
 

UNIVERSITÀ DEGLI STUDI 

DELL'AQUILA 
DIPARTIMENTO DI INGEGNERIA INDUSTRIALE E 

DELL’INFORMAZIONE E DI ECONOMIA 

 

 

Dottorato di Ricerca in Ingegneria Industriale e dell’Informazione e di 

Economia 

Curriculum Ingegneria Meccanica, Energetica e Gestionale 

XXXIII Ciclo 

 

 

 

 

 

 

Titolo della tesi 

Cooling of Electric Machines Using Advanced 

Coolants 
 

SSD ING-IND/10 Fisica Tecnica Industriale 

 

 

 

 

 

Dottorando 

Ali Deriszadeh 

 

  

Coordinatore del corso     Tutor 

Prof. Giuseppe Ferri                Prof. Filippo de Monte

    

 

 

A.A. 2019/2020



 

 

 

 



Abstract 

The aim of this research is to investigate the adaption of advanced coolants 

and phase change materials for electric machines in electric/hybrid vehicle 

applications. The study uses Al2O3 nanoparticles to enhance the heat transfer 

ability of liquid cooling systems employing the commonly used cooling 

jacket approach. Employing advanced coolants to improve the heat transfer 

performance of cooling systems with minimal changes in their structure can 

be considered as a cost-effective and practical approach to meet the 

requirements of vehicle applications. In line with this goal, in this research, 

both heat transfer and fluid flow behaviors of cooling systems employing 

nanofluids are investigated. In this way, the feasibility and effectiveness of 

the cooling system can be justified by taking practical criteria into account. 

Results of the study are used to find the trade-off between the heat transfer 

and fluid flow behaviors of the under-study nanofluid coolant to achieve the 

best possible overall performance. 3D CFD analyses are used to evaluate the 

cooling systems proposed in this research. 

Since the applications considered in this research are electric machines used 

in electric vehicles, the losses of the electric machine were calculated under 

standard driving cycles. From the results, it was found that there are frequent 

peak power demands resulting in several peak losses. Also, it was observed 

that the values of peak losses are several times the mean value of electric 

machine losses. Considering this property of heat production in electric 

machines used in electric vehicle applications and the prominent property of 

phase change materials that have a high latent heat capacity, in this research 

a hybrid cooling system consisting of a passive cooling part based on phase 

change materials and an active cooling part based on liquid cooling method 

was designed. The results of the analyses showed that the phase change 

material is able to properly 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 next peak heating cycle. 
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1.  INTRODUCTION 

1.1 PROBLEM STATEMENT 

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

Vehicles (EVs). As the 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 desired for EV applications 

[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 function of the driver’s behavior and the number of frequent stops and 

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 ratio of 

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]. Thus, for 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 electric motor 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 motor [4-6]. 

Therefore, the cooling system is a key factor in satisfying the performance 

and reliability of electric motors. 

Without a high-performance 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. This means that for a 

given volume, greater torque can be generated. 

1.2 OBJECTIVES AND THESIS ORGANIZATION 

In response to the mentioned requirements, the main goal of this thesis is 

defined to investigate the trade-off among the performance, practicability, 

and cost of proposed cooling systems. Therefore, it is tried 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 in the cost reduction is the 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 jacket are the most common cooling 

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 rising [7-10]. Cooling jackets can be a part of electric 

machine housing regardless of the internal topology of the electric machine. 

Modifying the structural geometry and employing advanced coolants can 

improve the performance of the cooling system.  Therefore, in this thesis, 

improving the overall performance of the cooling system 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 employing nanofluids as 
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advanced coolants are discussed in Chapter 3. In Chapter 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 cooling jacket approach are built. The cooling 

jacket surrounds the stator and end-winding areas of stator windings. 

Channels have rectangular and circular cross-sections. In Chapter 5, a set of 

studies are performed on cooling jackets with rectangular channels. In 

Chapter 5, coolants are chosen as mixtures of water and Ethylene Glycol with 

various mixture ratios.  Moreover, to investigate the effect of different 

structural geometries, a various number of channel turns are considered. 3D 

CFD analyses are performed for each 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 under-study cooling system 

through employing advanced coolants, the effects of adding nanoparticles 

into the base fluid are investigated in Chapter 6. In line with this goal, to 

increase the heat transfer capability of the cooling system and to reduce 

operating temperatures of the electric machine, 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 Chapter 7, cooling systems based on employing Phase 

Changed Materials (PCMs) are 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 metal-based PCM that 

possesses a 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 by PCM 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 PCM-based cooling system and the 

water-cooling system is investigated. Changes in the temperature 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 electric motor’s operating temperature within the allowed range 

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 PCM-based passive cooling system suitable for short-time heat 

removal needs. This property of PCM-based cooling systems brings to mind 

the idea that a combination of passive PCM-based cooling system and active 

cooling system with an advanced coolant can be a promising choice for 

electric machine applications. In this way, the PCM-based passive cooling 

system acts on top of the water-cooling active cooling system. So that the 

PCM-based part of the cooling system is responsible for absorbing excessive 

heat generated at repetitive peak power operating 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.  

2.2 THE NEED FOR HEAT MANAGEMENT         

OF ELECTRIC MACHINES 

Overheating reduces the performance and durability of 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 and use electric 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 well as adapting electric machines 

for applications with size constraints, manufacturers intend to decrease the 

size of electric machines. It means that the trend is to increase the power 

density of electric machines. An increase in power density indicates that 

designing an efficient cooling system for the safe performance of electric  
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Figure 2. 1. Reasons for defects in electric machines [12]. 

machines with high power density is necessary and thermal management 

plays a critical role in their developments [11]. 

Several reasons including overheating, wrong mechanical coupling, voltage 

unbalance, exposure to contaminants, etc. can lead to failure of electric 

machines (Figure 2.1) [12]. Among them, overheating is the major factor in 

damaging electrical machines [12]. 

In general, for all electric/electronics devices, damages such as perforation, 

moving metal devices caused by inserted momentum from electrons, and 

intermetallic growth are related to overheating effects. In fact, the rate of such 

damages increases significantly with the increase of temperature. Even if 

overheating does not cause any of the mentioned failures, it can interfere with 

the normal operation of the device. For example, as the result of overheating, 

the movement of free electrons inside semiconductors increases leading to 

noises in signals [13]. 
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The normal operation of electric machines as power conversion devices 

consumes energy and generates heat. Therefore, electric 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 performance 

and damage to the electric machine. As a result, thermal management for 

electric machines is of high importance. In general, according to RESEARCH 

AND MARKETS, the global market of thermal management materials and 

devices is predicted to worth $16 billion by 2024 [14]. 

The commonest method for cooling electrical motors is through the 

obligatory movement of the air. This method may not be practical and 

effective for applications of new electrical machines due to reasons such as 

reliability, weight, and noise. Consequently, designing efficient cooling 

systems for countering this challenge is of high importance and affects the 

performance of electric machines directly [15]. 

 

2.3 HEAT MANAGEMENT SYSTEMS FOR 

ELECTRIC MACHINES 

Heat can be generated in different parts of an electric machine. The generated 

heat can be transferred to the outer surface of the electric machine by various 

heat transfer mechanisms and through adjacent parts. There are several 

methods to transfer heat and cooling an electric machine. 

In general, cooling methods are divided into two categories of active and 

passive methods according to the mechanism of heat transfer to the 

environment. Passive cooling methods are based on the natural movement of 

heat transfer and without consuming any energy. On the contrary, active 

cooling methods need energy consumption and an active external system of 

thermal desorption such as forced air movement, cooling with liquid, 

refrigeration system, etc. [16]. 
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2.3.1 ACTIVE COOLING SYSTEMS 

Active methods are used for high heat desorption from electric machines. 

Active cooling methods have high cooling capacities [17]. Employing active 

cooling systems, the temperature can be controlled and even kept below the 

environment temperature.  In order to justify the adoption of active cooling 

systems, their reliability, power consumption, and maintenance requirements 

must be considered.  Forced cooling with airflow or liquid, liquid or air-jet, 

thermoelectric cooling, and refrigeration system are examples of active 

cooling systems [18,19]. 

A common kind of active cooling systems is the movement of airflow by 

employing a fan. In comparison with natural transfer used in passive cooling 

methods, the coefficient of heat transfer is higher in active methods, and this 

coefficient increases with the increase of airflow rate. The major drawback of 

employing the forced air-cooling system is the decrease in reliability and 

increase of sound regarding the use of moving components. 

Among the many other methods of active cooling, cooling systems based on 

the Peltier effect employ semiconductors for thermal management. These 

cooling systems have advantages such as high cooling capacity, small size, 

having great service life and, not having moving components. In a Peltier 

device, electric current flows through a pair of semiconductors. The side 

having a negative charge becomes cooler and the side having a positive 

charge becomes hotter. The negative electrode is attached to the surface that 

must become cold, while the positive electrode will be attached to the surface 

that transfers heat to the environment. High expenses and low electro-thermal 

efficiency are disadvantages of employing Peltier devices for thermal 

management [20]. 

Liquid cooling is another common active cooling method. In this method, 

heat is desorbed from the electric machine by pumping liquid. These systems 

include a pump, heat exchanger, and cooling plates.  Liquid flow absorbs heat 

from cooling plates and transfers them to a heat exchanger where heat is 

transferred to the environment. Because of the high thermal capacity of liquid 
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and lower thermal resistance between the heated surface and liquid compared 

to air, liquid cooling systems are able to desorb high heat flux. The main 

disadvantages of liquid cooling systems are high expenses and complexity 

[21]. 

2.3.2 PASSIVE COOLING SYSTEMS 

Compared to active cooling systems, passive cooling systems have no moving 

parts and also do not require energy consumption. These reduce the 

manufacturing cost of the cooling system, reduce its maintenance 

requirements, and increase its reliability.  Although the cooling capacity of 

passive cooling systems is less than that of active cooling systems, they are 

very popular due to the mentioned advantages and 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 systems [22].   

Employing Finned housing for electric machines allows the implementation 

of passive cooling. In this case, cooling is achieved through the natural 

movement of the air between fins installed on the housing of the electric 

machine. Advantages include low cost, simple structure, and high reliability. 

However, it should be noted that the cooling capacity is low regarding the 

size of the electric machine due to the use of natural convection. Material, 

space, number, height, distance between fins, thickness, and orientation 

(vertical, horizontal, or radial) of fins are the factors that affect the 

performance of natural cooled electric machines. In the end, adopting the 

natural cooling method leads to increased reliability at the cost of building a 

heavier electric machine with a low current density [23]. 

Employing heat pipes can improve the heat transfer performance of passive 

cooling systems. Heat pipes do not desorb heat but transfer it to another place. 

Heat pipes are used as a part of thermal management systems of electric 

machines to distribute and transfer the generated heat effectively. Employing 

heat pipes in passive cooling systems improves the heat transfer ability of the 



2. Literature review 

10 

 

system leading to a smaller and lighter passive cooling system. In these 

systems, heat pipes transfer the heat to the surface of the stator in a passive 

way to be dissipated from the stator surface by means of natural convection 

[24]. 

2.4 ELECTRIC MOTOR COOLING SYSTEM 

CATEGORIES 

Various cooling techniques for electric machines can be categorized into the 

following categories. 

2.4.1 HEAT 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 internally generated heat. Integrated heat 

extraction fins and ducts improve the heat transfer to the housing. Also, 

externally 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 cooling systems or through natural convection.  

2.4.1.1 NATURAL 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 from inside 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 smooth. There 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 should be noted that orientation, length, and spacing between fins 

significantly affect the convection heat transfer process of passive natural  
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(a) 

 

(b) 

Figure 2. 2. Electric machine housings for natural convection cooling, (a) smooth housing, 

(b) housing with perpendicular fins [27, 28]. 

convection cooling [25]. Fins must be mounted in a way not reducing the 

natural airflow [26]. To achieve that, in the case of employing fins, they must 

be mounted perpendicular to the electric machine rotor shaft. Figure 2.2 

depicts an example of the smooth housing and the housing with fins mounted 

perpendicular to the external surface of the electric machine housing. Since 

the thermal resistance between solid surfaces and the air is very large, the heat 

transfer capability of the natural convection cooling method is limited. 

Therefore, the natural convection method is suitable for low-power electric 

machines or very large electric machines with a substantial convection 

surface allowing an enhanced heat transfer through the convection heat 

transfer process [27].  
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Figure 2. 3. Axial (left) and radial (right) fins [30].  

The usage of the natural convection method for a 12 KW 5-phase Brushless 

DC motor was reported in [29]. In this design, radial fins were mounted on 

the external surface of the electric machine. After optimization of the electric 

machine, it was found that the housing with radial fans is a significant portion 

of the whole electric machine size. In [30], a permanent magnet synchronous 

machine was designed for aerospace actuation applications. In this study, the 

natural convection cooling performances of housing with 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 the 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 shown in Figure 2.3.  

An optimization method based on 2D analysis without using lumped thermal 

networks was proposed in [31]. It is shown that design parameters such as the 

height of fins, the distance between adjacent fins, the 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 designs were compared in [32]. The evaluated 

housing structures are shown in Figure 2.4. It was found that the housing with 

Square and standard frames have a larger heat transfer coefficient compared  
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                       (a)                                                                  (b) 

 

                       (c)                                                                  (d) 

Figure 2. 4. Modelled housing types, (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 mounting fins 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 fulfill lifetime and reliability 

requirements, in the case of adopting the natural cooling method, the length 

of the electric machine must be increased significantly making the natural 

cooling inappropriate for this application. An axial permanent magnet 
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machine for wind turbine application was designed [34]. 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 removal and successful 

thermal management of the electric machine.  

 

2.4.1.2 SELF-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 

electric machine shaft is exploited to move fluid without any external power 

[35]. This can be achieved by installing a fan on the shaft [36] or a pump 

directly driven by the shaft [37]. In the case of generator applications, a fan 

or a pump can be directly powered from the generated electrical energy by 

the electric machine itself. In the case of using the fan driven by the shaft, its 

heat transfer performance is limited by the shaft speed so that at low speeds 

flow rate of the fluid reduces leading to a reduced heat transfer performance. 

According to the International Protection (IP) 54 or NEMA, fan-cooled 

electric motors are recommended for applications with the rated power up to 

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

the forced-air cooling system by installing an internal fan on the shaft [36].  

Another way of forced air-cooling system is to employ an external fan. The 

cooling system in this method consists of fans or pumps driven independently 

by means of their own electric motor [39]. Therefore, the heat transfer 

performance of external cooling systems is not limited by the shaft speed of 

the electric machine.  
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Figure 2. 5. Forced-air cooling by an internal fan [36]. 

Self-cooling techniques were evaluated for large induction machines with 2-

15 MW [40]. The evaluation experimental results showed that the self-

ventilated cooling system is feasible for high-power applications. In this 

study, modifying the geometrical structure of the cooling system, the stator 

temperature rise was reduced by 10%. Modified fan blades were developed 

for self-cooling large electric motors [41]. The goal of the modification was 

to reduce ventilation resistance to increase the flow 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 [42], a totally enclosed electric machine with an internal fan was 

designed for traction applications. As the designed motor is enclosed so can 

reduce the dust-intake and reduce acoustic noise. Experimental tests under 

the continuous rated load depicted that the temperature rise of the motor is 

maintained below the defined temperature limits. Another modified blade 

configuration for self-cooling 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 internal fan for electric machine 

applications was reported in [44]. According to the analysis, the flow rate can 

be maximized when there is no counter-pressure. The derived relationships 

of the analysis can be used for the sizing of the internal fan. A self-cooling 

permanent magnet machine was designed in [45]. 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 that the temperature rise of permanent magnets can be reduced 

by up to 20%. A self-cooling system for an 11 KW induction machine was 

designed in [46]. The design goal was to increase heat transfer of the cooling 

system in the end-winding area. Using a combination of stirrers mounted on 

the shaft with direct control of the end-winding porosity, it was reported that 

the thermal resistance between the end-winding area and frame can be 

reduced by 12% leading to the increased heat transfer performance in the end-

winding area.  Another investigation about the cooling of end-winding 

regions was performed in [47]. According to the results, it was suggested that 

for a self-cooling electric machine to achieve an adequate heat transfer at the 

end-winding area, high air velocities on the end shield and direct airflow into 

the end-winding area are required.  

The thermal performance of a 1.65 MW permanent magnet synchronous 

machine employing forced-air cooling with an external fan was investigated 

[48]. It was concluded that the number of ventilation holes on the frame 

significantly affects the consistency of the air flow distribution so that larger 

numbers of ventilation holes lead to a more uniform air flow distribution. The 

uniform airflow distribution leads to a uniform heat removal.  

2.4.2 CLOSED-CIRCUIT COOLING 

Closed-circuit cooling methods consist of two parts. In each part, 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. Closed-circuit cooling systems have an extended 

heat transfer performance compared to the previous categories mentioned 

above. Therefore, closed-circuit cooling systems are preferred for high power 

density electric machines. Various cooling systems are included under this 

category. The secondary cooling system can be integrated into the electric 

machine or installed separately. Most of the closed-circuit cooling systems 

exploit the high heat transfer capability of liquid coolants in their secondary 

cooling system part.  

The heat transfer performance of a water-cooling cooling system for 

permanent magnet retarder applications was investigated in [49]. The thermal 

performance of the designed retarder was compared to an air-cooled retarder 

with the same structure. Experimental results showed that the water-cooled 

retarder could reach a temperature balance after operating at 1500 RPM after 

4 minutes and its temperature remains below 100 ˚C. But, under the same 

load, the temperature of the air-cooled counterpart reached 500 ˚C after 3 

minutes. 

A direct oil cooling for electric machines used in traction applications was 

designed in [50]. The cooling system includes oil channels in the stator and 

in the housing. It was shown that although the existence 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 water-cooling system for a permanent 

magnet linear machine was designed in [51]. The structure of the machine 

and its cooling system are shown in Figure 2.6 According to the results, it was 

demonstrated that employing the water-cooling system, the temperature rise 

is remarkably reduced. It was found that employing the water-cooling system, 

the thrust density of the linear electric motor can be improved by 176% while 

the operating temperature remains to belove its limit of 155 ˚C.  
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Figure 2. 6. Linear electric machine and its cooling system [51]. 

Employing a water-cooling system with fluid channels in the stator showed 

13 ˚C temperature reduction for an electric machine used in hybrid electric 

vehicle applications [52]. 47% stator winding temperature reduction of a 

small synchronous machine when a water-cooling system is used compared 

to the air-cooling system was reported in [53].   

An electric machine employing a cooling jacket for formula E applications 

was designed in [54] and shown in Figure 2.7. Optimizing 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%. 
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Figure 2. 7. Radial schematic view of the electric machine and the cooling jacket [54]. 

A water-cooling system consisting of several water-cooled plates inserted 

into the stator core laminations of a permanent magnet synchronous machine 

was proposed in [55]. It was demonstrated by experimental tests that using 

the proposed cooling method, the maximum stator winding temperature can 

be reduced by 20%. 

2.5 DISCUSSION  

There are many researches reported in the literature on the thermal analysis 

of various cooling systems for electric machine applications. As reported in 

this chapter, most of the studies dealing with the thermal analysis of electric 

machines in terms of heat transfer performance of the cooling system. These 

one-dimensional evaluations of the cooling system 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 part of the overall 

performance of the system. It is clear that employing an over-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 unnecessary 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 heat transfer performance and other 

parameters affecting energy consumption and cost of the cooling system such 

as structural geometry and fluid flow performance.



 

3.  HEAT TRANSFER OF 

NANOFLUIDS 

3.1 INTRODUCTION 

Since the heat transfer performance of a cooling system directly is affected 

by the thermophysical properties of its working fluid, its enhancement can be 

achieved by employing an advanced coolant. This can lead to a more compact 

and energy-efficient cooling system. As an advanced heat transfer medium, 

nanofluids have received much attention to be used in high-performance 

cooling systems because of their heat transfer performance improvement 

potentials. Employing nanofluids as high-performance coolants can passively 

enhance the heat transfer performance of cooling systems even without 

altering the geometries of the cooling system. Dispersion of nanoparticles in 

the base fluid increases the thermal conductivity of the coolant and intensifies 

its turbulence. In this context, this chapter describes the interdependent and 

interrelated properties of nanofluids contributing to the enhancement of the 

cooling system heat transfer performance.   
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3.2 NANOTECHNOLOGY 

The prefix "nano" derives from the Greek word “Nanos” and, in the metric 

system, means "one billionth" of a meter. One nanometer is a factor of 10−9 

meters. To realize the dimensions in the nanoscale, it should be noted that the 

diameter of a human hair is, on average, about 50,000 nanometers and a 

bacterial cell has a diameter of several hundred nanometers. The smallest 

objects visible to the unaided eye are about 10,000 nanometers in size. In 

general, nanotechnology deals with nanoscale structures. Such assemblies are 

referred to as nanostructures. 

 Nanotechnology is the application of these structures in nanometer-sized 

equipment and devices. Nanotechnology is the efficient production of 

materials, devices, and systems by control over materials at the nanometer 

range and utilizing newly emerged properties and phenomena developed at 

the nanoscale. 

Nanotechnology is among the emerging technologies worldwide and shows 

unique properties with applications in many fields of science and technology. 

The interdisciplinary application of nanotechnology has led to the creation of 

new applications that could not previously be implemented. This universality 

of nanotechnology has made it pervasive in most fields of science and 

engineering. 

In the field of heat transfer technology, the development of nanotechnology 

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 nanotechnology suitable for heat transfer applications,  is the 

high surface-to-volume ratio of nanomaterials. This is known as one of the 

most critical properties of nanomaterials. This property of nanoparticles 

makes nanomaterials have special thermal properties. The main reason for 

these special properties is the increase in the surface to volume ratio of 
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nanomaterials.   However, some other unique properties of nanomaterials are 

also involved in changing the thermal behavior of nanomaterials compared to 

conventional materials. 

Nanofluids are produced by adding metallic or non-metallic 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. In fact, the presence of nanoparticles suspended in the base fluid 

improves the thermal properties of the resulted nanofluid [56]. Improving the 

thermal properties of nanofluids occurs in the form of enhanced thermal 

conductivity and heat transfer coefficient. 

