnanotechnology deals witfanoscalstructures. Such assemblies are

referred to as nanostructures

Nanotechnology is the application of these structures in nancsieéer
equipment and devices. Nanotechnology is the efficient production of
materials, devices, and systems by control over materials at the nanometer
range and utilizing newly emergedoperties and phenomena developed at

the nanoscale.

Nanotechnology is among tleenergingtechnologies worldwide and shows
unique properties with applicationsnmanyfields of science and technology.
The interdisciplinary application of hanotechnology eastb the creation of
new applications that could not previously be implemented. This universality
of nanotechnology has made it pervasivemost fields of science and

engineering.

In the field of heat transfer technology, the development of nanoteclynolog
has provided new solutions and development opportunities. In general,
nanotechnology is used in most cases to reduce the size of heat transfer
systems by increasing the heat transfer capacity obtained with the help of

nanotechnology.

What makes nanotecbiogy suitable for heat transfer applicatiorssthe
high surfaceio-volume ratio of nanomaterials. This is known as one of the
most critical properties of nanomaterialBhis property of nanoparticles
makes nanomaterials have special thermal propefthes.main reason for

these special properties is the increase in the surface to volume ratio of
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nanomaterialsHowever, some other unique properties of nanomaterials are
also involved in changing the thermal behavior of nanomaterials compared to

conventioal materials.

Nanofluids are produced by adding metallic or-meetallic nanoparticles to

base fluids. As mentioned, due to the enhanced thermophysical properties of
nanoparticles, the thermal properties of nanofluids improve compared to the
base fluid. Infact, the presence of nanoparticles suspended in the base fluid
improves the thermal properties of the resulted nandgfi@fl Improving the
thermal properties of nanofluids occurs in the form of enhanced thermal

conductivity and heat transfer coefficten

Among the special thermal properties of nanofluids, thermal conductivity is
a key property that even by adding a small volume fraction of nanoparticles
to the base fluid, the thermal conductivity of the resulting nanofluid is
significantly higher thanhie thermal conductivity of the base fluifihe
thermal conductivity of nanofluids is affected the type of nanoparticles,
thermophysical properties of the base fluid, size and the shape of
nanoparticles, concentration of nanoparticles, etc. It is denatedtthaby
adding metallic nanoparticles such as@l and CuO to a base fluid, the
thermal conductivity increases significantly compared to adding ceramic
nanoparticles. This is because the thermal conductivity of metallic
nanoparticles is several tisiigher than the thermal conductivity of ceramic
nanoparticlesTherefore, to obtain the desired thermal properties, the choice

of nanoparticles is of utmost importance.

In general, nanofluids can be produced by addiegal oxide, and carbon
nanotubenanoparticlesnto a base fluidThe addition of nanoparticles to a
fluid impacts its thermal conductivity and other physical properties such as
the heat capacitgnd viscogy of the fluid. The chain of alterations in the
thermophysical properties of the fluid causes an increase in the thermal
conductivity, as well as a remarkable increase in the coefficient of heat
transfer in convection heat transfer pathways.mentionedin addition to

the type of nanoparticles, the size of the nanopatrticles is also very effective

in the physical and thermal properties of the nanofluid. For this reason,
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researchers have paid special attention to studying the effect of nanopatrticle

size ad shape on the physical and thermal properties of nanofluids.

Since nanofluids are a mixture of nanoparticles suspended in a base fluid, the

issue of nanofluid stability is of particular importance in the practicality of

industrial applications of nanailds.In this regard, much research has been

done on the stability of nanofluids, and the precipitation of nanoparticles

during the working process of nanofluids. Precipitation and instability cause

a decrease in the thermal properties of nanofluids amskdhe phenomenon

of agglomerationDepending on the type of nanoparticles, the issue of

stability and deposition in nanofluids varies. Based on morphology and

chemical properties, widely used nanoparticles are divided into the following

categories.

T
T

T
T
T
T

Ceramic: Hydroxyapatite (HA), Zirconia (Zrg), Silica (SiQ), etc.
Metallic: Gold (Au), Silver (Ag), Copper (Cu), Zinc (Zn), Aluminium
(Al), Cobaslt (Co), etc.

Carbon-based SilFullerenes, Carbon nanotubes, Graphene, etc.
Semiconductors GaN, GaP, inP, ZnO, etc

Polymeric: PCL, PLA, PLGA, etc.

Lipid -based:Liposomes, SLN, NLC, etc.

Regarding common base fluidbe fluidswidely usedas base fluicare as

follows andshown in Figure 3.157]:

Water, biofluids, oils, polymer solutions, etc.
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- Ethylene
Glycol

Biofluids

Figure 3.1. Commonly used base fluids.

3.3 APPLICATION AREAS OF NANOFLUIDS

As mentioned in the previous section, adding nanopatrticles to a base fluid
changes the physical and thermal properties of the resulting fluid. Depending
on the apptation, some of these properties are desirable. Therefore, the type
of nanoparticles and their other properties are selected in order to obtain the
targeted properties. The sheer variety of nanopatrticles allows them to be used
in a wide variety of applideons. These applications range from medical
science and pharma@s smart drug carriet® use in cooling systems as
advanced coolantslowever, Since the subject of this thesighiscooling of
electric machines and since the most significant reinforfeadure of
nanofluids is their high heat transfer performance, in this section the
applications of nanofluids due to their superior heat transfer properties are

investigated.

The improved heat transfer performance of nanoflleédds to reducesize
heattransfer equipment and on the other haaduces the amount of energy
consunption. The use of nanofluids in heat exchangers in large industries
where water is used as a coolant ceducewaterconsumptiorand reduce

wastewateproduction.Also, in applications with size constraints, the use of
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nanofluids is verypromising because it increases the heat transfer
performance of cooling systems.

Another application of nanofluids, which has been created due to their
improved heat transfer performancethe use of nanofluids to transfer heat
from the earth's crust to the surface to generate electricity. The use of
geothermal energy as clean energy has been considered for many years.
Nanofluids can play an important role in reducing energy loss asw al

increasing the efficiency of geothermal power plants.

In the automotive industry, nanofluids are widely used as a coolant. The
improved heat transfer performance of nanofluids reduces the size of the
radiator used invehicles, which improves the aerodymic shape of the
vehicleand reduces fuel consumption. Also, the use of nanofluids as a coolant
in vehicles reduces friction and corrosiampumps and compressoihese

are due to the low kinetic energy generated during the collision with surfaces.
Thes nanofluid propertes reduce energy consumption by pumps and

compressors and also increase their service life.

Other examples of the use of nanofluids in the automotive industry include
the use of nanofluids in enhancing the thermal performance of twakarid
strengthening the braking system of vehicles. Nanofluids increase heat
transfer in the vehicle brake system and prevent the brake fluid from boiling
and evaporating. This improves the safety of cars. Alumi@Qxide Brake
Nanofluid (AOBN) and Coppeoxide Brake Nanofluid (CBN) are examples

of nanofluids used in vehicle brake systems.

One of the design challenges of microelectronic circuits is the optimal
dissipation of heat generated by microelectronic chips. The very smakl cross
section of the flu-containing channels in the case of using liegodled
cooling systems requires special properties for the cooldn®. dility to

absorb and transfer large amounts of heat flux on a very small surface and
special properties of fluid flow that prevenbgting of channels with a very
small crosssection containing cooling fluid are among the desired features.
These requirements have made nanofluids superior choices as a coolant in

microelectronics applications [58].
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In general, high thermal conductivitigigh critical heat flux, and high heat
transfer ability in onghase have created different contexts for the application

of nanofluids in heat transfer systems in various industries.

