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Summary 
Thermal management of electrical machines is gaining more and more attention 

from the research and industrial community, due to the demanding power density 

and reliability conditions of present and future applications. 

The aim of this research work is to draw some conclusions about which is the best 

way of designing and optimizing two types of cooling systems for electrical machines. 

More precisely, the cooling systems studied use water as a secondary coolant, and 

are classified by IEC60034 as IC71W and IC81W. These systems are very popular 

in traction and marine applications. 

For this purpose, both algebraic and CFD based models have been developed in 

order to precisely calculate the behavior of the main components of these cooling 

systems. Once these models have been validated experimentally, they have been 

employed to derive design and optimization criteria for the systems. 

Thus, as a first step, the main considerations for the development of an algebraic 

thermal model for the IC71W cooling system are examined. A detailed classification 

of the most critical convective correlations and a review of the modelling of the water 

jacket is given. Once the model is described, the solving procedure and its 

experimental validation is exposed. 

Secondly, using the previously validated model a complete design methodology for 

the water jacket of an IC71W cooling system is proposed. Different elements such 

as the shaft or the housing are analyzed in order to obtain some criteria for their 

design. The inclusion of wafters in this kind of cooling systems is examined, 

proposing an optimum configuration and evaluating the effect of this element on the 

temperatures of the stator end-windings. 

Regarding the IC81W cooling system, the same process has been followed. As a 

first step, both a hydraulic and a thermal model have been developed. The hydraulic 

model is defined in more detail, because it is crucial to obtain a realistic behavior of 
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airflow inside the machine. After that, a method for the computation and solving of 

these models and its experimental validation process is presented. 

Finally, with the developed models, the main elements defining an IC81W cooling 

system (which is very extended for marine applications), the fan and the primary 

circuit, are studied. A design methodology for the fan fixed to the shaft is proposed, 

including the effect of the main parameters defining this element on the airflow and 

the pressure rise. Furthermore, different elements in the primary circuit are studied, 

obtaining the thermal behavior of different configurations and determining the best 

choice in order to reduce temperatures in the active parts of the machine.
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Chapter 1 

1 Introduction 

This chapter introduces the context and overall structure of the research 
work done through the doctoral thesis. Firstly, the relevance of the matter under 
research and its presence on modern electrical machines are described. Secondly, 
the framework for supporting this work is outlined. Then, the objectives of this thesis 
are presented. Finally, the structure of this document is summarized. 
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1.1 BACKGROUND 

Electrical machines are widely used in industrial and commercial sectors. Its use is 

extended for electricity generation, actuation in industry applications, sustainable 

transport traction systems, home appliances and auxiliary services actuation, etc. 

The ever increasing power density requirements for electrical machine applications 

have turn the thermal management more and more significant in the machine design 

process. Accordingly, a great deal of research has been done in this field in recent 

years (Figure 1.1). 

 

Figure 1.1. Number of articles published every year since 1999 in the field of thermal analysis of 
electric motors1. 

The research group of Electric Vehicle (EV) at CEIT has been working on rotating 

electrical machines for many years. In this time, the group has collaborated with 

                                                      
 

1 Data obtained from Google Scholar using “Electric motor thermal” as key words. Only articles focused 

on thermal analysis of electrical machines are included. 
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companies from the electric traction, electric generation and marine propulsion 

sectors. In the field of the cooling systems analysis for electric machines, a PhD 

thesis focused on air ventilated cooling systems was already developed [1] in the 

frame of this group. 

In this regard, the continuous electrification process in marine and traction sectors 

together with their consequent volume limitations are causing a necessity for cooling 

systems with better refrigeration capabilities than the traditional air ventilated 

systems. Consequently, the water-cooled system has become one of the most 

extended option due to its manufacturing simplicity and its great cooling potential. In 

this sense, there are two options standing out in the literature: 

• Cooling systems with a water jacket integrated in the housing (Figure 1.2): 

Machines with a water jacket are normally isolated from their surroundings. 

The water jacket enhances the heat transfer from the stator to the housing, 

and from the housing to the cooling fluid, in a relatively small volume. This 

makes it suitable, principally, for machines with substantial losses in the 

stator. Accordingly, traction motors with high torque densities meet these 

requirements. 

 

Figure 1.2. Example of an electric machine with a water jacket by [2]. 

• Cooling systems with and air-water heat exchanger mounted in the machine 

(Figure 1.3): Cooling systems with this element are also isolated from its 

surroundings. Air inside the machine flows due to a fan fixed to the shaft and 
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exchanges heat with water in a heat exchanger mounted in the machine. 

This kind of configuration is more common for bigger machines, such as the 

machines employed for the marine sector and energy generation. 

 

Figure 1.3. Electric motor including a heat exchanger by [3]. 

Although there are many publications in this topic, most of the work found in the 

literature is focused on the thermal analysis of several, already developed cooling 

systems. However, criteria for the design of critical elements in the cooling system 

and design methodologies are not strongly developed in the literature, and mostly 

rely on the expertise of electric motor designers and the background knowledge of 

previous designs used for years in the electric sector. 

In the light of this, and also to support the ongoing projects developed by the EV 

group, the author found the necessity to draw some criteria to analyse and optimize 

cooling systems using water as a coolant. For this purpose, a general design 

methodology for both cooling technologies presented before is described in this 

report, together with the analysis of additional elements to optimize the cooling 

systems. 
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1.2 AIM OF THE THESIS 

The aim of this thesis is to analyse and optimize the most widespread cooling 

systems using water as a secondary coolant for traction and marine sectors. The 

selected cooling systems for this research work are the following: 

• Cooling systems based on air as the primary coolant, circulating in a closed 

circuit, and giving its heat to water as the secondary coolant, via a heat 

exchanger being an integral part of the machine. Namely the cooling 

systems standardized as IC71W [4] and commonly known as water jacket 

systems. 

• Cooling systems based on air as the primary coolant, circulating in a closed 

circuit, and giving its heat to water as the secondary coolant, via a heat 

exchanger mounted directly on the machine. Namely the cooling systems 

standardized as IC81W [4]. 

For this purpose, the research work is split into the following partial objectives for 

each of the cooling systems: 

• Development of algebraic models able to predict reasonably the behaviour 

of the cooling systems that are validated with data from experimental 

measurements, obtaining good agreements. 

• Elaboration of parametrized CFD (Computational Fluid Dynamics) models 

to represent elements in the cooling systems where the flow pattern is not 

predictable with analytical models. 

• Derivation of design methodologies/criteria for the most critical elements of 

the cooling systems, together with the analysis of the inclusion of elements 

for the improvement of the thermal performance of the machines, through 

parametric studies using the developed algebraic models and CFD models. 

These parametric analyses have been conducted using statistical tools, 

such as Design of Experiments (DoE), in order to reduce computational time. 
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1.3 FRAMEWORK 

The present research work is framed within the studies on rotating electrical 

machines conducted by the research group of Electric Vehicle at CEIT. 

Investigations linked with electrical machines have been carried out in this research 

group for more than 17 years, where numerous work related to design, construction, 

control, characterization and simulation of different machine topologies have been 

developed. 

The present thesis falls within a continuation of a previous thesis conducted by Dr. 

Jose Ángel Malumbres focused on the analysis and design of open self-ventilated 

cooling systems for induction machines [1]. 

During the development of the present thesis a series of contributions to the state of 

the art has been performed, which are listed below. 

The first publication, titled “Algebraic model for predicting the hydraulic behaviour of 

an open self-ventilated electrical machine”, was accepted and published on the 

International Review on Modelling and Simulations (IREMOS) [5]. 

Then, the article “Analysis of relevant aspects of thermal and hydraulic modelling of 

electric machines. Application in an open self-ventilated machine” was accepted in 

Applied Thermal Engineering [6] (Q1 in Mechanical Engineering and 

Thermodynamics). 

The third article, “Coupled thermal and hydraulic algebraic models for an Open Self 

Ventilated induction machine” was accepted in the IET Electric Power Applications 

[7] (Q2 in Electrical Engineering). 

Also, the article “Design criteria for water cooled systems of induction machines”, 

was accepted in the Applied Thermal Engineering [8] (Q1 in Mechanical Engineering 

and Thermodynamics). 

As a result of a three month stay at LUT (Lapeenranta University of Technology) in 

2015, two articles have been published: 
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• The conference paper “Indirect water cooling system improvements for 

vehicle motor applications” was published in the 9th International Conference 

on Compatibility and Power Electronics (CPE) in 2015. 

• The article “Direct Liquid Cooling Method verified with an Axial-Flux 

Permanent-Magnet Traction Machine Prototype” was accepted in the IEEE 

Transactions on Industrial Electronics [9] (Q1 in Electrical Engineering). 

Finally, the article “Design of wafters for totally enclosed electric machines” has been 

recently sent to Applied Thermal Engineering (Q1 in Mechanical Engineering and 

Thermodynamics). 
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1.4 METHODOLOGY AND STRUCTURE OF THE 

DOCUMENT 

1.4.1 Methodology 

The general methodology employed to meet the primary objective of the thesis, i.e. 

to optimize the cooling system of electrical machines, is indicated in Figure 1.4. This 

methodology is divided into 4 major steps, which also reflects the structure of the 

thesis. 

 

Figure 1.4. Schematic of the general methodology employed to achieve the primary objective of 
the thesis. 
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1.4.1.1 Step 1: Identification of the cooling system for the 

application of study 

In the first step, a review of the most widespread cooling systems for the analysed 

application is done. 

Once the cooling system is chosen, the strengths and weaknesses are outlined and 

possible alternatives are examined. 

1.4.1.2 Step 2: Development of the analytical and CFD models 

Based on experience from previous models and obtaining information from recent 

investigations of the literature, both models are developed: 

• Analytical thermal model: An algebraic thermal model in order to perform 

fast analysis. Although its fast convergence capabilities, it is not as precise 

as CFD models. 

• CFD model: A parametrized CFD model so as to obtain information about 

zones where the behaviour of fluid is not predictable and where a deeper 

analysis may be necessary. 

1.4.1.3 Step 3: Experimental tests and validation of the models 

In the third step, a real motor is tested obtaining the real behaviour, it should be 

suitable to analyse different working conditions (different loss sources and speed 

rotations). 

These tests are compared with the developed models and the degree of agreement 

between the models and the reality is obtained. If there is a big disparity between 

them, a deeper analysis of the properties in the models should be done: 

• Analytical thermal model: Discretization level, convective correlations, 

thermophysical properties, etc. 
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• CFD model: Mesh independency, turbulence model, assumed 

simplifications, etc. 

1.4.1.4 Step 4: Optimization of the cooling system 

Once the models are verified, the process of optimization begins. The most critical 

parameters defining the cooling system are identified and a profound analysis of their 

influence in the thermal behaviour of the system is performed. 

As a result, the optimum configuration of the cooling system for a specific application 

is obtained. 

1.4.2 Structure of the document 

In the following, the structure of this document is outlined. 

After this introductory chapter, in Chapter 2 the state of the art in thermal design of 

electrical machines is reviewed. First, the available cooling options for this kind of 

applications are listed. Then, the main tools for the thermal design and analysis of 

electrical machines are described. 

In Chapter 3 the algebraic thermal model developed for the IC71W cooling system 

is described. The experimental validation conducted for this model is also presented 

in this chapter. 

In Chapter 4 the main parameters defining the IC71W cooling system are analysed. 

First, a design procedure for the cooling system is proposed. Then, an optimization 

method to reduce the hotspot temperatures in the end-windings using CFD 

techniques is detailed. 

The algebraic thermal model for the IC81W cooling system is presented in Chapter 

5. Additionally, the experimental validation is described. 
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Chapter 6 shows the effect of some of the parameters defining the IC81W cooling 

system in the thermal efficiency of the machine. Moreover, a deeper analysis of one 

of the key elements in this cooling system is performed, the fan. 

Finally, in Chapter 7 the main conclusions of the investigation, as well as the 

contributions made, are listed. Some future research lines that have not been 

possible to cope with in this investigation are suggested as well.





Chapter 2: State of the art 13 

 

Chapter 2 

2 State of the art 

The present chapter covers the state of the art on thermal analysis of 
electrical machines with water as a secondary coolant. First, the most common 
applications used nowadays for electrical machines are presented. Then, an 
overview of the available cooling systems for electrical machines is shown, paying 
special attention on those cooling systems used in traction and marine power 
conversion applications. After that, the most widespread tools for thermal design are 
described. Finally, some conclusions from this chapter are listed. 
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2.1 PRESENT DAY USE OF ELECTRICAL MACHINES 

Electrical machines are widely extended among different applications in the industry 

and home appliances. In general, electrical machines are designed for different 

goals depending on the application: 

• Increase of power density: Machines for traction applications such as cars, 

buses or trains are a good example of this kind of machines, requiring higher 

power densities in limited spaces over time. In this case, electric machines 

operate with high current densities, leading to big power losses that should 

be evacuated efficiently by the cooling system. Therefore, the cooling 

system becomes a very important part of the design process. 

• Maximization of efficiency: Efficiency standards are requiring higher 

efficiency levels with time. Not only for industrial applications, but also for 

any kind of applications where electric machines are employed. For 

example, the sector of electric generation requires very efficient machines 

(IE4 or IE3 from Figure 2.1). Consequently, cooling systems should be 

designed avoiding extra losses from active elements (like fans or water 

pumps) and their optimization is becoming, again, crucial to obtain suitable 

efficiency values. 

 

Figure 2.1. Required efficiency for 8 pole motors at 50 Hz [10]. 

• Reliability and lifetime: The main objective in the design of an electric 

machine may not be nor the efficiency neither a high power density, but the 

reliability during its lifetime. In this regard, some industrial sectors, such as 
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marine applications, tend to use robust designs instead of newer 

technologies where probability of failure is higher. Another important aspect 

for this kind of machines is their lifetime. This parameter is directly related to 

the working temperature of the active parts of the machine, which is notably 

reduced as temperature grows (Figure 2.2) [11]. Therefore, the cooling 

system becomes, once more, critical in the design process. 

 

Figure 2.2. Lifetime of an electric motor depending on the insulation class and operating 
temperature [12]. 

• Economic limitations: Small motors for home appliance are a good example 

of this kind, where maintenance costs due to unexpected failures can 

increase the total cost of the machine. Consequently, the overheating of 

specific elements in the machine could lead to early malfunctions, and 

increase the cost of the machine during its lifetime. 

As it is seen, the thermal design has a big impact on the final design, limiting the 

lifetime of the machine and becoming crucial for obtaining high efficiency values and 

desired working temperatures. 

With the increasing power densities in later developments, liquid cooling is becoming 

a prevalent option for these heat dissipation requirements [13]. Furthermore, the 

trend in designing machines with higher rotational speeds is making the thermal 

aspect one of the big challenges for the next years [14]. 
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2.2 COOLING SYSTEMS OF ELECTRICAL MACHINES 

The cooling system is responsible of releasing the heat generated from losses in the 

machine to a primary coolant by increasing its temperature. In addition, a secondary 

coolant may cool this primary coolant through the use of a heat exchanger. 

Consequently, heat is dissipated to surroundings by conduction and convection 

assisted by radiation from outer surfaces. 

2.2.1 IEC Standard: IEC 60034 

There are many cooling systems available in the literature and most of them are 

classified by the international standard on cooling systems for electric machines, the 

IEC 60034-6 [4].  

Every cooling system is defined by a sequence of numerals and letters following the 

Code letters IC (Figure 2.3), which follows these rules: 

• A numeral is placed first, indicating the cooling circuit arrangement, being 

valid for both primary and secondary circuits. 

• Each circuit is designated by a letter, indicating the coolant, followed by a 

numeral indicating the method of movement of the coolant. 

• The letter and numeral for the primary coolant are place first, then those for 

the secondary coolant. 

 

Figure 2.3. Example of a cooling system designation by [4]. 

2.2.1.1 Cooling arrangement 

There are ten different arrangements identified in the standard, which are listed in 

Table 2.1. 
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Table 2.1. Circuit arrangement numeration. 

 Brief definition 
0 Free circulation 
1 Inlet pipe or inlet duct circulated 
2 Outlet pipe or outlet duct circulated 
3 Inlet and outlet pipe or duct circulated 
4 Frame surface cooled 
5 Integral heat exchanger (using surrounding medium) 
6 Machine-mounted heat exchanger (using surrounding medium) 
7 Integral heat exchanger (using remote medium) 
8 Machine-mounted heat exchanger (using remote medium) 
9 Separate heat exchanger (using surrounding or remote medium) 

2.2.1.2 Coolant 

The coolant is designated by one of the characteristic letters in accordance with 

Table 2.2. 

Table 2.2. Coolant definition. 

Characteristic letter Coolant 
A Air 
F Freon 
H Hydrogen 
N Nitrogen 
C Carbon dioxide 
W Water 
U Oil 
Y Any other coolant 
S Coolant not yet selected 

2.2.1.3 Method of movement 

The characteristic numeral following each of the letters stating the coolant 

designates the method of movement of this appropriate coolant in accordance with 

Table 2.3. 
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Table 2.3. Circuit arrangement numeration. 

 Brief definition 
0 Free circulation 
1 Self-circulation 
5 Integral dependent component 
6 Machine-mounted independent component 
7 Separate and independent component or coolant system pressure 
8 Relative displacement 
9 All other components 

 

A more detailed description of all the possible cooling arrangements, coolant 

designations and methods of movement in the system is given in [4]. 

From now on, the cooling systems described are named according to the terminology 

of this standard. 

2.2.2 Type of cooling systems and applications 

There is no an optimum cooling system for every electric motor. The selection of the 

cooling system will depend on the size of the machine, the primary objective of the 

application (power density, reliability or efficiency) and the economic limitations for 

the machine’s design. 

With this in mind, the following classification is presented. This division could be 

discretized in many ways and more divisions could be reported. However, the 

objective of this section is to give a general overview of the most widespread cooling 

systems. Consequently, some topologies could be missing. 

2.2.2.1 Small machines prioritizing reliability 

Small motors used in home appliance and applications with flexible requirements, 

like the one shown in Figure 2.4. They can be both DC and AC motors. 
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Figure 2.4. Electric motor for a little fan. 

Because of prioritizing reliability and their mild requirements, these motors do not 

include complex cooling elements to enhance their thermal behaviour. They are 

designed using contrasted electromagnetic topologies to ensure no failures during 

their lifetime. Therefore, simple configurations like the IC01, the IC00 or the IC410 

are employed in these cases. 

As there is almost no research for the cooling systems in this kind of motors, these 

kind of configurations are not analysed in this thesis. 

2.2.2.2 Small and medium machines of high power density 

These motors are characterized for their high power density in reduced volumes and 

they are very requested for traction applications (motorbikes, cars, buses, trains, 

etc.). The big problem with CO2 emissions is forcing electric propulsion to grow fast 

in the last years, becoming one of the answers to this dilemma [15,16]. 

Permanent magnet (PM) motors and induction motors (IM) are the most extended 

electric motors for this kind of applications. In this sense, cooling systems isolated 

from its surroundings are employed for PMSM in order to protect the most fragile 

elements (like insulation or magnets) from external agents [17] (Figure 2.5). 

However, IM are most robust machines and can be designed with cooling systems 

where active parts are connected with the ambient [18]. 
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Figure 2.5. The NdFeB unmagnetized sample before (a) and after exposure to Czapek-Dox gel – 
b) sterile enviroment and c) medium inoculated with Aspergillus niger [17]. 

Because of the ever-increasing power densities, the cooling system is turning out as 

a crucial aspect of the machine’s design. The self-ventilated cooling system (IC 01 

or IC411) was very popular some years ago (Figure 2.6), but the liquid cooling is 

gaining ground over time. 

 

Figure 2.6. Recent trends of traction motors for railway vehicles [19]. 

In this regard, there are many liquid cooling topologies available with great cooling 

capabilities: 

• Liquid cooling through a jacket (IC71W) over stator back iron is a widespread 

option [19-22].  

• Directly oil cooled systems provide a very effective cooling all over the 

machine [23,24]. 



Chapter 2: State of the art 21 

 

• Equipmake Ltd. in [25] proposes a dual cooling system with oil through the 

slots and air through the rotor for electric vehicle applications. 

• Porsche offers a hybrid car with an electric motor cooled with an oil jacket 

combined with an air induction system [26] 

• In the case of in-wheel motors, an oil spray cooling system is developed by 

[27]. 