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 than the thermal conductivity of the base fluid. The 

thermal conductivity of nanofluids is affected by the type of nanoparticles, 

thermophysical properties of the base fluid, size and the shape of 

nanoparticles, concentration of nanoparticles, etc. It is demonstrated that by 

adding metallic nanoparticles such as Al2O3 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 times higher than the thermal conductivity of ceramic 

nanoparticles. Therefore, to obtain the desired thermal properties, the choice 

of nanoparticles is of utmost importance. 

In general, nanofluids can be produced by adding metal, oxide, and carbon 

nanotube nanoparticles into a base fluid. The addition of nanoparticles to a 

fluid impacts its thermal conductivity and other physical properties such as 

the heat capacity and viscosity 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. As mentioned, in addition to 

the type of nanoparticles, the size of the nanoparticles 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 nanoparticle 

size and 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 nanofluids.  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 and cause the phenomenon 

of agglomeration. Depending 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. 

• Ceramic: Hydroxyapatite (HA), Zirconia (ZrO2), Silica (SiO2), 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 fluids, the fluids widely used as base fluid are as 

follows and shown in Figure 3.1 [57]: 

Water, biofluids, oils, polymer solutions, etc. 
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Figure 3. 1. Commonly used base fluids.  

3.3  APPLICATION AREAS OF NANOFLUIDS 

As mentioned in the previous section, adding nanoparticles to a base fluid 

changes the physical and thermal properties of the resulting fluid. Depending 

on the application, 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 nanoparticles allows them to be used 

in a wide variety of applications. These applications range from medical 

science and pharmacy as smart drug carriers to use in cooling systems as 

advanced coolants. However, Since the subject of this thesis is the cooling of 

electric machines and since the most significant reinforced feature 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 nanofluids leads to reduced size 

heat transfer equipment and on the other hand, reduces the amount of energy 

consumption. The use of nanofluids in heat exchangers in large industries 

where water is used as a coolant can reduce water consumption and reduce 

wastewater production. Also, in applications with size constraints, the use of 
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nanofluids is very promising because it increases the heat transfer 

performance of cooling systems. 

Another application of nanofluids, which has been created due to their 

improved heat transfer performance, is the 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 and also 

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 in vehicles, which improves the aerodynamic shape of the 

vehicle and reduces fuel consumption. Also, the use of nanofluids as a coolant 

in vehicles reduces friction and corrosion in pumps and compressors. These 

are due to the low kinetic energy generated during the collision with surfaces. 

These nanofluid properties 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 brake fluid and 

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. Aluminum-Oxide Brake 

Nanofluid (AOBN) and Copper-oxide 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 small cross-

section of the fluid-containing channels in the case of using liquid-cooled 

cooling systems requires special properties for the coolant. The ability to 

absorb and transfer large amounts of heat flux on a very small surface and 

special properties of fluid flow that prevent clogging of channels with a very 

small cross-section 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 conductivity, high critical heat flux, and high heat 

transfer ability in one-phase have created different contexts for the application 

of nanofluids in heat transfer systems in various industries. 

3.4 EMPLOYING NANOFLUID IN COOLING 

SYSTEMS 

The mixture of ethylene glycol and water 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 smaller. As 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 addition to 

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 makes it possible 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 of manufacturing 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 environment surrounding the 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 automotive 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 mixture of ethylene 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 causes more heat to be absorbed by the coolant and 

desorbed through the cooling system [61, 62]. In [63], it was found that the 

use of nanofluids in radiators could reduce the front cross-section of the 

vehicle by 10%. Such a reduction in aerodynamic drag can lead to a 5% 

reduction in fuel consumption. 

3.5  INFLUENTIAL PROPERTIES OF 

NANOFLUIDS ON HEAT TRANSFER 

PERFORMANCE  

Specific properties of nanofluids that affect their heat transfer performance 

are: [64]: 

• High Specific Surface Area (SSA) leading to an improved heat 

transfer between the base fluid and the nanoparticles 

• Stable fluid with a steady scattering because of the dominant 

Brownian motion of the particles 

• Reduction in the thickness of the thermal boundary layer  

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

factors. The most important of them are [65]: 

1. Heat transfer in nanofluid on the increased heat transfer surfaces 

because of suspended particles. 

2. Elevated effective thermal conductivity by the activity of suspended 

nanoparticles and interactions between nanoparticles and base fluids. 

3. Intensified turbulence of the flow caused by the movement of 

nanoparticles in the fluid. 

4. Reduced thickness of the thermal boundary layer because of the 

dispersion of nanoparticles leading to altering the temperature 

gradient of the fluid. 

5. Mass transfer of the nanoparticles caused by the temperature gradient 

[66]. 

3.6 POTENTIAL 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 2026.  Since the 

application of nanofluids can increase heat transfer performance, which is 

desirable for the industry, the demand for nanofluids is expected to increase 

in the near future. Some of the potential benefits and capabilities of nanofluids 

are as follows [67]. 

3.6.1 IMPROVED HEAT TRANSFER AND STABILITY 

As mentioned before, the main reason for the increase in nanofluid heat 

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 particles per unit of mass is called Specific Surface 

Area (SSA). Therefore, the SSA of nanoparticles is about 1000 times SSA of 

particles with micrometer dimensions. Thus, 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. Sedimentation occurs 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 

sedimentation 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]. 

3.6.2 REDUCED ENERGY TO PUMP THE FLUID 

One of the effective factors in fluid heat transfer performance is the 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 

pumping power of 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 nanofluids. 

Therefore, in general, it can be said that the amount of energy consumed by 

the pump using nanofluids is reduced. In [70], It was demonstrated that 

compared to Al2O3, the use of water as a working fluid requires 20% more 

pumping energy to obtain the same heat transfer rate. Therefore, employing 

nanofluids can lead to reduced pump 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 with Brownian motion are exposed 

to the sedimentation problem caused by the force of gravity or other external 

fields. Sedimentation can quickly lead to duct obstruction. Sedimentation and 

consequently obstruction depend directly on the size of the suspended 

particles. Nanofluids take advantage of 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 walls of the ducts 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 that employing nanofluids instead of other solutions in 

heat transfer systems reduces maintenance costs [72]. 

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, in many applications such as 

automotive, aerospace, and microelectronics, component size is very 

important because of their size constraints. Therefore, the use of nanofluids 

for such applications is very promising. [73]. 

3.6.5 REDUCED COSTS 

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 clogged ducts, wear, and 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 TRANSFER MECHANISMS OF 

NANOFLUIDS 

Some of the mechanisms involved in the thermal transfer performance of 

nanofluids are discussed in this section. There are several reasons behind the 

heat transfer enhancement achieved by adding nanoparticles into fluids. In 

general, and as the most effective 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 such as water, ethylene glycol, and oil have 

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 leading 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 are several 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 on 

nanometer-scale 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 the heat transfer performance of nanofluids 

as a result of improving the thermal conductivity, four mechanisms have been 

investigated in [75]. These mechanisms include Brownian motion, layering 

at the solid/liquid interface, phonon transport, and clustering.  
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Figure 3. 2. Thermal conductivity of some materials [77]. 

The impact of some mechanisms on thermal conductivity improvement of 

nanofluids was investigated in [76]. The studied mechanisms are liquid 

interfacial layering between nanoparticles and base fluid, particles 

agglomeration, and Brownian motion. It was demonstrated that the 

effectiveness of each mechanism depends on the size of the nanoparticles and 

the liquid boundary layer around the particles. For example, the effect of the 

Brownian movement is influential where the nanoparticle sizes are in the 

molecular range. For nanoparticle sizes of 1 to 100 nm, liquid layering and 

agglomeration have the most influential mechanisms. Finally, 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 heat [77]. As a result of 

these intrinsic mechanisms, the 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 shows the 

thermal conductivity of few solids. To better understand the difference 

between the value of thermal conductivity of metals and water, it should be 

considered that the specific thermal conductivity of water at 25˚C is 0.00059 

Wm2/Kg K. 
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3.7.2 BROWNIAN MOTION 

There are conflicting views on the importance of the Brownian motion effect 

on the thermal conductivity of nanofluids. Researchers who believe that the 

Brownian motion of nanoparticles is not among the main effective factors in 

increasing the thermal conductivity of nanofluids argue that as 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 that the Brownian motion of 

nanoparticles plays a significant role in enhancing the thermal conductivity 

of nanofluids. One of the studies that support this theory is reported in [79]. 

In this study, a model of a heated sphere surrounded by a cold fluid was used 

to describe the effect of the Brownian motion of particles on the thermal 

conductivity of the suspension. The results of experimental tests also 

confirmed the results obtained from the model. One drawback to this 

investigation is 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 was considered constant and the heat 

transfer between the particles and the fluid was ignored.  In general, most 

recent researches support the theory that the Brownian motion of 

nanoparticles is unlikely to significantly contribute to the thermal 

conductivity enhancement of nanofluids. 

3.7.3 THERMAL TRANSPORT BY PHONONS 

Phonons are quantized lattice vibrations. Heat in crystalline solids mostly is 

carried by phonons. The thermal conductivity of solids strongly depends on 

the mean free paths of phonons. This factor explains why the thermal 

conductivity of crystalline solids decreases with increasing temperature. In 

fact, at high temperatures, because of phonon-phonon scatterings, the mean 

free paths of phonons decrease [80].   In general, phonons play a significant 

role in the thermal conductivity of nanoparticles and consequently thermal 

conductivity enhancement of nanofluids [81].  
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3.7.4    EFFECTS OF NANOPARTICLE CLUSTERING 

Clustered nanoparticles are formed by the action of gravitational 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 

large masses, 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 the greater thermal conductivity of the 

nanofluid, mainly due to the thicker clusters and the increase in the effective 

volume fraction [82]. 

A unique feature of nanofluids is that the expansion in the convection heat 

transfer coefficient is usually greater than 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 transfer in 

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 heat transfer coefficient increases with rising Reynolds 

number, decreasing nanoparticle diameter, increasing fluid temperature, and 

increasing nanoparticle concentration [83]. 

Nanofluids can be used in a variety of settings, but there are some challenges. 

These 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 are some reasons for appearing different 

research results [84]. 
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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, has been excluded in many empirical and 

numerical studies. 

Size of nanoparticles: The size of nanoparticles has been largely ignored by 

researchers, which affects the results. 

Theoretical disputes: Researchers 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 preparation: Nanoparticles are differently 

distributed in fluid 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 

evaluating 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 significantly increase their thermal conductivity. In general, the 

thermal conductivity of nanofluids depends on the type, size, shape, and 

concentration of the nanoparticles as well as the thermophysical properties of 

the base fluid [85 - 87]. Factors influencing the thermal conductivity of 

nanofluids are shown in Figure 3.3 and described in the following. 
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Figure 3. 3. Parameters influencing thermal conductivity of nanofluid. 

3.8.1 EFFECTS OF NANOPARTICLE CONCENTRATION          

ON THE THERMAL 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 with the increasing concentration of nanoparticles. 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 nanoparticle concentration for three 

different types of nanoparticles. As can be seen, increasing the nanoparticles 

concentration, Alumina-CuO/water shows the highest rate of thermal 

conductivity increase [88]. The effect of base fluids types on the thermal 

conductivity of nanofluids was studied experimentally in [89]. Thermal 

conductivity of carbon nanotubes–ethylene glycol suspension and carbon 

nanotubes–synthetic engine oil suspension was measured at various carbon 

nanotubes concentrations. It was shown that the increase of 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 nanoparticles on the thermal conductivity of the 

fluid [88] 

 

3.8.2 EFFECTS OF TEMPERATURE ON THE THERMAL 

CONDUCTIVITY COEFFICIENT OF NANOFLUIDS 

The temperature has an effect on changes in the thermal conductivity of 

fluids. As the temperature increases, the thermal conductivity increases. In 

fact, increasing the temperature 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 promotes the 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 nano-scale size of 

suspended particles, the increase in nanoparticles movement under the 

influence of temperature is much greater than solutions with larger suspended 

particles. Therefore, in the case of nanofluids, the thermal conductivity 

coefficient increases significantly with increasing temperature.  
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Figure 3. 5. Variations in the thermal conductivity of nanofluids by temperature [90]. 

This property of nanofluids is especially remarkable at high temperatures 

when the Brownian motion of the particles is greater. Changes in thermal 

conductivity due to temperature changes for Ethylene Glycol:Water-CuO 

nanofluid have been studied [90]. Figure 3.5 shows the diagram of these 

changes for nanofluids 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 temperatures.  There is also a 

significant difference between changes in 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 of nanoparticle concentration on the thermal conductivity. 
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3.8.3 EFFECTS 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 nanoparticles is more remarkable 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 particles. The variation of thermal conductivity 

with respect to the diameter of nanoparticles for various nanoparticles is 

shown in Figure 3.6 [91]. 

 

 

Figure 3. 6. Variation of thermal conductivity with respect to the diameter of nano particles 

for various nano particles [91]. 
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Figure 3. 7. Increasing research on nanofluids over the past years. 

 

3.9 INCREASING RESEARCH ON NANOFLUIDS 

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 nanotechnology is growing. Regarding 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 the literature (only in the 

ScienceDirect database) over the past years on nanofluids is shown in Figure 

3.7 
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3.10 RESEARCH ON THE HEAT TRANSFER 

COEFFICIENT OF NANOFLUIDS 

The main factor in estimating fluid performance in heat transfer systems is 

the ability of fluids to transfer thermal energy. In fact, by moving the fluid 

from the place of heat production to the place where heat can be dissipated 

and exchanged with the environment, thermal energy is transferred [92]. The 

fluid heat transfer coefficient is the main indicator in determining the ability 

of fluid in thermal energy transfer [93]. Also, by knowing the heat transfer 

coefficient, the amount of area required for heat dissipation and its exchange 

with the environment can be calculated. For this purpose, mathematical 

relationships are 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 already well established for conventional 

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

is straightforward [94]. 

However, in the case of nanofluids, due to the novelty of nanofluids 

applications and the existence of multiple factors affecting the heat transfer 

coefficient of nanofluids, the relationships required for the analysis and 

design of heat transfer systems are not common. In fact, various factors such 

as heat transfer coefficient, thermal conductivity, nanofluid viscosity, 

nanoparticle concentration, heat capacity, etc. affect the heat transfer 

performance of nanofluids [95]. 

Among all these factors, the heat transfer coefficient is the most important 

indicator in estimating the heat transfer performance of nanofluids [96]. In 

general, increasing the heat transfer coefficient is considered an effective 

approach to reduce the volume of heat transfer systems or increase the 

performance and capacity of heat transfer systems with the same volume [97, 

98]. Therefore, the 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 conducted on methods for 

estimating and calculating the heat transfer coefficient of nanofluids [99, 

100]. Due to the fact that the addition of nanoparticles to fluids affects both 

thermal and fluid flow properties, so in addition to heat transfer coefficient, 

the performance of nanofluid flow should also be considered. This increases 

the complexity of estimating the overall performance of nanofluids. 

The effect of adding Al2O3 nanoparticles in Ethylene Glycol-water base fluid 

on heat transfer coefficient has been investigated [101]. In this study, the 

effect of Brownian diffusivity to thermophoretic diffusivity ratio on nanofluid 

heat transfer coefficient has been assessed. It was shown that with increasing 

this ratio, the heat transfer coefficient of nanofluid increased to 22.7%. 

According to the results, the heat transfer coefficient of the nanofluid changes 

significantly by changing the ratio of the Brownian diffusivity to the 

thermophoretic diffusivity. In [102], a predictive model for the heat transfer 

coefficient of nanofluid aerosol cooling was proposed. The results showed 

that the measurement error is 7.26%. 

In [103], estimation of heat transfer coefficient obtained by adding SiO2 and 

Al2O3 nanoparticles to Ethylene Glycol-water base fluid has been studied 

using CFD analysis. This study was performed for nanofluids at different 

temperatures and nanoparticles concentrations. The results showed that the 

addition of nanoparticles to the Ethylene Glycol-water base fluid significantly 

increases the 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 and Ethylene Glycol have been considered. 

In the first case, a mixture of 60% Glycol and in the second case, 40% Glycol 

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 mixture of 40% Glycol in 60% water was greater. 

The heat transfer coefficient of water and Al2O3 nanofluids has been 

investigated for the cooling systems of microscale electronic systems [104]. 

As mentioned in the previous sections, due to the very small dimensions of 

these systems and the high heat to surface ratio in them, the use of nanofluids 



3. Heat transfer of nanofluids 

44 

 

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 concentration 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 coefficient of Al203 / Ethylene Glycol-Carbon nanotube 

nanofluids in different nanoparticles concentrations and under varying fluid 

flow conditions has been studied. In this study, the effect of fluid flow 

conditions on heat transfer coefficient is investigated. Based on the results, at 

low concentrations of nanotubes, the effect of adding Al2O3 nanoparticles on 

increasing the heat transfer coefficient is greater. 

The CuO / water nanofluid heat transfer coefficient used in the car radiator is 

investigated [106]. It was shown that the heat transfer coefficient increases 

with increasing nanoparticle concentration from 0 to 4%. Also, increasing the 

temperature from 50 to 80 degrees Celsius has reduced the heat transfer 

coefficient. Based on the results, the addition 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 studied [107]. In this study, nanoparticle concentrations 

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 amount of heat transfer coefficient resulting from the increase 

in nanoparticle concentration decreases. From the point of view of nanofluid 

flow performance, the pressure drop increases with the addition of 

nanoparticles to the base fluid. Also, the nanofluid pressure 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% increase in heat transfer coefficient. 
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The heat transfer performance of Aluminum oxide and Copper oxide 

nanofluids in Ethylene Glycol base fluid has been investigated [108]. In this 

study, the effect of nanoparticle concentration and temperature on the heat 

transfer coefficient of nanofluids have been investigated. Based on the results, 

the studied nanofluids improve the heat transfer coefficient by up to 50%. In 

general, increasing the nanoparticles concentration and temperature has 

increased the heat transfer coefficient. The highest improvement in heat 

transfer coefficient was observed at 75 °C and nanoparticles concentration of 

1%. 

The effect of TiO2 / water nanofluid flow properties on its heat transfer 

coefficient has been studied [109]. In this study, the effect of adding tape 

inserts that causes changes in nanofluid flow on 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 heat transfer 

coefficient has been improved up to 81.1% by using twisted tubes and at 

greater Reynolds numbers. 

In [110], the heat transfer coefficient of Al2O3 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 the rate of increase in heat transfer coefficient 

was significantly reduced. Also, by changing the structure of the pipes and 

adding twisted tapes in the pipes, the heat transfer coefficient at the Reynolds 

number 9000 increased by 44.7%. 

Heat transfer coefficient as an indicator of nanofluid heat transfer 

performance and pressure drop as an indicator of fluid flow performance for 

Al2O3, SiO2, and CNT nanofluids in a horizontal tube were investigated [111]. 

In this study, it was shown that the Gnilinsky equation 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 relationship can be used 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 pumping power compared to the base fluid. 

In [112], the heat transfer coefficient and transport properties of ZnO 

nanoparticles added in ethylene glycol – water base fluid was investigated. 

This study compares the experimental results with results obtained in other 

studies reported in the literature. Based on the comparisons, a 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 properties [113]. 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 

thermophysical properties affects the accuracy of estimating the heat transfer 

coefficient. In this study, TiO2-water nanofluid was studied. Based on the 

result, it was shown that at low concentrations of nanoparticles, the heat 

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

A numerical correlation is proposed to estimate the heat transfer coefficient 

of Al2O3-water nanofluid used in the square array subchannel [114]. The 

proposed correlation uses a correction factor that is a function of the 

nanoparticle concentration. With this method, it is reported that the proposed 

correlation is more accurate than conventional relationships. 

In [115], the boiling heat transfer coefficient of TiO2-water 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 heat transfer coefficient. In this study, using the results obtained from 

experiments, a numerical correlation was proposed to estimate the heat 

transfer coefficient of the studied nanofluid. 
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Heat transfer properties of different nanofluids were studied [116]. The 

nanoparticles used include Cu, Fe3O4, MWCNT and Graphene. In this study 

it has been shown that the heat transfer coefficient of nanofluids can be up to 

20% higher than the base fluid (water). Considering the overall performance 

of the studied nanofluids, it was concluded that the addition of copper 

nanoparticles to the base fluid leads to the best performance. In [117], heat 

transfer and fluid flow properties of Graphene Oxide-DeIonized water (GO-

DI) nanofluids were studied. The results of experiments showed that the 

addition of GO nanoparticles to the base fluid increases the heat transfer 

coefficient. On the other hand, the studied nanofluid has 71% higher 

coefficient of friction than the based fluid (water). In this study, a numerical 

correlation is 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 the heat transfer and fluid flow performances of nanofluids. For this 

purpose, nanofluid behavior modeling is needed. Due to the mixture of 

nanoparticles and base fluid, these models are two-phase models [118]. 

However, for simplification, the two-phase model is sometimes reduced to a 

single-phase model. In this case, the effect of adding nanoparticles 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, especially when the addition of nanoparticles alters the 

hydrodynamic properties of the resulting fluid, it is necessary to use a two-

phase model. The use of single-phase models is possible only in cases where 

the effect of adding nanoparticles on the fluid flow properties of the nanofluid 

can be ignored.  

3.11.1    SINGLE-PHASE MODELING 

Single-phase models have been developed based on single-phase fluid 

equations. As mentioned, for simplicity in some cases, the single-phase 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 single-phase fluid and single-phase fluid 

properties can be considered as the average properties of nanoparticles and 

base fluid properties [120]. The key assumption in this simplification is that 

the relative motion of the nanoparticles and the base fluid is zero. Also, the 

nanoparticles and base fluid have the same velocity and temperature with 

thermal and hydrodynamic equilibrium. Considering these assumptions, the 

rules for single-phase flow are then applied. To increase the accuracy of 

single-phase 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 as the combined mixture properties. 

