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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 driverôs 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 motorôs 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.  L ITERATURE 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  



2. Literature review 

6 

 

 

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 
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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 ęC. But, under the same 

load, the temperature of the air-cooled counterpart reached 500 ęC 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 ęC.  
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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 ęC 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 ñNanosò and, in the metric 

system, means "one billionth" of a meter. One nanometer is a factor of 10ī9 

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 25ęC 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 nanotubesïethylene glycol suspension and carbon 

nanotubesïsynthetic 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 

Al 2O3 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 Al 2O3 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 
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in order to improve the performance of cooling systems in these applications 

is very promising. The results of practical experiments showed that with 

increasing the 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 

Al 2O3, 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 ï 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 ï 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.  



3. Heat transfer of nanofluids 

48 

 

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  : 

Ȣɳ”ὲὪὠά π         ( 3.1) 

Momentum equation: 

Ȣɳ”ὲὪὠάὠὓ ὖɳ Ȣɳ‘ὲὪɳὠά        ( 3.2) 

Energy equation:        

  

Ȣɳ”ὲὪὅὠάȢὝ ȢɳὯὲὪɳὝ           (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: 

ɻʍ ᶯ ɻʍ’ 3 В                    n 3.5) 

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

q to phase p and  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: 

В ‌ ρ                                                                                             (3.5) 



3. Heat transfer of nanofluids 

51 

 

Momentum equation: 

The momentum equation is solved across the domain and the resulting 

velocity field is available for all phases.  

ʍʉ Ͻɳʍʉ 0ɳ Ͻɳʈ ʉɳ ʉɳ ʍÇ &                        (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) 
Ὧ Ὧ

Ὧ ςὯ ς• Ὧ Ὧ

Ὧ ςὯ ς• Ὧ Ὧ
 

Yu and Choi  [137] 

(3.8) 
Ὧ Ὧ

Ὧ ςὯ ς• Ὧ Ὧ ρ ‍

Ὧ ςὯ • Ὧ Ὧ ρ ‍
 

Hamilton and Crosser  

[138] 

(3.9) 

Ὧ

Ὧ
Ὧ ὲ ρὯ  ὲ ρ Ὧ Ὧ •

Ὧ ὲ ρὯ Ὧ Ὧ •
 

Timofeeva et al 

[139] 

(3.10) 

Ὧ Ὧ ρ
ὥ ὦ Ὧ Ὧ

ὦὯ ὥὯ
•  

 

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 



3. Heat transfer of nanofluids 

54 

 

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]: 

” ρ • ” •”                                                                       (3.11)   

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

respectively, and (• ) 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) 
ὓέὨὩὰ Ὅȡὅ ρ • ὅ •ὅ  

Buongiorno [141] 

(3.13) 

 -ÏÄÅÌ ))ȡ ὅ ρ • ὅ ”

•ὅ ” 
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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]. 

‘ ρ ςȢυ• ‘                                                                          (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 ęC to 50ęC and nanoparticles concentrations of 0.25% 

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

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) 
 

‘
‘

ρ • Ȣ
 

Frankel and Acrivos [147]  

(3.16)   
 

‘
ω

ψ
‘

•Ⱦ• Ⱦ

ρ •Ⱦ• Ⱦ
 

KriegerïDougherty [148] 

(3.17)   
‘ ‘ ρ

•

•
 

Batchelor [149] 

(3.18) 
 

‘ ‘ ρ ςȢυ• φȢυ•  

 

 

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 Einsteinôs 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, Al 2O3, 

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 

Al 2O3 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: 

Ћ

Ћ8É
ɟÕÉ π                                                                                                                    (3.19)  

Momentum vector equations: 

Ћ

Ћ8Ê
ɟÕÉÕÊ
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σ
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ЋÕÉ

Ћ8Ê

Ћ

Ћ8Ê
ɟÕȾÉÕ

Ⱦ
Ê                        (3.20) 

Energy equation: 

Ћ

Ћ8É
ÕÉ%ɟ 0

Ћ

Ћ8Ê
ɚ

#ÐɛÔ Ћ4

Ћ8Ê
ÕÉ ŰÉÊ

ÅÆÆ
π                                             (3.21) 

 

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

are defined as follows: 

% #Ð4 0Ⱦɟ ÕȾς                                                                               (3.22) 
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The transfer equation for the shear stress transfer model (k-w) is as follows: 

Ћ

Ћ8É
ɟËÕÉ

Ћ

Ћ8Ê
ũË
ЋË

Ћ8Ê
'Ë 9Ë 3Ë                                                             (3.24) 

Ћ

Ћ8É
ɟɤËÕÉ

Ћ

Ћ8Ê
ũɤ
Ћɤ

Ћ8Ê
'ɤ 9ɤ $ɤ 3ɤ                                                      (3.25) 

 

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

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

w. 