• Latest designs include a direct liquid cooling in the stator windings [28], 

obtaining much better cooling capabilities than the systems presented 

before. However, this technology is not proven in almost any application yet. 

From all these possibilities, the IC71W cooling system has become the most 

extended cooling topology for traction applications, such as electric vehicles or trains 

[13]. Consequently, much research can be found about this topic in the literature. 

The main reasons for this trend are: 

• Its great heat dissipation capabilities for losses in the stator. 

• Its ease of manufacturing against other liquid cooling configurations. 

• The higher values of the heat transfer coefficients of water against oil. 

• The difficulties to implement hydrogen (it has to be pressurized) and its 

consequent risks in case of failure. 

Therefore, this cooling system is analysed in this thesis, including some design 

criteria and a methodology for the design of the water jacket. 

2.2.2.3 Big machines prioritizing reliability 

The preference of these kind of electrical machines is to ensure reliability during their 

lifetime and avoid possible failures. Machines for generation applications are a good 

example of this kind, where the prime mover is usually a diesel engine or a gas 

turbine (Marine applications, small power stations, etc.). Customers demand robust 

designs instead of newer technologies where probability of failure is higher. 

In this kind of applications, there are many different electrical machines available in 

the market depending on the prime mover [29]. From wound-field salient-pole 
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alternators (mainly used with diesel engines) to ultra-high-speed permanent magnet 

alternators (employed with gas turbines of higher speeds). 

Figure 2.7 shows the main technologies in different colours depending on the prime 

mover. The orange zone represents the wound-field salient-pole alternator; the 

yellow zone consists of the 4-pole laminated round rotor alternators; the green zone 

symbolizes 2 or 4 pole turbo alternators; and finally, the blue zone contains high-

speed and ultra-high-speed permanent magnet alternators. 

 

Figure 2.7. Power speed application map for alternator and prime mover technologies [29]. 

As illustrated in Figure 2.7, electrical machines with newer technologies are selected 

for the green and blue zones, including most of the generators moved by gas 

turbines. 

On the other hand, salient pole synchronous generators between 5 and 20 MVA with 

more than 4-pole pairs and less than 1500 rpm (Figure 2.8) are one of the most 

extended choice for diesel engines. In this regard, many manufacturers [30-34] of 

this kind of technology provide information about the dominant cooling system, which 

is the IC81W, a cooling arrangement insulated from its surroundings, like the IC71W, 

but in this case with a separate heat exchanger to evacuate the heat generated in 

the active parts of the machine. 
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Figure 2.8. Exciter rotor, fan and salient pole rotor of a synchronous generator manufactured by 
[33]. 

It must therefore be concluded that the IC81W has become the first choice for the 

manufacturers, mainly because of its reliability and its good cooling capability. 

Consequently, a deep analysis of the IC81W cooling system is provided in this thesis 

obtaining design criteria for some of the parameters defining the cooling system. 
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2.3 COOLING SYSTEMS STUDIED IN THIS THESIS 

As stated in previous sections, the water-based system has become one of the most 

extended option due to its manufacturing simplicity and its great cooling potential. In 

this regard, two arrangements outstand from all the possible water-based 

configurations: 

• The IC71W cooling system. Employed for small and medium size motors 

with high power densities. Traction applications are a good example of this 

kind, with an output power range from small starters for cars of 10 kW to 

bigger traction motors for trains of 1 MW [35]. 

• The IC81W cooling system. This option is often included for big machines 

where reliability is the main objective of the application. The output power in 

this kind of systems goes from 1.5 MW to 10-20 MW [36,37] and values 

between 200 rpm and 2500 rpm prevail from higher speed machines [29]. 

Therefore, this thesis is focused on the thermal and hydraulic design of electric 

machines, more precisely on the most widespread systems using water as a coolant 

of the system: the IC71W and the IC81W cooling system. 

2.3.1 IC71W cooling system 

This cooling system is insulated from its surroundings and includes a water jacket 

that enhances heat transfer from the stator to the housing, which makes the system 

suitable, primarily, for machines with substantial losses in the stator. 

There are different water jacket topologies available in the literature: [19,38-42] 

propose spiral water jackets, [43] introduces a meander shaped water jacket in its 

design, and [44] analyses a torus shaped water jacket for axial machines. 

Furthermore, there are many other topologies [13], some of which are shown in 

Figure 2.10. 
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(a) (b) (c) (d) 

    

Figure 2.10 (a) spiral, (b) U-shaped (one duct), (c) U-shaped (bifurcated), and (d) axial water jacket. 

Although its great cooling capacity in the stator, this cooling arrangement still present 

some limitations when it comes to rotor cooling [45]. Moreover, end windings are 

another limiting factor in this kind of designs, becoming many times the hotspot of 

the machine [46]. However, there are many solutions to these problems available in 

the literature and most of them are listed below: 

• Inclusion of potting material: Some designs include potting in the stator end 

windings (Figure 2.11) to enhance heat transfer to the water jacket [47]. 

Nevertheless, the thermal conductivity of these potting materials is often 

very low and its inclusion complicates the manufacturing process. 

 

Figure 2.11. Potting material included in an axial flux permanent magnet synchronous machine 
[47]. 
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• Wafters: [48] proposes some vanes attached to the rotor (also called 

wafters) in order to increase convective capacity in the end windings. In this 

sense, Figure 2.12 shows the effect in the fluid flow of including wafters in 

the end region of a totally enclosed induction motor. 

Wafter
End ring

Plate

Shaft

Frame

End winding

 

Figure 2.12. Airflow pattern within the end region of a totally enclosed induction motor. 

• Rotor assembly with heat pipe cooling system: As it is advanced by [49], 

heat is removed from the rotor through a heat pipe within the rotor shaft and 

transferred to a heat sink (Figure 2.13). A finned shaft outside the machine 

housing provides the cooled surface, where heat is extracted from the 

working fluid (condensing it back to liquid), dissipating the heat straight to 

ambient [50]. 

 

Figure 2.13. Rotor assembly with heat pipe cooling system [49]. 

• Another widespread option consists of including rotor radial vents that make 

use of the pumping effect to increase airflow through the active material [51] 

(Figure 2.14). However, this kind of solution is more common in large 

synchronous machines. 
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Figure 2.14. Static pressure head generated across rotor vent middle-plane [51]. 

• Use of paraffin: The cooling of the end windings is conducted through the 

melting of a phase change material (PCM) (Figure 2.15). The PCM 

impregnates the winding heads, absorbs the energy losses during the 

operation and is able to lower the winding head maximum temperature [52]. 

In addition, [53] presents an electric motor for electric aircrafts (AEAs) with 

paraffin in its housing. 

 

Figure 2.15. Structural diagrams of a traditional PMSM and simplified 3D model of PMSM with 
paraffin as PCM for simulation [53]. 
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• Direct winding heat exchanger (DWHX): The technique proposed by [54] 

uses a micro feature enhanced heat exchanger that is inserted between the 

stator winding bundles (Figure 2.16). This way the windings in the stator are 

capable of working under high current densities with low insulation classes. 

 

Figure 2.16. Isometric and close-up views of a solid model of a DWHX surface-mounted 
permanent magnet electric machine [54]. 

From all these solutions, the inclusion of wafters solves the overheating in the end 

windings and maintains the manufacturing simplicity of the IC71W system, but the 

lack of information for their design complicates their implementation in new 

configurations. In this sense, some authors have provided insight in this field, where 

[55,56] exposes a CFD model presenting really good accordance with experimental 

measurements. 

2.3.2 IC81W cooling system 

This cooling arrangement is insulated from its surroundings, like the IC71W, but in 

this case a separate heat exchanger is included. Air inside the machine flows thanks 

to the rotor or a fan fixed to the shaft and exchanges heat with water in a heat 

exchanger. 
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Figure 2.17 shows the two main alternatives of this cooling system; option A has a 

fan fixed to the shaft (in green) which enhances the fluid flow inside the machine. In 

option B however, air flows inside the machine due to the pressure rise generated 

inside the axial channels of the rotor. 

  

Figure 2.17. Most common disposition of the IC81W cooling system, option A (left) and option B 
(right). 

As mentioned before, there is not much research on this topic. Although many 

publications on electromagnetic design about wound field salient pole generators 

can be found [57-62], there is not much research done on thermal aspects. 

In this regard, S. J. Pickering in [63] shows the potential to model ventilation and 

cooling in CFD for rotor of salient pole machines. In addition, M. Shanel studies the 

convection heat transfer in different parts of an air-cooled synchronous generator 

through CFD simulations [64]. However, CFD has not only been the only tool 

employed for thermal analysis in this area. [65] develops an analytical tool for the 

analysis of the thermal behaviour of the salient poles in a synchronous machine, and 

[66] studies the cooling circuit through an analytical hydraulic model (Figure 2.18), 

taking special attention on the pressure loss in different parts of a 120-MVA vertical 

machine. 
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Figure 2.18. Airlfow network for a rim-cooled machine [66]. 
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2.4 THERMAL ANALYSIS OF ELECTRICAL MACHINES 

Thermal design can be addressed in two ways; with CFD (or finite element analysis 

(FEA)) or with analytical thermal models. CFD is a very powerful tool capable of 

obtaining very precise results, but it requires a lot of expertise and specialized 

training; moreover, the computational requirements are very demanding. On the 

other hand, although analytical thermal models are not as accurate as CFD 

simulations, they are more intuitive, require less computational time and have found 

significant widespread use among electrical machine designers and researchers. 

Therefore, this section analyses the most important contributions in this fields, which 

will be the starting point of the work presented in the following chapters. 

2.4.1 Algebraic models 

As commented before, analytical thermal models are a widespread tool between 

electric machine designers because of their simplicity and the required 

computational time. 

On the other hand, these models need to be previously validated with experimental 

data in order to get trustworthy results. In addition, it is difficult to represent 

accurately cooling systems where convection has an important role in heat 

dissipation. Therefore, a lot of effort has been spent in obtaining reliable convective 

coefficients for different machine topologies. 

P. H. Mellor [67] is one of the first authors that obtained reliable convective 

coefficients for specific situations in electric machines (the end-windings, the air-gap, 

etc.). In addition, he provided a simple mathematical methodology (Figure 2.19), 

which has been the basis for most of the thermal models developed among the 

literature during the following years. 



32 Chapter 2: State of the art  

 

 

Figure 2.19. One of the first analytical thermal models for an induction machine by [67]. 

Later on, many researchers developed different thermal models based on P.H. 

Mellor’s model and are listed below: 

• G. Henneberger in [68] obtained an experimentally validated thermal model 

for a water jacket cooled electric motor. 

• A. Bousbaine in [69] proposed a method for determining the thermal 

coefficients in electrical machines based upon a linear lumped parameter 

model and accurate measurement of temperature and loss densities within 

the machine. 

• D. Staton, A. Boglietti and A. Cavagnino in [70-72] provided useful 

information about the most complicated regions in electric machines 

(comparative of different convective correlations, the modelling of bearings 

and stator winding, etc.). 

• J. Nerg in [73] obtained a thermal model validated with experimental 

measurements for a radial flux machine. In addition, a sensitivity analysis to 
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determine the most critical material parameters affecting the accuracy of the 

model was performed. 

After these publications, many researchers contributed with studies about specific 

regions in order to add more insight in this topic: 

• David A. Howey in [74] reviewed the convective heat transfer within the air 

gap of both cylindrical and disk geometry for rotating electrical machines. 

Particular attention was therefore given to the explanation of the relevant no 

dimensional parameters and to the presentation of measured convective 

heat transfer correlations for a wide variety of situations. 

• D. P. Kulkarni in [75] presented the values of conventional stator lamination 

and frame interface resistance through experimental results (Figure 2.20). 

The effects of several parameters, such as surface finish, shrink pressures, 

use of thermal grease, and phase change thermal interface material on 

thermal contact resistance, were experimentally investigated. 

 

Figure 2.20. Schematic method to measure contact resistance by [75]. 

• M. Hettegger in [76] measured values of the heat transfer on the end 

windings of an electrical machine. The gained coefficients were compared 
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to the results obtained by numerical simulations using a commercial 

software for computational fluid dynamics. 

In recent years most of the literature in this topic has been centred on thermal models 

for water-cooled electrical machines presenting very good agreement with 

experimental measurements and performing analysis of the key parameters from the 

thermal point of view. 

• C. B. Park in [19] presented a verified analytical model of a water-cooled 

electric motor for railway applications. Furthermore, he analysed the 

influence of some parameters of the cooling system in the temperatures of 

the active parts of the machine. 

• An equivalent thermal network was presented in [21] by K. S. Kim in order 

to simplify the thermal analysis in preliminary designs. 

As can be seen, the use of lumped parameter thermal models is widespread for 

cooling systems where conduction is the dominant way of heat dissipation. If 

convection has a significant role in the system, the modelling should be 

accomplished using CFD simulations or hydraulic models in order to represent the 

behaviour of the fluid in the system. 

2.4.1.1 Commercial software 

The commercial software Motor-CAD [77] gathers most of the research done in this 

field and it is able to perform thermal calculations over a wide range of cooling 

systems. 

This software requires as inputs the geometric dimensions of the machine (Figure 

2.21), its thermophysical properties, the volumetric losses and the working 

conditions. From this data, the program obtains temperatures in the steady or 

transient state (depending on the introduced data). 
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Figure 2.21. Capture from the commercial software Motor-CAD [77]. 

It is very useful for standard cooling systems, where very accurate results can be 

achieved. However, as commented before, for other analytical calculations, it could 

lead to inexact results when most of the heat is dissipated through air flowing inside 

the machine. 

2.4.2 Computational Fluid Dynamics 

As already stated, if convection has an important function in the cooling system, 

analytical thermal models are very limited because of the difficulty to determine the 

correct convective correlation to represent this phenomenon. Therefore, the 

assistance of Computational Fluid Dynamics (CFD) is necessary sometimes. 

At the beginning of the 21st century, as computers started to improve their 

performances, CFD simulations started to become more common between 
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designers. S. J. Pickering in [63] obtained a model for the ventilation of a salient-pole 

electric machine. In addition, a heat transfer analysis of an air-cooled synchronous 

generator was performed in [64] by M. Shanel. 

The increasing improvement of computers during these years provided an expansion 

of CFD simulations in different sectors and numerous researchers have analysed 

many cooling systems. In addition, diverse simulation strategies have been 

compared: 

• S. Klomberg in [78] performed a deep analysis of different simulation 

strategies for large hydro generators (Figure 2.22). 

     

Figure 2.22. Pole-sector model (a) vs. slot-sector model (b) analyzed in [78]. 

• A comparative of different CFD configurations for the modelling of the heat 

transfer in the stator ducts was presented in [79] (Figure 2.23). Moreover, 

recommendations for future CFD simulations were given, comparing 

different simulations strategies. 
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Figure 2.23. Velocity plot and normalized velocity vectors on the symmetry area at one duct of 
the slot section model with three spacers by [79]: (a) leading side, (b) trailing side, and (c) inlet. 

• C. Micallef in [48] provided a deep insight in different CFD modelling 

techniques. 

• P. Moradnia in [80] predicted the behaviour of the cooling airflow in an 

electric generator (Figure 2.24), providing velocity profiles in different 

sections of the machine. In addition, recommendations for the CFD setup 

were given. 

 

Figure 2.24. Geometry used in the simulations in [80], with a removed stator sector for visibility. 
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• J. Jamshidi in [81] performed a detailed analysis of the ventilation system of 

an electric generator through CFD simulations. Furthermore, experimental 

validation was also realized. 

• The performance of different cooling configurations for an axial-flux 

permanent magnet was studied in [47] by M. Polikarpova. 

• Y. Chen in [20] developed a CFD model for a double-sided water-cooled 

permanent magnet linear machine (Figure 2.25) and analysed different 

configurations of this kind of cooling. 

 

Figure 2.25. Structure of the prototype machine modelled in [20]. 

2.4.2.1 Analytical models aided by CFD 

It is very common to find research where CFD simulations and analytical thermal 

models are combined, and as a result precise values of the temperatures in different 

cooling systems are achieved. In this sense, the validation of the analytical model is 

sometimes conducted through CFD simulations. 

• [40] presents a lumped parameter thermal model for an interior permanent 

machine. This model is validated with CFD simulations obtaining very 

accurate results. 
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• P. Ponomarev in [23] investigates the potential and effectiveness of direct 

oil cooling through lumped parameter thermal network and CFD simulations. 

• [44] deals with thermal modelling of axial flux permanent magnet machines, 

where the analytical estimation of heat transfer coefficient in some sectors 

is supported by CFD analysis. 

• D. Gerada in [82] looks at the design of high speed permanent magnet 

machines. In this analysis, CFD simulations aid the analytical model, where 

air gap and water flow are studied separately (Figure 2.26). 

 

Figure 2.26. Use of CFD to determine convection heat transfer in air-gap (left) and the water 
jacket (right) by [82]. 

• S. Nategh in [24] presents an approach to model thermal effects in directly 

oil cooled electric machines. In this paper, an analytical model and CFD 

simulations are carried out and evaluated experimentally on two machines, 

obtaining good correspondence between the predicted and the measured 

temperatures. 

• D. Geetha in [83] presents a coupled analytical and numerical thermal 

analysis of a 37 kW induction motor. Specially focused in machines with 

different cooling schemes, where the fluid flow nature cannot be very well 

reproduced, this method gives some insight into the process of heat transfer 

for this kind of motors. 
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2.4.2.2 Multi-physics analysis 

As stated in previous sections, the growing computational resources is allowing the 

implementation of FEM and CFD simulations in an easier way. Therefore, many 

authors are coupling electromagnetic and mechanical FEM simulations with CFD 

results, obtaining very realistic models: 

• Y. Chen in [46] couples different physics (electromagnetic, vibratory, 

acoustic and thermal physics) in order to obtain a detailed temperature 

analysis. 

• The development of coupled models for the electromagnetic and thermal 

finite element analysis is presented in [84]. In this process, temperature-

dependent material properties are used so that the temperature inside the 

machine can be predicted simultaneously with the electromagnetic 

performance. 

• F. Marignetti in [85] investigates the thermal behaviour of axial flux 

synchronous permanent magnet machines through a 3-D thermal-magnetic 

finite element analysis. 

• A high-speed permanent-magnet electrical machine is designed by [86]. 

This paper considers multi-physics constraints, including the mechanical 

strength, rotor dynamics, mechanical losses and thermal field. 

Furthermore, [87] presents a multi-physics modelling, but using analytical 

formulation this time. The fact of developing this multi-physics model analytically 

reduces computational time and allows to couple the model with optimization tools. 

2.4.3 Thermal design criteria 

As shown in previous sections, most of the research performed has been focused 

on analysing and predicting the thermal behaviour of different cooling systems. 

However, there is still a lack of information for thermal design and it is hard to find in 

the literature different criteria for parameters which define the cooling system. In this 

sense, a few authors have contributed with some research: 
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• [88] provides a thermal solution for the stator winding. This improvement is 

analysed with an analytical model and CFD simulations, obtaining a 

considerable reduction in temperatures. Experimental validation is then 

presented to compare the predicted results with the measured results on a 

purposely built instrumented setup. 

• A procedure for design of a forced water cooling system for a low voltage 

high power transverse flux permanent magnet synchronous motor is 

obtained in [41]. 

• A. Huber in [42] focus his work in the fluid flow of the water jacket of electric 

machines for powertrain, paying special attention on its efficiency. 

• Li Ye in [89] studies the relationship between the motor water jacket design 

parameters and the hydraulic and thermal performance through CFD 

simulations and orthogonal experiment method (OEM), Figure 2.27. 

 

Figure 2.27. Physical and numerical model developed by [89]. 

• In [90], a detailed methodology for the design and characterization of cooling 

systems oriented to electrical machines is presented. This methodology 

uses a combination of both analytical thermal models and CFD simulations 

in order to reduce computational time. 
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2.5 CONCLUSIONS 

The amount of research found in the literature proves that the cooling of electric 

machines is a topic of current interest. Electric machine designers are aware that 

thermal design is as important as electromagnetic design and coupled 

methodologies should be stablished. 

Many publications mentioned in this chapter are the basis of this work, giving 

relevant information to develop precise analytical and CFD tools for thermal analysis. 

Despite of the literature found about different thermal analysis and calculations, there 

is still a lack of information about design criteria and optimization methodologies. 