Governing equations of the single-phase modeling approach are as follows: 

Continuity equation  : 

∇. (𝜌𝑛𝑓𝑉𝑚) = 0         ( 3.1) 

Momentum equation: 

∇. (𝜌𝑛𝑓𝑉𝑚𝑉𝑀) = −∇𝑃+∇. (𝜇𝑛𝑓∇𝑉𝑚)       ( 3.2) 

Energy equation:        

  

∇. (𝜌𝑛𝑓𝐶𝑉𝑚. 𝑇) = ∇. (𝑘𝑛𝑓∇𝑇)           (3.3)       

    

3.11.1.1  HOMOGENEOUS MODELING 

The homogeneous model is one of the simplest fluid models. In this modeling 

approach, the combination of dispersed and continuous phases are considered 

so the model is established for a new continuous phase. If the homogeneous 

modeling approach applies to a two-phase 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 in [123] to model phase transitions of fluid 

flows. the accuracy of the proposed model was verified by numerical 

experiments. A numerical simulation of liquid-vapor phase change in 

compressible flows was performed in [124]. The used model was based on a 

homogeneous model assuming equilibrium between phases. 

3.11.1.2    DISPERSION MODELING 

The dispersion single-phase modeling approach is based on transport 

equations involving the thermal dispersion effect. Thus, in this modeling 

method, the effects of the diffusion mechanism are considered in the energy 

equation. In [125], Using the dispersion modeling approach, a numerical 

simulation of a nanofluid was performed. Considering the thermal dispersion, 

random motion of nanoparticles was accounted for. A single-phase model 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 form of perturbation of 

the energy equation. 

3.11.2    MODELING OF MULTIPHASE FLOWS 

Multiphase modeling methods are more accurate in estimating the 

performance of nanofluids. There are several methods for multiphase 

modeling. However, the main approaches are the Eulerian-Lagrangian, 

Eulerian, the volume of fluid, and two-phase mixture modeling methods 

[127].   

Eulerian-Lagrange models are based on solving the Navier-Stokes equations 

with the time average approach. As its name suggests, in this method, the 

primary phase is analyzed based on the Eulerian method and the secondary 

phase based on the Lagrangian method. Due to the small size of nanoparticles, 

even at low concentrations of nanoparticles, a large number of suspended 

particles are in the volume fraction of nanofluids, so solving equations by 

Lagrangian method is time-consuming for them and requires a high volume 

of computations [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 

Eulerian-Lagrange method, despite being very accurate, are less used for 

modeling nanofluids. 

The volume of fluid modeling method is based on solving momentum 

equations for small volume fractions. In the two-phase mixture modeling 

method, hybrid momentum equations with averaging properties of phases are 

considered.  

3.11.2.1  VOLUME OF FLUID (VOF) METHOD 

In VOF modelling method, a single set of momentum and energy equations 

is solved by tracing surfaces of two or more immiscible fluids with the 

unknown layer between phases. In this method, the equations related to the 

secondary phase are solved by solving the continuity equations 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]. 

The governing equations of VOF modeling approach are: 

Continuity equation: 

1

ρq
[
∂

∂t
(αqρq) + ∇ · (αqρq𝜈q) = Sαq + ∑ (ṁpq − ṁqp)

n
p=1 ]                   n 3.5) 

where 𝑆𝛼𝑞 is considered zero by default, ṁqp is the mass transfer from phase 

q to phase p and ṁpq is 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 according to the 

following constraint: 

∑ 𝛼𝑞
n
𝑞=1 = 1                                                                                             (3.5) 
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Momentum equation: 

The momentum equation is solved across the domain and the resulting 

velocity field is available for all phases.  

∂

∂t
(ρν) + ∇ ∙ (ρν) = −∇P + ∇ ∙ [μ(∇ν + ∇νT)] + ρg + F                        (3.6) 

3.11.2.2 THE 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 for each nanofluid phase. In fact, in the 

Eulerian-Eulerian method, each phase of the mixture is considered as a 

separate phase and Eulerian equations of the fluid must be solved for them 

separately [131].  

3.11.2.3 MIXTURE MODELING  

External forces such as gravity 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. Therefore, the mixture 

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 multi-phase mixtures with a 

relatively strong coupling between phases such as nanofluids, the mixture 

model can be used. In the two-phase mixture model of nanofluids, the base 

fluid is considered as a continuous fluid and nanoparticles as the dispersed 

phase. 

The mixed model includes a continuity 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 form of full models that 

has an acceptable accuracy with a moderate computational effort and a 

smaller number of variables to be solved [132].   
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For many applications, compared to single-phase models, the mixture model 

has a quite acceptable accuracy achieved with a moderate increase in 

computational volume. In [133], the mixture modeling approach was 

employed for numerical simulation of Cu-water nanofluid inside a square 

cavity filled with porous media. Using the established mixture model, the 

effects of Rayleigh number, nanofluid concentration, and the porous layer 

thickness on heat transfer performance of the nanofluid were studied.  

A 3D two-phase simulation of Proton-exchange membrane fuel cells 

(PEMFC) by using a multiphase mixture model was carried out in [134]. 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 relaxation time. The accuracy of the proposed model was 

verified by comparing results of experimental tests and simulations based on 

Fluent software with the results obtained from the proposed model.  

A multiphase mixture model for multicomponent transport in capillary porous 

media was developed [135]. The proposed model consists of conservation 

equations. In order to reduce the number of equations, algebraic relations 

were used to describe the relative velocity between phases and the mixture. 

Using these relationships, it is possible to dynamic properties of phases can 

be calculated in the post-processing stage after obtaining the convergence of 

governing equations of the mixture.   

3.12 MODELS PREDICTING THERMAL        

CONDUCTIVITY IN NANOFLUIDS  

One of the prominent features 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 estimation models are needed. 

Examples of proposed models for estimating the heat transfer coefficient of 

nanofluids proposed in the literature are listed in Table 3.2. 
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Table 3. 1. Models proposed for predicting thermal conductivity in nanofluids. 

Names Equations 

Maxwell [136] 

( 3.7) 
𝑘𝑛𝑓 = 𝑘𝑓 [

𝑘𝑝 + 2𝑘𝑓 − 2𝜑𝑣(𝑘𝑓 − 𝑘𝑝)

𝑘𝑝 + 2𝑘𝑓 + 2𝜑𝑣(𝑘𝑓 − 𝑘𝑝)
] 

Yu and Choi  [137] 

(3.8) 
𝑘𝑛𝑓 = 𝑘𝑓 [

𝑘𝑝 + 2𝑘𝑓 − 2𝜑𝑣(𝑘𝑓 − 𝑘𝑝)(1 + 𝛽)3

𝑘𝑝 + 2𝑘𝑓 + 𝜑𝑣(𝑘𝑓 − 𝑘𝑝)(1 + 𝛽)3
] 

Hamilton and Crosser  

[138] 

(3.9) 

𝑘𝑛𝑓

= 𝑘𝑓 [
𝑘𝑝 + (𝑛 − 1)𝑘𝑓  −  (𝑛 − 1)(𝑘𝑓 − 𝑘𝑝)𝜑𝑣

𝑘𝑝 + (𝑛 − 1)𝑘𝑓 + (𝑘𝑓 − 𝑘𝑝)𝜑𝑣
] 

Timofeeva et al 

[139] 

(3.10) 

𝑘𝑛𝑓 = 𝑘𝑓 [1 +
(𝑎 + 𝑏)(𝑘𝑝 − 𝑘𝑓)

𝑏𝑘𝑝 + 𝑎𝑘𝑓
𝜑𝑣] 

 

There are several theoretical and empirical models for predicting the thermal 

conductivity of nanofluids. The thermal conductivity of nanofluids is affected 

by nanoparticles concentrations, size of nanoparticles, shape of nanoparticles, 

type of nanoparticles, viscosity, pH, temperature, ty of base fluids, and other 

properties of nanoparticles and base fluid.  

Regarding the effect of the size of nanoparticles on the thermal conductivity 

of nanofluids, smaller nanoparticles have a larger effective surface area 

leading to enhancing the Brownian motion and increased thermal 

conductivity. Also, regarding the nanoparticle concentration, the increase in 

nanoparticles concentration enhances interfacial area between the 

nanoparticles and the base fluid leading to increased thermal conductivity.  

3.13 PHYSICAL AND THERMAL PROPERTIES OF 

NANOFLUIDS 

Nanofluids as fluid nanoparticle suspensions have several thermophysical 

properties with bilateral effects. These properties determine the heat transfer 

and fluid flow behavior of nanofluids. Therefore, estimating and measuring 

the properties of nanofluids is necessary to predict and analyze their 
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performance and to design heat transfer systems.  In this section, density and 

specific heat that are the most important properties of nanofluids are 

investigated. 

3.13.1 DENSITY OF NANOFLUIDS 

As a function of the base fluid and nanoparticles densities, the density of the 

nanofluid can is expressed as [140]: 

𝜌𝑛𝑓 = (1 − 𝜑𝑣)𝜌𝑓 + 𝜑𝑣𝜌𝑝                                                                       (3.11)   

where (f), (p), and (nf) indicate the base fluid, nanoparticles, and nanofluids, 

respectively, and (𝜑𝑣) is the volume fraction of the nanoparticles in the fluid.  

Equation 3.12 was validated by comparing measured densities of Al2O3-water 

nanofluids with calculated densities [140]. According to the comparison, the 

maximum deviation of the calculated densities of the nanofluid from the 

experimentally measured densities was 0.6% at nanoparticles concentration 

of 31.6% (Figure 3.8) 

 

  

Figure 3. 8. Density variations by the volumetric percentage of nanoparticles at 298 K 

(comparison of theoretical and experimental values) [140]. 
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Figure 3. 9. Comparison of theoretical and experimental values of specific heat of Al2O3-

water nanofluid [142].  

 

3.13.2 SPECIFIC HEAT OF NANOPARTICLES 

Determining the specific heat of nanofluids is important in assessing the heat 

transfer performance of nanofluids and their employment in heat transfer 

systems. Commonly used equations to calculate the specific heat of 

nanofluids are listed in Table 3.3. In [142], the specific heat of Al2O3-water 

nanofluid was measured experimentally and calculated using model I and 

model II equations. Figure 3.9 shows that the model I equation failed to 

calculate the specific heat of the nanofluid accurately.  

 

 

 Table 3. 2. Existing methods for determining the specific heat of nanofluid. 

Researchers Methods 

Pak and Cho [140] 

(3.12) 
𝑀𝑜𝑑𝑒𝑙 𝐼: (𝐶𝑝)𝑛𝑓 = (1 − 𝜑𝑣)𝐶𝑝𝑓 + 𝜑𝑣𝐶𝑝𝑝 

Buongiorno [141] 

(3.13) 

 Model II: (𝐶𝑝)𝑛𝑓 = (1 − 𝜑𝑣)𝐶𝑝𝑓𝜌𝑓 +

𝜑𝑣𝐶𝑝𝑝𝜌𝑝 
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3.13.3 RHEOLOGICAL 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 addition of nanoparticles to a Newtonian fluid results in a non-

Newtonian fluid with varying viscosity. 

Unlike other suspensions, little research has been carried out on the 

rheological properties of nanofluids. In addition to the relatively new 

applications of nanofluids, another reason for the lack of research on the 

rheological properties of nanofluids is that the heat transfer properties of 

nanofluids have been more prominent and attractive to researchers. 

The interaction between nanoparticles and the base liquid has a great 

influence on the rheological behavior of nanofluids.   shear viscosity, shear 

thinning and temperature are the most important factors to determine the 

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 follows [143]. 

𝜇𝑛𝑓 = (1 + 2.5𝜑𝑣)𝜇𝑓                                                                          (3.14) 

According to equation 3.15, the viscosity of nanofluids increases with 

increasing nanoparticle concentration. The viscosity of Fe-Si-water nanofluid 

was experimentally measured in [144]. The experiments were carried out at 

temperatures from 20 ˚C to 50˚C and nanoparticles concentrations of 0.25% 

to 1%. According to the results, the highest viscosity was measured at 25 ˚C 

for nanoparticle concentration of 1%. Therefore, it was experimentally 

demonstrated that increasing the nanoparticle concentration leads to 

increased viscosity.  

Einstein equation (equation 3.15) was developed for non-interacting 

suspensions of spherical particles and is not able to predict the viscosity of  
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Table 3. 3. Models to calculate the effective viscosity of particle suspensions. 

Researcher Model 

Brinkman [146] 

( 3.15) 
 

𝜇𝑛𝑓 =
𝜇𝑓

(1 − 𝜑𝑣)2.5
 

Frankel and Acrivos [147]  

(3.16)   
 

𝜇𝑛𝑓 =
9

8
𝜇𝑓 [

(𝜑𝑣/𝜑𝑚)1/3

1 − (𝜑𝑣/𝜑𝑚)1/3
] 

Krieger–Dougherty [148] 

(3.17)   
𝜇𝑛𝑓 = 𝜇𝑓 [1 −

𝜑𝑣

𝜑𝑚
]
−[𝜇]1𝜑𝑚

 

Batchelor [149] 

(3.18) 
 

𝜇𝑛𝑓 = 𝜇𝑓[1 + 2.5𝜑𝑣 + 6.5𝜑𝑣
2] 

 

 

nanofluids with acceptable accuracy, especially at larger nanoparticle 

concentrations [145]. Therefore, other equations were proposed 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 that Einstein’s equation is suitable for viscosity 

calculation of nanofluids with nanoparticle concentrations smaller than 0.001. 

For nanofluids with nanoparticle 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 single-phase and multiphase flow regimes, laminar and turbulent flows 

are a type of fluid classification based on their fluid flow behavior. A fluid 

flow is in the laminar flow regime if 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 turbulent fluid 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 

the velocity of the fluid [151].  

Heat transfer of different nanofluids was studied in [152]. In this study, Al2O3, 

CuO, and ZnO nanoparticles were added into water as the base fluid. In the 

turbulent fluid flow regime with Reynold numbers ranged from 4000 to 

18000, the highest value Nusselt number was found in the case of adding 

Al2O3 nanoparticles to the base fluid because Al2O3 nanoparticles have the 

lowest mass density compared to other nanoparticles leading to high velocity 

of nanoparticles in the base fluid.   

In [153], heat transfer of Al2O3 and TiO2 nanoparticles in water as the base 

fluid was investigated. Reynolds number was considered in the range of 

10000 to 40000. According to experimental results, the highest cooling 

performance enhancement was shown in the case of employing Al2O3-water 

nanofluids with 2% nanoparticle concentration. Also, for both nanofluids, the 

heat transfer coefficient increased with increasing in Reynolds number. 

The thermal performance of water-TiO2, Al2O3, and CuO nanofluids under a 

turbulent flow regime was investigated [154]. It was found that the heat 

transfer coefficient is strongly affected by nanoparticle concentration, type of 

nanoparticles and Reynolds number. According 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 turbulent flow regimes were investigated in [155]. For the 
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alumina nanofluid, the heat transfer coefficient enhancement under the 

laminar flow regime was 15% and under turbulent was 20%. So, entering a 

turbulent flow regime could increase the heat transfer coefficient 

enhancement of the nanofluid by more than 30%. However, in the case of 

amorphous carbonic nanofluid, heat transfer coefficient enhancement under 

the laminar flow regime was 8% and no remarkable further heat transfer 

coefficient improvement was noticed in the turbulent flow regime. 

3.15 GOVERNING EQUATIONS OF THE       

THREE-DIMENSIONAL TURBULENT FLOW 

Governing equations of heat transfer and fluid flow problems including the 

equations of continuity, momentum, and energy conservation, are expressed 

in general forms as follows [156]. 

Continuity equation: 

∂

∂Xi

(ρui) = 0                                                                                                                    (3.19)  

Momentum vector equations: 

∂

∂Xj

(ρuiuj) = −
∂P

∂Xi

+
∂

∂Xj

[μ (
∂ui

∂Xj

+
∂uj

∂Xi

−
2

3
δij

∂ui

∂Xj

)] +
∂

∂Xj

(−ρu/
iu

/
j)                        (3.20) 

Energy equation: 

∂

∂Xi

(ui(Eρ + P)) =
∂

∂Xj

[(λ +
Cpμt

𝑝𝑟𝑡
)

∂T

∂Xj

+ ui (τi j
)

eff
] = 0                                             (3.21) 

 

where (E) is the total energy and (ij)eff  is the deviator stress tensor, which 

are defined as follows: 

E = CpT − (P/ρ) + (u2/2)                                                                               (3.22) 

(τij)
eff

= [μ
eff

(
∂uj

∂Xi

+
∂ui

∂Xj

) −
2

3
μ

eff

∂ui

∂Xj

δij]                                                           (3.23) 
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The transfer equation for the shear stress transfer model (k-) is as follows: 

∂

∂Xi

(ρkui) =
∂

∂Xj

(Γk

∂k

∂Xj

) + G̃k − Yk + Sk                                                             (3.24) 

∂

∂Xi

(ρωkui) =
∂

∂Xj

(Γω

∂ω

∂Xj

) + G̃ω − Yω + Dω + Sω                                                      (3.25) 

 

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

the mean velocity gradient and G denotes the production of this term from 

. 

G̃k = min(Gk, 10β∗kω)                                                                                                  (3.26) 

Gk = −ρu/
iu

/
j (

∂uj

∂Xi

)                                                                                                       (3.27)  

Gω =
α

υt

Gk                                                                                                                       (3.28) 

 In the above-mentioned equation, 𝑣𝑡 is the turbulent kinematic viscosity,   

is the model constant, and the factor   is calculated from the following 

equation: 

α = α∞

(α∗
0+Ret/Rω)

(1+Ret/Rω)
                                                                                          (3.29)     

R = 2.95 and the term   is expressed as follows: 

α∞ = F1α∞,1 + (1 − F1)α∞ ,2
                                                                                            (3.30) 

α∞ ,1
=

βi,1

β
∗

∞

−
κ2

σω,1√β
∗

∞

                                                                                                        (3.31)   

α∞ ,2
=

βi,2

β
∗

∞

−
κ2

σω,2√β
∗

∞

                                                                                                        (3.32) 

κ = 0.41, β
i
= 0.072, α = α∞ = 1.0 

where =0.41, and i = 0.072. In the above Reynolds numbers, ==1. 



3. Heat transfer of nanofluids 

61 

 

In (3.26) and (3.27),  and k are effective diffusion of k and , and are 

expressed as follows: 

Γk = μ +
μt

σk
                                                                                                                     (3.33) 

𝛤𝜔 = 𝜇 +
𝜇𝑡

𝜎𝜔
                                                                                                                    (3.34) 

 and  represent the turbulent Prandtl number in the model (-k), and are 

expressed as follows: 

σω =
1

F1/σω,1+(1−F1)/σω,2
                                                                              (3.35) 

σk =
1

F1/σk,1+(1−F1)/σk,2
                                                                              (3.36) 

The t sentence is turbulent viscosity and is expressed by the following 

equation: 

μ
t
= α∗ ρk

ω
                                                                                                                         (3.37)  

*
  is the attenuator of the turbulent viscosity and is expressed by the following 

equation: 

α∗ = α∗
∞

(α∗
0+Ret/Rk)

(1+Ret/Rk)
                                                                                                        (3.38)  

α ∗= α ∗∞= 1.0 

Ret =kρ/ωμ, Rk = 6, α∗
0 = β

i
/3, β

i
= 0.072 

The mixing equation F1 is equal to: 

F1 = tan( Φ1
4)                                                                                                                 (3.39)  

Φ1 = min [max (
√k

0.09ωy
,
500μ

ρy2ω
) ,

4ρk

σω,2Dω
+y2]                                                                         (3.40)  

Dω
+ = max [2ρ

1

σω,2

1

ω

∂k

∂Xj

∂ω

∂Xj
, 10−10]                                                                                 (3.41) 

In equation (3.41), (y) is the distance to the next surface of the fluid, (D
+

  ) is 

the positive part of the diffusion sentence in the cross-section, and (Yk ) and  
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Table 3. 4. Proofs of k- shear stress transfer turbulence model. 

k,1=1/176 

i,2=0/0828 

R=8 

k,2=1 

*
=1 

Rk=6 

,1=2 

=0/52 

R=2/95 

,2=1/168 

*
=0/09 

*=1/5 

1=0/31 

i=0/072 

k=2 

i,1=0/075 

0=1/9 

=2 

 

(Y ) represent (k) and ()  losses, respectively, and are defined as follows 

concerning turbulence: 

Yk = ρβ
∗kω                                                                                                                      (3.42)   

Yω = ρβω2, β∗&βareconstants                                                                                        (3.43)  

β
i
= F1β

i,1
+ (1 − F1)β

i,2
                                                                                                (3.44)  

(D) represents the diffusion sentence, and Sk and S represent the possible 

source conditions. Specifically, D equals: 

Dω = 2(1 − F1)ρσω,2
1

ω

∂k

∂Xj

∂ω

∂Xj
                                                                                                (3.45) 

3.16 BASIC EQUATIONS GOVERNING 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 

steady-state. 