'Ë ÍÉÎ'Ëȟρπɓ
ᶻËɤ                                                                                                  (3.26) 

'Ë ɟÕȾÉÕ
Ⱦ
Ê

ЋÕÊ

Ћ8É
                                                                                                       (3.27)  

'ɤ
Ŭ

ɡÔ
'Ë                                                                                                                       (3.28) 

 In the above-mentioned equation, ὺ is the turbulent kinematic viscosity, b*  

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

equation: 

Ŭ ŬÐ
Ŭz Ⱦɤ

Ⱦɤ
                                                                                          (3.29)     

Rw = 2.95 and the term a  is expressed as follows: 

ŬÐ &ŬÐȟ ρ & ŬÐȟ                                                                                            (3.30) 
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                                                                                                        (3.31)   
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ɓ
ᶻ
Ð

ə

ůɤȟ ɓ
ᶻ
Ð

                                                                                                        (3.32) 

ə πȢτρȟɓ πȢπχςȟŬ ŬÐ ρȢπ 

where k=0.41, and bi = 0.072. In the above Reynolds numbers, a=a¤=1. 
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In (3.26) and (3.27), Gw and Gk are effective diffusion of k and w, and are 

expressed as follows: 

ũ ɛ
ɛ

ů
                                                                                                                     (3.33) 

ῲ ‘                                                                                                                     (3.34) 

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

expressed as follows: 

ůɤ Ⱦůɤȟ Ⱦůɤȟ
                                                                              (3.35) 

ů
Ⱦůȟ Ⱦůȟ

                                                                              (3.36) 

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

equation: 

ɛ Ŭ
ɟz

ɤ
                                                                                                                         (3.37)  

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

equation: 

Ŭᶻ ŬᶻÐ
Ŭz Ⱦ

Ⱦ
                                                                                                        (3.38)  

Ŭz Ŭz Ð ρȢπ 

2Å ËɟȾɤɛȟ2 φȟŬᶻ ɓȾσȟɓ πȢπχς 

The mixing equation F1 is equal to: 

&ρ ÔÁÎū                                                                                                                  (3.39)  

ū ÍÉÎÍÁØ
Ѝ

Ȣ ɤ
ȟ

ɛ

ɟ ɤ
ȟ

ɟ

ůɤȟ ɤ
                                                                         (3.40)  

$ɤ ÍÁØςɟ
ůɤȟɤ

ɤ
ȟρπ                                                                                  (3.41) 

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

the positive part of the diffusion sentence in the cross-section, and (Yk ) and  

 



3. Heat transfer of nanofluids 

62 

 

Table 3. 4. Proofs of k-w shear stress transfer turbulence model. 

sk,1=1/176 

bi,2=0/0828 

Rb=8 

sk,2=1 

a*
¤=1 

Rk=6 

sw,1=2 

a¤=0/52 

Rw=2/95 

sw,2=1/168 

b*
¤=0/09 

z*=1/5 

a1=0/31 

bi=0/072 

sk=2 

bi,1=0/075 

a0=1/9 

sw=2 

 

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

concerning turbulence: 

9 ɟɓ
ᶻËɤ                                                                                                                      (3.42)   

9ɤ ɟɓɤȟɓᶻǪɓÁÒÅÃÏÎÓÔÁÎÔÓ                                                                                        (3.43)  

ɓ &ɓ
ȟ

ρ & ɓ
ȟ

                                                                                                (3.44)  

(Dw) represents the diffusion sentence, and Sk and Sw represent the possible 

source conditions. Specifically, Dw equals: 

$ɤ ςρ & ɟůɤȟɤ
ɤ

                                                                                                (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: 

π                                                                                                               (3.46)  

Momentum equations: 

Ὗ ὠ ὡ                            (3.47) 

Ὗ ὠ ὡ                             (3.48)  



3. Heat transfer of nanofluids 

63 

 

Ὗ ὠ ὡ                      (3.49) 

Energy equation: 

Ὗ ὠ ὡ                             (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: 

” ρ •” •”                                                                                                    (3.51)  

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

following equation: 

‌                                                                                                                        (3.52) 

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

below: 

”ὅ ρ • ”ὅ •”ὅ                                                                                (3.53) 

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

viscosity of the nanofluid: 

‘ ‘ ρςσ• χȢσ• ρ                                                                                           (3.54) 

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

viscosity of the nanofluid: 

‘ Ȣ                                                                                                                       (3.55) 

The effective thermal conductivity of nanofluids with spherical particles is 

expressed as [157]: 
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Ὧ Ὧ ρ ὧὯὖὩ                                                                                       (3.56) 

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

                                                                                                                   (3.57) 

ὖὩ                                                                                                                          (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: 

ό                                                                                                                        (3.59)   

In equation (3.60), the value of kb=1.3807×ρπȤ  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 (ȹP) along the channel is 

obtained from the following equation: 

ὖὖ ό ὃῳὖ                                                                                                           (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: 

Ὀ                                                                                                                          (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: 

ὙὩ                                                                                                                  (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: 

Ὢ ςῳὖ                                                                            (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: 

ὔό
᷆

                                                                                                    (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: 

ὖὉὅ ȟ
Ⱦ                                                                               (3.65) 

The Poiseuille number is calculated from the equation below: 

ὅ ὪὙὩ                                                                                       (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 




























































































































































