Therefore, this thesis develops CFD and analytical tools for the most widespread 

cooling systems in the mentioned applications (IC71W and IC81W) and presents 

various optimization and design criteria for parameters defining these cooling 

systems.
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Chapter 3 

3 IC71W cooling system 

As mentioned in the state of the art, the IC71W cooling system has become 
one of the most extended cooling topologies for traction applications. Consequently, 
a lot of research can be found about this cooling system in the literature. Therefore, 
this chapter describes the main considerations for the development of an algebraic 
thermal model for the IC71W cooling system. 

First, the main assumptions are described, explaining the thermal network 
and some of the most important simplifications. Also, a detailed classification of the 
most critical convective correlations is given. Then, a review of the modelling of the 
water jacket is given. 

Once the model is described, the mathematical model and the solving 
procedure is exposed, showing precise information about the matrix equations and 
the mathematical resolution. Finally, the experimental validation of the model is 
exposed. 
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3.1 DESCRIPTION OF THE MODEL 

The IC71W cooling system is widely used for traction applications (like cars, trains 

or buses) and it is highly extended between small and medium size induction 

machines (IM) and permanent magnet synchronous machines (PMSM) with a radial 

flux and interior rotor configuration (Figure 3.1). 

This cooling system is totally enclosed and includes a water jacket that enhances 

heat transfer from the stator to the housing, which makes the system suitable, 

primarily, for machines with substantial losses in the stator. 

 

Figure 3.1. An example of an IC71W cooling system for a radial flux interior rotor PMSM [91]. 

As explained in chapter 1, this thesis falls within a continuation of a previous work 

conducted by Dr. Jose Ángel Malumbres, which focuses on analysing open self-
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ventilated cooling systems for induction machines [1,6,7] and it has been the main 

reference to develop the following model. 

Therefore, this chapter describes an analytical model for an induction machine with 

an IC71W cooling system with a spiral water jacket in the housing. Furthermore, the 

analytical model could be adapted to both permanent magnet surface mounted and 

embedded magnet machines. 

3.1.1 Main assumptions  

As mentioned before, the model is based on the algebraic model presented in [6], 

which defines the cylindrical component with a reduced network of four resistances 

(Figure 3.2). This cylindrical component is used to represent the stator yoke and 

teeth, the rotor yoke and teeth, the shaft, the end plates and the housing (Figure 

3.3). 

 

Figure 3.2. Generic model for a cylindrical component [6]. 

Although many authors include another element in the generic model to give account 

of the heat variation inside the generic model due to heat generation [92-94], this 

model does not include any additional elements to consider this phenomenon due to 

mathematical simplifications: 

• The system dimension: To give account of the phenomenon of heat 

generation, two nodes per cylindrical component should be needed, 

increasing the number of elements required to discretize the machine. 
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• System robustness and instabilities: As it will be explained in section 3.2.1, 

the model is solved using matrix equations. Therefore, the inclusion of 

negative elements can lead to mathematical instabilities. 

 

Figure 3.3. Simplification performed with the cylindrical component proposed by [6]. 

The expressions to calculate the thermal resistances represented in Figure 3.2 are 

shown in Equation 3.1 to Equation 3.3. 

Equation 3.1 and Equation 3.2 represent the thermal resistance to heat transfer in 

the radial direction and Equation 3.3 evaluates the thermal resistance to the heat 

transfer in the axial direction. Losses, P in Figure 3.3, are represented as heat 

generators and attached to each component, where needed. 

R1 =
1

rπλradL
�
2rout2 ln �rout

rin
�

rout2 − rin2
− 1� Equation 3.1 

R2 =
1

rπλradL
�1 −

2rout2 ln �rout
rin
�

rout2 − rin2
� Equation 3.2 

R3 = R4 =
1

2πλax(rout2 − rin2 ) Equation 3.3 
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3.1.1.1 Winding stack 

The winding in the stator stack is not modelled as a cylindrical component and the 

following hypothesis are assumed: 

• A layered approximation of the winding in the stack [70] is implemented to 

represent the temperature gradient inside the slot. This layered model is 

depicted in Figure 3.4, where the yellow zones represent the copper and the 

green areas symbolize the insulation. 

 

Figure 3.4. Layered approximation of the winding in the stack. 

• Heat transfer is modelled in all the directions, each of them with an 

equivalent thermal conductivity. This model proposed by [95] describes a 

cuboidal element without any additional elements to give account for the 

temperature differences due to heat generation. 

• Axial heat flux is limited to the copper area. [96] performs an exhaust 

analysis on the effects of materials with different thermal conductivities. 

3.1.1.2 End windings 

End windings are modelled using the approach presented in [67] (Figure 3.5). In this 

article, end windings are represented as homogeneous toroid structures, 

representing the circumferential mesh of conductors and insulation, and legs which 

are short cylindrical extensions of the stator slot windings. 
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Figure 3.5. End winding model developed by [67]. 

This approach is very extended in the literature and many authors have obtained 

acceptable results including this approach in their models [70,72]. 

3.1.1.3 Thermal network 

Once all the elements in the machine are modelled, a circuit representing the heat 

transfer through conduction and convection is developed. The resulting network is 

shown in Figure 3.6. 

This picture represents the thermal network developed, including all the solids and 

the fluids inside the machine (air and water) and the ambient. 

It should be mentioned that all the solids representing the active parts (except from 

the end windings) are axially discretized to take into account temperature gradients 

in this direction. As can be seen in Figure 3.6, the active parts are discretized in 3 

parts as an example. In this regard, the axial discretization is explained in section 

3.1.1.4 in more detail. 

Solids are modelled as circles with a black fill and fluids are described with circles 

with a white fill (or a hollow). In addition, the ambient is modelled as a black circle, 
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which is connected to the elements in the extremes of the model (the housing and 

the shaft ends). 

Each colour represents a different material, where electrical steel is represented with 

blue, aluminium with red, copper with yellow, water with dark blue, air with light blue, 

iron with grey and steel with green. 

Losses are displayed with big circles connected to the components with heat 

generation. The elements with losses are the stator and rotor stack, the windings in 

the stator and the rotor bars. 

The connection between solids, representing heat transfer by conduction, is 

modelled with continuous black lines and a rectangle with two colours. For the 

connection between solids and fluids, representing the convective heat transfer, 

dotted lines and rectangles with two colours are employed. 
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Figure 3.6. Thermal network of the analytical model. 
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3.1.1.4 Axial discretization 

As explained later in chapter 4, an inadequate selection of the water speed in the 

water jacket can lead to temperature gradients of water in the axial direction and 

consequently, to temperature gradients in the active parts of the machine. Therefore, 

the model could be non-symmetric in the axial direction and hotspots could arise. To 

represent this phenomenon in the thermal model, more than one node all along the 

length of the machine is taken into account.  

The number of nodes in the axial direction should be defined in order to obtain an 

independent result from the axial discretization. Hence, the effect of the axial nodes 

in the temperatures of the machine is studied. 

The study of this effect is conducted analysing one machine with is described later 

in section 3.3 (Machine A from now). The analysis consists of obtaining the 

temperatures of the machine with a different axial discretization. 

Therefore, Figure 3.7 shows the temperature obtained in the stator end windings for 

Machine A depending on the number of axial points of study. 

 

Figure 3.7. End winding temperature of Machine A for different axial points of study. 

In order to obtain a reliable value for the following thermal calculations, the required 

number of axial points to ensure less than 1 ºC of error is related to the length-

diameter relation in the machine from Figure 3.7, obtaining Equation 3.4. 
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Axial points of study =
4 ∙ lfe,s

Dext,r
 Equation 3.4 

Where lfe,s is the stator stack length and Dext,r is the external diameter of the rotor. 

Furthermore, two restrictions are applied to define the axial points of study:  

• It must be an odd number in order to obtain temperature values in the middle 

of the stator stack. 

• There must be always a minimum of 3 axial points in the thermal model 

(even if Equation 3.4 is less than 3) to avoid discrepancies presented in 

Figure 3.7. 

3.1.2 Convective heat transfer 

As mentioned before, the IC71W cooling system evacuates most of its losses 

through the water jacket. However, convection inside the machine should be 

modelled for a correct representation of the thermal behaviour of the machine. 

Therefore, heat transfer by convection is modelled in this thermal model as 

previously commented in Figure 3.6. 

The modelling of the convective heat transfer is performed using convective 

correlations [97], which depend on: 

• The geometry of the surface in contact with the fluid (disposition, rugosity, 

etc.) 

• The speed of the fluid and its regime (laminar, transition or turbulent). 

• The temperature of the fluid and the solid. 

Therefore, this section describes the convective correlations employed for the 

different convective situations identified in the model. 

3.1.2.1 Air gap 

Air between rotor and stator is described by the Couette flow [98]. This term is used 

to describe the flow between two surfaces that are in close proximity such that the 
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flow is dominated by viscous effects and inertial effects. However, there are other 

phenomena that appear in this kind of situations, like the Taylor vortices (Figure 3.8), 

that should be taken into account for the correct definition of the heat flow in the air 

gap. 

 

Figure 3.8. Taylor vortices in an annulus with rotation [74]. 

This geometry disposition is analysed in detail by [74], which provides useful 

correlations for different flow regimes and reviews the most extended correlations. 

Therefore, the recommended correlation from this author have been selected for 

modelling the air gap in this model. In this regard, this zone is defined with three 

different correlations: 

• A correlation for laminar shear flow with Tam2
Fg2� < 1700 defined by Equation 

3.5. 

• A correlation for laminar flow with vortices (1700 < Tam2
Fg2� < 104) defined 

by Equation 3.6. 

• A correlation for turbulent flow (104 < Tam2
Fg2� < 107) defined by Equation 

3.7. 

Nu =
2 ∙ �(b − a)

a� �

ln �1 + (b − a)
a� �

 Equation 3.5 



54 Chapter 3: IC71W cooling system 

 

Nu = 0.128 ∙ �Tam2
Fg2� �

0.367
 Equation 3.6 

Nu = 0.409 ∙ �Tam2
Fg2� �

0.0.241
 Equation 3.7 

Where a and b are represented in Figure 3.8 and represent the rotor external radius 

and the stator inner radius, respectively. The Taylor averaged number (Tam) and the 

geometrical factor (Fg) are defined in [74]. 

3.1.2.2 Stator 

For vertical surfaces in contact with air, the empirical correlation for flat plates 

presented in [97] is employed, which is a contrasted correlation by [7] for this zone. 

As described in [7], in order to adapt the stator geometry for the convective 

correlation employed, the following approach is performed (Figure 3.9). 

 

Figure 3.9. Annulus approach for the stator. 

The relation of these parameters is defined by Equation 3.8 and Equation 3.9. 

heq.ext = Dext�
π
4

 Equation 3.8 
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heq.int = Dint�
π
4

 Equation 3.9 

The convective correlation is defined using Equation 3.10 and Equation 3.11: 

Nu =

⎝

⎜⎜
⎛

0.825 +

⎝

⎜
⎛

0.387 ∙ �
Ra1/6

�1 + 0.429
Pr9/16�

8/27�

⎠

⎟
⎞

⎠

⎟⎟
⎞

2

 Equation 3.10 

hconv =
Nu ∙ k

0.5 ∙ �heq.ext − heq.int�
 Equation 3.11 

Where k is the thermal conductivity of the internal air and, Ra and Pr represent the 

Raleigh number and the Prandtl number, respectively (their definition can be found 

in [97]). 

In addition, as it is performed by [7] obtaining good results, this correlation is also 

employed for the internal and external convection of the end plates. 

3.1.2.3 Rotating surfaces 

3.1.2.3.1 Shaft 

The convection in the shaft is defined with the correlation developed by [99], which 

is used by [6] obtaining accurate results. This correlation is described by Equation 

3.12 and Equation 3.13. 

Re =
π∙N∙Dshaft

60
∙ Dshaft

ν
 Equation 3.12 

Nu = 0.6366 ∙ (Re ∙ Pr)1 2�  Equation 3.13 

Where N is de rotational speed, Dshaft is the shaft diameter, ν is the kinematic 

viscosity and Pr the Prandtl number. 
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3.1.2.3.2 Rotor 

For the rotor lateral surfaces, which their geometry disposition is explained in Figure 

3.10, the formulation used by [6] is employed. Also because the results obtained with 

this correlation were satisfactory. 

 

Figure 3.10. Convection proposed by [100]. 

This correlation is developed by [100] and described with Equation 3.14 to Equation 

3.16. 

Rew =
π∙N∙Dext,r

60
∙ Dext,r

ν
 Equation 3.14 

Reair =
vair ∙ Dext,r

ν
 Equation 3.15 

Nu = 0.28973 ∙ (Rew2 + Reair2 )1 2�  Equation 3.16 

Where N is de rotational speed, Dext,r is the rotor external diameter, ν is the kinematic 

viscosity and vair is the cross air speed. 
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3.1.2.4 Housing 

The natural convection in the external surface of the housing is modelled with the 

formulation used by [7], because good agreements with experimental data were 

obtained. 

This correlation is developed by [101] and defined with Equation 3.17 and Equation 

3.18. 

Nu = �0.252 ∙ Ra1 4� if 104 < Ra < 109

0.129 ∙ Ra1 3� if 109 < Ra < 1012
 Equation 3.17 

Ra = Gr ∙ Pr Equation 3.18 

Where Gr is the Grashof number and Pr the Prandlt number (their definition can be 

found in [97]). 

3.1.3 Modelling of the water jacket 

As mentioned before, most of the heat generated in the active parts is evacuated 

through the water jacket. Therefore, the correct modelling of this element is crucial 

to obtain an accurate prediction of the temperatures (the methodology to solve this 

part of the model is explained later in section 3.2.2.). 

As stated in chapter 2, the IC71W cooling system is widespread among traction 

applications and a lot of research has been done in this field. Therefore, there are 

many ways to represent the water jacket analytically in the literature: 

• [22,44,68] introduce the water jacket as a single node in a thermal network 

without axial discretization. 

• [43] represents the water jacket with a single node for a thermal model with 

axial discretization. 

• [19] includes a negative loss generator to represent the heat evacuated by 

the water jacket. 
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• [21] proposes an equivalent thermal network separating the water jacket 

from the model representing the machine. 

• [39] adds another conductance matrix to the general equation that 

represents the fluid in the machine. 

With the aim of keeping the mathematical simplicity of the model and to give account 

of the possible temperature gradients in the water jacket, the model presented in this 

thesis is developed using a new approach with the following characteristics: 

• Water is modelled with as many nodes as points of study in axial direction 

(see Figure 3.6). 

• Nodes from the water jacket are computed separately (see section 3.2.2) 

and, in the thermal network, they are modelled as constant temperature 

nodes, becoming a boundary condition for the problem. Thus, the thermal 

network is kept as small as possible. 

Nodes representing the water jacket are connected to the housing by convective 

thermal resistances, which are defined by Equation 3.19 and can be seen in Figure 

3.6. 

Rth =
1

hconvAjacket
 Equation 3.19 

Where Ajacket is the contact surface between the fluid and the housing and hconv is 

the convective heat transfer coefficient. 

The convective correlation employed [102] is widely extended by many authors 

obtaining very good agreement with CFD simulations and experimental 

measurements [19,21,39] and it is defined by two correlations: one for the laminar 

regime (Re < 2300) (Equation 3.20) and another one for the transition and turbulent 

regime (Re > 2300) (Equation 3.21). 
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Nu = 7.541 �1 − 2.61 �
hch
wch

� + 4.97 �
hch
wch

�
2

− 5.119 �
hch
wch

�
3

+ 2.702 �
hch
wch

�
4

− 0.548 �
hch
wch

�
5

� 
Equation 3.20 

Nu =
�
frough
2

� (Re − 2000)Pr

1 + 12.7 �
frough
2

�
2
�Pr

2
3 − 1�

 Equation 3.21 

Where hch and wch are the height and width, respectively, of the cooling ducts of the 

water jacket, frough is the friction factor, which depends on the roughness of the water 

jacket surface, and it is obtained using the Colebrook-White equation for turbulent 

regimes (Re > 4000) (Equation 3.22) from [103]. 

1

�frough
= −2log�

ε
3.7Dh

+
2.51

Re�frough
� Equation 3.22 

Where ε represents the roughness of the duct, Re the Reynolds number, Pr de 

Prandtl number and Dh the hydraulic diameter of the duct. 
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3.2 COMPUTATION AND SOLVING 

All the expressions explained in section 3.1 are implemented in the commercial 

software Matlab R2015a, a mathematical software that offers an integrated 

development environment (IDE) with its own programming language. 

3.2.1 Matrix equations 

The thermal model is solved with matrix equations by applying the method proposed 

by [67], where the temperature of the nodes for steady-state analysis is calculated 

using Equation 3.23. 

𝐆𝐆 ⋅ 𝐓𝐓 = 𝐏𝐏 Equation 3.23 

Where T is an nx1 (where n is de number of nodes of the thermal network) vector 

containing the temperatures of each of the nodes of the thermal network, P is an nx1 

vector containing the losses and G is an nxn thermal conductance matrix described 

in Equation 3.24. 

𝐆𝐆 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡�

1
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n
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−
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−
1

R2,1
�

1
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n
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−
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1
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… �
1

Rn,i

n

i=1 ⎦
⎥
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⎥
⎥
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⎥
⎥
⎤

 Equation 3.24 

Where the nth element of the diagonal is the sum of the network conductances 

connected to the nth node and G (i, j) is the thermal conductance connecting nodes 

i and j. 
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3.2.2 Mathematical resolution 

The thermal model is solved by setting the temperature of the water jacket nodes 

and the ambient node as boundary conditions. The ambient temperature is always 

an input parameter for the design of an electric machine. On the other hand, the 

water jacket nodes are not a well-known parameter and only the inlet temperature of 

the water jacket (Tw,in) is usually provided by the customer, so the temperature of 

the rest of the nodes representing the water jacket must be calculated. Thus, 

Equation 3.25 is used to obtain their values, 

ΔTwater = Tw,out − Tw,in =
Pwater
ṁ ⋅ cp

 Equation 3.25 

Where Tw,out (K) is the outlet temperature of the water jacket, ṁ is the water flow rate 

(m3/s) (which is usually known), Pwater is the heat dissipated by the water jacket and 

cp is the specific heat of water (J/kg·K) 

To obtain Pwater, an iterative process is undertaken, in which Pwater is defined as the 

electromagnetic losses (Ploss) in the first iteration, but then the heat dissipated by 

natural convection from the housing is taken into account (Pconvection), which consists 

of all the heat transferred to the ambient nodes (Figure 3.6). 

The resulting resolution process is shown in Figure 3.11. This process is converged 

when the mean relative error of the vector of temperatures with respect to the vector 

of temperatures of the previous iteration is lower than a given figure, usually in the 

order of 10-4. 
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Figure 3.11. Iterative process of convergence. 

This method gives each iteration the value for the first and the last node of the water 

jacket. Thus, to obtain the intermediate nodes of the water jacket a linear variation 

is assumed. In this regard, as long as the temperature gradient between the first and 

the last node is small, this assumption does not introduce an appreciable error in the 

model. Furthermore, as it will be explain further, it is not convenient to have high 

temperature gradients in the water jacket. 
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3.3 VALIDATION 

Two induction machines with IC71W cooling system arrangement were tested and 

compared with analytical results. This experimental tests were carried out by OBEKI 

S.L., a company situated in the Basque Country which is focused on the design and 

manufacturing of low voltage electric motors and generators. These tests were 

performed following the procedure stablished by the International Standard 

Procedure (IEC) 60034-2 for rotating electrical machines. The main characteristics 

of these machines are shown in Table 3.1. 

Table 3.1. Main characteristics of the machines tested. 

 Machine A Machine B 
Nominal power (kW) 22 11 

Pole pair number 4 2 
Stator outer diameter (mm) 355.5 240 

Stator stack length (mm) 430 210 
Rotational speed (rpm) 750 1500 

 

3.3.1 Machine A 

In the following sections, firstly, the procedure to obtain the losses in different zones 

of the active parts is explained, then, tests performed in the machine are described 

in detail and finally, a comparison of the temperatures between the real and the 

analytical model are presented. 

3.3.1.1 Losses 

Estimating losses in different parts of the machine is one of the most important 

features to be taken into account in order to ensure a good approach when it comes 

to analytical thermal modelling. Therefore, losses are obtained experimentally 

following the procedure stablished by the IEC-60034-2; the results obtained are 

shown in Table 3.2. 
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Table 3.2. Fe and Joule losses for Marchine A. 