3.4EMPLOYING NANOFLUID IN COOLING

SYSTEMS

The mixture of ethylene glycol amndater is commonly used as a coolant in
the automotive industry. This mixture has a lower thermal conductivity
compared to water. For this reason, the enhancement of the thermal
conductivity of this mixture by adding nanoparticles to it has been considered
[59]. Adding nanoparticles to the mixture of ethylene glycol and water
improves the heat transfer performance of the coolant. Therefore, by
strengthening the heat transfer performance of the coolant, the cooling system
of the vehicle can be made smalleAs mentioned earlier, smaller vehicle
radiators improve the vehicle's aerodynamic shape and thus reduce fuel
consumption. Also, because the weight of the components is very effective in
fuel consumption, the cooling system with higher efficiency, in aafdito
reducing the size, also makes the cooling system lighter. This is another
reason to reduce fuel consumption. On the other hand, the use of nanofluids
as a coolant reduces the amount of coolant required, which reduces the
pumping capacity and makegpissible to use a smaller pump. Therefore, the
use of nanofluids in the cooling system of vehicles leads to increasing the heat
transfer efficiency of the cooling system, making the cooling system smaller
and lighter, and generally reducing the cost ohufacturing the cooling
system. These features are especially important for vehicles with internal
combustion engine, hybrid, and electric vehicles. In the case of hybrid
vehicles, a more efficient cooling system reduces the operating temperature
of the ewironmentsurroundinghe vehicle's electrical and power electronics
systems. As a result, the cooling effort required for electrical components

decreases [60].
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Although researchers have studied the performance of various nanofluids for
the use of autommte cooling systems, considering other criteria such as cost
and maintenance requirements of the system, nanofluids based on pure
ethylene glycol with nanoparticles have been more promising. Pure ethylene
glycol has a higher boiling point than a mixturestifylene glycol and water

and can operate below atmospheric pressure. However, due to the fact that it
has a lower heat transfer coefficient than the mixture of ethylene glycol and
water, this defect must be eliminated in order to take advantage of the
mentioned properties. By adding nanoparticles to pure ethylene glycol, the
heat transfer coefficient of the fluid can be increased. Therefore, the resulting
fluid, in addition to having a high heat transfer coefficient, has a very high
boiling point, which auses more heat to be absorbed by the coolant and
desorbed through the cooling system [61, @2]63], it wasfound that the

use of nanofluids in radiators could reduce the front esestion of the
vehicle by 10%. Sucla reduction in aerodynamic drag can lead to a 5%

reductionin fuel consumption

3.5 INFLUENTIAL PROPERTIES OF
NANOFLUIDS ON HEAT TRANSFER

PERFORMANCE

Specific properties of nanofluids that affect their heat transfer performance
are:[64]:

1 High Specific Surface Area (SSA)leading toan improved heat
transfer between the base fluid andthegarticles

1 Stable fluid with a teady scatteringbecause ofthe dominant

Brownian motion of the particles
1 Reduction in the thickness of the thermal boundary layer

1 Low cooling channel obstruction compared to other solutions
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Improving the performance of nanofluids can be achieved due to various

factors. Thamost important of them afé5]:

1. Heat transfer in nanofluid on thacreased heat transfesurfaces

becaus®f suspended particles

2. Elevated effective thermal conductivity by the activity of suspended

nanoparticlesand interactions between nanoparticled base fluids.

3. Intensified urbulence of the flowcausedby the movement of

nanoparticles in the fluid.

4. Reduced thickness of the thermal boundary layer because of the
dispersion of nanoparticlegeading to alteing the temperature
gradient of the fluid.

5. Mass transfer of the nanoparticles caused by the temperature gradient
[66].

3.6POTENTIAL BENEFITS OF NANOFLUIDS

Nanofluids improve the efficiency of heat exchange systems. Therefore,
nanofluids can be effective in reducing carbon in the strategic vision of
industries. According to Polaris Market Research, it is anticipated that the
global heat transfer fluids market reaches $4.56 billion by 28@@e the
application of nanofluids can increase heat transfer performance, which is
desirable for the industryhe demand for nanofluids is expected to increase
in the near futureéSome of the potential benefits and capabilities of nanofluids

are as follows§7].

3.6.1 IMPROVED HEAT TRANSFER AND STABILITY

As mentioned before, the main reason for the increase ioflomhheat
transfer coefficient is due to the fact as a result of nanoparticles suspended in
the base fluid, the surface to volume ratio of particles that interact with the
base fluid and the heat absorption and dissipation surface increases
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significantly. In other words, the effective heat transfer surfaces are increased
by adding nanoparticles to the base fluid.

The total surface area of partisiger unitof mass is called Specific Surface
Area (SSA).Thereforethe SSA ofnanoparticles is about 10€ithes SSA of
particles with micrometer dimensiorigus, in a nanofluid, more surfaces of
nanoparticles are in contact with heat transfer surfaces. These contact surfaces
are very effective in heat transfer and therefore the use of nanofluids increases

the heat transfer performance of the fluid.

On the other hand, the very small size of the nanoparticles greatly reduces the
sedimentation problem that exists in other solutions with suspended particles.
Therefore, nanofluids are more stable. Sedimentationrs when suspended
particles with Brownian motion reach a certain speed. This change in the
velocity of the suspended particles is caused by an external field, mainly
gravity, and causes the suspended particles to settle in the fluid. The rate of
sedimatation depends directly on the size of the particles and their mass.
Solutions with smaller suspended particles are less likely to settle and are
more stable[68,69].

3 . GREDRCED ENERGY TO PUMP THE FLUID

One of the effective factors in fluid heat tréarsperformance ishe fluid
velocity, which is measured by the Reynolds number. In order to increase the
heat transfer performance of the fluid, the Reynolds number and consequently
the velocity of the fluid must be increased. This requires increasing the
pumpingpowerof the fluid, which leads to an increase in energy consumption
by the pump. Since nanofluids have improved heat transfer coefficient, less
fluid velocity is required to dissipate certain heat when using nanafluids
Thereforejn generalit can be said that the amount of energy consumed by
the pump using nanofluids is reduced.[70], It was demonstrated that
compared to AlO3, the use of water as a working fluid requires 20% more
pumping energy to obtain the same heat transfer Tagrefore, employing
nanofluids can lead tweducedpump energy consumption resulting in

increased system efficiency [71].
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3.6.3 REDUCED SEDIMENTATION AND OBSTRUCTION OF
DUCTS

Solutions containing suspended particles \Bitbwnian motion are exposed

to the sedimentatioproblem caused by the force of gravity or other external
fields. Sedimentation can quickly lead to duct obstruction. Sedimentation and
consequemy obstructiondepend directly on the size of the suspended
particles. Nanofluids take advaneagf the fact that the suspended particles

in them are very small and in nanometer sizes. Therefore, nanofluids are less
likely to clog ducts than other solutions. Also, due to the small size of
nanoparticles, the impact of nanoparticles on the wallsealticts causes less
wear. Friction due to the wear of particles to the walls of the ducts can cause
a drop in pressure as well as damage to the pumps. This phenomenon is
especially complicated in applications where microchannels are used for heat
transfer.Therefore, nanofluids can be used in a wider range of applications
and increase heat transfer performance while reducing damage to the system.
Finally, it can be said tha&mployingnanofluids instead of other solutions in

heat transfer systems reducesntenance costg?2].

3.6.4 REDUCED SIZE HEAT TRANSFER SYSTEMS

Due to the fact that the use of nanofluids improves the performance of heat
transfer systems, so for a given application, the size of the system can be
reduced by employing nanofluids. Today, linany applications such as
automotive, aerospaceand microelectronics, component size is very
important because of their size constraints. Therefore, the use of nanofluids

for such applications is very promisifg@3].

3.6.5 REDUCEDCOSTS

Increasing the heat transfer efficiency obtained by using nanofluids reduces
the cost of manufacturing cooling systems by reducing the overall volume
and size of the system and its components, such as pumps. On the other hand,
reducing problems such as ged ducts, weaand damage to pumps leads

to reduced maintenance costs of the cooling system.
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Also, as mentioned, by using nanofluids, the energy consumption of the
pumps and as a result, the energy cost is reduced.