Continuity equation: 

∂U

∂X
+

∂V

∂Y
+

∂W

∂Z
= 0                                                                                                               (3.46)  

Momentum equations: 

𝑈
𝜕𝑈

𝜕𝑋
+ 𝑉

𝜕𝑈

𝜕𝑌
+ 𝑊

𝜕𝑈

𝜕𝑍
= −

𝜕𝑃

𝜕𝑋
+

1

𝜌𝑛𝑓𝜈𝑓

1

𝑅𝑒(
𝜕

𝜕𝑋
(𝜇𝑛𝑓

𝜕𝑈

𝜕𝑋
)+

𝜕

𝜕𝑌
(𝜇𝑛𝑓

𝜕𝑈

𝜕𝑌
)+

𝜕

𝜕𝑍
(𝜇𝑛𝑓

𝜕𝑈

𝜕𝑍
))

                           (3.47) 

𝑈
𝜕𝑉

𝜕𝑋
+ 𝑉

𝜕𝑉

𝜕𝑌
+ 𝑊

𝜕𝑉

𝜕𝑍
= −

𝜕𝑃

𝜕𝑌
+

1

𝜌𝑛𝑓𝜈𝑓

1

𝑅𝑒(
𝜕

𝜕𝑋
(𝜇𝑛𝑓

𝜕𝑉

𝜕𝑋
)+

𝜕

𝜕𝑌
(𝜇𝑛𝑓

𝜕𝑉

𝜕𝑌
)+

𝜕

𝜕𝑍
(𝜇𝑛𝑓

𝜕𝑉

𝜕𝑍
))

                            (3.48)  
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𝑈
𝜕𝑊

𝜕𝑋
+ 𝑉

𝜕𝑊

𝜕𝑌
+ 𝑊

𝜕𝑊

𝜕𝑍
= −

𝜕𝑃

𝜕𝑌
+

1

𝜌𝑛𝑓𝜈𝑓

1

𝑅𝑒(
𝜕

𝜕𝑋
(𝜇𝑛𝑓

𝜕𝑊

𝜕𝑋
)+

𝜕

𝜕𝑌
(𝜇𝑛𝑓

𝜕𝑊

𝜕𝑌
)+

𝜕

𝜕𝑍
(𝜇𝑛𝑓

𝜕𝑊

𝜕𝑍
))

                     (3.49) 

Energy equation: 

𝑈
𝜕𝜃

𝜕𝑋
+ 𝑉

𝜕𝜃

𝜕𝑌
+ 𝑊

𝜕𝜃

𝜕𝑍
=

1

𝛼𝑓(𝐶𝑝𝜌)
𝑛𝑓

1

𝑅𝑒𝑃𝑟(
𝜕

𝜕𝑋
(𝐾𝑛𝑓

𝜕𝜃

𝜕𝑋
)+

𝜕

𝜕𝑌
(𝐾𝑛𝑓

𝜕𝜃

𝜕𝑌
)+

𝜕

𝜕𝑍
(𝐾𝑛𝑓

𝜕𝜃

𝜕𝑍
))

                            (3.50) 

3.17 GOVERNING 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: 

𝜌𝑛𝑓 = (1 − 𝜑)𝜌𝑓 + 𝜑𝜌𝑠                                                                                                    (3.51)  

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

following equation: 

𝛼𝑛𝑓 =
𝑘𝑒𝑓𝑓

(𝜌𝐶𝑝)
𝑛𝑓

                                                                                                                       (3.52) 

The specific heat capacity of the nanofluid is calculated using the equation 

below: 

(𝜌𝐶𝑝)𝑛𝑓
= (1 − 𝜑)(𝜌𝐶𝑝)𝑓

+ 𝜑(𝜌𝐶𝑝)𝑠
                                                                               (3.53) 

In turbulent flow, equation is employed to calculate the effective dynamic 

viscosity of the nanofluid: 

𝜇𝑛𝑓 = 𝜇𝑓(123𝜑2 + 7.3𝜑 + 1)                                                                                           (3.54) 

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

viscosity of the nanofluid: 

𝜇𝑛𝑓 =
𝜇𝑓

(1−𝜑)2.5                                                                                                                       (3.55) 

The effective thermal conductivity of nanofluids with spherical particles is 

expressed as [157]: 
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𝑘𝑒𝑓𝑓 = 𝑘𝑓 [1 +
𝑘𝑠𝐴𝑠

𝑘𝑓𝐴𝑓
+ 𝑐𝑘𝑠𝑃𝑒

𝐴𝑠

𝑘𝑓𝐴𝑓
]                                                                                      (3.56) 

In equation (3.57), the experimental constant is c=36000: 

𝐴𝑠

𝐴𝑓
=

𝑑𝑓

𝑑𝑠

𝜑

1−𝜑
                                                                                                                   (3.57) 

𝑃𝑒 =
𝑢𝑠𝑑𝑠

𝛼𝑓
                                                                                                                         (3.58)   

In equations (3.58) and (3.59), the diameter of water molecule and 

nanoparticle molecule are respectively (df) and (ds), and (us) is the Brownian 

velocity of nanoparticles that is calculated by the following equation: 

𝑢𝑠 =
2𝜅𝑏𝑇

𝜋𝜇𝑓𝑑𝑠
2                                                                                                                       (3.59)   

In equation (3.60), the value of kb=1.3807×10-23  J/K is the Boltzmann 

constant. 

3.18 EQUATIONS OF MEASURED   

PARAMETERS IN A THREE-DIMENSIONAL 

LAMINAR AND TURBULENT FLOW 

Here, the parameters used are defined and the equations employed to calculate 

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 parameter and the pressure drop (ΔP) along the channel is 

obtained from the following equation: 

𝑃𝑃 = 𝑢𝑖𝑛𝐴𝑐𝛥𝑃                                                                                                           (3.60) 

where (uin) is the inlet velocity in the channel and (Ac) is the cross-sectional 

area of the channel. The hydraulic diameter of the channel is also a physical 

characteristic of the channel and is defined as follows: 

𝐷ℎ =
4𝐴𝑐

𝑝
                                                                                                                         (3.61) 
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where (Ac) is the cross-sectional area of the channel and (p) 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 for two different streams: 

𝑅𝑒 =
𝑢𝑎𝑣𝑒𝐷ℎ

𝑣
                                                                                                                 (3.62) 

The coefficient of friction is another parameter of channel performance, 

which depends on the parameters of the channel geometry and is calculated 

from the following equation: 

𝑓 = 2𝛥𝑃
𝐷ℎ

𝐿

1

𝜌𝑢𝑖𝑛
2                                                                           (3.63) 

A mean Nusselt number is a two-dimensional parameter and in heat transfer, 

indicates the ratio of convective to conductive heat transfer across a boundary. 

It is obtained from the following equation: 

𝑁𝑢𝑎𝑣𝑒 =
𝑞∥𝐷ℎ

𝑘𝑓(𝑇𝑤−𝑇𝑚)
                                                                                                    (3.64) 

where (Tw) is the channel wall temperature and (Tm) 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: 

𝑃𝐸𝐶 =
(

𝑁𝑢𝑎𝑣𝑒
𝑁𝑢𝑎𝑣𝑒,𝑠

)

(
𝑓

𝑓𝑠
)
(1/3)                                                                               (3.65) 

The Poiseuille number is calculated from the equation below: 

𝐶𝑓 = 𝑓𝑅𝑒                                                                                       (3.66)   
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Figure 3. 10. Overview of problem-solving with CFD. 

3.19 OVERVIEW OF PROBLEM-SOLVING WITH 

CFD 

For CFD modeling, it is critical first to determine the objectives of the 

problem and then the scope 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, etc.) and defining settings 
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for the solver (e.g., numerical methods, solution controllers, convergence, 

etc.).  

The results are post-processed upon solving the problem. Now, the results can 

be evaluated, and the necessary modifications made to the model if necessary 

(Figure 3.10). 

 

 

 

 

 

 

 

 

 

 

 

 



 

4.  HEAT TRANSFER OF PHASE 

CHANGE MATERIAL 

4.1 INTRODUCTION 

Phase Change Materials (PCMs) can store large amounts of thermal energy 

when they are liquid at high temperatures and because of their high heat of 

fusion, can release large amounts of thermal energy when they transform to 

the solid phase. In fact, their distinctive property is charging and discharging 

a large amount of thermal energy from a small mass. The potential application 

of PCMs in cooling systems is to store the excess thermal energy during peak 

heat generation intervals and desorb it later through the released energy of 

their phase transformation. This chapter investigates heat transfer 

mechanisms of PCMs to provide a clear picture of their potential for use in 

the cooling systems of electric machines, which is the main focus of this 

thesis. 

4.2 THE IMPORTANCE OF HEAT STORAGE  

Heat storage systems are required in many applications. In applications where 

thermal energy is generated or extracted and it is necessary that all the thermal 

energy produced or part of it be used later, heat storage systems are required 

[158]. As a simple and basic application, sodium acetate that is a PCM is used 

in hand warmers.  These hand warmers consist of sodium acetate gel in a 
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plastic bag. The heat stored in sodium acetate gel when it is in the liquid phase 

is released by changing its phase to the solid phase, causing the hands to warm 

up. 

Another application of phase change materials is their use in building passive 

heat management systems. In fact, PCMs with low melting temperatures 

about room temperature are used to insulate walls and ceilings. In this 

application, excess heat inside the building is stored in the phase change 

material as latent heat and is released as the environment cools [159]. 

Renewable energy generation is another application for PCMs. In most cases, 

the purpose of producing renewable energy is to convert it into electrical 

energy, but thermal energy plays a role as an energy source or as a medium 

for energy conversion in these applications. For example, the energy 

produced by thermal solar panels is thermal energy used to heat water or the 

environment in residential buildings. On large scale, the generated thermal 

energy by solar panels is used to generate electric energy. In these systems, 

solar collectors absorb heat energy from solar radiation. This generated 

thermal energy is in heaters. Phase change materials are used in solar thermal 

systems to store thermal energy as well as to increase system efficiency.  

On a larger scale, PCMs are used to store thermal energy to balance energy 

supply and demand in renewable energy plants. The demand for electricity 

varies greatly throughout the day and seasons. The difference between the 

demand for electricity at peak times and the times with low consumption is 

very significant. When using fossil fuels to generate electricity, regulating the 

amount of electricity generated is a straightforward process. Therefore, 

depending on the demand for electricity, energy generation can be increased 

or decreased. But in the case of renewable energy generation, energy 

generation changes throughout the day and night times and is also a function 

of the seasons. Therefore, energy storage systems should be used to balance 

the energy supply with the demand for energy [160]. In general, depending 

on the type of energy stored, energy storage systems are divided into three 

main categories, including electrochemical, electromechanical, and thermal 

energy storage systems. The classifications of various types of energy storage  
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Figure 4. 1. Classification of energy storage systems.  

 

systems are shown in Figure 4.1. Among them, some thermal energy storage 

systems use PCM materials [161]. 

It can be said that the largest contribution of PCM materials in energy storage 

systems is in concentrated solar power plants. In these renewable power 

plants, using mirrors or lenses, a large amount of sunlight is concentrated onto 

a receiver part containing solar thermal collectors. The absorbed thermal 

energy is used to produce steam driving an electric generator [162].  

It is clear that it is not possible to generate electricity in these power plants 

during the night when there is no sunlight. As a solution, a PCM medium is 

used to store thermal energy during the day and use it at night. In this way, 

concentrated solar power plants can generate electricity during the day and 

night whenever there is a demand for energy. According to IRENA, molten-

salt energy storage system capacity is expected to reach 870 GWh by 2030 

[163].  
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4.2 PHASE CHANGE MATERIALS (PCMS):  

PCMs are employed as storage media to store the thermal energy in the form 

of latent heat. The most distinctive property of PCMs is their high heat storage 

capacity in a small mass. The melting/solidification temperatures, thermal 

energy storage capability, and latent heat of fusion are the most determining 

properties of PCMs in their thermal performance [164].  

Thermal energy storage systems exploit the high latent heat property of PCMs 

and their ability to store and release thermal energy through phase 

transformation. The maximum latent heat can be used when the 

transformation of PCMs is in the form of solid-liquid transformation. 

However, some PCMs store thermal energy with solid-solid transformation. 

In this way, heat is stored as a result of the transfer of material from one 

crystal structure to another. The Solid-solid transfer has less volume change 

compare to the solid-liquid transfer [165,166]. 

Other phase change mechanisms of PCMs are solid-gas and liquid-gas phase 

transformations.  Solid-gas and liquid-gas transformations have higher latent 

heat transfer capacity, but their large volume change during the phase change 

process causes problems in storage containers and limits their potential 

applications in thermal storage systems [167]. In this regard, solid-solid 

PCMs have the smallest volume change leading to increased flexibility in 

their container design and ease of manufacturing. however, solid-solid and 

solid-liquid transformations have less latent heat capacity compared to liquid-

gas transmission, but smaller volume change. Among various types of PCM 

phase change mechanisms, solid-liquid transformation is more commonly 

used in thermal storage systems.  

The main components of a thermal energy storage system based on latent heat 

are as follows. 

1. A suitable PCM with desired thermophysical properties, mainly, the heat 

of fusion and melting/solidification temperatures. 

2. A suitable container that fits PCM properties.  
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3. An appropriate heat exchanger.   

Therefore, to design and development a thermal energy storage system based 

on latent heat, knowledge of PCMs thermophysical properties, container 

requirements, and heat exchanger requirements are needed [168]. 

4.3 APPLICATION OF PHASE CHANGE 

MATERIAL IN COOLING SYSTEMS 

According to latent heat properties of PCMs, as a passive cooling system, 

PCM-based cooling systems have absorbed much attention for electric 

machine cooling system applications. High latent heat capacity of PCMs can 

be exploited to absorb a large amount of heat and store it during a limited time 

based on the specific latent heat capacity of the employed PCM material. 

Phase changing process of PCMs intensifies their heat storage capability. 

Then, the stored heat is released through the phase change process of PCMs 

[169]. Thermal energy is absorbed while its solid form is turned to liquid and 

is desorbed when its liquid form is turned to solid [170]. The later start of the 

melting process leads to the larger amount of heat that can be absorbed by 

PCMs. Several factors such as thermal conductivity of the selected PCM, 

thermal conductivity of the heat exchanger container, and the thickness of 

heat exchanger container can affect the duration of PCMs’ melting process 

and consequently latent heat capacity of PCM-based cooling systems. It was 

demonstrated that the time needed for melting process of PCMs increases 

with decreasing thermal conductivity of   heat exchanger container. [171]. 

For applications with size and volume constraints, cooling with phase change 

materials is an effective approach. Actually, employing PCMs in cooling 

systems can significantly reduce the size of cooling systems. For example, 

employing PCMs in heat sinks can increase their heat absorption and 

desorption capability leading to smaller size of heat sinks for a given 

application [172, 173]. 
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4.4 THERMAL ENERGY STORAGE TECHNIQUES 

In some application such as renewable energy generation, there is need to 

store the generated energy in the form of heat to be used later when it is 

needed. Thermal energy storage (TES) systems are used to store thermal 

energy. Storing thermal energy produced from geothermal power plants is an 

example of TES application.  Using TESs, thermal energy can be stored for a 

short-term or long-term durations. For example, storing heat during summer 

to be used in winter [174]. 

Some applications of TES systems are as follows:  

1. Storing generated thermal energy from renewable sources to balance the 

energy supply and demands. In this case, TES systems can bridge the gap 

between the generated thermal energy and thermal energy demands by storing 

the generated energy during off-peak demand hours and releasing the stored 

thermal energy during peak demand hours.  

2. Energy efficiency enhancement of buildings. In these applications, PCMs 

act as TES systems inside walls and sealings.  

3. Waste heat reusing in industrial processes. 

PCMs are one of the materials used in TES systems. According to their unique 

properties, many of high-efficiency TES systems are PCM-based storage 

systems. Phase change process of PCMs can be in various forms such as solid-

solid, solid-liquid, solid-gas, liquid-gas, and vice versa. According to 

application requirements such heat absorption capacity, cost, and size one of 

the mentioned phase change categories can be adopted. TES systems 

employing PCMs that transform from liquid or solid phases to gas phase are 

the least cost-effective TES systems as in these cases there are specific 

container requirements [175]. 
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4.4.1 VARIOUS THERMAL ENERGY STORAGE 

SYSTEMS 

Thermal energy can be stored by various methods such as sensible heat, latent 

heat and chemical heat, or a combination of them. 

4.4.1.1 SENSIBLE HEAT STORAGE 

In sensible heat storage, thermal energy is stored without changing the phase 

of the medium used for heat storage. In this case, thermal energy is stored by 

increasing temperature of the storage medium. Storage mediums can be in 

solid or liquid phases. Actually, these TES systems rely on thermal capacity 

of materials temperature change during the thermal energy charging and 

discharging process. The amount of stored heat depends on the specific heat 

of used materials and can be expressed as follows [176]: 

𝑄 = ∫ 𝑚𝐶𝑝𝑑𝑇
𝑇𝑓

𝑇𝑖
                                                                          (4.1)   

𝑄 = 𝑚𝐶𝑝(𝑇𝑓−𝑇𝑖)                                                                                         (4.2)   

where (𝑚) is mass, (𝐶𝑝) is special heat, (𝑇𝑓) is liquid temperature, and (𝑇𝑖) is 

the initial temperature of fluid. 

4.4.1.2 LATENT HEAT STORAGE 

These TES systems exploit the latent heat capacity of materials used as the 

storage medium when changing their phase from liquid or solid into gas or 

vice versa. The storage capacity of the latent heat storage system is defined 

as follows [177]: 

𝑄 = ∫ 𝑚𝐶𝑝𝑑𝑇 + 𝑚𝑎𝑚
𝑇𝑚

𝑇𝑖
∆ℎ𝑚 + ∫ 𝑚𝐶𝑝𝑑𝑇

𝑇𝑓

𝑇𝑚
                               (4.3)   

𝑄 = 𝑚[𝐶𝑝(𝑇𝑚 − 𝑇𝑖) + 𝑎𝑚∆ℎ𝑚 + 𝐶𝑝(𝑇𝑓 − 𝑇𝑚)]                                             (4.4)   

where (𝑎𝑚)  is the volume fraction of liquid phase, (∆ℎ𝑚) is enthalpy change, 

(𝐶𝑝) is specific heat capacity, and (𝑇) is fluid temperature. 
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4.5 ENERGY STORING WITH LATENT HEAT 

PCMs are employed in TES systems that are based on latent heat.  In these 

TES systems, thermal energy charging and discharging occurs when material 

phase changes from one phase to another phase. This kind of transformation 

is called phase change. 

The most common and cost-effective PCM-based TES systems employ 

PCMs with solid-liquid phase change process. Unlike in sensible heat storage 

systems, PCMs used in TES systems absorb and release heat at semi constant 

temperature. Heat storing capacity of PCMs can be several times more than 

sensible heat storing materials like water [178, 179]. Figure (4.2) shows the 

heat capacity of different materials [180]. 

 

Figure 4. 2. Heat capacity of different materials [180]. 

 

4.5.1 FEATURES OF PHASE CHANGE MATERIALS 

Phase change materials employed in TES systems must possess specific 

chemical, thermophysical, and economic features that are listed below [181]: 

Thermophysical features: 

• High Latent heat 
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• Fixed melting temperature or in a limited range 

• High thermal conductivity 

• High heat capacity 

• High density 

• Low volume change 

• No deterioration of thermophysical properties  

• Reversible melting and solidification processes 

Chemical features: 

• Chemical stability 

• Compatibility with container material  

• Non-toxic 

• Non-flammable 

Economic features: 

• Accessibility 

• Low cost 
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Figure 4. 3. Classification of phase change materials [182]. 

 

4.5.2 CLASSIFICATION OF PHASE CHANGE MATERIALS 

Phase change materials are classified under organic, inorganic, and eutectic 

categories. These categories are shown in Figure 4.3. 

4.5.2.1 ORGANIC PHASE CHANGE MATERIALS 

Organic materials are divided into two groups of paraffin and non-paraffin. 

Such materials have homogenous melting and are corrosive for materials of 

their container. Organic phase change materials applied for heating and 

cooling of buildings have the melting point at 20 to 32 degrees on the 

Centigrade scale [183, 184]. 

Paraffins: 

Paraffin includes a combination of straight chains. Crystallization of this 

chain causes the release of a great amount of Latent heat. Melting point and 

Latent heat increase by increase of chain length. Paraffin is one of the best 

choices for being used as a phase change material for energy saving due to its 

extensive accessibility in a wide range of melt temperatures [185]. 

Regarding economic considerations, only paraffin with industrial purity can 

be utilized as phase change materials in systems of saving Latent heat. 

Paraffin is safe, reliable, predictable, noncorrosive, and cheap. It is also 
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neutral and stable chemically below 500 degrees on the Centigrade scale and 

does not have much volume change and has low steam pressure in melting 

[186]. 

Due to the above-mentioned features, paraffin has a long solidification-

melting cycle. In addition to such features, homogenous melt which forms the 

nucleus is another significant feature of paraffin. Its defects include low 

conductivity coefficient, slight flammability, and incompatibility with plastic 

containers. These defects can be removed with a slight change in paraffin wax 

and saving unit. Table (4.1) provides a list of selected paraffin with melting 

point and Latent heat.  

Non-paraffins: 

Organic non-paraffins include numerous materials with changing features. 

Some researchers have conducted an extensive investigation on organic 

materials and finally considered some esters, fatty acids, alcohol, and glycols 

suitable for saving energy. Some of their features include high Latent heat, 

flammability, coefficient of low thermal conductivity, low flammability 

point, different degrees of toxin, and incompatibility in high temperatures 

[188]. 

Table 4. 1. Melting point and Latent heat of paraffin [187] 

Number of 

carbon atoms 

Melting point  
(Co ) 

Latent heat 

(kJ/kg ) Groups 

14 5/5 228 I 

15 10 205 II 

16 7/16 237 I 

17 7/21 213 II 

18 28 244 I 
19 32 222 II 

20 7/36 246 I 

21 2/40 200 II 

22 44 249 II 

23 5/47 232 II 
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24 6/50 255 II 

25 4/49 238 II 

 

4.5.2.2 INORGANIC PHASE CHANGE MATERIALS 

Inorganic materials are divided into salt and metal hydrates. Inorganic 

compounds have high Latent heat in units of mass and volume. They are 

cheap and inflammable in comparison with organic compounds. However, 

such materials have some defects like decomposition and undercooling 

(which affects features of phase change) [189]. 

Salt hydrates: 

The general formula of salt hydrates is as follows. Transfer of solid-liquid 

phase of salt hydrates is indeed dehydrating these materials. Salt hydrates are 

an important group of phase change materials that possess the following 

features: Latent heat in volume unit, quite high thermal conductivity, slight 

changes of volume while melting, being toxic slightly, homogenous melt, 

density difference of water, and the material combined with it (which causes 

sedimentation at the bottom of the container) and formation of a weak nucleus 

which causes undercooling [190]. 

Metals: 

Such materials include metals with low melting points and eutectic metals. 

Such metals have not been taken seriously in the technology of phase change 

materials due to their weight. High Latent heat in volume unit and high 

conductivity coefficient are their features [191]. 

4.5.2.3 EUTECTICS PHASE CHANGE MATERIALS 

Eutectic is a combination of two or several elements with minimum melt. 