 Machine A (W) 
Iron Losses 920.2 

Joule (Rotor) 495.4 
Joule (Stator) 720.6 

 

As iron losses are not distributed uniformly along the rotor and the stator, a Finite 

Element Analysis (FEA) was carried out (Figure 3.12) in order to obtain a precise 

distribution. This analysis was performed doing a transient simulation with the loss 

surface method available in the commercial software FLUX [104] and Machine A 

was modelled obtaining the distribution displayed in Table 3.3. 

 

Figure 3.12. FEA analysis performed for Machine A. 

Table 3.3. Distribution of Fe losses in machine A. 

 Machine A (%) 
Stator yoke 61.0 
Stator teeth 36.9 
Rotor yoke 1.2 
Rotor teeth 0.9 

 

The distribution obtained in the previous table is implemented for Machine A and the 

values obtained for the iron losses are shown in Table 3.4. 



Chapter 3: IC71W cooling system 65 

 

Table 3.4. Iron losses in Machine A. 

 Machine A (W) 
Stator yoke 561.4 
Stator teeth 339.7 
Rotor yoke 10.8 
Rotor teeth 8.3 

3.3.1.2 Experimental test 

The test performed was carried out under nominal conditions, where the machine 

was supporting constant losses described in Table 3.2 and the external conditions 

defined in Table 3.5. 

Table 3.5. External conditions for the test performed in Machine A. 

 Machine A 
Rotational speed (rpm) 750 

Ambient Temperature (ºC) 19.4 
Water flow rate (m3/s) 5·10-4 

Water inlet temperature (ºC) 21 
 

The aim of this test consisted on measuring temperatures in different parts of the 

machine, when it was working under load conditions until thermal equilibrium was 

reached (thermal equilibrium is stablished by [105] when the variation of 

temperatures in any part of the machine is less than 2 ºC in half an hour) (Figure 

3.13) 
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Figure 3.13. Machine A tested by OBEKI S.L. 

Table 3.6 shows the steady state temperatures obtained at the end of the 

experimental test. The data of this table is obtained with a thermocouple for the 

housing and the end windings and measuring the electric resistance of the winding 

for the mean value of the stator copper. 

Table 3.6. Steady state temperatures obtained in the experimental test. 

 Machine A (ºC) 
Stator copper (end windings) 42.7 

Stator copper (mean value) 39.1 
Housing 20.6 

3.3.1.3 Analytical results 

The experimental test described in section 3.3.1.2 was reproduced with the 

analytical thermal model in order to compare the temperatures obtained and to 

evaluate if the model represents accurately the thermal behaviour of the machine 

tested. 

In order to obtain a reliable comparison, the inputs of the analytical model are 

adjusted to the experimental data, as listed below: 

• A detailed geometry of the machine. 

• Thermophysical properties of the materials (Table 3.7). 
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• Losses under nominal conditions (Table 3.2). 

• Test conditions (Table 3.5). 
Table 3.7. Properties of the materials comprising machine A. 

 Density (kg/m3) Specific heat 
(J/kg·K) 

Thermal 
conductivity 

(W/m·K) 
Stator winding 8954 495 401 

Electric steel 7650 452 39/39/4.43 
Rotor bars 7650 420 220 

Winding insulation - - 0.25 
Shaft 7850 460 45 

Housing 2700 900 53.66 
 

The temperatures obtained with the analytical thermal model under these inputs or 

boundary conditions are exposed in Table 3.8, where: 

• The temperature of the end windings is obtained as the mean temperature 

of both surfaces at the DE and NDE. 

• The winding mean temperature is obtained calculating the volume average 

temperature of the stator windings. 

• The housing temperature is obtained at the surface of the housing in the 

axial middle node. 
Table 3.8. Steady state temperatures obtained in the analytical thermal model. 

 Machine A (ºC) 
Stator copper (end windings) 44.8 

Stator copper (mean value) 40.2 
Housing 23.8 

3.3.1.4 Validation of the analytical model 

The results obtained analytically (Table 3.8) are compared with the results obtained 

experimentally (Table 3.6) in Table 3.9, obtaining acceptable results for design 

purposes. 
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Table 3.9. Difference in ºC between the analytical thermal model and the experimental test. 

 Machine A (ºC) 
Stator copper (end windings) +2.1 

Stator copper (mean value) +1.0 
Housing +3.2 

3.3.2 Machine B 

In order to increase the reliability of the analytical thermal model, another machine 

was tested following the same procedure described in section 3.3.1. 

3.3.2.1 Losses 

As for Machine A, losses are obtained experimentally following the procedure 

stablished by the IEC-60034-2; the results obtained are shown in Table 3.10. 

Table 3.10. Fe and Joule losses for Machine B. 

 Machine B (W) 
Iron Losses 610 

Joule (Rotor) 384 
Joule (Stator) 558.2 

 

Although a FEA analysis should be needed to obtain the Fe loss distribution in the 

machine, as this is not the aim of this work and the topology of Machine B is similar 

to the previously analysed machine, the same loss distribution as in Table 3.3 is 

assumed, obtaining the Fe loss distribution shown in Table 3.11. 
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Table 3.11. Iron loss distribution assumed for Machine B. 

 Machine B (W) 
Stator yoke 372.2 
Stator teeth 225.2 
Rotor yoke 7.1 
Rotor teeth 5.5 

3.3.2.2 Experimental tests 

The test performed was carried out under nominal conditions, where the machine 

was supporting constant losses described in Table 3.10 and the external conditions 

were defined in Table 3.12. 

Table 3.12. External conditions for the test performed in Machine B.. 

 Machine B 
Rotational speed (rpm) 1500 

Ambient Temperature (ºC) 17.4 
Water flow rate (m3/s) 2.5·10-4 

Water inlet temperature (ºC) 16 
 

The measurements obtained from this test are the same as the ones described in 

section 3.3.1.2, and are shown in the next table. 

Table 3.13. Steady state temperatures obtained in the experimental test. 

 Machine B (ºC) 
Stator copper (end windings) 71.4 

Stator copper (mean value) 61.9 
Housing 17.8 

3.3.2.3 Analytical results 

The experimental test described in section 3.3.2.2 was reproduced with the 

analytical thermal model in order to compare the temperatures obtained and to 

evaluate if the model represents accurately the thermal behaviour of the machine 
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tested. As commented in section 3.3.1.3, in order to obtain a reliable comparison, 

the inputs of the analytical model consisted of: 

• A detailed geometry of the machine. 

• Thermophysical properties of the materials (obtained from Machine A, 

Table 3.7). 

• Losses under nominal conditions (Table 3.10). 

• Test conditions (Table 3.12). 

As for Machine A, the temperatures obtained with the analytical thermal model under 

these inputs or boundary conditions are exposed in Table 3.14, where: 

• The temperature of the end windings is obtained as the mean temperature 

of both surfaces at the DE and NDE. 

• The winding mean temperature is obtained calculating the volume average 

temperature of the stator windings. 

• The housing temperature is obtained at the surface of the housing axial 

middle node. 
Table 3.14. Steady state temperatures obtained in the analytical thermal model. 

 Machine B (ºC) 
Stator copper (end windings) 76.7 

Stator copper (mean value) 69.2 
Housing 18.8 

3.3.2.4 Validation of the analytical model 

As it is done for Machine A, the results obtained analytically (As for Machine A, the 

temperatures obtained with the analytical thermal model under these inputs or 

boundary conditions are exposed in Table 3.14, where: 

• The temperature of the end windings is obtained as the mean temperature 

of both surfaces at the DE and NDE. 

• The winding mean temperature is obtained calculating the volume average 

temperature of the stator windings. 
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• The housing temperature is obtained at the surface of the housing axial 

middle node. 

Table 3.14) are compared with the results obtained experimentally (Table 3.13) in 

Table 3.15. 

Table 3.15. Difference in ºC between the analytical thermal model and the experimental test. 

 Machine B (ºC) 
Stator copper (end windings) +5.3 

Stator copper (mean value) +7.3 
Housing +1.0 

 

As can be seen in Table 3.15, there is an acceptable agreement between 

experimental values and the thermal model, where there is a maximum difference of 

7.3 ºC. The accordance between experimental measurements and analytical results 

is better for Machine A than for Machine B. This circumstance may be because the 

loss distribution has been obtained only for Machine A and the loss distribution for 

Machine B has been assumed the same. Therefore, the loss distribution could be 

analysed for Machine B in order to reduce uncertainties in the thermal model. 
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3.4 CONCLUSIONS 

This chapter presents the main considerations for the development of an analytical 

thermal model for a radial flux interior rotor IM with an IC71W cooling system. 

Consequently, the most important simplifications, the convective coefficients and the 

water jacket model are specified. In addition, the mathematical model and an 

iterative method to solve it is proposed. 

Then, the validation process of the thermal model is exposed. In this sense, the 

results obtained experimentally are compared with the analytical results. Since the 

analytical results show acceptable accuracy, the model is considered reliable for 

design purposes.
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Chapter 4 

4 IC71W optimization 

This chapter focuses on the design of the most relevant parameters in the 
cooling system of an IC71W arrangement. In this sense, both the algebraic thermal 
model presented in chapter 3 and CFD techniques will be the tools employed to 
obtain some design criteria. 

First, a design methodology for the water jacket is explained in detail, 
obtaining some criteria for the selection of the most critical parameters defining the 
cooling system. Furthermore, an example of how to design the IC71W cooling 
system is shown. 

Then, the influence of wafters in the thermal behaviour of the machine is 
examined. A second order statistical model to predict the effect of wafters in an 
IC71W cooling system is provided. In addition, an example of how wafters reduce 
the temperatures of a particular machine is described. 
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4.1 DESIGN METHODOLOGY FOR THE WATER 

JACKET IN AN IC71W COOLING SYSTEM 

Once the analytical thermal model for an IC71W cooling system is validated, it may 

be used to design water jackets for cooling different machines. In this section, 

several criteria for the design and optimization of water jackets are derived using this 

analytical model. 

Electrical machines with an IC71W cooling system have, thermally speaking, two 

well-differentiated areas separated by the air gap; the rotating part and the stator 

stack with its winding. The first one removes heat by conduction to the shaft and also 

by convection within the end-space. By contrast, the stator stack and its winding 

dissipate all their losses through the water jacket, achieving better thermal 

performance. With this in mind, some design criteria for the following aspects of the 

cooling system are provided: 

• The water jacket. 

• The contact between stator and housing. 

• The shaft. 

These criteria are based on the assumption that the manufacturer is often limited by 

the water flow rate imposed by the pump of the cooling circuit, which establishes a 

maximum pressure drop for the water jacket. Therefore, the next two parameters will 

form the base of the design process: 

• A fixed water flow rate (m3/s), Qwater. 

• A maximum pressure drop (Pa), ΔPmax. 

4.1.1 Topology of the water jacket 

There are many water jacket topologies available in the literature: [19,38-42] propose 

spiral water jackets, [43] introduces a meander shaped water jacket in its design, 

and [44] analyses a torus shaped water jacket for axial machines. Furthermore, there 

are many other topologies [13], some of which are shown in Figure 4.1. 
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(a) (b) (c) (d) 

    

Figure 4.1. (a) spiral, (b) U-shaped (one duct), (c) U-shaped (bifurcated), and (d) axial water 
jacket. 

The heat transfer capacity does not depend on the topology, but on the total cooling 

surface. In analysing different topologies with the same cooling surface, it can be 

seen that the difference between them lies in the pressure drop they bring to the 

cooling circuit (as more bends or splits are introduced into the water jacket, the 

pressure drop will rise). 

Four CFD simulations are performed in order to study the different topologies 

presented in Figure 4.1, all of which have a similar cooling surface and the same 

water flow rate. The flow domain of these CFD simulations consist only of the water 

jacket geometry (only the fluid duct, without any solid) and no energy transfer is 

modelled. Consequently, a more detailed description is omitted in this section due to 

their simplicity. 

The turbulence model used was the standard k-ε model with standard wall-functions, 

which is commonly employed by many authors in these kinds of situations [48,63]. 

Table 4.1 summarizes the results. 

Table 4.1. Pressure drop for different water jacket topologies. 

Geometry Cooling surface (mm2) Pressure drop (Pa) 
Spiral 118760 16309.7 

U-shaped (one duct) 119010 46896.5 
U-shaped (bifurcated) 110278 106092.8 

Axial 117768 155656.9 
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Although the heat dissipation capacity is practically the same, there is a big 

difference in the pressure drop from one topology to another. Therefore, the pump, 

as well as manufacturing restrictions, will be a limiting factor for the selection of the 

correct topology for the design. 

In this context, spiral water jackets are the best choice for minimizing the pressure 

drop, but at the same time, they are the most complex topology to manufacture. 

4.1.2 Design of the water jacket 

The analytical thermal model described in chapter 3 is employed to develop a design 

process for an IC71W cooling system with rectangular ducts in a spiral water jacket. 

In addition, this design process could be extended to any other type of water jacket 

by following the same thermal and hydraulic concepts. 

The spiral water jacket is geometrically defined by five parameters, which are 

described in Figure 4.2 and are listed below: 

• Distance between the cooling ducts and the stator stack (hFe,water,ch). 

• Distance between the cooling ducts (wwater,ch,space). 

• Axial length (lwater,jacket). 

• Width of the cooling duct (wwater,ch). 

• Height of the cooling duct (hwater,ch). 

 

Figure 4.2. Parameters defining the water jacket. 
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In addition, the manufacturing of the water jacket is performed with different 

materials. Depending on the material the thermal conductivity varies and so the 

thermal behaviour. In this regard, the most common materials for the water jacket 

are: 

• Stainless steel. 

• Steel Carbon 1%. 

• Aluminium. 

Therefore, the following sections analyse the influence of each of these parameters 

and materials on the temperature of the stator yoke, which is the element in contact 

with the housing in the machine. 

To perform this analysis two machines used in section 3.3 are employed, and are 

named Machine A and Machine B from now. For each study, the examined 

parameter is varied in a limited range and its effect is shown in different graphs. 

4.1.2.1 Distance between the cooling ducts and stator stack 

As stated previously, the distance between the cooling ducts and the stator stack 

(hFe,water,ch) is analysed with the analytical thermal model from chapter 3. 

This parameter is always influenced by the manufacturing process and the minimum 

value to ensure the structural integrity of the frame. 

The effect of this variable for different materials is described in Figure 4.3 and Figure 

4.4 for Machine A and Machine B, respectively. Each of these figures represent the 

rise of stator yoke temperatures over the ambient temperature (19.4 ºC in Machine 

A and 17.4 in Machine B) for different values of hFe,water,ch and different manufacturing 

materials. 
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Figure 4.3. Influence of hFe,water,ch on stator yoke temperature rise for machine A. 

 

Figure 4.4. Influence of hFe,water,ch on stator yoke temperature rise for machine B. 

The temperature in the stator is expected to grow as hFe,water,ch widens, so it would 

be convenient to define this parameter as low as possible. As Figure 4.3 and Figure 

4.4 show, the influence of this parameter on an aluminium housing is negligible, but 

it becomes more critical as the thermal conductivity of the housing decreases 

(Kstainless-steel = 16 W/m·K, Ksteel-carbon = 50 W/m·K and Kaluminium = 205 W/m·K). 
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4.1.2.2 Distance between cooling ducts 

As it happens in section 4.1.2.1, the distance between cooling ducts (wwater,ch,space) 

is analysed with the analytical thermal model from chapter 3. 

This parameter is also limited by the same mechanical and manufacturing 

restrictions that limit hFe,water,ch. 

In addition, the axial length of the water jacket (lwater,jacket) is kept constant to make a 

fair comparative between different values of wwater,ch,space. 

The effect of this parameter on the thermal behaviour is obtained modifying this 

parameter in a limited range and describing the temperature in the stator yoke for 

Machines A and B, which is depicted in Figure 4.5. 

 

Figure 4.5. Influence of wwater,ch,space on stator yoke temperature rise. 

As Figure 4.5 demonstrates, the influence on machine temperature is not significant. 

Therefore, this parameter should be defined considering only manufacturing and 

mechanical limitations. 
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4.1.2.3 Axial length 

As it happens in previous sections, the axial length (lwater,jacket) of the water jacket is 

analysed with the analytical thermal model from chapter 3. 

The axial length (lwater,jacket) of the water jacket is directly related to the total length of 

the duct (LT) in the water jacket, and for spiral water jackets the geometric 

relationship is shown in Equation 4.1. 

LT = lwater jacket��0.5 ∙ Dext,s + hFe,water,ch�
2 ∙ �

2π
wwater,ch,space + wwater,ch

�
2

+ 1 Equation 4.1 
 

Where Dext,s is the external diameter of the stator and the rest of parameters are 

described in Figure 4.2. 

LT has a direct impact on two critical design parameters: the cooling surface (Acooling) 

and the pressure drop (ΔP). Regarding this connection, [106] defines the pressure 

drop for a spiral water jacket with Equation 4.2. 

∆P =
1
2 frough ∙ LT

1
Dh

vwater2  Equation 4.2 
 

In this equation, frough is the friction factor (which depends, as it is stated in [107], on 

the Reynolds number and the geometry and roughness of the duct), Dh is the 

hydraulic diameter of the duct (described in Equation 4.3 for rectangular ducts) and 

vwater the speed of water. 

Dh =
2 ∙ hwater,ch ∙ wwater,ch

hwater,ch + wwater,ch
 Equation 4.3 

 

Although Equation 4.2 is very extended for spiral jackets [77], it could not be realistic 

for water jacket topologies with bends or bifurcations (like the U-shaped or the axial 

jackets). In those cases, a more precise analytical hydraulic model or a CFD 

simulation could give precise information about the pressure loss. 
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From Equation 4.2, it can be seen that LT is directly related to ΔP, so the axial length 

will be a limiting parameter for the design. 

From the thermal point of view, this parameter influences the total cooling surface 

(Acooling), which is defined for rectangular ducts with Equation 4.4. 

Acooling = LT ∙ 2 ∙ �hwater,ch + wwater,ch� Equation 4.4 
 

Therefore, the axial length of the water jacket should be designed to obtain maximum 

Acooling, not forgetting that the design is always limited by ΔPmax. 

Moreover, the water jacket should cover the stator stack, otherwise undesirable 

temperature gradients could arise in the stator yoke, as seen in Figure 4.6. 

 

Figure 4.6. Temperature gradients in the stator yoke due to a badly scaled water jacket obtained 
from CFD simulations. 

Consequently, the axial length should be also defined in relation with the stator stack 

length (lfe,s), as is described in Equation 4.5. 

lwater,jacket ≥ lfe,s + 2 ∙ wwater,ch Equation 4.5 
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4.1.2.4 Cooling duct area 

As it happens in previous sections, the cooling duct cross area (Across) of the water 

jacket is analysed with the analytical thermal model from chapter 3. 

The shape of the cooling duct cross area for this study is rectangular (defined in 

Equation 4.6), because it is the most common cooling duct shape for water jackets 

in the housing [21,38,39,89], it is easier to manufacture, and its behaviour is similar 

to circular ducts [19]. Nevertheless, the same procedure could be developed for 

other shapes. 

Across = wwater,ch ∙ hwater,ch Equation 4.6 
 

First, the effect of the water speed (vwater) is examined. This analysis is performed 

using a constant geometry and modifying only the water speed. However, as the 

water speed and the Reynolds number (Re) are directly related (see Equation 4.7, 

where υ is the kinematic viscosity of water), the results are shown regarding the 

Reynolds number. 

Re =
vwaterDh

υ =
QwaterDh

υ ∙ Across
 Equation 4.7 

 

In this sense, Figure 4.7 describes the influence of the Reynolds number on the 

temperatures in the stator yoke for Machine A and Machine B. 

 

Figure 4.7. Influence of the flow regime on stator yoke temperature. 
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As can be seen in Figure 4.7, heat dissipation is much higher when the water flow 

rate is in the turbulence regime, so Re should be kept above 10000 to obtain a good 

thermal performance. 

Moreover, another limiting factor for the design is the maximum speed of water in 

order to avoid erosion/corrosion (verosion). This phenomenon varies with water speed 

and temperature and has different effects depending on the material of the housing. 

A great deal of research can be found on this topic: [108] presents the effect of 

erosion for different kind of steels, similarly [109] studies the influence of different 

fluids for different steels and some alloys, and [110] presents the influence of speed 

and pH of fluids for aluminium alloys. Therefore, the water speed should never 

exceed verosion. 