3.7 HEAT TRANSFERMECHANISMS OF

NANOFLUIDS

Some of themechanisms involved in the thermal transfer performance of
nanofluidsare discussed in this sectidrhere are several reasons behind the
heat transfer enhancement achieved by adding nanoparticles into ftuids.
general, and as the mostesttive factor in enhancing the heat transfer process
of fluids, the addition of nanoparticles to fluids increases their thermal
conductivity [74]. Compared to metallic materials, conventional working
fluids in heat transfer systems suchvwaser, ethylenglycol, and oilhave
lower thermal conductivity.Therefore, to enhance the thermal transfer
performance of heat transfer fluids their thermal conductivity must be
improved. The addition of metallic or oxide particles into the fluids is an
effective way lading to increased thermal conductivity. Conventionally,
suspensions made of metallic or oxide particles in millimeters or micrometer
scales added into conventional heat transfer working fluids were studied. As
mentioned in the previous sections, there aeweral practical issues
associated with employing these suspensions such as instability of particles
in fluids, sedimentation obstruction, abrasion, and erosion of ducts. The
development of nanotechnology made it possible to employ particles
nanometescale instead of millimeters or micros scale particles to build
suspensions with improved thermal conductivity. This way, the problems

mentioned above can be alleviated or eliminated.

As effective factors in enhancing theattransfer performance of nanofluids
as a result of improving the thermal conductivity, four mechanisms have been
investigatedn [75]. These mechanisms inclueownian motion, layering

at the solid/liquid interfae, phonon transport, and clustering.
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Figure 3.2. Thermal conductivity of some materi§l].

The impact of some mechanisms on thermal conductivity improvement of
nanofluids was investigated in [76]. The studied mechaniaradiquid
interfacial layering between nanoparticles and base fluid, particles
agglomeration and Brownian motion It was demonstrated thathe
effectiveness of each mechanism depends on the size of the nanoparticles
the liquid boundary layer arounde particles. For example, the effectloé
Brownian movement is influential where the nanoparticle sizes are in the
molecular range. For nanopatrticle sizes of 1 to 100 nm, liquid layering and
agglomeration have the most influential mechaniskisally, for larger
particles agglomerations plays a key role in the thermal conductivity
enhancement of nanofluids.

Free electrons in metallic solids and lattice vibrations (thermal vibration of
atoms) in insulating solids play a key role in carrying figét As a result of
these intrinsic mechanismhe thermal conductivity of metallic and metal
oxide materials is several times of liquids like water and oil that are used as a
heat transfer working fluid in heat transfer systems. Figure 3.2 stimwvs
thermal onductivity of few solids. To better understand the difference
between theralue of thermal conductivity of metals and water, it should be

considered that thepecificthermal conductivity of wateat 25C is 0.00059
Wm%Kg K.
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3.7.2 BROWNIAN MOTION

There ae conflicting views on the importancetbi Brownian motioreffect

on the thermal conductivity of nanofluid®kesearchers who believe that the
Brownian motion of nanopatrticles is not among the mefiiectivefactors in
increasing the thermal conductivity nanofluids argue thais the typical size

of nanoparticles is two times larger than the base fluid molecular diameter,
the effect of nanoparticles Brownian motion is at least half of that of the base
fluid [78].

On the other hand, some researchers believe tha@rthenian motion of
nanoparticles plays a significant role in enhancing the thermal conductivity
of nandluids. One of thestudesthat support this theory is reported[#®9].

In this study, a model oflzeated sphere surrounded by a dhldl wasused

to describe the effect dhe Brownian motion of particles on the thermal
conductivity of the suspensioriThe results ofexperimentaltests also
confirmed the results obtained from the model. One drawhackhis
investigationis that in this study, the velocity of the surrounding fluid was
assumed to be equal to the average Brownian velocity of the particles. Also,
the temperature of the heated particles considered constant and the heat
transfer betwee the particles and thituid was ignored.In general, most
recent resear@s support the theory that th&rownian motion of
nanoparticles is unlikely to significantlycontribute to the thermal

conductivityenhancemerdf nanofluids.

3.7.3 THERMAL TRANSPORT BY PHONONS

Phonons are quantizéattice vibratiors. Heat in crystalline solidsostly is
carried by phonons.He hermal conductivity of solids strongly depends on
the mean free paths of phonorihis factor explains why the thermal
conductivity of crygalline solids decreases with increasing temperataore.
fact, at high temperatures, because of phegutoanonscatteringsthe mean
free paths of phonordecrease [80]In general, phonons play a significant
role in the thermal conductivity of nanoparticles and consequently thermal
conductivity enhancement of nanofluil@d].
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3.7.4 EFFECTS OF NANOPARTICLE CLUSTERING

Clustered nanoparticles are formed by the actiogra¥itational Wonder

Waltz forces. Such a phenomenon results in less thermal resistance for heat
transfer. However, the phenomenon of clustering can exert a negative impact
on nanofluids. It also can cause the instability of the suspension by forming
largemasses, as well as reduce the heat transfer by creating empty areas of
nanoparticles in the liquid and increasing the heat resistance. Clustering
enhances the volume percentage and, as a rule, the higher volume fractions
of nanoparticles will result in & greater thermal conductivity of the
nanofluid, mainly due to the thicker clusters and the increase in the effective
volume fraction §2].

A unique feature of nanofluids is that the expansion in the convection heat
transfer coefficient is usually greatean the growth of the effective thermal
conductivity. Contrary to the mechanism of boosting thermal conductivity,
mechanisms involved in the enhancement of nanofluid transfer coefficient
remain unclear. Much research has so far been done on heat tiansfer
nanofluids confirming the effect of adding nanoparticles on increasing heat
transfer. The extent of this effect and the mechanism governing it is still a
subject of interest for researchers. All of these works, however, confirm that
the convection heatransfer coefficient increases with rising Reynolds
number, decreasing nanoparticle diameter, increasing fluid temperature, and

increasing nanoparticle concentrati®3][

Nanofluids can be used in a variety of settings, but there are some challenges.
The® include the deficiency in determining the suspension properties of
nanoparticles, the lack of appropriate models and theories to investigate the
change in nanofluid properties and the inconsistency of experimental results
in various experiments. Here asome reasons for appearing different

research result$4].
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Clustering: It has been confirmed that nanoparticles show a great tendency
for rapid aggregation, which affects the thermal conductivity and viscosity of
nanofluids. This factor, however, hasdn excluded in many empirical and

numerical studies.

Size of nanoparticlesThe size of nanopatrticles has been largely ignored by

researchers, which affects the results.

Theoretical disputesResearchers dissent on which heat transfer mechanism
is more important and dominant, and how to use these mechanisms in
computations. Such differences lead to different analyses and, consequently,

inconsistent results.

Different methods of nanofluid preparationNanoparticles are differently

distributed in flud depending on the nanofluid preparation method.

3.8 THERMAL CONDUCTIVITY COEFFICIENT

OF NANOFLUIDS

The higher the thermal conductivity of a fluid, the higher its heat transfer
performance. Therefore, thermal conductivity is an important indicator in
evaluatirg the heat transfer performance of fluids. If a fluid has a low thermal
conductivity, it is possible to improve the thermal conductivity of the fluid by
adding nanoparticles. In particular, the addition of metallic nanoparticles to
fluids can significantlyincrease their thermal conductivity. In general, the
thermal conductivity of nanofluids depends on the type, size, shape
concentration of the nanoparticles as well as the thermophysical properties of
the base fluid[85 - 87]. Factors influencing théhermal conductivity of
nanofluidsare shown irFigure 3.3 and described in the following.
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Figure 3.3. Parameters influencing thermal conductivity of nanofluid.