They quite constantly get melted and solidified without being decomposed. 
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4.6 SPIRAL CANALS HAVING PHASE CHANGE 

MATERIALS 

Phase change materials are used as temperature regulators in different 

situations. Such materials melt and solidify at a fixed temperature and can 

store and release a high amount of energy. Thermal energy is absorbed while 

its solid form is turned to liquid and is desorbed when its liquid form is turned 

to solid. Furthermore, their consumption power has increased, and their sizes 

have decreased with the advancement of electronic equipment [192]. As a 

result, more power is inserted at a lower level. Therefore, heat management 

has become a significant issue in designing devices such as smartphones, 

digital cameras, notebooks, and personal ancillary digital equipment. Such 

devices are not used consistently in the long term. Consequently, cooling 

systems can be used in such situations based on phase change materials. 

Cooling based on phase change materials is a passive cooling method and the 

cooling process can be divided into three stages depending on temperature 

(see Figure 4.4). In the first stage, heat is absorbed through an electric motor 

so that the temperature of solid material reaches melting temperature. In the 

second stage, phase change material starts to melt at a fixed temperature, and 

heat is absorbed without temperature increase during the melting process. 

Size may increase slightly in this stage due to phase change [193]. 

In the third stage where phase change material is melted, fluid temperature 

increases if input heat continues. Although phase change materials can absorb 

a great amount of heat while changing phase, cooling by them may be limited 

to the necessary time needed for complete melt. Therefore, it is desirable that 

phase change materials are used in situations where input heat is alternate and 

sudden [182]. 
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Figure 4. 4. A scheme of temperature changes of phase change materials [181]. 

Unique features of phase change materials like having Latent heat of high 

fusion, high thermal capacity, and being non-toxic and noncorrosive have 

made them suitable for systems of heat management. Phase change materials 

store energy five to fourteen times more than saving materials of sensible 

energy. 

As a result, researchers have paid attention to them as one of the best 

resources for saving energy during recent years. They are extensively utilized 

in engineering systems. They are also used in energy-saving systems, cooling 

of electrical systems, energy saving in buildings, heat exchangers, and other 

applications. 

However, these materials have the undesirable feature of low thermal 

conductivity which causes a tough challenge for using them in cooling 

systems. In order to solve such a problem, it is needed to use materials with 

high thermal conductivity in systems having phase change materials. This 

material with such conductivity can be used in different shapes like blades, 

metal structures, or nanoparticles [194]. 
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4.7 INCREASE OF THERMAL CONDUCTIVITY 

COEFFICIENT OF PHASE CHANGE MATERIALS 

Most phase change materials have a high capacity for heat saving (99 to 330 

kilojoules per kilogram). But their basic problem is their low thermal 

conductivity coefficient (0.2 W/m.K for most paraffin and 0.5 W/m.K for 

Inorganic salts)  [195]. The weak performance of heat transfer is the key 

limiting factor in employing phase change materials in situations needing 

quick saving and releasing energy.   

Basically, the coefficient of thermal conductivity of phase change materials 

can increase by employing materials with high conductivity coefficient. This 

coefficient increase can happen by increasing materials with high 

conductivity in various methods. These methods include: 

- Placing metal compounds and structures in phase change materials 

- Distributing particles with high thermal conductivity in phase change 

materials 

Researchers found out that adding particles with high thermal conductivity at 

micro and nanoscale to phase change materials enhanced thermodynamic 

features of phase change materials and this resulted in a system performance 

increase. 

Placing phase change materials in spiral pipes is discussed as a technique for 

increasing the thermal conductivity coefficient of phase change material. It 

has been observed that placing phase change materials in a spiral pipe leads 

to a significant decrease of time needed for phase change and consequently 

system efficiency is improved significantly. Studies of researchers have 

indicated that all metals were not compatible with phase change materials.  

For instance, aluminum particles are compatible with paraffin while nickel is 

not. This caused researchers to seek materials with low density and high 

thermal conductivity coefficient that were compatible with all phase change 

materials. 
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Studies on phase change materials began in 1940 by Telex and Reymond  

[196], but it did not catch much attention until the late 1970s and the 

beginning of the 1980s when energy resources decreased. From then on, 

extensive studies were conducted on various applications of these systems 

e.g. solar heating systems such as those carried out by Esparrow et al. [197], 

Morrison and Adel Khalik [198], and Marshal and Dietsche [199].    

Some studies were conducted on determining the general behavior of phase 

change materials in the late 1970s including Stritih [200], Ismail et al. [201] 

and Agyenim et al. [202] Studies conducted on such materials especially their 

basic designing, systems, and optimization processes, investigation of 

transient behavior and performance of these systems also continued. 

Investigation and development were extensively conducted in the field of 

dissociation of particular phase change materials and also on problems and 

limitations of this method and features of new materials. 

The main defect in the majority of phase change materials is their low thermal 

conductivity coefficient which slows down the rate of melting and solidifying 

in these materials. Development of PCMs concerns comprehending the 

thermal behavior of these materials when they enter the area of solid-liquid 

phase change and also designing and selecting containers for preserving and 

formulating issues related to phase change. Various geometries have been 

suggested for the container of saving PCM. PCMs are usually preserved in 

narrow and long heat pipes and cylindrical or rectangular containers. The 

findings indicated that both rectangular and cylindrical containers had more 

applications in comparison with other ones.   

Hosseini et al. [203] investigated thermal behavior and features of heat 

transfer of paraffin RT50 as PCM during the melting and solidification 

process in a shell and tube heat exchanger in a laboratory and numerical test. 

Their numerical results indicated that the melting zone had appeared in 

different times and places near fluid pipe of heat transfer and progressed 

towards the exterior. Laboratory results also indicated that an increase of fluid 

temperature from 70 to 80 Celsius degrees caused an increase of theory in 

melting and solidification process up to 4.88 and 4.81 percent respectively. 
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Rahimi et al. [204] investigated the solidification and melting process of 

RT35 as PCM in a shell and tube heat exchanger in a laboratory test. Cubic 

shell contained a pipe in which space between shell was filled with RT35 and 

water was flowing as working fluid in pipes. 

The results indicated that using shell increased the average temperature of it 

without any consideration of the flow, while a decrease of shell pace had no 

considerable effect on this parameter. Furthermore, when input fluid 

temperature increased from 50 to 60 degrees on the Celsius scale melting time 

decreased more in comparison with the increase from 60 to 70 degrees on the 

Celsius scale. 

Investigation of melting behavior of phase change material was conducted by 

Hosseini et al. [205] in a shell and tube heat exchanger in a numerical and 

laboratory test. They found out that the increase in fluid temperature of heat 

transferor (water) from 70 to 80 degrees on the Celsius scale decreased the 

general time of melting to 37 percent. 

Lieu et al. [206] investigated thermal features of citric acid while melting in 

a vertical energy-saving system in a laboratory test. They studied the 

movement of the liquid-solid surface along a radius and the effect of Reynolds 

number on parameters of heat transfer. The effect of shell length was also 

reported. Their results indicated that shell in thermal conductivity and also 

natural movement enhanced the process of heat transfer. 

Hosseini et al. [207] investigated the melting and solidification process of 

PCM in another numerical and laboratory test by using linear shells as thermal 

conductivity enhancement (TCE) in shell and tube heat exchangers. Their 

results indicated that using longer shells would cause faster melt and more 

feasible temperature distribution. 

Bathelt and Viskanta [208] investigated heat transfer while a horizontal 

cylinder was being melted under the pressure of fixed heat flux at a fixed 

surface temperature and being placed in a para blade in a laboratory test. They 

reported that the melting behavior of phase exchange material in the upper 
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half was more visible due to ascending flow of melting material affected by 

natural movement.   

Ettouney et al. [209] studied the melting and solidification process in a shell 

and tube heat exchanger in a laboratory test. The fluid heat transferor was 

placed in the interior pipe and paraffin wax as PCM was placed in a shell. The 

results indicated that processes of melting and solidification were affected by 

natural movement and conductivity respectively. 

Akgün et al. [210] investigated the wax paraffin melting process in a vertical 

shell and tube heat exchanger in a laboratory test. They focused on the 

enhancement of heat transfer of thermal storage system containers. Their 

results showed that the increase in temperature of heat transferor resulted in 

a decrease of time needed for melting of phase change material. They also 

reported that less input flow rate was needed for less energy consumption. 

Vyshak and Jilani [211] investigated numerically the effect of different 

geometries of energy-saving systems that had the same volume and level. 

They carried out a comparative study on the total time needed for melting 

phase change material placed in three various geometries (rectangular, 

cylindrical and, shell and tube). Their results indicated shell and tube 

containers had the least amount of time for an equivalent amount of stored 

energy which was affected more by increasing mass of PCM in the intended 

geometry. 

Pahamli et al. [212] recently investigated the effect of centrifugal force of the 

pipe carrying working fluid on the melting process of paraffin RT50 in shell 

and tube geometry. Their results indicated that an increase of centrifugal force 

towards the below part could decrease the time needed for complete melt to 

64 percent by increasing natural movement. 

Pradeep et al. [213] investigated the effect of adding nanoparticles to phase 

change materials. They studied the effect of adding silver nanoparticles to the 

capability of energy saving of phase change materials (paraffin) by 

conducting an experimental test. They added 0.05 and 0.1 percent mass of 

nanoparticles to paraffin and investigated the melting and solidification 
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temperature of paraffin. Their results indicated that adding silver 

nanoparticles to paraffin increased the capability of thermal energy saving. 

Kasali et al. [214] investigated the behavior of phase change materials in an 

electronic diode component. Their findings showed that using phase change 

materials increased the capability of temperature tolerance of electronic 

components. 

Selvam et al. [215] investigated using phase change materials for temperature 

management of a thermoelectric and also used COMSOL software for 

simulation. Their results indicated that using phase change materials 

decreased the operating temperature of thermoelectric so that phase change 

materials with 3-millimeter thickness decreased average temperature by 33 

%.   

According to numerical and experimental studies conducted by researchers, 

it can be concluded that phase change materials show a reasonable 

performance. The studies that investigated the performance of phase change 

materials numerically considered the flow unsteady and changes of other 

quantities have been provided based on time.



 

5.  ELECTRIC MACHINE 

COOLING SYSTEMS BASED ON 

ETHYLENE GLYCOL AND 

WATER MIXTURE IN SPIRAL 

CHANNELS  

5.1 INTRODUCTION 

The overall performance of a cooling system based on the cooling-jacket 

method employing for the thermal management system of an electrical 

machine for automotive application is investigated in this chapter. The 

cooling system is based on the closed-circuit liquid cooling method 

employing a mixture of Ethylene Glycol and water as its coolant. The overall 

performance of the cooling system employing Ethylene Glycol and water 

mixture with different volume fractions is evaluated. Various geometry of the 

cooling system, and physical characteristics of the coolant fluid are studied. 

Thermal analyses of the cooling system are performed using computational 

fluid dynamics and 3D turbulent fluid motion analysis. According to analysis, 

influence of the critical parameters on the overall performance of the cooling 

system is studied. 
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5.2 LIQUID-COOLING SYSTEMS EMPLOYING 

ETHYLENE GLYCOL AND WATER 

MIXTURE AS THE COOLANT 

Ethylene glycol (C2H6O2) is a colorless and odorless fluid with a low 

viscosity. Adding Ethylene Glycol to a base fluid, its freezing point is lowered 

and the boiling point increased. The effect of Ethylene Glycol on freezing and 

boiling points depends on its concentration in the base fluid. On the other 

hand, as Ethylene Glycol is substantially toxic, maximum volume fraction of 

is mixture with a base fluid is limited. The lower limit of the volume fraction 

is determined by requirements of the desired application. In [216], it was 

demonstrated that a mixture of 40% Ethylene Glycol and 60% water shows a 

better performance compared to 50%-50% mixture. Physical properties of 

Ethylene glycol are listed in Table 5.1 [217]. Thermal conductivity, density, 

and velocity of the mixture of Ethylene glycol and water at different volume 

fractions of the mixture are shown in Figure 5.1, 5.2, and 5.3, respectively 

[218]. 

 

Figure 5. 1. Thermal conductivity of ethylene glycol-water mixtures [218]. 
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Figure 5. 2. Density of ethylene glycol-water mixtures [218]. 

 

 

Figure 5. 3. Viscosity of ethylene glycol-water mixtures [218]. 
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Table 5. 1. Physical properties of Ethylene glycol [217] 

Auto-ignition temperature 427.0 ˚C 

Boiling point at 101.3 kPa 197.6 ˚C 

Critical temperature 446.9 ˚C 

Critical specific volume 19.1 × 10-2 L g-1mol 

Cubic expansion coefficient at 20 ˚C 6.2 ×10-4 K-1 

Density at 20 ˚C 1113.5 ×10-9 g m-3 

Flash point, closed cup (Pensky-

Martens closed cup ASTM D93) 

126.7 ˚C 

Flash point, open cup (Cleveland 

Open Cup ASTM D92) 

137.8 ˚C 

Heat of combustion at 25 ˚C -1053.0 kJ g-1 mol 

Heat of vaporization at 1 atm 53.2 kJ g-1 mol 

Lower explosive limit 3.2 vol% 

Molecular weight 62.1 g mol-1 

Normal freezing point -13.0 ˚C 

Onset of initial decomposition 240.0 ˚C 

Refractive index at 25 ˚C 143.0 × 10-2 

Specific gravity (20/20 ˚C) 111.0 × 10-2 

Solubility in water at 20 ˚C 100 wt% 

Solubility of water in ethylene glycol 

at 20 ˚C 

100 wt% 

Surface tension at 25 ˚C 48.0 × 10-3 N m-1 

Upper explosive limit 53.0 vol% 

Vapor density (air = 1) 2.1 

Vapor pressure at 20 ˚C 7.5 Pa 

Viscosity at 20 ˚C 19.8 × 10-3 Pa s 
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(a) 

 

(b) 

Figure 5. 4. Problem schematic representations, (a) Stator and cooling system, (b) non-

uniform mesh grids. 

In this chapter, a spiral channel liquid-cooling system is designed and its 

overall performance is investigated for various cases such as using different 

coolant fluids, different structural geometry, and different physical 

characteristics of the coolant fluid. In the designed cooling system, both sides 

of end-winding areas are covered by the cooling jacket. Thermal analysis is 

implemented based on 3D turbulent fluid motion model. Computational fluid 

dynamics (CFD) analysis is used to compare simulation results and to explain 

impact of different parameters on performance of the cooling system. 
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5.3 COOLING SYSTEM MODEL 

The implemented cooling system consists of spiral channels in the machine 

housing, surrounding the stator winding and end-winding regions. 

Dimensions of the modelled electric machine and the cooling system are 

listed in Table 5.2. Materials of the external surface of the electric machine 

and the cooling-jacket are listed in Table 5.3. Figure 5.4.a shows the designed 

cooling system. The channel has a rectangular cross section with width of 6 

mm and height of 6 mm. Under-study coolants are water and different 

mixtures of water and Ethylene Glycol. Mixing ratios of Ethylene Glycol and 

water are 20:80, 40:60, and 60:40. Figure 5.4.a shows three different 

geometrical components of the under-study cooling system and electric 

motor. It consists of the stator core, aluminum housing, and cooling channel 

inside the housing. Through the channel, a cooling liquid circulates 

refrigerating the motor. 

 In order to reduce computational expenses, simulation of some electrical 

parts such as windings have been avoided and from a separate thermal 

analysis, the generated heat flow has been determined. As can be seen in   

Figure 5.4.a, only outer surfaces of the electric machine and the aluminum 

jacket have been considered. The inlet coolant temperature is given as 70°C. 

To have some extra cooling margin for the designed cooling system, it has 

been assumed that whole the generated heat from the machine is taken away 

by the aluminum housing. A uniform heat flux of 3500 W/m2 has been 

applied to outer surface of the stator. Turn number of the spiral channel are 2, 

4, 6, and 8 turns. The coolant flow is turbulent and simulation studies are 

implemented under Reynolds numbers of 2500, 5000, 7500, and 10000. 

Boundary conditions are listed in Table 5.4. Thermophysical properties of 

coolant fluids are summarized in Table 5.5. 

In this chapter, computational fluid dynamics (CFD) studies are performed 

using Ansys CFX.  The pressure velocity coupling is achieved using Rhie-

Chow interpolation technique. The convergence criterion for hydrodynamic  
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Table 5. 2. Dimensions of the electric machine and the cooling jacket  

 

Electric Motor Water Jacket 

Length 190 mm 210 mm 

Width 240mm (with coil) 240 mm 

Thickness _____ 10 mm 

 

Table 5. 3. Materials of the electric machine and the cooling jacket 

                 Material 

Stator Steel 

Water 

Jacket 
Aluminum 

 

and thermal parameters is considered to be 1e-6. k-W model is used for 

simulating turbulence inflow conditions. 

 In simulation of the system, non-uniform meshes are used so that adjacent to 

the channel walls due to the large gradients, smaller meshes are used. Mesh 

grids are shown in Figure 5.4.b. 

 

5.4 GOVERNING EQUATION OF 3D 

TURBULENT FLUID MOTION 

Some governing equations of heat transfer and fluid motion are conjugation 

equations, momentum and energy equations which are described in this 

section. The Reynolds number in the fluid flow analysis, is another 

characteristic of the flow which a non-dimensional quantity is representing 

the ratio of the inertial force to the viscous force. Reynolds number is used to 

determine whether the fluid flow is laminar or turbulent. 
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𝑅𝑒 =
𝑢𝑎𝑣𝑒𝐷ℎ

𝑣
        (5.1) 

where uave is the speed of the coolant fluid (m/s), v is kinematic viscosity of 

the fluid (m2/s), and Dh is channel diameter (m).  The channel diameter is 

one of the physical characteristics of the channel and is defined as follows. 

𝐷ℎ =
4𝐴𝑐

𝑝
        (5.2) 

where, Ac is the cross-sectional area of the channel and p is the duct area. 

Another performance evaluating parameter of the channel is the friction 

coefficient that depends on geometry parameters of the channel and is 

calculated by the following equation. 

𝑓 = 2𝛥𝑃
𝐷ℎ

𝐿

1

𝜌𝑢𝑖𝑛
2       (5.3) 

The average Nusselt number is also a non-dimensional number indicating the 

heat transferred through the convection to the heat transmitted through the 

conduction and is obtained from the following equation. 

𝑁𝑢𝑎𝑣𝑒 =
𝑞∥𝐷ℎ

𝑘𝑓(𝑇𝑤−𝑇𝑚)
       (5.4) 

where, Tw, is the temperature of the channel wall and Tm is the average bulk 

fluid temperature. To determine the overall thermal and fluid performance, 

we define the parameter PEC (Performance Evaluation Criterion) as follows. 

𝑃𝐸𝐶 =
(

𝑁𝑢𝑎𝑣𝑒
𝑁𝑢𝑎𝑣𝑒,𝑠

)

(
𝑓

𝑓𝑠
)
(1/3)         (5.5) 

where, Nuave,s and fs are base parameters and are defined for the base fluid 

(pure water). Indeed, PEC indicates the ratio of the increase in heat transfer 

capability to the increase in the pressure drop caused by coolant fluid in 

comparison with the base fluid. 

 

 



5. Electric machine cooling systems based on Ethylene Glycol …   

95 

 

 

Figure 5. 5. Geometric boundary conditions. 

 

Table 5. 4. Boundary conditions and CFD determinant parameters. 

Boundary Conditions 

Re 2500, 5000, 7500, 10000 

Number of Turns 2, 4, 6, 8 

Working Fluids 

Pure Water 

EG/W 20:80 

EG/W 40:60 

EG/W 60:40 

Inlet Temperature 343.15(K)  / 70 (c’) 

Heat Flux 3500 (W/m^2K) 

 

5.5 BOUNDARY CONDITIONS 

Boundary conditions and considered combinations of determinant parameters 

are listed in Table 5.4. The determinant parameters are Reynolds number, 

channel turns number, and volume fraction of the Ethylene Glycol-Water 

mixture. Boundary conditions are temperature of the inlet fluid and the heat 

flux transferred from internal parts of the electric machine to the cooling 

jacket. In this study, heat flux is considered as a constant value. Geometric 

boundary conditions are shown in Figure 5.5.  
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5.6 RESULT AND DISCUSSION 

Average convection heat transfer coefficient and average Nusselt number for 

different Reynold numbers under different turn number of the spiral channel 

and at different volume fractions of Ethylene Glycol are shown in Figure 5.6 

and Figure 5.7, respectively. As can be seen from Figure 5.6 and Figure 5.7, 

with increasing the Reynolds number, heat transfer coefficient and Nusselt 

number increase in all cases.  

The main reason behind the increase of the heat transfer coefficient and 

Nusselt number is that by increasing the Reynolds number, fluid velocity 

increases and consequently fluid momentum increases resulting in increase 

of velocity and temperature gradients of the fluid in the near-wall regions. 

Accordingly, drag caused by the friction of the coolant fluid against the 

surface of the channel is enhanced and the coolant spends a shorter time 

contacting with the wall. As a result, heat transfer is significantly improved. 
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Figure 5. 6. Average convection heat transfer coefficient.                                                       
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Figure 5. 7. Average Nusselt number. 
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Figure 5. 8. Average pressure drop.                                                           
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Figure 5. 9. Average fanning friction factor. 

Moreover, with increasing volume fraction of Ethylene Glycol, heat transfer 

coefficient and Nusselt number increase. With increasing volume fraction of 

Ethylene Glycol, ratio of the density to the viscosity decreases, therefore 

based on (1) velocity increases. This phenomenon is intensified in the cases 

where volume fraction of Ethylene Glycol is higher. In addition to the 

Reynolds number and volume fraction of Ethylene Glycol, with increasing 

turn number of spiral channels, heat transfer coefficient and Nusselt number 

increase. The reason is that increasing turn number of spiral channel results 

in increase of the length of the flow path of the fluid which leads to increase 

of contact level between fluid and the channel. In addition, higher number of 

turns leads to higher thermal coupling between channels because the 

channel's spin rate decreases, and the channels become closer to each other 

enhancing heat transfer with more uniform temperature distribution on the 

stator and the housing. 
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Figure 5.8 and Figure 5.9 show average pressure drop and average fanning 

friction factor under different Reynolds numbers at different number of turns 

and volume fraction of Ethylene Glycol. From the figures, it can be concluded 

that with increasing the Reynolds number and number of turns, pressure drop 

increases. The reason is that the increase in number of turns leads to increase 

of length of the channel which leads to increase of slippery forces due to the 

increased fluidity of the coolant due to the increased volume fraction of 

ethylene glycol.  