With this in mind, the dimensions of the cooling duct cross-area should be defined 

by taking into account these three considerations: 

• Consideration 1: The flow regime should be turbulent (Reynolds number 

(Re) > 10000), otherwise the heat transfer capacity could be adversely 

reduced. 

• Consideration 2: The defined area should meet pressure loss (ΔPmax) 

requirements. 

• Consideration 3: Maximum water speed should be limited due to possible 

erosion/corrosion problems. 

Consideration 1 is fulfilled using the relationship presented in Equation 4.8, which is 

the result of imposing Re > 10000 and developing Equation 4.6, Equation 4.7 and 

Equation 4.3. 

wwater,ch + hwater,ch <
Qwater

5000 ∙ υ Equation 4.8 
 

Consideration 2 is achieved with Equation 4.9, which is the result of limiting the 

pressure loss (ΔPmax) and combining Equation 4.2, Equation 4.3 and Equation 4.6. 

It should be noticed that all the terms on the right side of Equation 4.9 are known 

values. 
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wwater,ch + hwater,ch

(wwater,ch ∙ hwater,ch)3 <
8 ∙ ΔPmax

f ∙ LT ∙ Qwater
2 Equation 4.9 

 

Finally, Consideration 3 is performed limiting the maximum water speed to verosion, 

leading to Equation 4.10, which is a combination of this limitation and Equation 4.6. 

wwater,ch ∙ hwater,ch >
Qwater

verosion
 Equation 4.10 

 

Consequently, the last three equations (Equation 4.8, Equation 4.9 and Equation 

4.10) represent the boundaries for the design of the cooling duct cross area (Across) 

of the water jacket by means of three parameters (verosion, Qwater and ΔPmax). 

4.1.3 Contact between stator and housing 

This parameter is crucial for the optimization of the water jacket, and for this reason 

the analytical thermal model is used to determine its influence in the cooling system. 

The quality of this contact depends mainly on the surface roughness of both 

materials and the shrink fit pressure. In the analytical thermal model presented in 

chapter 3, this contact is modelled as a thermal resistance (Rcontact) defined with 

Equation 4.11. 

Rcontact =
1

αcontactA
 Equation 4.11 

 

Where A is the contact surface between the stator lamination and the housing and 

αcontact is the heat transfer coefficient representing this phenomenon. 

The influence of this contact resistance on stator yoke temperature is described in 

Figure 4.8 for Machine A and Machine B. 
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Figure 4.8. Influence of the contact quality between stator and housing on stator yoke 
temperatures obtained from the analytical model. 

As can be seen in the previous picture, a poor contact in this region can be 

inadequate for achieving good thermal performance. Consequently, αcontact should 

be greater than 10000 to obtain an optimum performance.  

The value of this coefficient differs depending on many factors: the manufacturing 

process, the working temperature, the shrink fit pressure, the materials, etc. There 

is not much information in this field, so further investigation is needed in order to 

shed light on this area. 

However, some authors have contributed with interesting data: [75] presents several 

experimental measurements of different kinds of assemblies, measuring αcontact in 

each of the situations and obtaining very good agreements between measured and 

calculated data; also Motor-CAD, the commercial software for thermal analysis 

mentioned in chapter 3, offers the possibility of modelling this contact as a function 

of surface roughness. 
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Although common shrink fit pressures guarantee αcontact above 10000, care should 

be taken with this parameter. For the cases studied in this work an αcontact bigger 

than 10000 is assumed. 

The calculation of αcontact is out of the focus of this thesis and should be analysed in 

much more detail in order to identify the factors affecting most this parameter. 

4.1.4 Shaft diameter 

The shaft diameter (DShaft) is geometrically limited by the rotor stack’s internal 

diameter (Dint,r) and the minimum diameter that guarantees the support of 

mechanical stresses (DMech), as can be seen in Equation 4.12.  

DMech < DShaft < Dint,r Equation 4.12 
 

The mechanical requirements of the shaft diameter vary depending on the 

electromagnetic design. In this regard, fast machines (high rotational speeds) are 

usually designed for low torques, having very low mechanical requirements and 

ultimately, a small shaft diameter. On the other hand, slow machines are usually 

related to higher torques, and bigger shaft diameters are demanded to fulfil the 

mechanical requirements. 

To perform the analysis of the shaft diameter from the thermal point of view, the 

analytical thermal model is used again. In this analysis, Machine A and Machine B 

(described in chapter 3) are examined. The increment of temperatures of the rotor 

yoke and the squirrel cage over the ambient temperature are shown in Figure 4.9 

and Figure 4.10, in both figures the shaft diameter in the rotor stack is kept constant 

and modifications only at the shaft ends are made. 
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Figure 4.9. Influence of shaft diameter on rotor temperatures for machine A. 

 

Figure 4.10. Influence of shaft diameter on rotor temperatures for machine B. 

As can be seen in the previous pictures, the influence on rotor yoke and squirrel 

cage temperatures is clear, reducing their values as the shaft widens. The rotor stack 

and the squirrel cage dissipate heat through the shaft by conduction, but also by 

convection through the internal air. In this sense, a wider shaft should improve heat 

transfer to the environment and the internal air, reducing rotor temperatures. 
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Although the increase of the shaft diameter could improve the thermal and 

mechanical performance, there are other limitations that could be prejudicial and are 

listed below: 

• A bigger shaft would lead to an increase in the price of this element. 

• A bigger shaft would require bigger bearings, which could also increase the 

price of the machine. 

Therefore, selecting a correct diameter for the shaft is important in order to optimize 

rotor temperatures. In addition, a reduction of temperatures at that level in a 

permanent magnet surface mounted on an induction electric motor could be crucial. 

However, many other factors affecting the design of the machine should be also 

considered. 

4.1.5 Example 

In order to explain how to proceed when an IC71W cooling system is designed, the 

following section describes an example of the procedure for the thermal design of 

an IC71W cooling system for a traction machine. 

4.1.5.1 Machine of study 

The analysed machine consists of an electric motor similar to the well-known hybrid 

car Toyota Prius [111], which consists of an interior mount permanent magnet 

synchronous machine (IPMSM) which characteristics are described by [112] for the 

model of 2012, and shown in Table 4.2. 

Table 4.2. Main characteristics of the Toyota Prius electric motor [113]. 

 Value Unit 
Output power 50 kW 

Nominal torque 400 Nm 
Stator outer diameter 269 mm 

Axial length 83.6 mm 
Rotational speed 1200 rpm 
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The machine of study (Figure 4.11) is obtained from the design methodology 

developed by electromagnetic designers from the Vehicle Electric group at CEIT-IK4 

[114-116], taking into account the previous characteristics. 

             

Figure 4.11. Electromagnetic design of the machine of study. 

As mentioned, this machine fits the electromagnetic characteristics described in 

Table 4.2, resulting in the following loss distribution (Table 4.3) for nominal 

conditions. 

Table 4.3. Loss distribution obtained analytically. 

 Value Unit 
Stator yoke 63.84 W 
Stator teeth 65.82 W 

Stator winding 7864.03 W 

4.1.5.2 Cooling boundary conditions 

As it is commented in section 4.1.2, two thermal inputs are necessary for the design 

of the cooling system: the water-flow rate and a maximum pressure drop. 

In this regard, [39] presents a methodology to obtain these parameters as a function 

of the losses in the machine and the inverter, based on the assumption that the 

maximum temperature gradient in the whole cooling system should not exceed 3 ºC. 

As the case of study presented by [39] consists of a 60 kW surface mount permanent 

magnet synchronous machine (SPMSM) (which is very similar to the machine 



90 Chapter 4: IC71W optimization 

 

presented in this section), and the aim of this study is to describe the design 

procedure of the IC71W cooling system, the analysis of the input data defined for 

the study of the cooling system is not included in this work.  

Therefore, the values obtained by [39] are described in Table 4.4 and are considered 

as the input for the design methodology presented below. 

Table 4.4. Thermal inputs for the design methodology. 

 Value Unit 
Water flow rate 6.6∙10-4 m3/s 

Maximum pressure drop 135000 Pa 
Temperature at the inlet 25 ºC 

4.1.5.3 Design methodology 

The aim of this methodology is to minimize temperatures for a given electromagnetic 

design under nominal conditions using the IC71W cooling system and the input 

cooling parameters given in Table 4.4.  

4.1.5.3.1 Design of the water jacket 

For this element, the design criteria obtained in section 4.1.2 is adapted to this 

specific situation, obtaining the following conclusions: 

• A spiral water jacket is considered due to the advantages presented in 

section 4.1.1. 

• As it is commented in section 4.1.2.1, the distance between the cooling ducts 

and the stator stack is minimized, considering 5 mm as the mechanical 

limitation. 

• As stated in section 4.1.2.2, although the distance between cooling ducts 

has almost no effect on the temperatures of the machine, it is preferable to 

keep the value as low as possible to achieve a bigger cooling surface. 

Therefore, considering the same mechanical limitations as for the distance 
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between the cooling ducts and the stator stack, this parameter is defined to 

5 mm. 

• For the axial length (LT), the recommendations presented in section 4.1.2.3 

are applied, delimiting an axial length of, at least, the length of the stator 

stack plus two times the width of the cooling ducts, obtaining Equation 4.13. 

2 ∙ wwater,ch + 83.6 < LT [mm] Equation 4.13 
 

• Finally, the cooling duct area is defined according to the guidance presented 

in section 4.1.2.4, which lead the designer to the following equations system, 

defined by Equation 4.14, Equation 4.15 and Equation 4.16, which are 

obtained adapting equations obtained in section 4.1.2.4 for this specific 

situation. 

wwater,ch + hwater,ch < 164.79 [mm] Equation 4.14 
 

wwater,ch + hwater,ch

(wwater,ch ∙ hwater,ch)3 <
78.38 mm−1

LT
 Equation 4.15 

 

wwater,ch ∙ hwater,ch > 132000 [mm2] Equation 4.16 
 

These conclusions and equations lead us to the water jacket defined in Table 4.5. 

Table 4.5. Geometry of the water jacket for the machine of study. 

 Value Unit 
hwater,ch 9.5 mm 
wwater,ch 35 mm 

Water jacket topology Spiral - 
LT 160 mm 

wwater,ch,space 5 mm 
hFe,water,ch 5 mm 

4.1.5.3.2 Contact between stator and housing 

For this parameter, a good contact is assumed, where αcontact is fixed at 10000 

W/m2∙K, like is described in section 4.1.3. 

4.1.5.3.3 Shaft diameter 
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As stated previously, the machine is an IPMSM, which has almost no losses in the 

rotor, so it is not a critical zone from the thermal point of view. Therefore, a small 

shaft in the drive ends (60 mm) has been selected in order to reduce possible costs 

in the manufacturing process and the bearing design. 

4.1.5.4 Results 

The resulting cooling system is presented in Figure 4.12, which has the following 

thermal and hydraulic properties: 

• A pressure drop of 111071 Pa, which is below the maximum pressure 

stablished in Table 4.4. 

• A water temperature gradient along the water jacket of 3.34 ºC, which is 

reasonable in order to avoid thermal gradients in the active parts. 

• A Reynolds number of 32312.9, in order to guarantee turbulent regime along 

the water jacket. 

• A fluid speed of 2 m/s in order to avoid possible housing damage due to 

erosion. 

          

Figure 4.12. Cooling system obtained from criteria stablished in section 4.1. 

In addition, the axial water jacket is defined in order to cover the active parts all over 

the machine, as can be seen in Figure 4.12. 
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Finally, steady state temperatures under nominal conditions are presented in Table 

4.6. As can be seen, these are reasonable values for this kind of application, where 

machines are usually designed for B, F and H insulation thermal classes, 

corresponding to a maximum allowable temperature of 130, 155 and 180 ºC, 

respectively [117]. 

Table 4.6. Mean temperature values for different parts of the machine. 

 Value Unit 
Stator yoke 89.4 ºC 
Stator teeth 136.2 ºC 

Stator winding 165.5 ºC 
Magnets 108.9 ºC 

Water outlet 28.3 ºC 
Housing 42.9 ºC 
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4.2 INCLUSION OF WAFTERS IN THE COOLING 

SYSTEM 

As stated in chapter 2, wafters may solve the overheating in the end windings 

maintaining the simplicity of the IC71W system. Therefore, this section is focused in 

obtaining some insight in this field through CFD simulations. 

4.2.1 Methodology 

The main goal in the inclusion of wafters is to increase the convective heat transfer 

coefficient in the stator end windings, which is traduced in a temperature reduction 

in this zone, which use to be very critical in traction applications. 

This element has been studied by [48,55,56], obtaining accurate CFD models to 

represent the effect of wafters in the end space of a specific machine. Although these 

studies, there is not a design methodology for the inclusion of wafters in a cooling 

system. Therefore, this will be the objective for this section and the following 

procedure will be followed: 

• Development of a CFD model. 

• Perform experimental measurements. 

• Comparative between CFD model and experimental measurements. 

• Generate a second order response surface from the CFD model performing 

a parametric study. 

4.2.1.1 CFD model 

As the flow pattern in the end space is not predictable, it would be almost impossible 

to determine analytically the airflow in this zone. Therefore, a reliable CFD model 

which could represent accurately the effect of wafters in the end space of an electric 

machine is presented. The electric machine modelled is described in the next 

section. 
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4.2.1.2 Experimental tests 

Some experimental tests are performed analysing different cooling configurations 

with wafters. 

As the electric behaviour of the machine is not of interest this time, a tailor-made 

machine (Figure 4.13) is selected for the study. It consists of a totally enclosed 

electric machine with an outer stator and an inner rotor without magnets or copper 

bars (rotor field generating elements are disregarded to simplify the characterization 

of the generated losses). The tests are performed supplying DC current in the stator 

windings and assisted by an induction machine that drives the tailor-made machine. 

The tests performed will be explained in more detail in section 4.2.3. 

 

Figure 4.13. Experimentally tested machine without end-plates. 

4.2.1.3 Comparative between CFD and measurements 

The results obtained are compared with the developed CFD model in order to check 

the model’s reliability and determine if it is adequate for design purposes. If there is 
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a big discrepancy, the model should be corrected till an acceptable agreement is 

achieved. 

4.2.1.4 Parametric study 

Once the CFD model is developed, different parametric studies are performed in 

order to obtain the effect on the convective heat transfer coefficient of the parameters 

defining the wafters in the machine. From these parametric studies and using 

statistical tools such as Design of Experiments (DoE), a second order model to 

predict the heat transfer coefficient as a function of the geometric parameters 

defining the wafters and the machine itself is obtained. 

Finally, an example of the inclusion of wafters in a specific machine is presented, 

comparing the thermal behaviour of the machine with and without wafters. 

4.2.2 CFD model 

As commented in the previous section, the design methodology depends on the 

reliability of the CFD model developed. Therefore, a CFD model is described in this 

section, which will be later compared with experimental measurements. 

First, the most relevant aspects of the geometry and the discretization are given. 

Then, information about the mathematical model is provided, explaining the main 

features of the CFD model itself. 

4.2.2.1 Geometry 

As stated previously, the CFD model represents the tailor-made machine that is 

presented in section 4.2.3.1. 

A very detailed geometry could lead to very time consuming simulations, therefore 

some simplifications have been performed. The most important simplifications are 

listed and explained below. 
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4.2.2.1.1 Housing 

The housing of this machine is built with axial fins all around the machine to enhance 

the heat transfer to the ambient (Figure 4.13). The modelling of this fins would 

increase the number of elements in the mesh, consequently an equivalent housing 

(Figure 4.14) with a corrected convection heat transfer coefficient has been modelled 

using the formulation from [97]. 

      

Figure 4.14. Geometry of the housing (left) and the active parts (right) in the CFD model. 

4.2.2.1.2 Stator end-windings 

The machine modelled is built with wound windings, which is the most common 

topology for traction machines [118]. On the other hand, bar windings could be 

analysed in the same way. To represent the winding, the modelling of each of the 

wires in the winding would lead to really big meshes, so the approximation proposed 

by [67] has been adopted (Figure 4.15). 
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Figure 4.15. Stator stack and winding developed for the CFD 

4.2.2.1.3 Periodicity and symmetry 

In order to reduce the number of cells in the CFD model and thus, computational 

time, the following simplifications are included: 

• Symmetry: A symmetry respect to the central vertical plane is assumed to 

model half of the machine (Figure 4.16). 

• Periodicity: The least common multiple between the number of wafters and 

the number of slots is modelled in the circumferential axis (Figure 4.16). 

 

Figure 4.16. Simplifications performed on the model: a) Circumferential periodicity (left); b) 
Central plane symmetry (right). 
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4.2.2.2 Mathematical model 

The temperatures and heat transfer coefficients in this electric motor can be studied 

by solving the governing differential equations restricted to the boundary conditions 

inside the flow domain. 

4.2.2.2.1 Flow domain 

The computational flow domain consists mainly of the air inside the electric motor, 

and the solids conforming the electric motor (the housing, the end plate, the shaft, 

the rotor and the stator). 

To obtain a significant reduction of the number of elements in the model, two 

simplifications have been assumed. First, an axial symmetry to model half of the 

machine has been imposed. Then, a periodicity of the least common multiple 

between the number of wafters and the number of stator slots has been considered 

(Figure 4.14). The reduced model and whole model (without symmetry or periodicity) 

were compared obtaining the same results. This way, the reduced model was 

validated. 

A high quality tetrahedral mesh is used in the discretization of the computational 

domain. The number of cell is of the order of 1.5·106. The resolution of the mesh is 

higher in the fluid zone and even an inflation for the surfaces of the fluid in contact 

with the solids is included (consisting of a 10 layer grid with a y+ < 5). In this regard, 

the different solids are computed using a conformal grid type. However, for the 

contact between the fluid and the solids a non-conformal grid is employed. 

Furthermore, skewness and orthogonal quality standards are far below what it is 

recommended by software developers. 

4.2.2.2.2 Governing equations 

Some previous analytical estimations of the Re number were made in order to know 

the most suitable flow regime. These estimations indicate the existence of a turbulent 
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regime of the flow in the zone where wafters rotate and subsequent simulations 

confirmed the validity of this supposition. Taking the above into account, the 

unsteady Reynolds Average approach of the Navier-Stokes (URANS) (Equation 

4.17 and Equation 4.18) and the Energy (Equation 4.19) equations are used to 

include turbulence effects in the mean flow variables. The density and the thermal 

conductivity have been considered constant (Table 4.7). 

∂ρ
∂t +

∂
∂x𝑗𝑗

(ρ ∙ U𝑗𝑗) = 0 Equation 4.17 
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+
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�𝑈𝑈𝑖𝑖 ∙ �𝜏𝜏𝑖𝑖𝑗𝑗 − 𝜌𝜌 ∙ uı ∙ uȷ��������� + 𝑆𝑆𝐸𝐸 
Equation 4.19 

 

There is a lot of research done in the field of CFD simulations for electrical machines 

and most of it shows really good agreement with experimental measurements using 

standard k-ε turbulent model. [90] develops a CFD design methodology for electric 

machine cooling systems, [78] presents different methods of analysing a large hydro 

generator with CFD, [119] studies the rotor-stator interaction through CFD 

simulations, [120] introduces a validated numerical model describing heat transfer 

and air flow phenomena in a permanent magnet brushless direct current motor. 

Therefore, the standard k-ε model has been the turbulence model selected for this 

study. In addition, a two-layer approach and the one-equation model by Wolfstein 

[121], which deals with turbulence modelling near the walls, has been adopted. 

4.2.2.2.3 Boundary conditions 

The flow and thermal boundary conditions needed for the complete setup of the 

model consist of the material database, which is specified in Table 4.7, and a list of 

boundary conditions defined in Table 4.8. 
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Table 4.7. Material properties in the CFD model. 

Name T. conductivity 
(W/m·K) 

Cp 
(J/kg·K) 

Density 
(kg/m3) Zone 

Air 0.0242 1006.43 1.067 Internal air 

Insulation 0.13 - - Contact 
Stator-winding 

Varnish 0.4 - - Contact 
Winding-air 

GG20 46 460 7200 Housing and 
end plates 

F125 40.6 470 7810 Shaft 

M600-50A 36/36/2.75 486 7750 Rotor and 
stator stack 

Copper 387.6 381 8978 Windings 
 

As can be seen in Table 4.8, the copper (Cu) winding of the machine is isolated from 

the stator stack with insulation material, which is represented with a thermal 

resistance of 76.5 K/W. In addition, losses in the copper winding are represented 

with Joule losses, which vary depending on the DC current circulating in the 

conductors, and mechanical losses in the bearings are taken into account. In 

addition, the ambient temperature and the convective heat transfer coefficient of the 

external surfaces of the machine are defined in this step. In addition, the following 

conditions are assumed: 

• No slip condition is assumed in the surfaces of contact between fluids and 

solids, where the fluid is supposed to have the same speed as the wall. In 

addition, smooth walls for the shear stress calculation are assumed for the 

turbulence model. 