3.8.1EFFECTS OF NANOPARTICLE CONCENTRATION
ON THETHERMAL CONDUCTIVITY OF NANOFLUIDS

Increasing the concentration of nanoparticles can increase the thermal
conductivity of nanoparticles. Depending on the type of base fluid and the
type, size and shape of the nanoparticles, the rate of increase in thermal
conductivity varies witltheincreasing concentration of nanopatrticles. In fact,
the increase in thermal conductivity is a function of the thermal conductivity
of the base fluid and nanoparticles. Figure 3.4 shows the changes in the
thermal conductivity with increasing nanoparticlencentration for three
different types of nanoparticleAs can be seeincreasing the nanoparticles
concentration, Alumin&uO/water showsthe highest rate of thermal
conductivity increase [88]The effect of base fluids types dne thermal
conductivity of nanofluids was studied experimentally in [89]. Thermal
conductivity of carbon nanotubiesthylene glycol suspension and carbon
nanotubeissynthetic engine oil suspension was measured at various carbon
nanotubes concentrations. It was shown that the asereof nanotubes
concentration in ethylene glycol suspension shows leads to a higher increase

of thermal conductivity.
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Figure 3.4. Effects of the concentration of nanopatrticles on the thermal conductivity of the
fluid [88]

3.8.2EFFECTS OF TEMPERATURE ON THE THERMAL

CONDUCTIVITY COEFFICIENTOF NANOFLUIDS

The emperature has an effect on changes in the thermal conductivity of
fluids. As the temperature increases, the thermal conductivity increases. In
fact, increasing theetnperature increases the movement of nanoparticles
within the base fluid, which increases the interaction between the particles.
This increases the thermal conductivity of nanofluids at high temperatures.
This property of nanofluids is a factor that progsothe use of nanofluids in
cooling systems. The principle of increasing the motion of suspended
particles in solutions under the influence of temperature increases is true for
all solutions, but in the case of nanofluids due to the 4saate size of
susgended particles, the increase in nanopartictessementunder the
influence of temperature is much greater than solutions with larger suspended
particles. Therefore, in the case of nanofluids, the thermal conductivity

coefficientincreases significantly \wh increasing temperature.
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Figure 3.5. Variations in the thermal conductivity of nanofluids by temperg@0¢.

This property of nanofluids is especiallgmarkableat high temperatures
when theBrownian motion of the particles is greater. Changes in thermal
conductivity due to temperature changes Htinylene Glycol:WaterCuO
nanofluid have been studid€0]. Figure3.5 shows the diagram of these
changes for nanofids with different concentrations. As can be expected, the
rate of increase in thermal conductivity is higher for nanofluids with higher
concentrations of nanoparticles at high temperatufégre is also a
significant difference between changes thermal conductivity and

temperature changes between the base fluid and the nanofluid.

As demonstrated, the gradient of the corresponding curve increases by
temperature, indicating that the higher temperatures will result in the greater

effect ofnanoparticle concentration on the thermal conductivity.
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3.8.3EFFECTS OF THE SIZE OF NANOPARTICLES ON THE
COEFFICIENT OF THERMAL CONDUCTIVITY OF
NANOFLUID

In the section describing the effect of temperature on the thermal conductivity
of nanofluids, it was mentioned that due to the acceleration of nanoparticles
movements with increasing temperature, the thermal conductivity of
nanofluids increases. Also, because nanoparticles are in nanoscale, this
acceleration of nanopatrticles is moeenarkable with increasing temperature
than other types of particles with larger sizes. Therefore, the size of
nanoparticles is effective in increasing the thermal conductivity of nanofluids
by affecting the velocity of particle3he variation of thermatonductivity

with respect to the diameter of nanoparticles for various nanoparticles is
shown in Figure 3.691].
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Figure 3.6. Variation of thermal conductivity with respect to thardeter of nano particles
for various nano particle§91].
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Publication on nanofluids over the past years
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Figure 3.7. Increasing research on nanofluids over the past years.

3.9INCREASING RESEARCH OMNANOFLUIDS

Due to the promising properties of nanofluids and the possibility of using
nanoparticles in various applications and various sciences, extensive research
has been done on nanoparticles. As the use of nanoparticles expands and new
applications are found, these researches are further developed so that the
volume of research on namechnology is growingRegarding the application

of nanoparticles in heat transfer systems, due to the potential of nanoparticles
in improving the thermal performance of fluids, research in this field is
increasing. The number of studies published in itezakure (only in the
ScienceDirectlatabasedver the past years on nanofluids is shown in Figure

3.7
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3.10 RESEARCH ON THEHEAT TRANSFER

COEFFICIENTOF NANOFLUIDS

The main factor in estimating fluid performance in heat transfer systems is
the ability of fluids to transfethermalenergy. In factby moving the fluid

from the place of heat production to the place where heat can be dissipated
and exchangedith the ewironment, thermal energg transferred92]. The

fluid heat transfer coefficient is the main indicator in determining the ability
of fluid in thermalenergy transfef93]. Also, by knowing the heat transfer
coefficient, theamount of areaequired for hat dissipation and its exchange
with the environment can be calculated. For this purpose, mathematical
relationshipsare required to perform calculations and design heat transfer
systems. Given that the use of fluids in heat transfer systems has a long
history, these relationships are alreadyll established for aoventional

fluids and their use to perform calculations and design heat transfer systems

Is straightforward94].

However, in the case of nanofluids, due to the noveltynafofluids
applicatiors and the existence of multiple factors affecting the heat transfer
coefficient of nanofluids, the relationships required for the analysis and
design of heat transfer systerme aot common. In fact, various factors such

as heat transfer coefficientthermal conductivity, nanofluid viscosity,
nanoparticle concentration, heat capacity, etc. affect the heat transfer

performance of nanofluid95].

Among all these factors, the heaednsfer coefficient is the most important
indicator in estimating the heat transfer performance of nanofl9&]s In
general, increasing the heat transfer coefficient is considered an effective
approach to reduce the volume of heat transfer systeniscigase the
performance and capacity of heat transfer systems with the same y®lyme
98]. Thereforethe heat transfer coefficient is the basis of calculations and

design of heat transfer systems.
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In this regard, extensive research has been conductethathods for
estimating and calculating the heat transfer coefficient of nanof[@Ris
100]. Due to the fact that the addition of nanopatrticles to fluids affects both
thermal and fluid flow properties, so in addition to heat transfer coefficient,
the peformance of nanofluid flow should also be considered. This increases

the complexity of estimating the overall performance of nanofluids.

The effect of adding ADs nanopatrticles iftthyleneGlycol-water base fluid

on heat transfer coefficient has beenestgated101]. In this study, the
effect of Brownian diffusivity to thermophoretic diffusivity ratio on nanofluid
heat transfer coefficient has begssessedt was shown that with increasing
this ratio, the heat transfer coefficient of nanofluid inseshto 22.7%.
According to the results, the heat transfer coefficient of the nanofluid changes
significantly by changing the ratio ahe Brownian diffusivity to the
thermophoretic diffusivityln [102], a predictivanodel for the heat transfer
coefficientof nanofluid @rosol cooling was proposed. The results sftbw
that the measurement error is 7.26%.

In [103], estimation of heat transfer coefficient obtained by adding &l
Al>0s3 nanoparticles tdethylene Glycol-water base fluid has been studied
using CFD analysis. This study was performed for nanofluids at different
temperatures andanoparticlesoncentrations. The results showed that the
addition of nanoparticles to tighyleneGlycol-water base fluid gnificantly
increassthe heat transfer coefficient. The effect of the base fluid on the heat
transfer coefficient of the nanofluid has also been investigated. For this
purpose, different ratios of water ahthyleneGlycol have been considered.