Figure 5.10 and Figure 5.11 show the performance evaluation criterion, PEC, 

diagrams relative to pure water and the turn number of 2. It can be seen 

whether in the case where PEC is relative to pure water and relative to the 

turn number 2, the PEC values are greater than 1. This means that by 

increasing the volume fraction of ethylene glycol and the number of turns, the 

thermal efficiency increases. In other words, the increase in the heat transfer 

coefficient is more significant than the increase in the pressure drop. 
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Figure 5. 10. PEC Based on Pure Water.                                                          
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Figure 5. 11. PEC based on 2 Turns. 

 

(a) 
 

(b) 

 

 

 

(c) 

 

(d) 

Figure 5. 12. Temperature distribution on heated surfaces and channel walls for (a) 

Re=2500, (b) Re=5000, (c) Re=7500 and (d) Re=10000. 
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(a) 

 

(b) 

 

 

(c) 

 

(d) 

Figure 5. 13. Temperature distribution on heated surfaces and channel walls for (a) Pure 

Water, (b) EG/W 20:80, (c) EG/W 40:60 and (d) EG/W 60:40. 

 

 

(a) 

 

(b) 

 

 

(c) 

 

(d) 

 Figure 5. 14. Temperature distribution on heated surfaces and channel walls for (a) 2 Turns, 

(b) 4 Turns, (c) 6 Turns and (d) 8 Turns. 
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Figure 5.12, Figure 5.13, and Figure 5.14 show temperature distribution on heated 

surfaces and channel walls for different Reynolds numbers, for different volume 

fractions of ethylene glycol, and different number of turns, respectively. Increasing 

all of the above-mentioned parameters will increase the heat transfer and result in a 

better cooling performance. This reduces the temperature of the external surface of 

the electric motor and also makes the temperature distribution more uniform on the 

outer surface of the electric motor. 

5.7 CONCLUSION 

In this chapter, a 3D heat transfer and fluid flow of an electric machine cooling 

system with spiral channels employing mixture of ethylene glycol and water as 

coolant in the turbulent flow regime were investigated. From CFD analyses, it was 

observed that increasing turns of channels, the volume fraction of ethylene glycol, 

and the Reynolds number all increase the heat transfer coefficient. The defined 

performance evaluating parameter in this study, PEC, was used to evaluate the 

thermal and fluid flow performance of the cooling system. Higher values of this 

parameter indicate performance improvement of the designed cooling system. 

According to the simulation results, it was concluded that in comparison with pure 

water, with turn number of 8, at volume fraction of 60:40, and at Reynolds number 

of 5000, the highest PEC can be obtained. Also, regarding turn numbers, compared 

to the cooling system with 2 turn channels, the highest PEC value was found for 

channels with 8 turns, volume fraction of ethylene glycol to water of 60:40, and at 

Reynolds number of Re = 10,000.



 

6.  ELECTRIC MACHINE 

COOLING SYSTEMS BASED ON 

NANOFLUID IN SPIRAL 

CHANNELS  

6.1 INTRODUCTION 

The overall performance of an electric machine cooling system is examined 

in terms of heat transfer and fluid flow. The structure of the cooling system is 

based on the cooling jacket method. The cooling jacket contains spiral 

channels surrounding the stator and end-windings of the electric machine. 

Al2O3-water nanofluid is used inside the channels as the cooling fluid. The 

concentration of nanoparticles and the geometric structure of the cooling 

system have special effects on both aspects of heat transfer and fluid flow. 

Therefore, in this chapter, the overall performance of the cooling system is 

evaluated by considering these effects. This study compares the importance 

of heat transfer and fluid flow performances on the overall performance of 

the cooling system. Numerical analyses are performed by 3D computational 

fluid dynamics and 3D fluid motion analysis. 
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6.2 LIQUID-COOLING SYSTEMS EMPLOYING 

NANOFLUIDS AS THE COOLANT 

Employing advanced coolants such as nanofluids with high heat transfer 

coefficients and good fluid flow performance is an effective way to improve 

the heat transfer performance of cooling systems [219]. Recently, the usage 

of adding nanoparticles to coolant flu-ids has attracted much research 

attention due to its advantage of increasing the heat transfer capability of 

cooling systems [220]. Nanoparticles, due to their high thermal conductivity 

coefficients, increase the heat transfer rate and improve the performance of 

the cooling system. 

Heat transfer performance of SiO2-water nanofluid with different 

nanoparticle concentrations in an automotive radiator consisting of flattened 

tubes were studied in [221]. It was reported that maximum increment in 

convection heat transfer was noticed for highest nanoparticle concentration 

of SiO2-water nanofluid. However, fluid flow performance was not 

considered. Thermal performances of Al2O3/CNC and Al2O3/TiO2 nanofluid 

coolants for radiator applications were studied in [222]. According to the 

results, it was shown that heat transfer parameters such as heat transfer 

coefficient have a proportional relationship with the volumetric flow rate. 

Heat transfer improvement in thermoelectric-based auto-motive waste heat 

recovery systems by using nanofluid was studied in [223]. It was shown that 

employing nanofluids can effectively improve heat transfer performance of 

the waste heat recovery system and increase of nanofluid concentration has 

positive effect on output performance of the system. However, in this study, 

the effect of increasing the concentration of nanoparticles from the point of 

view of fluid flow has not been investigated. In [224], the application of 

nanofluid in the electric motor cooling system has been studied from both 

aspects of heat transfer and fluid flow. However, the concentration range of 

nanoparticles has been limited and only the positive effect of adding 

nanoparticles to the base fluid has been investigated and its negative effect on  
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Figure 6. 1. Meshed schematic of the cooling system. 

 

the temperature gradient at channels wall and the increase in diameter of the 

boundary conditions has not been investigated. 

It is worthwhile noting that, although adding nanoparticles to coolants leads 

to the increase in heat transfer capability of the coolant, due to the increase in 

the density and viscosity of the fluid because of the addition of nanoparticles, 

the pressure drops, and the required pumping power in the fluid increases. 

This is not a desirable fluid flow phenomenon. Therefore, to justify the 

performance of cooling systems employing nanofluid coolants, both thermal 

and fluid flow performance analyses are necessary [225]. 

In this chapter, the thermal performance of an indirect cooling system of the 

electric motor employing a cooling jacket and Al2O3-water nanofluid coolant 

is investigated. Modeling approaches are described and used to establish a 

numerical model of the cooling system. Effects of various heat transfer and 

fluid flow parameters on the heat transfer performance of the cooling system 

are investigated. The dual effect of adding nanoparticles to the base fluid on 

heat transfer performance is investigated. Apart from evaluating the overall 

performance of the cooling system based on both heat transfer and fluid flow 

aspects, as one of the main contributions of this study, beneficial level of 

increasing nanoparticle concentration is investigated. To examine overall 
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performance of the cooling system, a performance evaluation index is defined 

that is able to determine the pros and cons of using nanofluids in different 

conditions. 

6.3 MODELING 

Physical, mathematical, and numerical modeling approaches are employed to 

establish a model of the problem and provide a platform for the cooling 

system performance analysis. 

6.3.1 PHYSICAL MODEL 

The designed cooling system in this chapter consists of a cooling jacket with 

spiral cooling channels. Figure 6.1 shows a schematic of the cooling system. 

The cooling jacket is designed with spiral channels extracting heat from stator 

and end-winding surfaces. The length of the electric machine is 190 mm. The 

length of the cooling jacket is 210 mm covering stator end-windings. The 

thickness of the cooling jacket is 10 mm. In this study, three different models 

of the cooling systems with 4, 6, and 8 channel turns are developed. Cooling 

channels are filled with Al2o3-water nanofluid. Cooling channels carrying 

nanofluid are made of Aluminum and the material of the electric motor body 

is steel. Dimensions of the modelled electric machine and the cooling jacket 

are listed in Table 6.1. Materials of the outer surface of the electric machine 

and the cooling jacket are listed in Table6.2. 3D schematics of the physical 

model with different channel turns number are shown in Figure 6.2. 
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(a)                                                                                       (b) 

 

(c) 

Figure 6. 2. Schematic of the cooling system with (a) 4 turns, (b) 6 turns, and (c) 8 turns. 

 

 

Table 6. 1. Dimensions of the electric machine and the cooling jacket 

 Electric Motor 
Cooling 

Jacket 

Length 190 mm 210 mm 

Width 240mm (with coil) 240 mm 

Thickness _____ 10 mm 

 

Table 6. 2. Materials of the electric machine stator and the cooling jacket 

                                    Material 

Stator Steel 

Cooling Jacket Aluminum 
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6.3.2 MATHEMATICAL MODEL 

The mathematical model is employed to solve the fluid flow and heat transfer. 

In fact, the mathematical model is the basis of the numerical model and 

numerical analysis. Therefore, in this section, the governing equations for 

heat transfer and fluid flow are presented. 

6.3.2.1 GOVERNING EQUATION FOR LAMINAR NANOFLUIDS 

In this chapter, the flow regime is considered laminar. Accordingly, steady-

state continuity, momentum, and energy equations for laminar flows in 

cartesian coordinates are as follows. 

The continuity equation is: 

𝜕(𝑢)

𝜕𝑥
+

𝜕(𝑣)

𝜕𝑦
+

𝜕(𝑤)

𝜕𝑧
= 0              (6.1) 

where u, v, and w are fluid velocities along x-, y-, and z-axis, respectively. 

Momentum equation in x-axis direction is as follows. 

𝑢
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𝜕
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(
𝜕𝑢

𝜕𝑧
)) 

                             (6.2) 

where ρnf is density of nanofluid and p is pressure. νnf is coefficient of 

nanofluid Kinematic viscosity. 

Momentum equation in y-axis direction is expressed by: 

𝑢
𝜕(𝑣)

𝜕𝑥
+ 𝑣

𝜕(𝑣)

𝜕𝑦
+ 𝑤

𝜕(𝑣)

𝜕𝑧
= −

1
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𝜕𝑥
+ 𝜈𝑛𝑓((

𝜕

𝜕𝑥
(
𝜕𝑣

𝜕𝑥
) +

𝜕

𝜕𝑦
(
𝜕𝑣

𝜕𝑦
) +

𝜕
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(
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𝜕𝑧
))                 (6.3) 

The Momentum equation in z-axis direction is: 

𝑢
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))                 (6.4) 

Energy equation for nanofluids is:  

𝜌𝑛𝑓 𝐶𝑝,𝑛𝑓 (𝑢
𝜕(𝑇)

𝜕𝑥
+ 𝑣

𝜕(𝑇)

𝜕𝑦
+ 𝑤

𝜕(𝑇)

𝜕𝑧
) = 𝐾𝑛𝑓(

𝜕

𝜕𝑥
(
𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(
𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(
𝜕𝑇

𝜕𝑧
)) (6.5) 

where T is temperature. Cp, nf and Knf are nanofluid specific heat and thermal 

conductivity, respectively. 
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6.3.2.2 FORMULATIONS FOR PHYSICAL PROPERTIES OF 

NANOFLUIDS 

Using valid empirical relationships for parameters such as density, specific 

heat capacity, thermal conductivity coefficient, and Nanofluid viscosity, 

determination of thermophysical properties to determine flow behavior and 

heat transfer at different volume fractions of nanofluid are implemented as 

follows. 

The density of nanofluid is expressed as: 

𝜌𝑛𝑓 = (1 − 𝜑)𝜌𝑓𝑏 + 𝜑𝜌𝑝                   (6.6) 

where ρf and ρp are density of base fluid and nanoparticles, respectively. φ 

refers to the volume fraction of nanoparticles.  

Specific heat of nanofluid is: 

(𝜌𝐶𝑝)𝑛𝑓
= (1 − 𝜑)(𝜌𝐶𝑝)𝑓𝑏

+ 𝜑(𝜌𝐶𝑝)𝑝
                                (6.7) 

Effective thermal conductivity of nanofluid is calculated as [226]: 

𝑘𝑒𝑓𝑓,𝑛𝑓

𝑘𝑓𝑏
=

𝑘𝑝+2𝑘𝑓𝑏+2𝜑(𝑘𝑝−𝑘𝑓𝑏)

𝑘𝑝+2𝑘𝑓𝑏−𝜑(𝑘𝑝−𝑘𝑓𝑏)
                 (6.8) 

where Keff,nf  is effective thermal conductivity of nanofluid. Kp and Kfb are 

thermal conductivities of nanoparticles and base fluid, respectively. 

According to the numerical model of dynamic viscosity obtained from 

experimental studies in [227], viscosity is given by: 

𝜇𝑛𝑓 = 𝜇𝑓𝑏(123𝜑2 + 7.3𝜑 + 1)                   (6.9) 

where μnf and μfb are viscosities of nanofluid and base fluid, respectively. 
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Figure 6. 3. CFD solution flowchart. 

Reynolds number is defined by 

𝑅𝑒 =
𝜌𝑛𝑓𝑢𝑖𝑛𝐷ℎ

𝜇𝑛𝑓
                (6.10) 

where uin is inlet velocity and Dh is hydraulic diameter. 

Heat transfer coefficient (h) is derived by 

ℎ =
𝑞𝑤

(𝑇𝑤−𝑇𝑏)
                 (6.11) 

where qw is wall heat flux. Tw and Tb are wall and bulk temperatures, 

respectively.  

Nusselt number is expressed as: 

𝑁𝑢 =
ℎ∙𝐷ℎ

𝑘𝑛𝑓
                 (6.12) 
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Fanning friction factor (f) is defined by 

𝑓 =
(∆𝑃/𝐿)∙𝐷ℎ

2 𝜌𝑛𝑓 𝑢𝑖𝑛
2                (6.13) 

where ∆P is pressure drop. L is length of the channel. 

6.3.3 NUMERICAL MODEL 

The electric machine and the cooling jacket are meshed and analyzed by CFD 

simulations. Simulations are run for different volume fractions of 

nanoparticles. Heat transfer and fluid flow parameters such as heat transfer 

coefficient, Nusselt number, Reynolds number, Fanning friction factor, and 

pressure drop are calculated for each volume fraction of nanoparticles. 

Figure 6.3 shows the CFD solution flowchart. The geometry creation, 

establishment of governing equations, boundary conditions determination, 

meshing, and mesh quality investigations are pre-processing steps. Then the 

CFD simulations are run based on control parameters. Obtained results are 

evaluated in the post-processing step.   

 

Table 6. 3. Grid sensitivity analyses 

Number of nodes 
Computed heat transfer  

coefficient 
Percentage variation 

2×106 119.93 — 

4×106 133.52 11.33 

6×106 131.92 1.2% 

8×106 131.78 0.11% 

 

 

Table 6. 4. Thermo-physical properties of Al2O3-water 

φ ρ (kg/m3) Cp (J/kg K) k (W/m K) μ (Pa s) 

0.02 1056.6 3922.4 0.6691 9.37×10-4 

0.04 1116 3693.2 0.7014 9.86×10-4 

0.05 1140.15 3466.95 0.7205 9.96×10-4 

Al2O3 3970 765 40 — 

Water 997.1 4179 0.613 8.91×10-4 
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Figure 6. 4. Boundary conditions. 

6.3.3.1 GRID INDEPENDENCE VALIDATION 

As the accuracy of obtained numerical results is strongly affected by the 

number of nodes in the meshed model, as a preprocessing step, the accuracy 

and independence of results from the number of mesh nodes must be 

investigated. Different simulations were performed and computed heat 

transfer coefficients versus the number of nodes are listed in Table 6.3. As 

can be seen, as the number of nodes exceeds 6 × 106, the variation of the 

computed heat transfer coefficient is only 0.11%. Therefore, 6 × 106 nodes 

provide satisfactory numerical accuracy. According to the density of meshes, 

to overcome the high volume of calculations a computer server with 48 cores 

and 124GB of RAM is employed. 

6.3.3.2 BOUNDARY CONDITIONS 

Boundary conditions are the inlet velocity of the fluid with the temperature 

of 343 K and the outlet pressure. Stator and its cooling jacket are considered 

to be under a constant heat flux of 3500 W/m2. The wall in which the channels 

are located is considered insulated. Figure 6.4 shows applied boundary 

conditions. The determinant parameters for the CFD analysis are listed in 

Table 6.5. 
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Table 6. 5. Determinant parameters for different CFD analysis 

CFD determinant parameters for different analysis 

Re 500 - 2000 

Number of Turns 2, 4, 6, 8 

Base Fluid Pure Water 

Inlet Fluid Temperature 343.15(K) / 70 (c°) 

Heat Flux 3500 (W/m^2 K) 

 

The employed nanofluid is Al2O3-water. Effects of adding nanoparticles on 

the fluid flow and thermal performance of the cooling system are studied for 

different volume fractions of the nanoparticles. Thermo-physical properties 

of the nanofluid and the base fluid (water) are listed in Table 6.4 [228]. 

6.4 RESULTS 

The cooling system is analyzed by 3D CFD simulations. Numerical 

simulations are performed under the boundary conditions described in the 

previous section. The effect of different geometries of the cooling jacket and 

concentrations of nanoparticles are studied. The applied heat flux and 

thermophysical properties of nanofluids are considered constant. Fluid flow, 

thermal characteristics, and performance of the cooling system for different 

given concentrations of nanoparticles and different geometries of the cooling 

jacket are discussed and computed results are compared with the results 

obtained from the use of water as the coolant. Studied nanoparticle 

concentrations are ranged between 0 and 5%. Channel turns number are 

considered 4, 6, and 8 turns. 

6.4.1 HEAT TRANSFER CHARACTERISTICS 

Figure 6.5 shows a contour plot of heat transfer coefficient variations against 

variation of pumping power (Reynold number) and nanoparticle 

concentrations for nanofluids flowing in cooling channels with 8 turns. The 

contour plot shows that the heat transfer coefficient increases with the 

increase of Reynolds number. Also, at any pumping power, increasing the 

concentration of nanoparticles increases the heat transfer coefficient. 



6. Electric machine cooling systems based on nanofluid …   

114 

 

 

Figure 6. 5. Contour plot of heat transfer coefficient versus volume fraction and Reynolds 

number. 

 

Figure 6. 6. Relative heat transfer coefficient changes for nanofluids with 2%, 4%, and 5% 

volume fraction with respect to water. 

To better illustrate the effect of the Reynolds number and the concentration 

of nano-particles on changes in the heat transfer coefficient, relative heat 

transfer coefficient changes to water are plotted in Figure 6.6 for φ = 2%, φ = 

4%, and φ = 5%. According to the results, compared to water, the maximum 

enhancement percentage of heat transfer coefficient occurs around Reynolds 

number of 1000 and its value is 39.1%, 66.02%, and 67.7% for nanoparticles 

volume fractions of 2%, 4%, and 5%, respectively.  
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The increase in heat transfer coefficient due to the adding of nanoparticles in 

the base fluid results from the fact that the addition of nanoparticles to the 

base fluid increases its thermal conductivity. This improves the thermal 

penetration depth of the coolant fluid. Also, according to Table 6.4, the 

presence of nanoparticles in the base fluid leads to a reduction in the specific 

heat capacity of the base fluid. This increases the amount of the absorbed heat 

flux by the coolant fluid. Therefore, the nanofluid with the nanoparticle con-

centration of 5% shows the largest heat transfer coefficient increase. 

However, the increase in the relative heat transfer coefficient enhancement 

for increasing the volume fraction from 4% to 5% is much smaller than the 

case of increasing the volume fraction from 2% to 4%. In fact, adding 

nanoparticles to a base fluid affects the heat transfer coefficient in two 

different ways. While increasing nanoparticle concentration enhances the 

heat transfer coefficient by increasing the thermal conductivity of the 

nanofluid, increasing the nano-particle concentration can lead to a reduction 

of the temperature gradient at the wall of the channels (increasing thickness 

of the boundary layer). Therefore, there are two factors that positively and 

negatively affect the heat transfer coefficient enhancement. Here, in the case 

of using the nanofluids with 5% volume fraction in 8 turns cooling jacket, the 

wall temperature gradient reduces significantly leading to a small heat 

transfer coefficient improvement. 

As it was mentioned, the maximum enhancement percentage of heat transfer 

coefficient occurs around Reynolds number of 1000. This is because, by the 

increase of Reynolds number, friction resistance reduces leading to 

improvement of convective heat trans-fer. On the other hand, from a specific 

Reynolds number onward, due to viscosity, the slope of the friction resistance 

changes decreases. Therefore, while in the laminar flow regime, the heat 

transfer coefficient always increases with increasing Reynolds number, but at 

higher Reynolds numbers, the slope of increasing the heat transfer coefficient 

decreases. 
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Figure 6. 7. Contour plot of heat transfer coefficient versus channel turns number and 

Reynolds number. 

The effect of different channel turns numbers on the heat transfer coefficient 

for a cooling system using water as the coolant is shown in Figure 6.7.  As is 

shown in Figure 6.7, due to the increase in the cooling cross-sectional area, 

increasing the turns number of the channel improves heat transfer from the 

electric motor to the coolant fluid, thus increasing the heat transfer 

coefficient. 

To compare the amount of the increase in heat transfer coefficient due to the 

increase in the turn number of channels, Figure 6.8 shows the relative increase 

in heat transfer co-efficient for channels with 6 and 8 turns compared to the 

channel with 4 turns. According to Figure 6.8, as the Reynolds number 

increases, the heat transfer coefficient increases for both cases (6 and 8 turns), 

but in the case of the channel with 8 turns, this increase for larger Reynolds 

numbers is greater than in the case of the channel with 6 turns. This difference 

in the amount of improvement in heat transfer coefficient at larger Reynolds 

numbers is due to the fact that the pitch of the channel with 8 turns is smaller 

than the channel with 6 turns. The smaller pitch of spiral channels causes the 

friction factor to de-crease further by increasing the Reynolds number [229]. 