• For the symmetry surfaces: the expected pattern of the flow/thermal solution 

have mirror symmetry. 

• For the periodic surfaces: the flow entering the computational model through 

one periodic surface is identical to the flow exiting the domain through the 

opposite periodic surface. 

• For the inlet a turbulent intensity of 5% and a turbulent viscosity ratio of 10 

is stablished. 
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• For the outlet a backflow turbulent intensity of 5% and a backflow turbulent 

viscosity ratio of 10 is assumed. 

 Finally, the rotational speed of the rotating elements is also set up. 

Table 4.8. Flow and thermal boundary conditions. 

Zone Type of boundary 
condition Value Units 

Cu-Stator 
contact Thermal resistance 76.5 K/W 

Cu-Air contact Thermal resistance 4000 K/W 
Joule losses Volumetric loss (15/20 A) 68,707.0/122,145.7 W/m3 

Bearing losses Volumetric loss 
(1000/1750 rpm) 

1,770,760.2/2,810,99
6.0 W/m3 

Rotational speed Air rotation 1000/1750 rpm 
Ambient Temperature 23.4 ºC 

Housing external 
surface Convection 25 W/m2·K 

End-plate 
external surface Convection 5 W/m2·K 

4.2.2.2.4 Discretization and resolution 

The Finite Volume Method (FVM) is applied to discretize the differential equations of 

the mathematical model described above, using a segregated implicit solver to solve 

the generated algebraic equation system. Equations are linearized and then 

sequentially solved using the Gauss-Seidel algorithm accelerated by an algebraic 

multigrid method [122]. The pressure-velocity coupling is achieved through the use 

of the SIMPLE algorithm [123]. Diffusive terms of the equations are discretized using 

a second-order scheme, and the convective terms are discretized using a second 

order upwind scheme [124]. A body force weighted scheme [125] is chosen in the 

discretization of pressure to deal with this buoyancy driven flow. 

As the validation process is performed with transient simulations, a study of the time 

stepping is performed, obtaining the correct time step for the following simulations. 
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The mathematical model has been solved in an HP Z230 Tower Workstation with 28 

GB of RAM memory, with 8 processors of 3.5 GHz. All this numerical procedure has 

been implemented in the unstructured CFD code Ansys Fluent v16.2 [126]. 

4.2.2.2.5 Convergence criteria 

Three parameters determine whether the convergence is achieved. First, a decrease 

of three orders of magnitude of the values for the scaled residuals of the equations, 

maintaining values below 10-3 for the mass, momentum and turbulent equations and 

10-6 for the energy equation. Also, the air mean temperature must be constant 

through iterations. Finally, the third criteria is the balance between the energy losses 

and the energy dissipated through the external surfaces by convection and radiation. 

4.2.2.2.6 Grid independency 

The grid independency of the mathematical model results has been checked by 

means of the Grid Convergence Index (GCI), based on the Richardson Extrapolation 

method [127]. This value is used to determine the discretization error by comparing 

the results for three different meshes. The first mesh (N1: 5,273,745 elements) is the 

finest, the second case (N2: 3,208,293) represents an intermediate grid level and 

the third case (N3: 1,100,866) is for the coarse mesh. The resulting refinement 

factors are r21 = 1.18 and r32 = 1.428. 

Four results from the model’s simulations have been selected in order to evaluate 

the discretization error: mean temperatures in the rotor and the stator windings and 

the convection coefficient of the air with the rotor end and the stator end windings. 

The results of the evaluation are presented in Table 4.9. These results show that the 

assumed discretization error is low enough if the intermediate or the fine mesh, N1 

or N2, are chosen for the mathematical model. In this case, the intermediate mesh 

(N2) has been selected in order to minimize computational cost and reduce 

simulation time. 
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Table 4.9. Grid independency analysis for the three meshes. 

  
Stator 

winding 
temperatu

re (K) 

Rotor 
stack 

temperatu
re (K) 

Convection 
coefficient 
of air with 

the end 
windings 
(W/m2·K) 

Convection 
coefficient 
of air with 
the rotor 

end 
(W/m2·K) 

Variable 
Values 

ϕ_1 401.31 391.7 0.91717 -0.4692 
ϕ_2 401.37 391.49 0.88856 -0.47972 
ϕ_3 401.35 398.2 0.94638 -0.05134 

Absolute 
differences 

α_21 0.06 -0.21 -0.02861 -0.01052 
α_32 -0.02 6.71 0.05782 0.42838 

Grid 
convergenc
e index (%) 

GCI21 0.03 0.00 0.04 0.57 

GCI32 0.00 0.00 0.00 2.45 

4.2.2.2.7 Time step independency 

Once the grid size is obtained in section 4.2.2.2.6, the influence of the time step (dt) 

in the final solution is analysed. In this regard, four different time steps are defined 

and compared in order to obtain the most convenient value, by evaluating 

temperatures for different parts of the machine after 30 minutes of simulation time. 

Finally, a time step of 5 seconds is selected for future simulations. 

4.2.3 Experimental measurements and validation of the 
model 

The validation of the CFD model presented before has been conducted through 

some experimental measurements. These tests have been performed under 

different working conditions, with and without wafters for different rotation speeds. 

4.2.3.1 Tested machine 

As commented in previous sections, the machine used in these tests consists of a 

totally enclosed electric machine with an outer stator and an inner rotor without 
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magnets or copper bars. In this sense, rotor field generating elements are 

disregarded to simplify the characterization of the generated losses (Figure 4.17) 

and the only loss sources is located in the stator windings and the bearings. 

    

Figure 4.17. The tested rotor with no magnets or bars and with wafters. 

The main properties of the machine are described in Table 4.10. 

Table 4.10. Main dimension of the tested machine 

 Value Units 
Rotor external diameter 162 mm 
Stator external diameter 235 mm 

Stator slots 60 - 
Stator stack length 150 mm 
End winding length 33 mm 

4.2.3.2 Test conditions 

An induction motor at a constant speed has driven the tested machine for each of 

the experiments (Figure 4.18). In addition, a torque transducer has been placed 

between the induction motor and the tested machine in order to measure the 

mechanical losses produced by the bearings. 
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Figure 4.18. Configuration of the test performed (left) and tested machine with 60 mm wafters 
(right). 

At the same time, the stator windings have been supplied with DC current, in order 

to avoid magnetic field variations in the stator stack, this way only Joule and 

mechanic losses have been taken into account. The machine have been supplied 

with DC current as it is shown in Figure 4.19 for all the configurations. 

 

Figure 4.19. Supplied direct current for the tested configurations. 

Losses in the windings (PCuS) have been obtained experimentally, measuring the 

resistance of each of the three phases, using Equation 4.20. 
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PCu.s =
1

1
Ru

+ 1
Rv

+ 1
Rw

∙ I2 Equation 4.20 
 

Where I is the supplied current in Amps and Rx is the resistance in Ohms of the 

phase x (representing phases u, v and w) of the machine. In this regard, the three 

phases have been connected in parallel. 

The mechanical losses have been obtained experimentally, testing the machine 

without any loss source and making it rotate at a constant speed of 1000 rpm, 

measuring the generated torque with the torque transducer. 

A total of six different configurations have been analysed and are shown in Table 

4.11. Due to mechanical limitations, only two different rotation speeds have been 

studied (1000 and 1750 rpm). For each of these rotation speeds three different 

topologies have been examined, the motor without wafters, with 30 mm wafters and 

with 60 mm wafters (wafters were placed always in both rotor drive-end (DE) and 

non-drive-end (NDE)). In addition, the geometry of the wafters is included in Table 

4.12. 

Table 4.11. Experimental tests performed. 

Test Rotational speed 
(rpm) Wafters 

a 1000 No 
b 1750 No 
c 1000 Yes – 30 mm length 
d 1750 Yes – 30 mm length 
e 1000 Yes – 60 mm length 
f 1750 Yes – 60 mm length 
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Table 4.12. Geometry of the wafters included in the tested machine. 

 Value Units 
Length 60-30 mm 
Width 7 mm 

Height 20 mm 
Number in DE 10 - 

Number in NDE 10 - 
 

The objective of these tests is the measurement of temperatures in different parts of 

the machine, focusing mainly on the stator windings, which is the focus of this work. 

Therefore, fifteen pt-100 temperature sensors have been installed in the machine, 

twelve placed in the stator windings (four in the DE end windings, another four in the 

NDE end windings and the last four in the middle of the stator stack), two in the 

housing of the machine, and the one left in the ambient. 

4.2.3.3 Results and validation 

Results obtained from these measurements have been compared with CFD transient 

simulations under the same working conditions. 

Figure 4.20 shows the mean temperature in the end windings of the machine both 

for experimental tests and CFD simulations. In these pictures, the results of the CFD 

are represented with the mean surface temperature of the end-winding (in orange). 

On the other hand, the experimental results are displayed with the DE and NDE end-

winding curves, in blue and grey respectively, which are defined as the mean 

temperature of each of the 4 sensors situated in each of the end-windings. 
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Figure 4.20. Comparative between CFD and experimental measurements: a) 1000 rpm without 
wafters; b) 1750 rpm without wafters; c) 1000 rpm with 30 mm wafters; d) 1750 rpm with 30 mm 

wafters; e) 1000 rpm with 60 mm wafters; f) 1750 rpm with 60 mm wafters. 

As can be seen, CFD simulations show an acceptable agreement with experimental 

data. However, due to some uncertainty with mechanical losses at higher rotational 

speeds, some disagreement has been found in b, d and f graphs from Figure 4.20. 

These mechanical losses are not the focus of study in this article, so the deviation 

has been assumed admissible. 
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Looking at Figure 4.20, it can be noticed that the reduction in temperatures for tests 

with 1000 rpm rotation speed is negligible. However, there is a reduction of the 

maximum temperature of more than 10 ºC for those test with wafters at 1750 rpm. 

Moreover, the variation of the wafter length (graphs d and f) has not originated a 

remarkable reduction in the temperatures of the winding. In addition, the maximum 

temperature obtained in the tests is shown and compared with the CFD results in 

Table 4.13. 

Table 4.13. Maximum temperatures (in ºC) obtained for each test and CFD simulation. 

Topology CFD result Test result Difference 
a 124.4 123.0 1.4 
b 122.9 121.7 1.2 
c 118.2 119.4 -1.2 
d 116.2 114.2 2.0 
e 121.8 117.4 4.4 
f 118.53 110.9 7.6 

 

4.2.4 CFD parametric study 

Once the CFD model is validated experimentally, the main objective of this study is 

to identify the effect of different variables on the convective heat transfer coefficient 

in the end windings, which use to be the hotspot in many designs. These variables 

consist of different parameters defining the wafters. Moreover, the additional 

mechanical losses generated by these wafters are also examined. 

4.2.4.1 Type of study 

Three different parametric analysis are performed, each one with different purposes, 

and they are listed below: 

• Parametric Analysis 1: End region without wafters: The model is analysed 

without wafters. The main purpose of this study is to obtain the convective 

heat transfer coefficients in the end region without wafters. 



Chapter 4: IC71W optimization 111 

 

• Parametric Analysis 2: End region with wafters (unshrouded): The model 

with wafters is analysed in this case. The influence of wafters without shroud 

in the convective heat transfer coefficients is examined this time. 

• Parametric Analysis 3: End region with wafters (shrouded): The model with 

wafters is studied, but this time a shroud for the wafters is included. The 

influence of the shroud is examined in this case. 

For each parametric analysis the same DoE, a central composite design (CCD), is 

employed [128]. The CCD designs are five-level fractional factorial designs that are 

suitable for calibrating the quadratic response model. In this regard, an example of 

a two parameters CCD is shown in Figure 4.21. 

 

Figure 4.21. Example of a CCD with two input parameters and f = 0. 

As can be seen in the previous picture, a CCD consists of: 

• A centre point. 

• 2∙n (being n the number of parameters) axis points located at the –a and +a 

positions (0 < a < 1) on each axis of the selected input material. 

• 2(n-f) factorial points located at the -1 and +1 positions along the diagonal of 

the input parameter space. 

Where f is called the factorial, which is use in order to restrict the number of design 

points to a reasonable number (some diagonal points are not included based on the 
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factorial f). The value of f is defined by the commercial software Ansys DesignXplorer 

[129]. 

4.2.4.2 Parameters of study 

There are many parameters that could be classified into input parameters in this 

study, but it would lead to too many design points in each DoE. Consequently, some 

parameters are discarded before the DoE is conducted. 

4.2.4.2.1 Discarded parameters 

As the focus of this study is the end region of the machine, parameters such as the 

number of slots, the geometry of the slot or the airgap are left out of the study. 

Furthermore, the stator external diameter and the stator stack are defined related to 

the rotor external diameter, which is one of the inputs parameters defined in section 

4.2.4.2.2. The relation between these parameters is fixed with representative values 

for traction applications [118], which are commonly designed with 2, 3 or 4 pair poles 

and are listed below: 

• Stator stack length (lfe,s) and rotor external diameter: lfe,s=1.2*Dext,r. 

• Stator external diameter (Dext,s) and rotor external diameter: Dext,s =1.5* Dext,r. 

The manufacturing process always limits the wafter width (bwafter), which is described 

in Figure 4.22. As this variable grows, the hydraulic resistance of the end region will 

increase, reducing the airflow rate in this region. For this reason, this parameter 

should be kept as low as possible, ensuring no mechanical problems, such as wafter 

bending or rupture. 
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Figure 4.22. Parameters of study in the machine. 

The numbers of wafters (zwafters) is defined with Equation 4.21 from [130], which 

offers a reasonable value for an early stage design. Unfortunately, there is no 

mathematical method to determine an optimum number of blades/wafters for this 

case. Care must be exercised in the design of the wafter passages to ensure a 

reasonable flow of the streamlines so that no separation occurs. 

zwafters =
8,5

1 − rint rext�
 Equation 4.21 

 

Where rint and rext represent the internal and external radius of wafters, respectively 

(see Figure 4.22). The increase of this parameter originates a higher hydraulic 

efficiency, but also increases the amount of mechanical losses in the machine. 

Although Equation 4.21 brings a practical solution to this problem, a deeper study is 

still recommended for final designs. 

Also, the shaft diameter (Dshaft) has been defined according to its mechanical 

loadability, which is described by [131]. 

In addition, the nominal voltage of the machine (U) defines the distance between the 

end windings and the plate (lend-air in Figure 4.22) and Equation 4.22 developed by 

[132] sets this parameter in meters. 
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lend−air = 0.005 ∙ U Equation 4.22 
 

Finally, the temperature in the windings has been fixed according to the most 

common insulation class for traction application electric motors [133,134]. 

Consequently, the temperature in the windings have been kept constant at 150 ºC. 

4.2.4.2.2 Input parameters 

Five input parameters are selected to perform the different parametric analysis 

described in section 4.2.4.1, which are listed below. 

• Speed rotation, N (rpm), with an upper value of 6000 and a lower value of 

1000. These limits have been defined taking [35] as reference, which sets 

the range for traction applications from 1000 to 6000 rpm, covering with 

these rotation speed limits from small starters to train/bus electric motors. 

• Rotor external diameter, Dext.r (m), with a maximum value of 0.35 m and a 

minimum value of 0.1 m. The main restriction for this variable consisted on 

limiting the tip speed [14] in less than 0.3 Mach number for a maximum 

speed of 6000 rpm. Otherwise, air could not be considered incompressible 

and CFD simulations would become much more complicated. 

• End winding length, lendwinding (m). The length of the end windings is fixed 

between 0.05 and 0.15 m. These values correspond to feasible values 

according to the previous defined parameters and the type of application 

studied. The aim of this limitation is to embrace most of the configurations 

described for traction applications in the literature. 

• Wafter length, which is limited with the variable Xwl from Equation 4.23 with 

a maximum value of 1 and a minimum value of 0.3. This way, the optimum 

wafter length is related to the end winding length. 

lwafter = Xwl ∙ l𝑒𝑒ndwinding Equation 4.23 
 

• Wafter height, which is limited with variable Xwh of Equation 4.24, with a 

maximum value of Xwh of 0.8 and a minimum value of 0.2. This way, hwafter’s 

optimum value is related to rotor’s external diameter and shaft diameter. 
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hwafter = Xwh ∙ 0.5 ∙ �Dext,r − DShaft� Equation 4.24 
 

4.2.4.2.3 Output parameters 

Two output parameters are identified in this study: 

• Convective heat transfer coefficient in the end windings (hendwinding): This 

parameter is measured in W/m2·K and consists of the heat transfer capacity 

from the end windings to the air inside the machine. As this value grows, the 

temperatures in the end windings are reduced and a better temperature 

distribution in the stator winding is obtained, which is the main goal of this 

study. 

• Ventilation losses inside the machine (Pventilation): Measured in Watts (W), 

ventilation losses inside the machine are obtained with this value. As this 

value grows, the overall efficiency of the machine is reduced. Consequently, 

care should be taken with this parameter. 

4.2.4.3 Design points 

With the information from previous sections, the design points (DP) simulated are 

described below. Therefore, Table 4.14 shows the design points for the first 

parametric study without wafters and Table 4.15 defines the design points simulated 

for the second and the third parametric studies. 
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Table 4.14. Design points (DP) for the first parametric study. 

DP Dext,r (mm) lendwinding (mm) N (rpm) 
1 225 100 3500 
2 100 100 3500 
3 350 100 3500 
4 225 50 3500 
5 225 150 3500 
6 225 100 1000 
7 225 100 6000 
8 123.4 59.3 1467.4 
9 326.6 59.3 1467.4 

10 123.4 140.6 1467.4 
11 326.6 140.6 1467.4 
12 123.4 59.3 5532.6 
13 326.6 59.3 5532.6 
14 123.4 140.7 5532.6 
15 326.6 140.7 5532.6 
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Table 4.15. Design points (DP) for the second and third parametric study. 

DP Dext,r (mm) lendwinding 
(mm) Xwl Xwh N (rpm) 

1 100 100 0.65 0.50 3500 
2 189.6 85.8 0.55 0.41 4208.3 
3 189.6 85.8 0.55 0.59 2791.7 
4 189.6 85.8 0.75 0.41 2791.7 
5 189.6 85.8 0.75 0.59 4208.3 
6 189.6 114.2 0.55 0.41 2791.7 
7 189.6 114.2 0.55 0.59 4208.3 
8 189.6 114.2 0.75 0.41 4208.3 
9 189.6 114.2 0.75 0.59 2791.7 
10 225 50 0.65 0.50 3500 
11 225 100 0.30 0.50 3500 
12 225 100 0.65 0.20 3500 
13 225 100 0.65 0.50 1000 
14 225 100 0.65 0.50 3500 
15 225 100 0.65 0.50 6000 
16 225 100 0.65 0.80 3500 
17 225 100 1.00 0.50 3500 
18 225 150 0.65 0.50 3500 
19 260.4 85.8 0.55 0.41 2791.7 
20 260.4 85.8 0.55 0.59 4208.3 
21 260.4 85.8 0.75 0.41 4208.3 
22 260.4 85.8 0.75 0.59 2791.7 
23 260.4 114.2 0.55 0.41 4208.3 
24 260.4 114.2 0.55 0.59 2791.7 
25 260.4 114.2 0.75 0.41 2791.7 
26 260.4 114.2 0.75 0.59 4208.3 
27 350 100 0.65 0.50 3500 

 

4.2.5 Results of the parametric study 

The generated data from the different DoE has been analysed using the commercial 

software Minitab 17 [135].The results obtained are divided in two sections. First, the 
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results obtained without wafters are explained in 4.2.5.1. Then, the effects of 

different parameters are shown for the wafters case in 4.2.5.2. 