In the first case, a mixture of 60@lycol and in the second case, 4@4col

in water are considered. The results showed that the effect of adding
nanoparticles with a concentration of 1% in the base fluid on increasing the

heat transfer coefficient in a mixture49%Glycol in 60% water was greater.

The heat transfer coefficient of water awd>Os nanofluids has been
investigated for the cooling systems of microscale electronic sy$1€#s
As mentioned in the previous sections, due to the very small dimemgions

thesesystens and the high heat to surface ratio in them, the use of nanofluids
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in order to improve the performance of cooling systems in these applications
is very promising. The results of practical experiments showed that with
increasing the concemtiion of nanoparticles as well as increasing the
velocity of the fluid, the heat transfer coefficient increases. Also, as the
diameter of the pipes containing the cooling fluid decreases, the heat transfer

coefficient increases.

In [105], the thermal coeiient of A0z / Ethylene GlycolCarbonnandube
nanofluids in differenhanoparticleconcentrations and under yarg fluid

flow conditions has been studied. In this study, the effect of fluid flow
conditions on heat transfer coefficient is investigaBaked on the results, at
low concentrations of nanotubes, &féect ofaddng Al>Os nanoparticles on

increasing the heat transfer coefficient is greater.

The CuO / water nanofluid heat transfer coefficient used in the car radiator is
investigated106]. It wasshown that the heat transfer coefficient increases
with increasing nanoparticle concentratfoom 0 to 4% Also, increasing the
temperature from 50 to 80 degrees Celsius has reduced the heat transfer
coefficient. Based on the results, tddition of surfactant regulates the pH

of the nanofluid and leads to a slight increase in the heat transfer coefficient.

Heat transfer coefficient and fluid flow performance for CuOWater
nanofluids have been studigd7]. In this study, nanoparticle cagrtrations

of 0.0625%, 0.1255, 0.25, 0.5, 1%, 1.5 and 2% were used. According to the
results of the study, in all cases, the heat transfer coefficient increases with
the addition of nanoparticles to the base fluid. As the Reynolds number
increases, the amat of heat transfer coefficient resulting from the increase
in nanoparticle concentration decreases. From the point of view of nanofluid
flow performance, the pressurdrop increases with the addition of
nanoparticles to the base fluid. Also, the nandffuiessure drop is greater at
smaller Reynold numbers. The highest increase in heat transfer coefficient
was obtained when the nanoparticle concentration is 2%, which is equal to

57% increas@ heat transfer coefficient
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The heat transfer performance &luminum oxide andCopper oxide
nanofluids inEthyleneGlycol base fluid has been investiga{@@8]. In this

study, the effect of nanoparticle concentration and temperature on the heat
transfer coefficient of nanofluids have been investigated. Based msthits,

the studied nanofluids improve the heat transfer coefficient by up to 50%. In
general, increasing the nanopartcleoncentration and temperature has
increased the heat transfer coefficient. The highest improvement in heat
transfer coefficient waobserved at 78C andnanoparticlegoncentration of

1%.

The effect of TiQ / water nanofluid flow properties on its heat transfer
coefficient has been studig¢tl09]. In this study, the effect of adding tape
insers that causes chang@ nanofluid flowon the heat transfer coefficient

of nanofluid has been investigated. It was reported that this change in the
structure of the heat transfer system could lead to a 23.2% increase in heat
transfer coefficient. Also, compared to the base fluid, the heatfdrans
coefficient has been improved up to 81.1% by using twisted tubes and at

greaterReynolds number

In [110], the heat transfer coefficient of Az nanofluid was estimated by
practical experiments. Based on the results, it was shown that the Gleninsky
equation used for conventional fluids cannot be applied to nanofluids. At
Reynolds number 9000 and by adding nanoparticles with a concentration of
0.1%, the heat transfer coefficient was 23.7% higher than the base fluid, while
at lower Reynolds numbers thate of increase in heat transfer coefficient
was significantly reduced. Also, by changing the structure of the pipes and
adding twistedapesn the pipes, the heat transfer coefficiatthe Reynolds
number 9000 increased by 44.7%.

Heat transfercoefficient as an indicator of nanofluid heat transfer
performance and pressure drop as an indicator of fluid flow performance for
Al203, SiG;, and CNT nanofluids in a horizontal tube were investigHtedi].

In this study, it was shown that the Gnilingdguation can be used to estimate
the heat transfer coefficient of nanofluids in a turbulent flow regime. The use

of the Colebrook White relationship to estimate the coefficient of friction
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was also investigated. Based on the result, this relationshipecased with
acceptable accuracy to estimate the coefficient of friction of nanofluids.
Regarding the fluid flow performance of nanofluids, nanofluids showed

lower performance at the same pumpiogvercompared to thbase fluid.

In [112], the heat transf coefficient and transport properties B8HO
nanoparticles added igthyleneglycol 1 waterbase fluid was investigated.

This study compares the experimental results with results obtained in other
studies reported in the literature. Based on the congpe,is good agreement

was observed among the experimental results and estimated parameters using

analytical models.

Different models have been investigated to estimate the heat transfer
coefficient of nanofluids based on their thermophysical propd@iE3]. To
estimate the heat transfer coefficient using these models, thermophysical
properties of nanofluids such as specific heat, thermal conductivity and so on
are required. It is clear that the accuracy of measuring and determining these
thermophysicaproperties affects the accuracy of estimating the heat transfer
coefficient. In this study, Ti@water nanofluidwas studied. Based on the
result, it was shown that at low concentrations of nanoparticles, the heat

transfer coefficient obtained from all meld is almost equal to each other.

A numericalcorrelationis proposed to estimate the heat transfer coefficient
of Al>Osz-water nanofluid used in the square array subchafb®f]. The
proposedcorrelation uses a correction factor that is a function of the
nanoparticle concentration. With this method, it is reported that the proposed

correlationis more accurate than conventional relationships.

In [115], the boiling heat transfer coefficient of Ti@vater nanofluid was
studied. In this study, it was confirmed that increasing the Reynolds number
increases the boiling heat transfer coefficient of the nanofluid. It was also
observed that increasing the concentration of nanoparticles increases the
boiling heatransfer coefficient. In this study, using the results obtained from
experiments, a numericaorrelation was proposed to estimate the heat

transfer coefficient of the studied nanofluid.
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Heat transfer properties of different nanofluids were stufidd]. The
nanoparticles used include CugzBg MWCNT andGraphene. In this study

it has been shown that the heat transfer coefficient of nanoflardbeup to

20% higher than the base fluid (water). Considering the overall performance
of the studied nanoflug] it was concluded that the addition of copper
nanoparticles to the base fluid leads to the best performbnfEL7], heat
transfer and fluid flow properties @rapheneOxide-Delonized water (GO

DI) nanofluidswere studiedThe results of experimenthi@ved that the
addition of GO nanoparticleso the base fluid increases the heat transfer
coefficient. On the other hand, the studied nanofluid has 71% higher
coefficient of friction than the based flufdiater) In this study, a numerical

correlationis proposed to calculate the nanofluid heat transfer coefficient.

3.11 MODELING OF NANOFLUIDS

As mentioned in the previous sections, due to the new applications of
nanofluids and in order to justify their use, it is necessary to be able to
estimate thdeat transfieand fluid flowperformanceof nanofluids. For this
purpose, nanofluid behavior modeling is needed. Due to the mixture of
nanoparticles and base fluid, these models tarephasemodels[118].
However, for simplification, théwo-phasemodel is sometimeseduced to a
singlephase model. In this case, the effect of adding nanopatrticles to the base
fluid is considered indirectly by changing the thermophysical properties of
the nanofluid[119]. But to more accurately estimate the performance of
nanofluids, epecially when the addition of nanoparticles alters the
hydrodynamic properties of the resulting fluid, it is necessary to tse-a
phasemnodel. The use of singighase models is possible only in cases where
the effect of adding nanoparticles on the fliliidv properties of the nanofluid

can be ignored.