Further reduction of the friction factor at larger Reynolds numbers greater 

enhances the convective heat transfer. 
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Figure 6. 8. Relative increase in heat transfer coefficient for channel turns numbers of 6 and 

8 with respect to 4. 

 

                                

(a)                                                                                          (b) 

 

(c) 

Figure 6. 9. Temperature distribution contours of the cooling system using the nanofluid at 

Reynolds number of 2000 with (a) 4 turns, (b) 6 turns, and (c) 8 turns. 
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Figure 6. 10. Heat transfer coefficient versus Reynolds number, nanoparticles volume 

fraction, and channel turns number. 

Temperature distribution contours of the cooling system using the nanofluid 

at Reynolds number of 2000 with 4, 6, and 8 turns are shown in Figure 6.9. 

As can be seen in Figure 6.9, the temperature of the electric motor has been 

increased due to the production of stator thermal flux and the temperature of 

the coolant fluid that flows through the spiral channels, as it approaches the 

outlet, is brought about by temperature rise. Investigating the effect of turns 

numbers shows that with the increase in the turns number of cooling channels, 

due to the increase of the cross-section in contact with the nanofluid, the 

maximum operating temperature has decreased. 

Figure 6.10 shows the effect of these factors on the heat transfer coefficient 

for nanoparticle concentrations from 0 to 5% (where φ=0 refers to the base 

fluid, water) and channel turns numbers of 4, 6, and 8 at different Reynolds 

numbers. According to Figure 6.10, from the heat transfer perspective, it can 

be concluded that the highest heat transfer improvement at all pumping 

powers has been obtained for the case of using the channel with 8 turns and 

employing the nanofluid with higher nanoparticles concentration. 

6.4.2 FLUID FLOW CHARACTERISTICS 

This subsection discusses the effect of geometry and fluid characteristics from 

the fluid flow perspective. Variations of the pressure drop at different 

Reynolds numbers for nanofluids with different nanoparticle concentrations 

are shown in Figure 6.11. 
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Figure 6. 11. Variation of the pressure drop at different Reynolds numbers for nanofluids 

with different nanoparticles concentrations. 

 

Figure 6. 12. Relative increase in pressure drop with respect to water. 

 As can be seen, increasing the concentration of nanoparticles increases the 

viscosity and increases the pressure drop. The percentage of the increase in 

pressure drop relative to the base fluid at different Reynolds numbers is 

depicted in Figure 6.12. According to the plot, at a smaller Reynolds number, 

the effect of increasing the nanoparticle concentration on the pressure drop is 

much greater than that at large Reynolds numbers. The reason for this 

phenomenon is that at small Reynolds numbers the friction factor is high and 

in large Reynolds numbers the friction factor decreases, especially this 
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reduction of the friction factor is greater for nanofluids with higher 

nanoparticle concentrations. 

The contour plot of pressure drop variations versus Reynolds number due to 

different channel turns numbers is shown in Figure 6.13. This figure 

illustrates that for all Reynolds numbers, increasing turns number of channels 

increases the pressure drop because the channel length increases. The 

percentage of the relative increase of pressure drop for channels with turns 

numbers of 6 and 8 with respect to the pressure drop of the coolant flowing 

in the channel with 4 turns is shown in Figure 6.14. Due to the smaller pitch 

of the channel with 8 turns, at larger Reynolds numbers, the friction factor 

decreases more than in the channel with 6 turns, so the percentage of the 

relative increase in pressure drop decreases at larger Reynolds numbers for 

the case of the channel with 8 turns.  

Figure 6.15 shows the contours of the pressure distribution inside the spiral 

channels with different turns numbers. As can be seen, with the increase in 

the number of turns, the pressure drop also increases due to the velocity 

gradient and the change in the flow field along the spiral channels. 

To illustrate the effect of channel turns number and nanoparticle 

concentration, Figure 6.16 shows a 3D plot of pressure drop variations with 

respect to different channel turn numbers and different concentrations of 

nanoparticles at Reynolds numbers from 500 to 2000. 
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Figure 6. 13. Variations of pressure drop at different Reynolds numbers for channel turns 

number of 4, 6, and 8. 

 

 

Figure 6. 14. Relative increase in heat transfer coefficient for channel turns numbers of 6 

and 8 with respect to 4. 
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(a) (b) 

 

(c) 

Figure 6. 15. Pressure distribution contours of the cooling system using the nanofluid with 

different turns numbers (a) 4 turns, (b) 6 turns, and (c) 8 turns. 

 

 

Figure 6. 16. Pressure drop versus Reynolds number, nanoparticles volume fraction, and 

channel turns number. 
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6.4.3 OVERALL PERFORMANCE EVALUATION 

Since the addition of nanoparticles affects both heat transfer and fluid flow 

characteristics, the performance of the system should be evaluated from both 

aspects. In this study, enhancement of heat transfer and friction factor are 

considered as evaluation factors. In other words, cooling system performance 

is evaluated based on the ratio of heat transfer improvement to the increase in 

the required pumping power. Therefore, the best performance is achieved 

when the maximum amount of heat transfer improvement is obtained in 

exchange for the minimum need to increase the pumping power. To evaluate 

the performance of the cooling system based on the results obtained from the 

CFD analysis and considering both the heat transfer and the fluid flow 

performances of the cooling system, the Performance Evaluation Criteria 

(PEC) is defined as [230]: 

𝑃𝐸𝐶 =
(
𝑁𝑢𝑛𝑓

𝑁𝑢𝑏
)

(
𝑓𝑛𝑓

𝑓𝑏
)

(1/3)                 (6.14) 

where Nunf and fnf are Nusselt number and Fanning friction factor computed 

for nanofluids. Nub and fb are Nusselt number and Fanning friction factor of 

the base fluid. In (14), Nusselt number represents the heat transfer 

performance factor and the Fanning factor signifies the fluid flow 

performance of the cooling system. 

In order to provide a clear picture of the cooling system performance based 

on heat transfer and fluid flow indices, numerator value changes of PEC 

versus the denominator value changes for nanoparticles concentrations of 2%, 

4% and 5% for the channel with 8 turns are plotted in Figure 6.17. According 

to the plot, for the case of using the nanofluid with 2% volume fraction, the 

performance of the cooling system at Reynolds numbers equal or smaller than 

780 and larger than 1700 is worse than its performance when water is used. 

A similar condition occurs for the nanofluid with 4% volume fraction when 

the Reynolds number is smaller than 700 or larger than 1700. In the case of 

the nanofluid with 5% volume fraction, worse performances are noticed for 

Reynolds numbers smaller than 780 and larger than 1575.  
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Figure 6. 17. Numerator value changes of PEC versus the denominator value changes for 

nanoparticles concentrations of 2%,4%, and 5%. 

Therefore, compared to water, the use of nanofluid with the volume fraction 

of 4% in more cases improves the performance of the cooling system. In other 

words, with increasing the concentration of nanoparticles, the rate of heat 

transfer improvement exceeds the rate of increase in pressure losses. 

However, excessive increase of nanoparticle concentration (here 5%) leads to 

decreased heat transfer and fluid flow performances. 

As mentioned before, heat transfer performance is impaired due to the dual 

effect of increasing the nanoparticle concentration which increases the 

thickness of the channel wall boundary layer. 

Figures 6.18a, 6.18b, and 6.18c show PEC index values for nanofluids with 

nanoparticle concentrations of 2%, 4%, and 5%, respectively. For all cases, 

the highest value of the PEC index is obtained at Reynolds number of 1049. 

As can be seen in Figure 6.18, it can be concluded that the greatest 

improvement in the overall performance of the cooling system, for all 

nanoparticle concentrations, is obtained in the situation where the heat 

transfer performance enhancement due to the addition of nanoparticles is 

almost at its maximum value while the increase in pressure drop is moderate. 
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(a) 

 

(b) 

 

(c) 

Figure 6. 18. PEC values, (a) for φ = 2%, (b) for φ = 4%, (c) for φ = 5%. 
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(a) (b) 

Figure 6. 19. Temperature distribution contours at Reynolds number of 2000 with volume 

fractions of (a) 2% and (b) 4%. 

This finding demonstrates that the main factor in improving the overall 

performance of the cooling system is improving its heat transfer performance. 

Therefore, the key factor that causes nanofluids with excessive nanoparticle 

concentrations to have a lower overall performance is the dual effect of 

adding nanoparticles on heat transfer rather than the negative effect of 

increasing pressure drop. 

Finally, In Figure 6.19., contours of temperature distribution are shown at the 

Reynolds number of 2000 for the nanofluid with volume fractions of 2% and 

4%. As can be seen, by increasing the volume fraction of nanoparticles in the 

fluid from 2% to 4%, the heat transfer from channel’s walls to the cooling 

fluid increases and the motor temperature decreases. The improvement in 

cooling due to the use of nanoparticles in the base fluid results from the fact 

that the addition of nanoparticles to the base fluid increases its conduction 

heat transfer coefficient. This improves thermal penetration depth of the 

coolant fluid. Also, the presence of a nanoparticle in the base fluid leads to a 

reduction in specific heat capacity of the base fluid. This increases amount of 

the absorbed heat flux by the coolant fluid. These two factors reduce the 

operating temperature of the motor and improve heat transfer performance of 

the cooling system. 
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6.5 CONCLUSION 

The effect of structural geometry of the cooling system and volume fraction 

of Al2O3 nanofluid on heat transfer and fluid flow performances of the 

cooling system for electric machine applications are analyzed in this chapter. 

The effect of adding nanoparticles to the base fluid and different geometries 

are examined on a cooling system based on the cooling jacket method. The 

core idea is to demonstrate these relationships so that the best combination of 

structural geometry and nanofluid volume fraction can be chosen to design a 

high-performance cooling system. Also, this study aimed at demonstrating 

and com-paring the importance of two factors of heat transfer and fluid flow 

on the overall performance of the cooling system. The main conclusions are 

as follows. 

(a) For the same structural geometry, the heat transfer coefficient 

increases with the in-crease of Reynolds number. Also, at any pumping 

power, increasing the concentration of nanoparticles increases the heat 

transfer coefficient. 

(b) In reference to (a), from a specific Reynolds number onward, due to 

the viscosity, the slope of the friction resistance changes decreases. Therefore, 

while in the laminar flow regime the heat transfer coefficient always increases 

with increasing Reynolds number, at higher Reynolds numbers, the slope of 

increasing the heat transfer coefficient decreases. 

(c) Adding nanoparticles to a base fluid affects the heat transfer 

coefficient in two different ways. While increasing nanoparticle 

concentration enhances the heat transfer coefficient by increasing the thermal 

conductivity of the nanofluid, increasing the nanoparticle concentration can 

lead to a reduction of the temperature gradient at the wall of the channels. In 

this study, numerical results for the nanofluid with the volume fraction of 5% 

in cooling jacket channels with 8 turns show a very small heat transfer 

coefficient enhancement resulted from a significant decrease in temperature 

gradient at the channel walls. 
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(d) Due to the increase in the cooling cross-sectional area, increasing the 

turns number of the channel improves heat transfer from the electric motor to 

the coolant fluid, thus in-creasing the heat transfer coefficient.  

(e) Increasing turn number of channels leads to a greater enhancement of 

heat transfer co-efficient at larger Reynolds numbers. This is due to the fact 

that the pitch of the channel decreases by increasing turns number. As the 

smaller pitch of spiral channels causes the friction factor to decrease further 

by increasing the Reynolds number, greater enhancement of the heat transfer 

coefficient is achieved. 

(f) Due to the smaller pitch of the channel with a higher number of turns, 

at larger Reynolds numbers, the friction factor decreases more than in the 

channel with a lower number of turns, so the percentage of the relative 

increase in pressure drop decreases at larger Reynolds numbers for spiral 

channels with a higher number of turns.  

(g) According to the results and discussions, it was demonstrated that the 

main factor in improving the overall performance of the cooling system is the 

increase in its heat transfer performance. Therefore, the key factor that causes 

nanofluids with excessive nanoparticle concentrations to have a lower overall 

performance is the dual effect of adding nanoparticles on heat transfer rather 

than the negative effect of increasing pressure drop.



 

7.  ELECTRIC MACHINE 

COOLING SYSTEMS BASED ON 

PCM AND A HYBRID COOLING 

SYSTEM  

7.1 INTRODUCTION 

This chapter investigates the cooling performance of entirely passive cooling 

systems and hybrid (passive + active) cooling systems for electric machine 

cooling applications. Cooling systems are either active or passive. Although 

in active cooling systems, heat transfer coefficient is higher, the installation, 

repair, maintenance, and pump power are the problems associated with the 

employment of active cooling systems [231]. The use of cooling jackets is the 

most common cooling method for electric machine applications [232]. In a 

passive cooling system, in which the pump is not used in the cooling circuit, 

the heat generated by the electric machine should be adsorbed and transferred 

without engaging the pump [233].  

Phase Change Materials (PCMs) are used as heat adsorbent agents to cool 

electronic components [234–236], electric motors [237], and thermal energy 

storage systems [238–240]. In the phase change process, the heat flux is 

dissipated as latent heat to melt down the material while its temperature does 
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not change until the phase change is complete. Among the relevant studies, 

Wang et al. studied the use of PCMs for cooling electric motor rotors [241]. 

They injected PCM paraffin into a Permanent Magnet Synchronous Motor 

(PMSM) and found that the use of PCMs increases the motor utilization time 

by 50% until it reaches the maximum allowed temperature. In another study, 

they used PCMs, along with a fin, and observed the improved PCM-based 

cooling system performance [242].  

The use of PCMs for cooling of electric machines rotor/stator has recently 

attracted the attention of researchers. The majority of studies used oil-based 

PCMs, such as paraffin, in cooling systems. Also, metal-based phase change 

materials are used for cooling the electric machine and preventing its 

extensive temperature rise. As compared to oil-based phase change materials, 

these materials have a higher melting point and thermal conductivity. 

Therefore, in this chapter, a metal-based PCM that possess a higher thermal 

conductivity compared to Paraffin that is a common PCM studied in the 

literature was selected. The flow field and transient heat conduction are 

simulated using the finite volume method. The accuracy of numerical values 

obtained from the simulation of the phase change materials is validated. The 

sensitivity of the numerical results to the number of computational elements 

and time step values is assessed. The main goal of adopting the PCM-based 

passive cooling system is to maintain the operational electric machine 

temperature in the allowed range for applications with high and repetitive 

peak power demands such as electric vehicles.  

PCM-based cooling systems take advantage of the high latent heat absorbance 

capability of PCMs during phase change processes. In the first study, PCM is 

employed in spiral channels with different channel turns. In the second study, 

entire the cooling jacket is filed by PCM. Both scenarios are based on the 

completely passive cooling system technique. Changes in the temperature of 

PCM, rotor and stator temperatures, and liquid phase volume fraction of PCM 

in different geometric arrangements are investigated. 

Performance of passive PCM-based cooling systems strongly depends on the 

time duration of the PCM melting process. In fact, after the melting process 
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completed, the heat transfer capability of the cooling system significantly 

deteriorated. This makes PCM-based passive cooling systems suitable for 

short-time heat removal needs. Therefore, passive PCM-based cooling 

systems can be used for heat fluxes arising during short-time intervals. In 

other words, passive PCM-based cooling systems are not suitable for heat 

removal when a constant heat flux is applied. Therefore, in this chapter, 

combination of passive PCM-based cooling systems with active liquid-

cooling systems are investigated. The idea is to remove the extra heat 

generated at repetitive peak power operating points of the electric machine 

and to employ a liquid-cooling system for removing the heat generated by 

more frequently operating points of the electric machine.  

7.2 GOVERNING EQUATION AND NUMERICAL 

METHOD 

The porous enthalpy method is used to simulate the phase change process in 

the cooling stage. The simulation is three-dimensional, and the flow is 

considered laminar, transient, and incompressible. The governing equations 

are Navier-Stokes and Energy equations: 

∇. �⃗� = 0                 (7.1) 

𝜕�⃗⃗� 

𝜕𝑡
+ �⃗� . ∇. �⃗� =

1

𝜌
(−∇𝑃 + 𝜇∇2�⃗� + 𝜌𝛽𝑔 (𝑇 − 𝑇𝑟𝑒𝑓)) + 𝑆            (7.2) 

𝜕ℎ

𝜕𝑡
+

𝜕𝐻

𝜕𝑡
+ ∇. (�⃗� ℎ) = ∇. (

𝑘

𝜌𝐶𝑃
∇ℎ)              (7.3) 

where H is the enthalpy of PCM, containing nanoparticles, and equal to the 

sum of sensible enthalpy (h) and latent heat (∆H). 

𝐻 = ℎ + ∆𝐻                                      (7.4) 

The sensible enthalpy is calculated using the following equation: 

ℎ = ℎ𝑟𝑒𝑓 + ∫ 𝐶𝑃 𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓 
                                    (7.5) 
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where, h_ref is the original enthalpy, T_ref is the original temperature, and 

C_P is the specific heat capacity under constant pressure. The latent heat is 

calculated based on the latent heat of the material: 

∆𝐻 = 𝛼𝐿                                     (7.6) 

where, L and α are latent heat and liquid fraction, respectively. α is defined 

as follows: 

𝛼 = {

0                                   𝑖𝑓 𝑇 < 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠
𝑇−𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠

𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠−𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠
    𝑖𝑓  𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 < 𝑇 < 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠

1                                          𝑖𝑓 𝑇 > 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠

          (7.7) 

The latent heat capacity can be zero (for solid) and equal to L for liquid. The 

Energy Equation is as follows for the melting or freezing problem: 

𝜕(𝜌𝐻)

𝜕𝑡
+ ∇. (𝜌𝑣 𝐻) = ∇. (𝑘∇𝑇) + 𝑆             (7. 8) 

where, v   and S are the fluid velocity and source, respectively. 

𝑆 =
(1−𝜆)2

𝜆3 𝐴𝑚𝑢𝑠ℎ�⃗�                            (7.9) 

In this equation, Amush is the Mushy factor and equal to 106 [243].  

The governing equations are discretized using the second-order upwind 

method. The velocity and pressure equations are coupled using the SIMPLE 

method. The convergence criterion is considered 10-6 for all equations. The 

time step of the simulation is 10-3. 

7.3 PROBLEM STATEMENT AND BOUNDARY 

CONDITION 

In the present study, the passive cooling system is designed for an electric 

motor. The specifications of the designed motor are presented in Table 7.1. 

The metal alloy-based PCMs are used for cooling. The thermophysical 

properties of PCMs are presented in Table 7.1.  
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(a) 

 

(b) 

 

(c) 

Figure 7. 1. Schematic of geometries under investigation. 
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Table 7. 1. Thermophysical properties of PCM in present study [244] 

Density 

ρ(
𝑘𝑔

𝑚3) 

Specific 

heat 

C𝑝(
𝑘𝑗

𝑘𝑔.𝐾
) 

Latent 

heat 

h𝑠𝑓(
𝑗

𝑘𝑔
) 

Conductivity  

𝑘(
𝑊

𝑚−𝐾
) 

Melting 

Temperature  

(°C) 

Metal based PCM 

9079 3230 202000 33.2 58 52BI/30PB/18SN 

 

Figure 7.1 shows the arrangement of the phase change material inside the 

motor’s cooling jacket. As can be seen, PCMs have been used in a cooling 

system with a spiral arrangement of 6 (Figure 7.1 a) and 8 (Figure 7.1 b) turns 

and in the entire cooling jacket (Figure 7.1 c). The heat flux applied to the 

rotor wall is 3500 watts per square meter. All external walls are insulated. 

The motor temperature change over time is measured by transient simulation 

of the flow field and heat transfer. 

7.4 VALIDATION AND GRID STUDY 

To validate the numerical method used in the simulation of the PCM melting 

process, the results are compared to the experimental data in [244], where the 

behavior of PCM (RT50) was investigated inside a shell and tube heat 

exchanger. Figure 7.2 compares changes in the temperature of the phase 

change materials based on the time obtained from the numerical solution with 

the results presented in this reference. As can be seen, the results of the study 

are in good agreement with [244], indicating that the employed numerical 

method is accurate. 
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Figure 7. 2. Validation of results in Hosseini et al.'s study [244]. 
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Figure 7. 3. Grid independency and computational grid, (a) Grid independency, (b) applied 

computational grid. 
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In the numerical simulation, the number of computational elements has a 

considerable effect on the numerical results. In the present study, the 

simulation was done for a different number of elements and the effect of the 

number of elements on the mean motor temperature after 500 seconds and 

eight PCM turns around the rotor is presented in Figure 7.3a. According to 

this figure, the results become independent of the number of the 

computational network with increasing the number of elements to more than 

2,500,256. Figure 7.3b shows the applied computational mesh network. 

7.5 RESULT AND DISCUSSION 

This section presents the numerical results obtained from the transient 

simulation of the flow field and heat transfer. The results entail the 

distribution of the volume fraction of the liquid phase, temperature 

distribution of the PCM path, and temperature distribution of the motor body 

at different times.  

Figure 7.4 shows the distribution contour of the volume fraction of the liquid 

phase at different times, representing the melting process. As can be seen, no 

phase change can be seen after 300s and with six turns; however, the phase 

change occurred at t = 500 s, and 0.4 of the PCMs changed to the liquid phase. 

Comparison between the scenarios with six and eight turns at t=500 s showed 

that 0.25 of PCM changed to liquid phase under the scenario with eight turns. 

According to Figure 7.4, the volume fraction of the liquid phase reduces from 

0.77 to 0.51 at t = 600 s with increasing the number of turns from six to eight. 