4.2.5.1 Without wafters 

The data obtained in previous sections is used to develop second order statistical 

models, one for each of the variables analysed. The degree of accuracy of these 

models is determined by the coefficient of determination (R2), which ranges from 0 

to 1. For these models, a R2 of 0.99 and 0.95 is obtained for the convective heat 

transfer coefficient and the ventilation losses, respectively. Both models are defined 

in Equation 4.25 and Equation 4.26 for the convective heat transfer coefficient 

(hendwinding) and the ventilation losses (Pventilation), respectively. 

hendwinding = 2.61 + 0.0349 ∙ Dext,r − 0.095 ∙ lendwinding + 0.0059 ∙ N

+ 0.000021 ∙ Dext,r
2 + 0.000961 ∙ lendwinding2 − 0.00046

∙ Dext,r ∙ lendwinding + 0.000019 ∙ Dext,r ∙ N − 0.000042

∙ lendwinding ∙ N 

Equation 4.25 
 

Pventilation = 761− 4.81 ∙ Dext,r − 3.01 ∙ lendwinding − 0.1939 ∙ N + 0.008

∙ Dext,r
2 + 0.0151 ∙ lendwinding2 + 0.000013 ∙ N2 − 0.00005

∙ Dext,r ∙ lendwinding + 0.000747 ∙ Dext,r ∙ N − 0.000002

∙ lendwinding ∙ N 

Equation 4.26 
 

First, the convective coefficient in the end windings and the ventilation losses are 

presented as a function of the rotational speed and the rotor diameter in Figure 4.23 

and Figure 4.24, respectively. Although the value of the end winding length is kept 

constant for these figures, the response with other end winding length values is 

almost the same. 
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Figure 4.23. Contours of the convective heat transfer coefficient in the endwindings without 
wafters. 

 

Figure 4.24. Contours of the ventilation losses in the machine without wafters. 
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As expected, both parameters grow as the rotational speed and the rotor external 

diameter grow. The convective heat transfer coefficient does not acquire values 

above 40 W/m2·K for any configuration. In addition, ventilation losses are always 

below 0.65 kW. 

4.2.5.2 With wafters 

As mentioned in the previous section, the results shown are based on second order 

statistical models. Each of the models is characterized by the coefficient of 

determination (R2), which is 0.97 and 0.98 for the convective heat transfer coefficient 

and the ventilation losses, respectively. The second order models are defined in 

Equation 4.27 and Equation 4.28 for the unshrouded case. 

hendwinding = −434 + 0.824 ∙ Dext,r − 0.7 ∙ lendwinding + 609 ∙ Xwl + 632

∙ Xwh + 0.0611 ∙ N − 0.001112 ∙ Dext,r
2 − 0.0037

∙ lendwinding2 − 363.5 ∙ Xwl2 − 430.7 ∙ Xwh2 − 0.000001

∙ N2 + 0.00096 ∙ Dext,r ∙ lendwinding − 0.417 ∙ DExt−Rotor

∙ Xwl − 0.196 ∙ Dext,r ∙ Xwh + 0.000038 ∙ Dext,r ∙ N + 1.12

∙ lendwinding ∙ Xwl + 0.62 ∙ lendwinding ∙ Xwh + 0.000238

∙ lendwinding ∙ N − 145 ∙ Xwl ∙ Xwh − 0.0586 ∙ Xwl ∙ N

− 0.0438 ∙ Xwh ∙ N 

Equation 4.27 
 

Pventilation = 10552− 80.7 ∙ Dext,r − 45.4 ∙ lendwinding + 9231 ∙ Xwl + 4180

∙ Xwh − 3.393 ∙ N + 0.1229 ∙ Dext,r
2 − 0.0072 ∙ lendwinding2

− 1670 ∙ Xwl2 − 2884 ∙ Xwh2 + 0.000207 ∙ N2 + 0.2218

∙ Dext,r ∙ lendwinding − 27.4 ∙ Dext,r ∙ Xwl − 3.9 ∙ Dext,r ∙ Xwh

+ 0.01162 ∙ Dext,r ∙ N − 10.5 ∙ lendwinding ∙ Xwl − 48.0

∙ lendwinding ∙ Xwh + 0.012 ∙ lendwinding ∙ N + 8462 ∙ Xwl

∙ Xwh − 1.567 ∙ Xwl ∙ N − 0.369 ∙ Xwh ∙ N 

Equation 4.28 
 

For the case with shrouded wafters, the second order models are defined with 

Equation 4.29 and Equation 4.30. 
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hendwinding = −491 + 1.18 ∙ Dext,r − 1.48 ∙ lendwinding + 646 ∙ Xwl + 648

∙ Xwh + 0.0831 ∙ N − 0.001112 ∙ Dext,r
2 − 0.0037

∙ lendwinding2 − 363.5 ∙ Xwl2 − 430.7 ∙ Xwh2 − 0.000001

∙ N2 + 0.00096 ∙ Dext,r ∙ lendwinding − 0.417 ∙ Dext,r ∙ Xwl

− 0.196 ∙ Dext,r ∙ Xwh + 0.000038 ∙ Dext,r ∙ N + 1.12

∙ lendwinding ∙ Xwl + 0.62 ∙ lendwinding ∙ Xwh + 0.000238

∙ lendwinding ∙ N − 145 ∙ Xwl ∙ Xwh − 0.0586 ∙ Xwl ∙ N

− 0.0438 ∙ Xwh ∙ N 

Equation 4.29 
 

Pventilation = +9133− 77.4 ∙ Dext,r − 50.4 ∙ lendwinding + 9845 ∙ Xwl + 4346

∙ Xwh − 3.13 ∙ N + 0.1229 ∙ Dext,r
2 + 0.0072 ∙ lendwinding2

− 1670 ∙ Xwl2 − 2884 ∙ Xwh2 + 0.000207 ∙ N2 + 0.2218

∙ Dext,r ∙ lendwinding − 27.4 ∙ Dext,r ∙ Xwl − 3.9 ∙ Dext,r ∙ Xwh

+ 0.01162 ∙ Dext,r ∙ N − 10.5 ∙ lendwinding ∙ Xwl − 48.0

∙ lendwinding ∙ Xwh + 0.012 ∙ lendwinding ∙ N + 8462 ∙ Xwl

∙ Xwh − 1.567 ∙ Xwl ∙ N − 0.369 ∙ Xwh ∙ N 

Equation 4.30 
 

Predictably, the convective heat transfer coefficient is affected by the rotor external 

diameter and the rotational speed in the same way as in the case for no wafters, as 

can be seen in Figure 4.25. Furthermore, the ventilation losses are affected in the 

same way (Figure 4.26). 

As happened in the case without wafters, although the end winding length, the wafter 

height (Xwh) and the wafter length (Xwl) are kept constant, the response in the next 

pictures is almost the same for any other value. 
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Figure 4.25. Contours of the convective heat transfer coefficient in the endwindings with wafters. 

 

Figure 4.26. Contours of the ventilation losses in the machine with wafters. 
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As can be seen in Figure 4.25, the values of the heat transfer coefficient in the end 

windings are much higher than those without wafters and this increase will produce 

a reduce of temperatures in the windings. Although this reduction in temperatures, 

care should be taken with the ventilation losses because they are also higher than 

for the case without wafters, obtaining values of 5.8 kW. As the shrouded cases 

showed the same trends, the contours of these effects are not included. 

To obtain the optimum wafter configuration, the effect on the convective heat transfer 

coefficient of the geometric parameters defining the wafters is obtained in Figure 

4.27. In addition, the same information is obtained for the ventilation losses in Figure 

4.28. 

 

Figure 4.27. Effects of different geometric parameters defining the wafters on the convective 
heat transfer coefficient in the end windings. 
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Figure 4.28. Effects of different geometric parameters defining the wafters on the ventilation 
losses in the machine. 

As can be seen in Figure 4.27, the optimum configuration for the end winding heat 

transfer coefficient would be a shrouded design with a length of half the length of the 

end windings and half the height available between the shaft and the rotor external 

diameter. However, care should be taken with the ventilation losses because, as 

depicted in Figure 4.28, the ventilation losses are also strongly affected by the 

geometry of the wafters. 

4.2.6 Example for a particular case 

To check the accuracy of the statistical models developed and see the influence of 

wafters in a real case, a machine with and without wafters is examined using the 

previous CFD models. 
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4.2.6.1 Machine characteristics and working conditions 

The example machine used in this section is based on a permanent magnet surface 

mounted (PMSM) machine that could be employed for traction applications. 

Consequently, common values for speed rotation, nominal power and machine size 

are obtained from [118]. In addition, recommended values from [131] are obtained 

to develop the rest of the geometry. The resulting machine is described in Table 

4.16. 

Table 4.16. Main characteristics of the studied machine. 

 Value Units 
Rotational speed 3000 rpm 

Nominal power 46.44 kW 
Rotor external diameter 200 mm 

Stator stack length 240 mm 
Stator external diameter 300 mm 

Number of slots 60 - 
End winding length 80 mm 

Airgap 2 mm 
 

For the geometry of the wafters, an optimum configuration is obtained using the 

second order statistical model obtained in section 4.2.5.2, obtaining the geometry 

described in Table 4.17. It should be mentioned that a shrouded configuration is 

chosen for this study. 

Table 4.17. Geometry of the wafters. 

 Value Units 
Number of wafters 15 - 

Wafter length 44.36 mm 
Wafter height 36.06 mm 
Wafter width 3 mm 
Shroud width 2 mm 
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4.2.6.2 CFD model 

The CFD model are not described in detail in this section because the same CFD 

model used in previous sections are used to conduct the study in this section. 

Therefore, the properties of this CFD model are described in section 4.2.2. 

The only difference from previous CFD model is that the temperature in the windings 

is not fixed this time and real losses in the stator stack and windings are included. 

4.2.6.3 Working conditions 

To represent the thermal behaviour of the machine with and without wafters, the 

results obtained with the CFD model represent the steady state temperatures for 

nominal conditions. 

Therefore, the losses are obtained from the nominal power of the machine, assuming 

1.95% of the nominal power for the winding losses and 1.05% for the losses in the 

stator stack (which are common values for PMSM of traction application). 

Conclusively, Table 4.18 describes the boundary conditions obtained for the CFD 

model. 

Table 4.18. Working conditions of the CFD model. 

 Value Units 
Rotational speed 3000 rpm 

Ambient temperature 25 ºC 
Stator winding losses 864 W 

Stator stack losses 486 W 

4.2.6.4 Thermal behaviour without wafters 

The thermal behaviour of the machine presented in section 4.2.6.1 without wafters 

is described now. 
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First, a comparative between the values obtained for the convective heat transfer 

coefficient in the statistical model described in section 4.2.5.1 and the actual CFD 

model are shown in Table 4.19. 

Table 4.19. Comparative between the statistical model and the CFD without wafters. 

 Units CFD Predicted 
statistically Difference 

hendwinding W/m2∙K 19.13 18.41 3.79% 
 

As can be seen, the difference between the statistical model and the CFD is 

acceptable, which could be very useful for analytical thermal models of this kind of 

topology. 

The steady state thermal behaviour of the machine is shown in Figure 4.29, where 

a maximum temperature of 178.1 ºC is found in the end windings of the machine. 

 

Figure 4.29. Steady state temperatures (ºC) for the model without wafters. 
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4.2.6.5 Thermal behaviour with wafters 

In this section, the behaviour of the machine with wafters (Table 4.17) is analysed. 

As it is done in the previous section, a comparison between the values obtained for 

the convective heat transfer coefficient in the statistical model described in section 

4.2.5.2 and the actual CFD model are shown in Table 4.20. 

Table 4.20. Comparative between the statistical model and the CFD model with wafters. 

 Units CFD Predicted 
statistically Difference 

hendwinding W/m2∙K 152.25 165.69 8.83% 
 

The results are also acceptable, obtaining a difference between the statistical model 

and the CFD of 8.83%. In addition, a considerable increase of the convective 

coefficient is achieved, which will be traduced in a decrease of the temperatures for 

the steady state. 

As can be seen in Figure 4.30, the hotspot temperature is also located in the end 

windings, with a value of 161.9 ºC. 

 

Figure 4.30. Steady state temperatures (ºC) for the model with wafters. 
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As can be observed, there is a reduction in the hotspot temperatures of the machine 

of 16.2 ºC between this model and the one without wafters. 

Although this significant reduction, two phenomena that could affect this comparison 

are not included in the study and are described below: 

• For the same output torque, the extra ventilation losses generated because 

of the wafters’ rotation will produce a little increase in the current of the 

windings for the case with wafters. Consequently, the winding losses will be 

slightly higher in the case with wafters, increasing the temperature obtained. 

• On the other side, the electric resistivity of the windings is dependent on the 

temperature. Consequently, the case with wafters will suffer a reduction in 

the winding losses as the windings are colder than the case without wafters. 

Therefore, the temperatures in the case with wafters may be even lower. 

For this comparison, the effect of both phenomenon is considered vanished by each 

other. However, it should be examined in final stage designs. 
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4.3 CONCLUSIONS 

This chapter is focused on the design of the IC71W cooling system given some 

design constraints, which are listed below: 

• Mechanical restrictions. 

• Manufacturing limitations. 

• Thermal specifications (water flowrate, maximum pressure drop and water 

temperature at the inlet of the cooling system). 

First, a design methodology for a spiral jacket with rectangular ducts is described. In 

this regard, design criteria for the parameters defining this element are provided and 

the following design considerations are obtained: 

• The flow regime should be turbulent (Reynolds number (Re) > 10000). 

Otherwise the heat transfer capacity could be adversely reduced. 

• The defined cross area of the cooling duct should meet pressure loss (ΔPmax) 

requirements. 

• Maximum water speed should be limited due to possible erosion/corrosion 

problems. 

Also, some design recommendations for the characterization of the shaft diameter 

and some insight for the contact between the housing and the stator is given. 

Finally, the inclusion of wafters is analysed using statistical tools and CFD 

simulations. In this sense, the following conclusions are obtained: 

• The inclusion of wafters in a specific machine is traduced in a considerable 

reduction in temperatures and an increase of the ventilation losses, which 

could be determining for thermally required designs. 

• The design of wafters can be approached using statistical tools such as DoE, 

where the optimum configuration can be obtained for a limited region. 

• The second order statistical models can determine the convective heat 

transfer coefficient with acceptable accuracy for a wide range of topologies, 

which can be very beneficial for the modelling of analytical thermal models.
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Chapter 5 

5 IC81W cooling system 

As mentioned in chapter 2, an analytical thermal model validated through 
experimental results is a very powerful tool to design and optimize the cooling system 
of a given electric motor for a specific application. These analytical models can 
predict the effect of different parameters defining the cooling system on the final 
temperatures of the active parts in a highly short time. However, the reliability of 
these models is based on their validation, which should be performed with 
experimental measurements. 

Consequently, this chapter describes an algebraic thermal and hydraulic 
model for the IC81W cooling system. First, the main assumptions and approaches 
for the development of the analytical model are explained. Secondly, the 
mathematical computation and the coupling between the hydraulic and the thermal 
model is described. Finally, the experimental validation of both the hydraulic and the 
thermal model is exposed. 
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5.1 DESCRIPTION OF THE ANALYTICAL MODEL 

As mentioned in chapter 2, the IC81W cooling system is very extended between 

large synchronous salient pole generators for marine and industrial applications 

(Figure 5.1). This cooling arrangement is isolated from its surroundings, like the 

IC71W, but in this case a separate heat exchanger is included. Air inside the 

machine flows thanks to the rotor or a fan fixed to the shaft and exchanges heat with 

water in a heat exchanger. 

 

Figure 5.1. 1000 kVA Synchronous generator and 32 poles from [136]. 

Figure 5.2 shows the two main alternatives of this cooling system: option A presents 

a fan fixed to the shaft (in green) which drives the fluid flow inside the machine. In 

option B however, air flows inside the machine due to the pressure rise generated 

inside the radial channels of the rotor. 

This chapter is focused on option A described in Figure 5.2 (left) due to the 

availability of experimental information for this kind of cooling arrangement. 

However, this methodology could be extended to develop an analytical model for 

option B, where the hydraulic analytical model and the convective correlations 

presented in this chapter could be outspread for similar cooling arrangements. In this 
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regard, the thermal model is described first and then, the hydraulic model is 

examined in detail. 

  

Figure 5.2. Most common disposition of the IC81W cooling system, option A (left) and option B 
(right). 

5.1.1 Thermal model 

This section describes the main assumptions for the development of the thermal 

model of an IC81W cooling system. In this regard, most of the simplifications 

performed have been previously explained in chapter 3. Furthermore, as the model 

presented for IC71W cooling systems, the model presented in this chapter is also 

based on the thermal model described by Jose Angel Malumbres in [7]. 

Therefore, only add-on features with the model described in chapter 3 are presented 

in this section, which consists of: 

• A new winding model to describe the copper bars. 

• A new axial discretization due to the necessity to represent the radial ducts 

in the stator stack. 

• A new discretization of the rotor stack to take account of the salient pole 

geometry. 
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5.1.1.1 Winding model 

Due to the high voltages that are present in this kind of machines, it is common to 

design the winding with copper bars. Consequently, the layered model presented for 

wound winding in section 3.1.1.1 is not valid for this sort of topologies. Nevertheless, 

the cuboidal approach developed by [137] is employed this time. The winding is 

modelled with a single node, as shown in Figure 5.3, and with three different thermal 

resistances: 

• Rth sup  Radial direction in contact with the stator yoke (Equation 5.1). 

• Rth inf  Radial direction in contact with the airgap (Equation 5.2). 

• Rth lat  Circumferential direction in contact with the stator teeth (Equation 

5.3). 

 

Figure 5.3. Analytical approximation of the winding in the stator stack. 

Rth sup =
hCu−eq−sup

Qs ∙ ws2 ∙ lfe,s ∙ λCu−eq−sup
 Equation 5.1 

Rth inf =
hCu−eq−inf

Qs ∙ ws1 ∙ lfe,s ∙ λCu−eq−inf
 Equation 5.2 
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Rth lat =
hCu−eq−lat

2 ∙ Qs ∙ hCu−slot ∙ lfe,s ∙ λCu−eq−lat
 Equation 5.3 

Where lfe,s represent the length of the volume modelled, Qs the number of slots in the 

stator stack, ws2 the width of the slot in the outer zone, ws1 the width of the slot in 

the inner zone and λCu the thermal conductivity of the winding. In addition, equivalent 

thermal conductivities (λCu-eq-sup, λCu-eq-inf and λCu-eq-lat) and dimensions (hCu-eq-sup, hCu-

eq-inf and hCu-eq-lat) are defined for each of the resistances, which depend on the 

insulation and the geometric configuration of the winding. 

5.1.1.2 Axial discretization 

The stator stack, and sometimes the rotor stack also, is designed with radial ducts 

in order to enhance the heat transfer between air and the stator itself (Figure 5.4). In 

consequence, the axial discretization proposed in section 3.1.1.4 should be modified 

to take account of the radial ducts in the stator. Thus, the model is discretized taking 

the number of radial cooling ducts of the stator as the number of nodes in the axial 

direction. 

 

Figure 5.4. Stator with thirteen radial ducts, designed by [138]. 
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5.1.1.3 Rotor pole model 

The rotor pole and the rotor winding are modelled employing the cuboidal approach 

presented in section 5.1.1.1, as it is shown in Figure 5.5. 

 

Figure 5.5. Analytical discretization of the rotor pole. 

Given the existing symmetry in the rotor pole, only one half of the geometry is 

represented in the analytical thermal model. Consequently, the copper volume in the 

rotor is modelled with only one node in the actual model. The thermal resistances for 

the pole teeth and the rotor winding, described in Figure 5.5, are evaluated with 

Equation 5.4 to Equation 5.8. 

Rth Cu lat =
0.25 ∙ wCu−r

4 ∙ p ∙ hCu−r ∙ lfe,r ∙ λCu−eq−lat
 Equation 5.4 

Rth Cu rad =
0.5 ∙ hCu−r

4 ∙ p ∙ wCu−r ∙ lfe,r ∙ λCu−eq−rad
 Equation 5.5 

Rth teeth inf =
0.5 ∙ hr−teeth

2 ∙ p ∙ wr−teeth ∙ lfe,r ∙ λFe−rad
 Equation 5.6 

Rth teeth lat =
0.5 ∙ wr−teeth

2 ∙ p ∙ hr−teeth ∙ lfe,r ∙ λFe−lat
 Equation 5.7 
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Rth teeth sup = Rth teeth inf Equation 5.8 

Where p represents the pole pair number, wCu-r the width of the rotor winding, hCu-r 

the height of the rotor winding, hr-teeth the height of the rotor teeth and wr-teeth the 

width of the rotor teeth. The thermal conductivity for the rotor winding (λCu-eq-lat and 

λCu-eq-rad) is obtained in the same way as for the conductivity in the stator winding 

and, finally, λFe-lat and λFe-rad represent the thermal conductivity of the rotor stack in 

the axial and radial direction, respectively. 