3.11.1 SINGLE-PHASE MODELING
Singlephase models have been developed based on -gpihgée fluid

equations. As mentioned, for simplicity in some cases, the gingise model

can be used to analyze nanofluids.
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In this method, nanofluid which is a combination of nanoparticles and base
fluid can be considered as a singlease fluid and singlphase fluid
properties can be considered as the average properties of nanoparticles and
base fluid propertiefl20]. The key assumption in this simplification is that
the relative motion of the naparticles and the base fluid is zero. Also, the
nanoparticles and badkiid have the sameelocity and temperaturgvith
thermal and hydrodynamic equilibriur@onsidering these assumptiotise

rules for singlephase flow are then appliedo increase th accuracy of
singlephase models, it is important to measure the thermophysical properties
of the nanofluid resulting from the addition of nanoparticles to the base fluid
[121, 122] These properties are defined asdbenbined mixture properties

Governhg equations of the singfghase modeling approach are as follows:
Continuity equation

8", i (3.1)
Momentum equation:

18", L Wy O n8‘, Loy (32)

Energy equation:

8", fox8Y n8Q Y (33)

3.11.1.JHOMOGENEOUS MODELING

The homogeneous model is one ofgheplest fluid models. In this modeling
approach, theombination oflispersed and continuous phase<areidered

so the model is established for a nemntinuous phase. If the homogeneous
modeling approach applies to a #pbase fluid, the main assumptions are
that velocities of the two phases are equal and two phases are in the full

thermodynamical disequilibrium.
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A numerical method was proposed 123] to model phase transitions of fluid
flows. the accuracy of the proposed model was verified by numerical
experiments.A numerical simulation of liquivapor phase change in
compressible flows was performed kRH. The used model was based on a

homogeneus model assuming equilibrium between phases.

3.11.1.2 DISPERSION MODELING

The dispersion singlphase modeling approach is based on transport
equations involving the thermal dispersion efféldtus, in this modeling
method, the effects of the diffusiomechanism are considered in the energy
equation.In [125], Using the dispersion modeling approachnuanerical
simulationof a nanofluid was performed. Considering the thermal dispersion,
random motion of nanoparticles was accourfitedA singlephase mdel of
nanofluids based on the dispersion modelling approach was proposed in
[126]. In the proposed model, the effect of the relative velocity between
nanoparticles and the base fluid was accounted in the fopertfrbation of

the energy equation

3.11.2 MODELING OF MULTIPHASE FLOWS

Multiphase modeling methods are more accurate in estimating the
performance of nanofluidsThere areseveral methods for multiphase
modeling However, the main approachesre the Euleriathagrangian
Eulerian the volume of fluid, and twephase nxture modeing methods
[127].

EulerianLagrange models are based on solving the N&&iekes equations

with the time average approach. As its name suggests, in this method, the
primary phase is analyzed based onEérian method and the secondary
phase based on the Lagrangian method. Due to the small size of nhanopatrticles,
even at low concentrations of nanoparticles, a large number of suspended
particles are in the volume fraction of nanofluids, so solving equabtgn
Lagrangian method is tirr@onsuming for them and requires a high volume

of computation$128].
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The Eulerian modeling method is based on solving the equations of continuity
and momentum by the Eulerian method. It should be noted that the continuity
and momentum equations must be solved separately for the fluid phases
[129]. Therefore, the number of equations that must be solved in this

modeling method is very large. For this reason, the Eulerian method and the
EulerianLagrange method, despite being werccurate, are less used for

modeling nanofluids

The volume of fluid modeling method is based on solving momentum
equations for small volume fractions. In the tpltase mixture modeling
method, hybrid momentum equations with averaging properties ofpasse
considered.

3.11.2.2VoLuME oF FLUID (VOF) METHOD

In VOF modelling methoda single set of momentum and energy equations

is solved by tracingsurfacesof two or more immiscible fluids with the
unknownlayer between phases. In this method, the egustielated to the
secondary phase are solved by solving the comyinequations of the
secondary phase. The required thermophysical properties in the equations are
calculated as the average properties of all phases in specific volume fractions
[130].

Thegoverningequation®f VOF modeling approacére

Continuity equation:

— — M n 1 m’ 3 B n 3.5)

whereY is consideredero by default, is the mass transfer from phase
g to phase p and s the mass transfer from phase p to phase q. If the

number of phases is n, then the volume fraction equation is solved for phase
n-1 and the volume fraction of the nth phase is calculated accordihg to

following constraint:

B | p (3.5)
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Momentum equation:

The momentum equation is solved across the domain and the resulting

velocity field isavailable for all phases.

— Mg 1TOmu n0 "0t e "d N & (3.6)

3.11.2.2ZTHE EULERIAN-EULERIAN METHOD

As mentioned, the Eulerian model is computationally high in terms of the
number of equations to be solved. In this model, multiple sets of governing
equations including momentum, energy, turbulence, species, and volume
fraction equations must be solved fmach nanofluid phasén fact, in the
EulerianEulerian methodeach phasef the mixtureis consideredas a
separate phasand Eulerian equations of the fluichust be solved for them

separately131].

3.11.2.3MIXTURE MODELING

External forces such asrayity and centrifugal forces cause velocity
differences between the phases of a multiphase mixture. In the mixture
model, the basic assumption is that there is a local equilibrium in terms of
velocity between the phases of a multiphase mixture. Therdéfarenixture

model is not suitable for multiphase mixtures where there is a weak coupling
between the phases, such as air and particle mixtures, since the local velocity
equilibrium assumption is not true. However, in mpliase mixtures with a
relatively strong coupling between phases such as nanofluids, the mixture
model can be useth the twephase mixture model of nanofluids, the base
fluid is considered as a continuous fluid and nanoparticlesesdispersed

phase.

The mixed model includes eontinuity equation for each phase and a
momentum equation containing an additional term that includes the effect of
the velocity difference between the phases in the calculations. In fact, the
mixture model of multiphase mixtures is a simplified formuwlf inodels that

has an acceptable accuracy with a moderate computational effo and

smaller number of variables to be solv&g].
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For many applications, comparéalsinglephase models, the mixture model
has a quite acceptable accuraaghievedwith a moderateincrease in
computational volumeln [133, the mixture modeling approach was
employed for numerical simulation of @uater nanofluid inside a square
cavity filled with porous media. Using the established mixture madbel,
effects of Rayleigh mmber, nanofluid concentration, and the porous layer

thickness on heat transfer performance of the nanofluid were studied.

A 3D two-phase simulation ofProtonexchange membrane fuel cells
(PEMFC)by using a multiphase mixture model was carried out34][ The
proposed model takes interactions between phases into account. The
parameters that represent the interactions between phases are considered as
the effect of the droplet size, the drag coefficient, velocity, Reynolds number,
and the droplet relaxatiotime. The accuracy of the proposed model was
verified by comparing results okperimentakests and simulations based on

Fluent software with the results obtained from the proposed model.

A multiphase mixture model for multicomponent transport in tapgiporous
media was developed.35. The proposed model consists afnservation
equations In order to reducéhe number of equations, algebraic relations
were used to describe the relative velocity between phases and the mixture.
Using these relationgs, it is possible to dynamic properties of phases can
be calculated in the peptocessing stage after obtaining the convergence of

governing equations of the mixture.

3.12MODELS PREDICTING THERMAL

CONDUCTIVITY IN NANOFLUIDS

One of the prominent &ures of adding nanoparticles to fluids is the
increased heat conduction coefficient of fluids. Therefore, in order to design
heat transfer systems and in order to select suitable nanoparticles for the
intended application, heat transfer coefficient eatiom models are needed.
Examples of proposed models for estimating the heat transfer coefficient of

nanofluidsproposed in the literatuie listed in Tabl8.2
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Table 3.1. Models proposed for predicting thermal conductivity in nanofluids.