By increasing the number of turns around the PCM path, the latent heat 

capacity increases in the melting process, and more heat is needed for phase 

change. Therefore, the transition from solid to liquid phase takes longer to 

happen with increasing the number of turns in the passive cooling system 

under investigation.  
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t=300 s t= 500 t=600 s 

a) number of turns of PCM-containing spiral tape: 6 

 

 

 

 

 

 

 

 

t=500 s t= 600 t=900 s 

b) number of turns of PCM-containing spiral tape: 8 

 

 

 

 

 

 

t=600 s t= 2000 s t=4300 s 

c) all jacket filled by PCM 

Figure 7. 4. Distribution of volume fraction of the liquid phase for three different PCM 

arrangements. 
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The prolongation of the melting process causes the longer adsorption of heat 

flux by PCM and the operating temperature is maintained for a longer time 

within the allowed temperature range. The utilization time of the active 

cooling system reduces with increasing the operating time of the passive 

cooling system within the allowed operating temperature. Reducing the 

operation time of the active cooling system in the electric motors of electric 

vehicles improves the discharge and operation time.  

As seen in Figure 7.4.c in the case that the whole area of the cooling jacket 

volume is filled by PCM, at t = 600 s, the phase change material is in the solid 

phase and the phase change process has not yet begun. Over time at t = 200 

s, the maximum value of the liquid phase is 0.38, which indicates that the 

phase change has occurred and part of the phase change material has been 

converted to the liquid phase. Finally, at t = 4000 s, the maximum mass 

fraction of the liquid phase is equal to 0.98, which indicates that over time 

and when the heat flux of the electric machine is applied to the phase change 

material, a sufficient latent heat for melting in the phase change process is 

provided. 

To investigate the behavior of PCMs in the present study, Figure 7.5 shows 

the temperature changes at different times under both scenarios of six and 

eight turns. According to this figure, the maximum temperature at t=300 s, 

500 s, and 600 s is 47°C, 54°C, and 57°C, respectively, in a jacket with six 

embedded turns of PCM. The maximum temperature for the scenario with 

eight turns at t = 500 s, 600 s, and 900 s is 53°C, 55°C, and 56.7°C, 

respectively. As can be seen, an increase in the cooling path temperature is 

higher than the central temperature where the stator is connected to the jacket 

on both sides. According to the results, the latent melting temperature 

increases with increasing the number of turns of the PCM-containing cooling 

path; in addition, the PCMs can maintain the allowed motor temperature for 

a longer time by absorbing the applied heat flux. 

Figure 7.5.c shows the temperature distribution when the entire jacket is filled 

with phase-change material at 600, 2000 and 4300 seconds. As can be seen at 

t = 600s, the maximum temperature of the phase change material is 42 ° C  
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t=300 s t= 500 t=600 s 

a) number of turns of PCM-containing spiral tape: 6 

 

 

 

 

 

 

t=500 s t= 600 t=900 s 

b) number of turns of PCM-containing spiral tape: 8 

 

 

 

 

 

 

t=600 s t= 2000 s t=4300 s 

c) all jacket filled by PCM 

Figure 7. 5. Distribution of path filled with PCM in three different arrangements 
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and at t = 2000s, with the penetration of heat into it, the maximum temperature 

increases to 54 ° C and finally with continuing the phase change process and 

the predominance of the liquid phase, the temperature of the PCM-filled 

chamber increased to 78 °C. In the following, quantitative and qualitative 

changes of the electric machine temperature over time are presented and the 

thermal performance of the passive cooling system used in the present study 

is investigated. 

Figure 7.6 shows the contour of the temperature distribution of the rotor and 

stator at different times and scenarios under investigation. According to 

Figure 7.6a, in the presence of six turns of PCM around the spiral path, the 

motor temperature increases over time in a gradual melting process. At t = 

300 s, 500 s, and 600 s, the maximum temperature was 74.5°C, 87.7°C, and 

91.7°C, respectively. The investigation into the degree of maximum 

temperature changes showed that the effectiveness of PCM in preventing 

temperature rise reduces with the progress of the melting process and 

domination of the liquid phase. In fact, PCM has the maximum efficiency 

when it is undergoing the phase change process. In addition, with the 

completion of the melting process, a sensible heat transfer occurs. 

Figure 7.7 shows changes in the volume fraction of the liquid phase over time 

for two different conditions under study. As can be seen, the volume fraction 

of the liquid phase increased after 400 s. There is a slight delay of 50 seconds 

at the start of the melting process between the arrangements with eight and 

six turns. After the beginning of the melting process, the volume fraction of 

the liquid phase increases linearly; in addition, the process was longer at the 

arrangement with eight turns in that a complete phase transition to liquid 

occurred after 720 s in the arrangement with six turns and after 968 s in the 

arrangement with eight turns. The PCM mass and heat adsorption increase in 

the melting process by increasing the number of turns. This is why the melting 

process time has increased. 
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t=300 s t= 500 t=600 s 

a) number of turns of PCM-containing spiral tape: 6 

 

 

 

 

 

 

t=500 s t= 600 t=900 s 

b) number of turns of PCM-containing spiral tape: 8 

 

 

 

 

 

 

600 s 2000 s 4300 s 

C) number of turns of PCM-containing spiral tape: 6 

Figure 7. 6. Temperature distribution of motor at two different arrangements of the PCM-

containing cooling system. 
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Changes in the volume fraction of the liquid phase of the phase change 

material when the entire jacket chamber is filled with the phase change 

material, show that after 1000 seconds, the melting process has started due to 

the increase in heat required for melting. Thus, in the case where the phase 

change material is used in the spiral path with 8 and 6 turns, the whole process 

of melting and conversion of the whole phase change material to liquid phase 

has occurred in 1000 seconds, but in the condition where the whole jacket 

chamber is filled with the phase change material, the process of phase change 

and conversion of the whole PCM to the liquid phase occurred during 6000 

seconds. This study shows that the process of changing the amount of liquid 

phase of PCM shows that at about 1000 seconds, the melting process begins 

and the volume fraction of the liquid phase begins to increase. 

By t = 3150 s, with a constant slope, the volume fraction of the liquid phase 

increases to 0.65, after which its slope changes, and finally, at t = 6000 s, all 

the phase change material transforms to the liquid phase. The reason for the 

change in slope at t = 3150 s can be due to the predominance of the liquid 

phase after that and the effect of heat is noticeable. In fact, based on the 

volume fraction distribution of PCM in the liquid phase, we can say; the best 

performance is achieved up to t = 3150 s, when the dominant mechanism of 

heat transfer is latent heat of melting. In the following, the electric machine 

temperature changes in three different conditions over time are investigated. 
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Figure 7. 7. Changes in volume fraction of liquid phase over time and effect of number of 

PCM-containing path’s turns. 

Figure 7.8 shows changes in the mean motor temperature based on time. As 

can be seen, the motor temperature increases linearly with time before the 

initiation of the melting process. This is because sensible heat is the dominant 

mechanism of heat transfer. With the beginning of the melting process, the 

gradient of temperature changes reduces as a part of the heat flux is adsorbed 

during the melting process (latent melting heat). Figure 7.8 shows that the 

motor temperature remains within the desired temperature (lower than 60) for 

a longer time with increasing the mass and space occupied by the PCM.  

Also, the study of temperature changes in conditions where the jacket 

chamber is entirely filled with phase change material, shows that the cooling 

performance is acceptable. For up to 4000 seconds, the operating temperature 

is less than 80 ˚C using only the passive cooling system based on the phase 

change material. Maintaining the allowable temperature by the passive 

cooling system for more than one hour reduces the energy consumption in the 

cooling section, and this can increase the working life of hybrid/electric 

vehicles and increase their efficiency. 
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Figure 7. 8. Changes in mean motor temperature over time and effect of number of PCM-

containing path’s turns. 

Examination of the change in the electric machine temperature gradient when 

the entire chamber is filled with the phase change material shows that the 

process of temperature changes is consistent with the process of liquid phase 

changes (Figure 7.7). As can be seen, up to t = 3150 s, due to the 

predominance of the latent heat, the temperature increased with a smaller 

slope, and this is the period when the best performance of the passive cooling 

system is achieved where the electric machine temperature is maintained 

below 60 ˚C without any energy consumption and the pumping power. 

7.6 HYBRID COOLING SYSTEM 

The combination of active and passive cooling methods that is called hybrid 

cooling system is investigated in this section. In this study, active cooling 

system is based on water-cooling and the passive one is based on using PCM. 

Figure 7.9 shows losses of an electric machine under three widely used 

driving cycles [245]. The driving cycles are Federal Test Procedure (FTP-75), 

New European Driving Cycle (NEDC), and Japanese test cycle (JC08).  
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(a) 

 

(b) 

Figure 7. 9. Electric vehicle driving cycles and corresponding electric machine losses, (a) 

driving cycles, (b) corresponding electric machine losses [245]. 

As can be seen, part of losses are very repetitive but other parts are not 

frequent. So, the active cooling system can be designed for repetitive losses 

and the passive PCM-based cooling system can be responsible for less 

frequent peak losses. This adequately fits properties of PCM that can absorb 

high volume of heat but for a short time. 

Figure 7.10 shows the model of hybrid cooling system consisting of spiral 

channels containing water as the active part of the cooling system and the 

cooling jacket filled by PCM as the passive part of the cooling system. The 

main purpose of implementing the hybrid cooling system is to reduce the 

temperature of the phase-change material and increase the melting time. 
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Figure 7. 10. Model of the under-study hybrid cooling system.  

Figure 7.11 shows the average temperature of the electric machine when the 

hybrid cooling system as a combination of an active and a passive cooling 

system parts is used. As can be seen, employing the hybrid cooling system, 

the average temperature of the electric machine remains below 80 degrees up 

to more than 5000 seconds. According to Figure 7.11, temperature changes 

have shown three different behaviors, depending on time. First, with a steep 

slope, the temperature of the electric machine has increased. This is due to 

the tangible heat that is applied under the exposure of heat flux. After 1150 

seconds, the slope of temperature changes has decreased because at this point, 

the phase change process has begun, and the heat flux of the electric machine 

is dissolved by the latent heat capacity of the PCM melting. After the melting 

process continues and the dominant volume fraction becomes liquid, the slope 

of the electric machine temperature increases.  



7. Electric machine cooling systems based on PCM …   

147 

 

Time (s)

0 1000 2000 3000 4000 5000 6000

M
o

to
r 

A
v
er

ag
e 

T
em

p
er

at
u

re
 (

°C
)

20

40

60

80

100

Full PCM + Water in 8 turns

 

Figure 7. 11. Average temperature of the electric machine, using hybrid cooling system.  

Changes in the volume fraction value of the liquid phase in terms of time is 

shown in Figure 7.12. As can be seen, the changes in the volume fraction of 

the liquid phase can be justified based on the trend of temperature increase. 

First, the volume fraction of the liquid phase is equal to zero and after 1150 

seconds, by absorbing the heat flux generated by the electric machine, the 

volume fraction of the liquid phase increases until after 6000 seconds, it 

reaches to 0.85. 
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Figure 7. 12. Changes in volume fraction of liquid phase of the phase change material, using 

the hybrid cooling system.  

7.7 COMPARISON OF DIFFERENT TYPES OF 

INVESTIGATED COOLING SYSTEMS 

In this section, by comparing the electric machine operating temperature in 

terms of time in each of the studied conditions, the performance of the 

designed cooling systems has been investigated. In this regard, the average 

temperature changes for four different cooling systems in terms of time are 

shown in Figure 7.13. As mentioned above, three types of passive cooling 

systems have been studied with different layouts of the phase change material 

and a hybrid system employing both active and passive cooling methods. As 

it can be observed in Figure 7.13, when 6 and 8 turn channels containing 

phase change material have been used, it has no significant effectiveness and, 

in a short time, the temperature of the electric machine has increased. While, 

in the case where the entire cooling jacket surrounding the electric machine 

is filled with phase-change material, the temperature of the electric machine 

has been less than 70 degrees in a time interval of more than 4,000 seconds. 

These results indicate that if a passive cooling system based on phase change  
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Figure 7. 13. The effect of different arrangements of the phase change material and the hybrid 

cooling system on the average temperature of the electric machine. 

materials is used for cooling the electric machine, it is suggested that the 

entire cooling jacket be filled with the phase change material. The 

investigation of the average temperature of the electric machine in conditions 

where spiral channels containing water are used inside the area filled by the 

phase change material demonstrates that due to the heat transfer from the 

phase change material into the fluid, the average temperature of the electric 

machine has decreased. Employing the cooling fluid increases the ability to 

absorb heat in the phase change material and increases the melting time. By 

increasing the melting time, in fact the time of absorbing the heat flux of the 

electric machine by the phase change material will increase. 

Figure 7.14 shows the effect of different arrangements of the phase change 

material as well as the effect of using the hybrid cooling system on the volume 

fraction value of the liquid phase indicating the phase change process from 

solid to liquid state in terms of time. As can be seen by increasing the volume 

of the phase change material as a result of increasing the turn number channels 

filled with the phase change material, the phase change process duration has  
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Figure 7. 14. The effect of different arrangements of the phase change material and the 

hybrid cooling system on the phase change process. 

slightly increased. In the case of the entire cooling jacket filled with the phase 

change material, the melting time has increased significantly, and the melting 

process starts at 1020 seconds. From Figure 7.14, it can be seen that in the 

case of using the hybrid cooling system, due to the heat transfer from the 

phase change material to water, beginning of the phase change process has 

delayed and in 6000 seconds, 0.8 of the phase change material has been 

transformed into liquid phase. 

7.8 FLOW PHYSICS 

In this section, thermal performance of the under-study hybrid cooling system 

is investigated. For this purpose, the temperature distribution of the active 

part of the hybrid cooling system consisting of cooling channels containing 

the cooling fluid is shown at three different times in Figure 7.15. As can be 

seen, over time, the heat flux generated by the electric machine is absorbed 

by the cooling system and the temperature of the cooling fluid and the phase 

change material increase. Increasing the cooling fluid temperature in fact 

reduces the temperature of the phase change material and this increases the  
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Figure 7. 15. Temperature distribution of the active cooling part of the hybrid cooling 

system, (a) at t= 2000 s, (b) at t= 3000 s, (c) at t= 6000 s. 

melting time. The investigation of temperature distribution contour at three 

different times in figure 7.15 shows that the inlet cooling fluid temperature is 

at its minimum value and along the way by absorbing heat flux, its 

temperature has increased at the outlet point. The temperature distribution 

contour of the electric machine stator is shown in Figure 7.16. As can be seen,  
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(a)                                                                                                       (b) 

 

(c) 

Figure 7. 16. Temperature distribution of the electric machine stator when the hybrid cooling 

system is used, (a) at t= 2000 s, (b) at t= 3000 s, (c) at t= 6000 s. 

 

over time, the temperature of the electric machine increases and the cross 

sections with higher temperatures have increased (this has increased the 

average temperature in terms of time). According to Figure 7.16, at 6000 

seconds, the maximum temperature of the electric machine is 94°C. Liquid 

mass fraction of PCM inside the cooling jacket at t= 2000 s, t= 3000 s, and t= 

6000 s are shown in Figure 7.17. As can be seen, at t = 6000s large amount  
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(c) 

 

Figure 7. 17. Temperature distribution of the cooling jacket when the hybrid cooling system 

is used, (a) at t= 2000 s, (b) at t= 3000 s, (c) at t= 6000 s. 

 

of PCM is transformed to the liquid phase indicating the highest limit of PCM 

effectiveness. 
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7.9 CONCLUSION 

In this chapter, the flow field and heat transfer for cooling an electric motor 

were investigated based on the finite volume method. In this study, the 

passive cooling method was implemented and PCM, as the cooling agent 

were adopted. PCM was used in the spiral path with different turns. Changes 

in the temperature of PCM, rotor and stator temperature, and volume fraction 

of liquid phase in different geometric arrangements at different times were 

investigated. The accuracy of the results was also validated. According to the 

results, the use of a passive PCM-based cooling system with a spiral 

arrangement can maintain the motor’s operating temperature within the 

allowed range in 900 s without consuming external power. The results 

indicate that the complete melting time increases by 200 s with increasing the 

number of PCM-containing path's turns from six to eight. According to the 

results, the optimal arrangement of the PCM-containing path to maintain the 

operating temperature within the allowed range and the design of an active 

cooling system for the post-phase change process are good recommendations 

for future studies. 

In addition to the spiral channels containing PCM, the entire jacket 

compartment is also filled with PCM material. The results show that in this 

case, for 3150 seconds, the passive cooling system used was able to maintain 

the operating temperature of the electric machine below 60 ˚C. Based on the 

results, the passive cooling system, which does not require any cooling fluid, 

without pumping power, is able to have a good cooling performance and 

decreases the electric machine temperature. 

According to the results, the effectiveness of the hybrid cooling system with 

the PCM-containing path to maintain the operating temperature within the 

allowed range and the water-cooling active cooling system for the post-phase 

change process is demonstrated.



 

8.  CONCLUSIONS AND FUTURE 

WORK 

8.1 SUMMARY AND CONCLUSIONS 

The main focus of this study was to investigate the effectiveness of employing 

advanced coolants and phase change materials in cooling systems of electric 

machines. Regarding the advanced coolants, nanofluids were adopted. The 

reason behind this adoption lies in the significantly improved heat transfer 

performance of nanofluids compared to conventional cooling fluids. Besides 

the enhanced heat transfer of nanofluids, other properties of nanofluids affect 

their overall performance. Therefore, both heat transfer and fluid flow 

properties of nanofluids were evaluated in this thesis.  

Regarding phase changed materials, high latent heat as their most distinctive 

property makes them suitable to be used as thermal energy storage medium. 

In this thesis, the employment of phase change materials in improving 

efficiency of electric machine cooling systems was investigated. 

In Chapter 2, various cooling methods for electric machine cooling 

applications were described. Moreover, general and specific requirements of 

electric machine cooling systems for electric/hybrid vehicle applications were 

investigated.  

 Knowing the requirements, the motivations behind the research were 

determined by investigating potential areas for improving the performance of 
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electric machine cooling systems in order to meet the requirements of this 

application.  According to the discussion, it was concluded that removing heat 

from the surface of the stator using common cooling jackets is a cost-effective 

and proper approach. Generated heat in different parts of electric machines 

can be transferred to the cooling jacket by means of convection, heat pipes, 

etc. Therefore, the focus of the research was set on improving heat transfer 

performance of cooling systems based on cooling jackets with minimal 

changes in the structure of the cooling system.  

The heat transfer and fluid flow properties of nanofluids were studied in 

Chapter 3. Moreover, the most effective mechanisms of nanofluids heat 

transfer were described. It was found that high thermal conductivity of 

nanoparticles plays a key role in heat transfer enhancement of nanofluids. In 

line with this property of nanoparticles, Al2O3 nanoparticles were selected for 

this research. Various modelling approaches were described in this chapter. 

According to pros and cons the multiphase modelling method was selected 

for simulations. 

Various properties of phase change materials were studied in Chapter 4. Also, 

applications of phase change materials and their potential benefits in cooling 

systems were described. It was concluded that the use of phase change 

materials alone is not suitable for cooling systems in applications where rapid 

heat flux changes occur because the phase change processes need time to 

complete and return to the previous state.   

In Chapter 5, employing Ethylene-Glycol coolant in spiral channels inside 

the cooling jacket, effects of some structural changes were investigated. 

Moreover, the effects of volume fraction and pumping power on heat transfer 

and fluid flow of the coolant were studied. It was observed that increasing 

turn number of channels, the volume fraction of ethylene glycol, and the 

Reynolds number all increase the heat transfer coefficient. The defined 

performance evaluating parameter in this study, PEC, was used to evaluate 

the thermal and fluid flow performances of the cooling system. 

 According to the simulation results, it was concluded that in comparison with pure 

water with turn number of 8, at volume fraction of 60:40, and at Reynolds number 

of 5000, the highest PEC can be obtained. 
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The effect of structural geometry of the cooling system and volume fraction 

of Al2O3 nanofluid on heat transfer and fluid flow performances of the cooling 

system for electric machine applications are analyzed in Chapter 6. The 

effect of adding nanoparticles to the base fluid and different geometries are 

examined for a cooling system based on the cooling jacket method. According 

to results, it was concluded that increase of Reynolds number and 

concentration of nanoparticles increase the heat transfer coefficient. It was 

observed that because increasing the nanoparticle concentration can lead to a 

reduction of the temperature gradient at the wall of the channels, from a 

specific nanoparticle concentration onward, the rate of heat transfer 

enhancement decreases significantly. This is the dual effect of adding 

nanoparticle into base fluids. 

Two fully passive cooling systems based on phase change materials were 

studied in Chapter7. One arrangement was employing phase change 

materials inside spiral channels and the other was based on filling entire the 

cooling jacket with phase change materials. In the case of phase change 

materials in spiral channels it was found that this configuration is no effective 

and even by increasing turn number of spiral channels no remarkable 

improvement was observed. 

Examining the losses caused by the operation of electric machines in the 

application of electric vehicles under standard driving cycles, it was observed 

that due to the large number of starters and stops that require frequent 

acceleration and deceleration, peak loss values are much larger than the 

average loss. Exploiting high latent heat capacity of phase change materials 

and fast heat transfer ability of the active cooling method, a hybrid cooling 

system was investigated. The hybrid cooling system consists of a passive 

cooling part based on phase change materials and an active cooling part based 

on liquid cooling approach. The passive cooling part is responsible to absorb 

high heat fluxes generated during peak load demands by the cooling jacket 

filled with a metal-based phase change material. On the other hand, the active 

cooling part removes the excess heat flux from the phase change material 

preparing it for the next peak heating cycle. Analyses, demonstrated the 



8. Conclusions and future work   

158 

 

effectiveness of the hybrid cooling system for electric machines used in 

electric/hybrid vehicle applications.  

8.2 FUTURE WORKS 

Following on from this study, future works should be developed and 

continued in some directions suggested as follows. 

Developing and analysing couplings between analytical model of cooling 

systems and electric machine thermal models. These coupled models can be 

used for evaluation and design purposes.  

Investigating application of the hybrid cooling system to other applications 

with high power cycling. For example, power electronics energy conversion 

systems in traction applications, where there is high power cycling due to high 

traction and regenerative braking power flows.  

Investigation of efficient heat transfer methods to transfer heat from inner 

parts of electric machine to the cooling jacket such as employing heat pipes.  

In this way, temperature distribution on the stator surface becomes more 

uniform.
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