Equations Names
o5 0 N ¢Q ¢ Q Q Maxwell [136]
T ¢Q ¢ 0 0 (37)
o o T ¢Q ¢ O Q p 1 Yu and Choi[137]
N ¢cQ « Q QO p ¥ (38)
o) Hamilton and Crosser
9 N ¢t pQ ¢ pTQ Q- [138]
N ¢ pQ 0 Q- (3.9)
. e Timofeeva et al
o 0 » o 0
P~ a0 139
(3.10)

There are sever#heoretical an@mpirical models for predicting the thermal
conductivity of nanofluidsThe thermal conductivity of nanofluids is affected
by nanoparticles concentrations, size of nanoparticles, shape of nanoparticles,
type of nanoparticles, viscosity, ptémperature, ty of base fluids, and other

properties of nanoparticles and base fluid.

Regarding the effect dhesize of nanoparticles on the thermal conductivity

of nanofluids, smallenanoparticleshave a larger effective surface area
leading to enhaing the Brownian motion and increased thermal
conductivity.Also, regarding the nanoparticle concentratithe increase in
nanoparticles concentration enhances interfacial area between the

nanoparticles and the base fluid leading to increased thernthlaouity.

3.13PHYSICAL AND THERMAL PROPERTIESOF

NANOFLUIDS

Nanofluids as fluid nanoparticle suspensions have several thermophysical
properties with bilateral effects. These properties deterthaleeat transfer
and fluid flow behavior of nanofluidg.herebre, estimating and measuring

the properties of nanofluids is necessary to predict and analyze their
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performance and to design heat transfer systémihis section, density and
specific heat that are the most important properties of nanofluids are

invedigated.

3.13.1DENSITY OF NANOFLUIDS

As a function othebase fluid and nanoparticles densitié®, density of the

nanofluid cans expressed as [1}40

p e 7 e (3.11)

where {), (p), and (f) indicatethe base fluid, nanoparticles, and nanofluids,

respectively, ands( ) is the volume fraction of theangatrticles in the fluid.

Equation 3.12 was validated by comparing measuredtokenst AlOz-water
nanofluids with calculated densitigl10]. According to the comparisothe
maximum deviation of the calculated densities of the nanofluid from the
experimentally measured densities was 0.6% at nanoparticles concentration
of 31.6% (Fgure 3.8)

1160 T - T . T " '
©  y-Al,0, (calculated) .
® y-ALO, (experiment) §
~ 1120} o TEOz (calculgted) 1
%’ B TiO, (experiment)
2 8l 0.6%
S 10801 s )
2 D
a &
a
1040 8 |
B
1000 ———————————— '
0 1 2 3 4 2

Volume concentration , @, (%)

Figure 3.8. Density variations by the volumetric percentage of nanoparticles at 298 K
(comparison of theoretical and experimental valjd<p].
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Figure 3.9. Comparison of theoretical and experimental valo¢specific heat of ADs-

water nanofluid [142].

3.13.2SPECIFIC HEAT OF NANOPARTICLES

Determining the specific heat of nanofluids is important in assegwingat

transfer performance of nanofluids and their employment in heat transfer

systems. Commaily used equations to calculathe specific heat of

nanofluidsare listed in Table 3.3. In [142he specific heat of AlOs-water

nanofluid was measured experimentally and calculated using rhaatel

model Il equations. Figure 3.9 shows titae model | equation failed to

calculate the specific heat of the nanofluid accurately.

Table 3.2. Existing methods for determining the specific heat of nanofluid.

Methods Researchers

b ¢ QWD o . b .8 Pakand Chd140Q]
(3.12)

- T ARJ8 p e 07 Buongiorno[141]
e 0 7 (3.13)
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3.13.3RHEOLOGICAL PROPERTIES

Adding nanoparticles to fluids not only alters their heat transfer properties but
also affects their rheological properties. The extent of these changes depends
on the type and properties of the nanoparticles and the base salad. In some
cases, the additioaf nanoparticles to a Newtonian fluid results in a-non

Newtonian fluid withvaryingviscosity.

Unlike other suspensions, little research has beamied outon the
rheological properties of nanofluids. In addition to the relatively new
applicationsof nanofluids, another reason for the lack of research on the
rheological properties of nanofluids is that the heat transfer properties of

nanofluids have been n®prominent and attractive to researchers.

The interaction between nanoparticles and the base liquid has a great
influence on the rheological behavior of nanofluig$ear viscosity, shear
thinning and temperature atlke most important factors to detenmaithe
rheological behavior of nanofluids by affecting the interaction between

nanoparticles and the base fluid.

The well-known Einstein equation is adapted for viscosity calculation of

nanofluids as follow§143].

P CB (3.19)

According to equation 3.1%the viscosity of nanofluids increasesvith
increasing nanoparticle concentratidhe viscosity of F&i-water nanofluid

was experimentally measurén [144]. The experiments were carried out at
temperatures from 20 eC to 50eC and

to 1%. According to the results, the

for nanoparticle concentration of 1%. Therefore, it wapeementally
demonstrated that increasing the nanoparticle concentration leads to

increased viscosity.

Einstein equation(equation 3.15) was developed for rateracting
suspensionsef spherical particles and is not able to prethietviscosity of
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Table 3.3. Models to calculate the effective viscosity of particle suspensions.

Model Researcher

‘ Brinkman [146]
p o B (3.15)

w T R FrankelandAcrivos [147]
g p T 7 (3.16)

. Kriegefi Dougherty[148]
. (3.17)

Batchelor [149]
(3.18)

PGB oD

nanofluids with acceptable accuracy, especially at larger nanoparticle
concentration$145]. Therefore, other equations wgseposed to properly
indicate the effect of nanoparticle concentration on the viscosity. Some of the
nanofluid viscosity equations are listed in Table 3.4.

In [150], comparing experimental test results with calculated viscosities for
nanofluids, it was concluded thainsteird equation is suitable for viscosity
calculation of nanofluids with nanoparticle concentrations smaller than 0.001.
For nanofluids withnanoparticle concentrations from 0.001 to 0.1, the
viscosity calculated by equation 3.19 shows a good agreement with measured
viscosities.
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3.14 TURBULENT FLOW

Like singlephase and multiphase flow regimes, laminar and turbulent flows
are a type of fluictlassification based on their fluid flow behavior. Aidl

flow is in the laminar flow regimé the fluid particles move in a regular and
smooth path. On the other hand, flows in which fluid flow is accompanied by
turbulent changes are called turbuldoid flow regimes.So, the turbulent
flow regime is characterized by irregular movements of fluid particles that is
indicated by Reynolds number. This irregularity is intensified by increasing
thevelocity of the fluid[151].

Heat transfer of differentamofluids wasstudied in 152]. In this study Al 2Og,

CuO, and ZnManoparticles were addedorwater as the base fluith the
turbulent fluid flow regime with Reynold numbers ranged from 4000 to
18000, the highest value Nusselt number was fourttiancase of adding
Al203 nanoparticles to the base fluid becausgdAlnanoparticles have the
lowest mass density compared to other nanoparticles leading to high velocity

of nanoparticles in the base fluid.

In [153], heat transfer of A3z and TiQ nanogarticles in water as the base
fluid was investigated. Reynadchumber was considered in the range of
10000 to 40000. According to experimental results, the highest cooling
performance enhancement was shown in the case of employDg\dter
nanofluids wih 2% nanopatrticle concentration. Also, for both nanoflutuks,

heat transfer coefficient increased with increasing in Reynolds number.

The hermal performance of watd@iO2, Al20s, and CuOnanofluids undea
turbulent flow regime was investigated 151t was found that the heat
transfer coefficient is strongly affected by nanoparticle concentration, type of
nanoparticles and Reynolds numbekccording to results, increasing
Reynolds number, the heat transfer increased by 0.7% to 8% for various

nanofluids.

Heat transfer characteristics of Alumina and amorphous carbonic nanofluids

under laminar and turbulefibw regimes vereinvestigated in [15]. For the
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alumina nanofluid, the heat transfer coefficient enhancement uhder
laminar flow regime was 15% and under turbulent was 20%. So, engering
turbulent flow regime could increas¢éhe heat transfer coefficient
enhancement of the nanofluid by more than 30%. However, in the case of
amorphous carbonic nanofluid, heat transfefficient enhancement under
the laminar flow regimewas 8% and no remarkable further heat transfer

coefficient improvement was noticedtimeturbulent flow regime.

3.15GOVERNING EQUATIONSOF THE

THREE-DIMENSIONAL TURBULENT FLOW

Governingequationsof heat transfer and fluid floroblemsincluding the
equations of continuity, momentum, and energy conservaienexpressed

in general forms as follow456].

Continuity equation:

T%E 1& m (3.19)

Momentum vector equations:

P oxx T h e T . T h ==
— 10% = e m :;UE;; i efef (3.20)

T8 T8e T8g T8e T8g

Energy equation:

2 Qo 0 — o 0= ) 3.2
- G% T e P2 G o m (320

where E) is the total energy andij)err is the deviator stress tensor, which

are defined as follows:

% #D4 OF) O (3.2)

(3.2)
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The transfer equation for the shear stress transfer modglig as follows:

e dEE U e % X 3.24)
h . n o, T ,
EE ) B EE UY% N $’X‘ 3y (3.%5)

where (Gk) denotes the production of turbulent kinetic energy as a result of

the mean velocity gradient a&l, denotes the production of thisrm from

W.

e 1 ET dp BEx (3.26)
e 100 ;—?EE (3.27)
oS (3.29

In the abovementioned equation), is the turbulent kinematic viscositly,
is the model constant, and the factoiis calculded from the following

equation:

0 T (329

Rw= 2.95and theterma is expressed as follows:

G &l p & Uy (330)

O b 2 (3.31)
h b B Gk sz

O b 2 3.2)
n b Oyh sz

o mM pp mdrxhd U pdt

wherek=0.41,andb; = 0.072. In the above Reynolds numbarsa-=1.
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In (3.26) and (3.27)Gv and G are effective diffusion ok andw, andare

expressed as follows:
i & — (3.3)
w (3.34)

Ssw andsk represent the turbulent Prandtl number in the m@ai), and are

expressed as follows:

o

Uy

Teur Tour (3.3

Co

Ta j P (VI (3.36)

Them sentence is turbulent viscosity and is expressed biplibgving

equation:

e U

=2 |

(3.37)

a’ is the attenuator of the turbulent viscosity and is expressed by the following

equation:

v 395777 (3.39)

Uz Uzp p8t
2A BEwde o DbTob T18r)X G

The mixing equatioffr, is equal to:

&p OAT (339)
o 1EN A, Rt Rt (3.40)
$, | Amm;——"‘ﬁon (3.41)

In equation (3.41) \) is the distance to the next surface of the flud, () is

the positive part of the diffusion sentence in the eeesdion, ad (Yk ) and
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Table 3.4. Proofs ofk-wshear stress transfer turbulence model.

Sk1=1/1 7 € sk2=1 sSw1=2 Sw2=1/1 6 a;=0/3 1 bj1=0/0 7
bi»=0/0 8 2 a's=1 a«=0/52 b'==0/0 9 bi=0/0 7 ac=1/9
Rp=8 Rk=6 Rw=2/9 5 z'=1/5 Sk=2 Sw=2

(Yw) representk) and (v) losses, respectively, and are defined as follows

concerning turbulence:
9 JbEx (3.42)
9, J} WMOPAGA T OOAT OO (3.43)

b &b, p &b (3.44)

h

(Dw) represents the diffusin sentence, ang and Sy represent the possible

source conditions. Specificallipw equals:

$Y cp & J&Yﬁ ;__Y (3.45)

3.16BASIC EQUATIONSGOVERNING THE

THREE-DIMENSIONAL LAMINAR FLOW

The governing dimensionless equations include the equations of continuity,
momentum, and energy, which are solved in a Cartesian coordinate for a

steadystate.
Continuity equation:
— — — T (3.46)

Momentum equations:

Y— o— ©— — (3.47)

Y o— o— — (3.48)
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Y— 60— o— — (349

Energy equation:

Y— o— & — (3.50)

3.17GOVERNING EQUATIONS TO CALCULATE

PROPERTIES OF NANOFLUIDS

In this section, we discuss the equations governing the properties of
nanofluids. The equation below is employed to calculate the density of the

nanofluid:
p o7 e (3.51)

The effective heat dissipation coefficient of the nanofluid is calculated by the

following equation:

- (3.52)
The specific heat capacity of the nanofluid is calculated using the equation
below:

” 6 p ° ” 6 P 6 (3.53)

In turbulent flow, equation is employed to calculate the effective dynamic
viscosity of the nanofluid:

PGT X& p (3.%49)

In a laminar flow, equation is adopted to calculate the effective dynamic

viscosity of the nanofluid:

(3.55)

8

The effective thermal conductivity of nanofluids with spherical partides

expressed as [157]
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Q Qp — Q0 'Q— (3.56)
In equation (3.57), the experimental constamti36000

—_ —— (3.57)
0Q — (3.58)

In equations (3.58) and (3.59), the diameter of water molecule and
nanoparticle molecule are respectivedy &nd(ds), and (is) is the Brownian

velocity of nanopatrticles that is calculated by the following equation:

6 — (359

In equation (3.60), the value &=1.3807> fi J/K is the Boltzmann

constant.

3.18EQUATIONS OF MEASURED
PARAMETERS IN A THREEDIMENSIONAL

LAMINAR AND TURBULENT FLOW

Here, the parameters used are defined and the equations empicslediaie

the parameters from the simulation results are discussed. The pumping power
(PP) is among the parameters to determine the channel performance and is
defined as the power required to pump fluid into the channel. The correlation
between this pararhee r and the pressure drop

obtained from the following equation:
00 0 6 WD (3.60)

v

where (iin) is the inlet velocityin the channel andX) is the crossectional
area ofthe channel. The hydraulic diameter of the channel is also a physical

characteristic of the channel and is defined as follows:

0 — (3.61)
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where £c) is the crossectional area ahe channel andpj is the wetting

environment of the channel.

The Reynolds number is a dimensionless quantity in the study of fluid flow
regimes, which is another characteristic of the flow. In fluid mechanics, it
indicates the ratio of inertial force to viscous force and is mainly applied to
determine whether the fluid flow is laminar or turbulent. This number is also

a similarity parameter fawo different streams:
YQ —— (3.62)

The coefficient of friction is another parameter of channel performance,
which depends othe parameters of the channel geometry and is calculated

from the following equation:
QN cwi——— (3.63)

A mean Nusselt number is a tianensional parameter and in heansfer,
indicates the ratio of convective to conductive heat transfer across a boundary.

It is obtained from the following equation:
006 _ (3.69)

where {Tw) is the channel wall temperature arid)(is the average bulk
temperature. To evaluate the overall thermal and fluidic performance of a

channel, we define the parameter (PEC) as thermal efficiency as follows:

D06 7 (3.65)

The Poiseuille number is calculated from the equation below:

0 QYQ (3.66)
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Figure 3.10. Overview of problersolving with CFD.

3.19 OVERVIEW OF PROBLEMSOLVING WITH
CFD

For CFD modeling, it is critical first to determine the objectives of the
problem and then ¢éhscope of the modeling. The solution domain converts
into a set of criteria by networking. Then, the problem can be solved by
adjusting the physics of the problem (e.g., physical models, material

properties, range properties, boundary conditions, etd.fafining settings
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