5.1.1.4 Thermal network 

Gathering the assumptions presented in the previous sections, the thermal circuit 

described in Figure 5.6 is achieved. In this picture, an IC81W cooling system with 

two radial ducts in the stator stack is presented. 

This picture represents the thermal network developed, including all the solids and 

the fluids inside the machine (air and water) and the ambient. 

Solids are represented as circles with a black fill and fluids are described with circles 

with a white fill (or a hollow). In addition, the ambient is depicted as a black circle, 

which is connected to the elements in the extremes of the model (the housing and 

the shaft ends). 

Each colour represents a different material, where electrical steel is represented with 

blue, copper with yellow, water with dark blue, air with light blue, housing steel with 

grey and shaft steel with green. 

Losses are displayed with big circles connected to the components with heat 

generation. The elements with losses are the stator and the rotor stack, and the 

windings in the stator and the rotor. 

The connection between solids, representing heat transfer by conduction, is 

modelled with continuous black lines and a rectangle with two colours. For the 
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connection between solids and fluids, representing the convective heat transfer, 

dotted lines and rectangles with two colours are employed. 

 

Figure 5.6. Thermal circuit of an IC81W cooling system with two axial ducts in the stator. 
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5.1.1.5 Convective correlations 

The IC81W cooling system evacuates most of the heat generated in the active parts 

through forced convection between air and solids inside the machine. Therefore, a 

correct representation of the convective heat transfer is crucial for a precise 

modelling of the thermal behaviour. 

For this purpose, different correlations are employed, which depend on: 

• The geometry of the solid and the direction of the airflow. 

• The temperature of both the solid and the air. 

• The speed of air. 

As will be explained in section 5.2, the methodology for solving the thermal model is 

iterative, so the temperature of the solid and the air are always known from the 

previous iteration. Consequently, the only unknown variable to obtain the heat 

transfer coefficient is the speed of air in the different cooling ducts of the machine. 

Therefore, the integration of a hydraulic model is very necessary for this thermal 

model (which is explained accurately in section 5.2.3). 

Once the hydraulic model is defined and the speed of air determined in different 

parts of the machine, different convective correlations can be applied for each 

situation. These correlations are based on experimental measurements and are valid 

only for very specific conditions. Therefore, this section describes the selected 

correlations for each of the convective heat transfer situations presented in the 

machine. 

Taking into account that most of the convective correlations were described in 

chapter 3, only the end winding correlations and the correlations from the different 

ducts in the stator (axial and radial) and the rotor are presented. 

5.1.1.5.1 Stator (radial and axial) and rotor ducts 

The correlation from Bhatti & Shah [102] is used for the modelling of the convection 

in the ducts of the stator and the rotor. This choice is based on a previous study 
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performed by [7], which compared many correlations for different conditions 

obtaining very good agreement with experimental measurements. 

This correlation is employed for rough ducts, and it is presented in Equation 5.9. The 

friction factor (frough) is defined through Equation 5.12. 

Nu =
(Re − 1000)Pr (

frough
2

)

1 + �frough
2

��17,42 − 13,77Prt
0,8�Re∈

0,5 − 8,48�
 

Equation 5.9 

Prt = 1,01 − 0,09Pr0,36 Equation 5.10 

Re∈ =
ϵQ�

frough
2

ν
 Equation 5.11 

1

�frough
= 3,48 − 1,737ln �

2ϵ
Dh
� Equation 5.12 

Where ϵ is the roughness of the wall, Dh the hydraulic diameter of the duct’s cross 

section, Q the airflow rate in the duct and ν the cinematic viscosity of the fluid. In 

addition, two non-dimensional numbers are described: the turbulent Prandtl number 

(Prt) and the rough Reynolds number (Reϵ). 

The application range of this correlation is truly broad, and it is defined by Equation 

5.13, Equation 5.14 and Equation 5.15. 

Re > 2300 Equation 5.13 

0,5 ≤ Pr ≤ 5000 Equation 5.14 

0,001 ≤
ϵ

Dh
≤ 0,05 Equation 5.15 

In general, for this kind of correlations a thermal and hydrodynamic fully developed 

region is considered (Figure 5.7 and Figure 5.8, respectively). However, not always 

this assumption is correct. Therefore, a correction factor described in [7] is employed, 

which is defined in Equation 5.16. 
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Figure 5.7. Thermal boundary layer development in a heated tube [97]. 

 

Figure 5.8. Laminar, hydrodinamic boundary layer development in a tube [97]. 

Num
Nu∞

= 1 +
1

(Lduct/Dh)2/3 Equation 5.16 

Where Nu∞ is the Nusselt number for a fully developed region, Num the mean 

Nusselt number including the entrance region, Lduct the dimension of the duct and 

Dh the hydraulic diameter of the duct’s cross section. 

5.1.1.5.2 Stator end windings 

The stator end windings are modelled with a modified version of the Zhukauskas 

correlation for staggered tubes [97]. This correlation was compared by [7] with other 
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representative correlations, concluding that the mentioned correlation is the best 

choice for this case. This correlation is defined by Equation 5.17 and Equation 5.18. 

Nu = C1 ∙ C2 ∙ ReD,max
m ∙ Pr0,36 ∙ �

Pr
Prs

�
0.25

 Equation 5.17 

ReD,max ≈
υ
ν

1
pbar
4∙Sbar

+ 1
wth+wslot

 
Equation 5.18 

Where pbar, Sbar, wth, and wslot stand for the perimeter of the conductor, the section 

of the conductor, the width of the teeth and the width of the slot, respectively. Prs is 

the Prandtl number evaluated at surface conductor temperature. 

C1 and m vary with ReD,max and its values can be obtained from Table 5.1.Finally, the 

value of C2 depends on the number of lines of staggered tubes and it is defined in 

[97]. 

Table 5.1. Constants for the Zhukauskas correlation. 

ReD,max C1 M 
10-102 0.8 0.4 
102-103 0.65 0.4 

103-2x105 0.27 0.63 
2x105-2x106 0.021 0.84 

 

5.1.2 Hydraulic model 

One of the most important and difficult steps for properly obtaining heat dissipation 

from a machine is calculating the convective heat transfer coefficients that are the 

result of heat exchange between solids and air. As A. Howey says in [74], knowledge 

of surface convective heat transfer coefficients is crucial for thermal design 

purposes. Because of the strong relationship between these surface coefficients and 

the air velocity over them, knowledge of the airflow rate in a machine is a key aspect 

in obtaining an accurate value for the temperature rise in the active parts. Thus, the 

output of the hydraulic model is the airflow rate in different parts of the machine. 
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In this sense, a model for an open self-ventilated machine has been published [5], 

where the key aspects for the development of an accurate hydraulic model are 

presented. This article is the basis for the model described in this chapter. 

5.1.2.1 Bernoulli’s principle 

Bernoulli’s principle is used to study the hydraulic behaviour of the cooling system. 

Equation 5.19 summarizes this principle under ideal conditions (without losses) for 

a control volume. 

P1 +
ρv12

2
+ γz1 = P2 +

ρv22

2
+ γz2 Equation 5.19 

Where 𝜌𝜌 is the density (kg/m3) of the fluid inside the control volume, γ the specific 

weight (N/m3) of the fluid, P1 the pressure at the inlet and P2 the pressure at the outlet 

of the control volume, v1 and v2 the inlet and the outlet speeds (m/s), respectively, 

and z1 and z2 the inlet and outlet height (m), respectively. 

In order to use Equation 5.19 and determine the system hydraulic behaviour, 

Bernoulli’s principle is extended (Equation 5.20) for the account of losses 

(∑∆Plosses) resulting from friction, bends, contractions or expansions. 

P1 +
ρv12

2
+ γz1 = P2 +

ρv22

2
+ γz2 + �∆Plosses Equation 5.20 

To simplify Equation 5.20, air density through the machine is assumed constant, 

using an average value for the model. Furthermore, since the height is the same at 

the inlet and the outlet, z1 and z2 are discarded, leading to Equation 5.21. 

P1 +
ρv12

2
= P2 +

ρv22

2
+ �∆Plosses Equation 5.21 

Two of the most influential authors [106,139] in this area propose another 

simplification from Equation 5.21, using the concept of a loss coefficient (ς) which is 
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also called dimensionless hydraulic resistance. The associated head loss is related 

to the loss coefficient through Equation 5.22. 

∆Plosses = ς
ρv2

2
= ς

ρQ2

2A2 = RhQ2 Equation 5.22 

Where Rh is called hydraulic resistance. There can be two different causes for the 

origin of this resistance: 

• Friction of air with the walls of the control volume. 

• Change in shape along the control volume: Contractions, expansions and 

bends. 

The dimensionless hydraulic resistance (ς) is the parameter that generates more 

problems when defining hydraulic resistances. Primarily, because it acquires 

different values depending on the Re number, the roughness of the wall and the 

geometry. In this field, authors such as [106] and [139] have made significant 

progress, obtaining reliable correlations for obtaining ς through taking experimental 

measurements. In this regard, more information is detailed in the next section. 

5.1.2.2 Control volume identification and resulting circuit 

A key aspect to obtain a correct approximation of the airflow rate in the machine is 

to make a good estimation of the hydraulic resistances. Therefore, the examination 

of the cooling system for a precise identification of the hydraulic resistances 

becomes crucial. In this sense, a control volume represents each of the hydraulic 

resistances defining the hydraulic model. Figure 5.9 shows the different control 

volumes detected in the cooling system of the machine studied. 
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Figure 5.9. Control volumes identified inside the machine (Cutaway view). 

In Figure 5.9 the red boxes represent the control volumes of the hydraulic analytical 

model and the green box represents the pressure rise generated by the fan fixed to 

the shaft. 

Depending on the geometry of the control volume, the definition of the hydraulic 

resistance is different. However, all the cases are defined using correlations from 

[106], which has a wide range of correlations for different cases. These are the most 

important topologies: 

• Contraction resistances (sudden and smooth). 

• Expansion resistances (sudden and smooth). 

• Straight lengths (circular, rectangular or annular). 

• Bends (90º, 45º, 180º, etc.). 

The correlations employed for each of the situations is obtained from [5], where each 

correlation was compared with CFD simulations, obtaining acceptable results. 

The control volume identification results in a circuit of hydraulic resistances and 

pressure generators (Figure 5.10) which is equivalent to an electric circuit. 
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Figure 5.10. Hydraulic circuit of the cooling system. 

Table 5.2 shows the analogies between both circuits. Consequently, the airflow rate 

(Q) is akin to the electric current (I), the pressure drop (ΔP) is analogous to the 

voltage difference (ΔV) and the hydraulic resistances (Rh) are analogous to the 

electric resistances. The only difference between these circuits is that the 

relationship between the voltage and current is linear (Ohm’s Law) and the 

relationship between pressure and airflow rate is quadratic (Equation 5.23). 

ΔP = Rh ∙ Q2 Equation 5.23 

 

Table 5.2. Equivalences between the hydraulic and the electric models. 

Hydraulic system Electric system 
Pressure (ΔP [Pa]) Voltage (ΔV [V]) 
Airflow (Q [m3/s]) Current (I [A]) 

Hydraulic Resistance (Rh (kg/m7)] Electric resistance (R [Ω]) 
 

As can be seen in Figure 5.10, there are two different pressure generators in the 

system. The pressure rise due to the fan (ΔPvent) and the pressure rise resulting from 

the rotational speed of the rotor (ΔProtor). 

ΔPvent is obtained as a function of the airflow rate (Figure 5.11, where the behaviour 

of a fan with different speed rotations is shown) using CFD techniques and its 

procedure is explained in chapter 6 in more detail. On the other side, ΔProtor is 

applied at the entrance of the stator axial channels due to the circumferential speed 
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acquired with the rotational speed of the machine and it is defined with the 

formulation described in [5]. 

 

Figure 5.11. Typical behaviour of a fan for different rotational speeds. 
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5.2 COMPUTATION AND SOLVING 

The methodology described in this section and all the expressions described in 

section 5.1 are implemented in the commercial software Matlab 2015a [140]. 

For the resolution of the analytical model, the following inputs are required: 

• A complete definition of the geometry of the machine. 

• Losses in different parts of the machine. 

• The temperature of the surroundings/ambient. 

• The characteristic curve of the fan fixed to the shaft. 

With these inputs in mind, the methodology developed for the hydraulic and the 

thermal model is examined below. 

5.2.1 Hydraulic model computation 

As mentioned in section 5.1.2.2, the circuit presented is not linear and the 

relationship between pressure and airflow is presented in Equation 5.23. 

Consequently, this model is not solved using the mathematical procedure presented 

for the IC71W analytical thermal model in chapter 3. Moreover, the hydraulic 

resistance (Rh) depends on the airflow (Q) because the dimensionless hydraulic 

resistance (ς) varies with the air speed itself (vair), and an iterative loop must be 

arranged. This loop is schematically represented in Figure 5.12. 
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Figure 5.12. Relationship between different parameters of the hydraulic model. 

With this in mind, the resolution of the hydraulic model described is performed with 

the Newton method for nonlinear systems. This procedure begins with a bunch of 

functions (F) defined by applying the Kirchhoff laws that are used to solve electric 

circuits and the derivative of these functions (F’). Moreover, an initial guess x0 for F 

must be stablished. 

If the functions satisfy the assumptions made in the derivation of the formula and the 

initial guess (x0) is close, then a better approximation x1 is obtained (Equation 5.24). 

x1 = x0 −
F(x0)
F′(x0)

 Equation 5.24 

This process is repeated until a sufficiently accurate value is reached (Equation 

5.25). 

xn+1 = xn −
F(x𝑛𝑛)
F′(xn)

 Equation 5.25 

For this case, the method is considered converged when the relative error between 

two consecutive iterations is less than 10-4 m3/s. 

However, one of the main drawbacks of this methodology is that the initial guess (x0) 

should be near the solution (in an order of magnitude at least). Otherwise, the 

Newton method will never get close to the real answer. 
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In this sense, analysing the machines proposed in section 5.3.2.1, it has been 

noticed that the airflow rate is always between 1 m3/s and 5 m3/s. In addition, all the 

machines have the following distribution: 

• 60-80% of the total airflow rate through the stator axial ducts. 

• 40-20% of the total airflow rate through the rotor axial ducts. 

• Almost no airflow circulating through the stator radial ducts. 

Therefore, a sensitivity analysis of the airflow rate with different initial guesses was 

performed. The machine described in section 6.2.1 was computed under different 

initial guesses, analysing a range from 0.1 to 20 m3/s of airflow rate for the initial 

guess. All the cases predicted the same result, concluding that the initial guess 

should be just in the same order of magnitude of the result. 

With this in mind, the following initial guess is stablished: 

• 2 m3/s of airflow rate. 

• 75% of the airflow rate through the stator axial ducts. 

• 25% of the airflow rate through the rotor axial ducts. 

• 2.5% of the airflow rate trough the stator radial ducts. 

5.2.2 Thermal model computation 

The thermal model is solved by setting the temperature of the air nodes and the 

ambient node as boundary conditions. The ambient temperature is always an input 

parameter for the design of an electric machine. 

The computation of this model is very similar to the one explained for the IC71W in 

section 3.2, where the temperatures of the water jacket nodes were previously 

obtained. However, the approach presented for the IC71W is not used for this cooling 

system because the temperature gradient in the nodes of air is much higher than the 

temperature gradient in the water jacket. Consequently, a linear temperature 

gradient could not be assumed this time. 

In this regard, two different approaches are employed to obtain the temperatures of 

the nodes of air: one for the first iteration and another one for the rest of the iterations. 
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In addition, it is always supposed that the heat exchanger removes all the heat 

absorbed by the air inside the machine. Consequently, it is assumed that air at the 

inlet of the machine is always at ambient temperature. 

In this sense, the behaviour of the heat exchanger is not studied in this thesis, but 

could be implemented in the methodology if necessary. So, it is assumed that the 

heat exchanger removes all the losses generated by the machine (electromagnetic 

(PElectromagnetic) and mechanical losses (PMechanic)), except for the losses evacuated 

from the housing by natural convection (PNat.Convection), as it is described in Equation 

5.26. 

PHeat Exchanger = PElectromagnetic + PMechanic − PNat.Convection Equation 5.26 

5.2.2.1 First iteration 

As there is no information about the heat transfer inside the machine, only for this 

iteration it is assumed that the air inside the machine removes all the losses 

generated in the machine (PElectromagnetic+PMechanic) and the approach from section 

3.2 is used. 

With these assumptions in mind, the temperature of each node of air is defined with 

Equation 5.27, which is the simplified steady-state flow thermal energy. 

P = ṁ ∙ cp ∙ (T2 − T1) Equation 5.27 

Where P is the loss in W, cp the specific heat of air in J/kg·K, ṁ the airflow rate in 

kg/s and T2 and T1 the temperatures in K at the outlet and inlet of the volume control 

represented by each of the nodes of air, respectively.  

At the end of this step, the temperatures and the speed of all the nodes of air are set 

assuming a linear gradient and, consequently, the convective heat transfer 

coefficients can be calculated. 

Once the thermal resistances connecting all the nodes of the circuit as well as the 

loss generators corresponding to every single node are calculated, the matrix of 
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thermal conductances (G) and the vector of losses (P) are obtained, as explained 

previously in section 3.2. 

5.2.2.2 Rest of iterations 

As the temperatures in every node of the thermal network are obtained from the 

previous step, the temperatures of the nodes of air are achieved in a different way 

for the rest of iterations. 

This time the heat transfer for each of the nodes of air is obtained individually. Thus, 

the heat transfer from each of the solid nodes connected to the nodes of air is 

obtained, 

Equation 5.27 is employed to get the temperatures of each of the nodes of air, where: 

• T1 represents the temperature of the node of air in front of the node of study. 

• T2 represents the temperature of the node of study. 

• ṁ delimits the airflow rate of the node of study. 

• cp defines the specific heat of the node of study. 

Once the temperature of the nodes of air are obtained, the same procedure 

explained in section 5.2.2.1 is employed. This process is converged when the mean 

relative error of the vector of temperatures with respect to the vector of temperatures 

of the previous iteration is lower than a given figure, usually in the order of 10-4. 

5.2.3 Thermal-hydraulic coupling 

As the hydraulic model depends on the temperature of air, the analytical model 

should be coupled in order to obtain a precise hydraulic and thermal behaviour of 

the machine. 
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Figure 5.13. Methodology for the resolution of the thermal model. 

5.2.3.1 Step 1: Hydraulic model 

In step 1, the hydraulic model is solved supposing air at ambient temperature in all 

the nodes. This way, the airflow rate (m3/s) and the speed (m/s) of the air inside the 

machine are obtained, two essential parameters for the precise modelling of the 

convective heat transfer between solids and fluids inside the machine. 

5.2.3.2 Step 2: Thermal model 

Once the convective heat coefficients are defined, the thermal resistances 

connecting all the nodes of the circuit as well as the loss generators corresponding 

to every single node are calculated, obtaining the matrix of thermal conductances 

(G) and the vector of losses (P). 

The necessary boundary conditions of temperature for the resolution of the system 

described in section 3.2 consist of the previously calculated temperatures of the 

nodes of air and the ambient node. 
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This step concludes with the vector of temperatures of all the nodes of the thermal 

circuit (T). 

5.2.3.3 Step 3: Hydraulic model 

After the thermal resolution, the hydraulic model is solved again. The difference with 

step 1 is that the nodes are not considered to be at ambient temperature and the 

temperatures of the nodes of air are obtained from the thermal model performed in 

step 2. Consequently, the density of air changes significantly in most of the nodes 

and the airflow obtained is determined with a better precision. 

5.2.3.4 Step 4: Thermal model 

This step consists in solving the thermal model as explained in step 2. This way, the 

vector of temperatures of all the nodes of the circuit (T) is obtained again. 

5.2.3.5 Step 5: Convergence 

This methodology is converged when the relative error of the vector of temperatures 

from step 4 with respect to the vector of temperatures from the previous step is less 

than 10-4 K. If not, steps 3 and 4 are repeated until convergence is reached. 
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5.3 EXPERIMENTAL VALIDATION 

The validation of an analytical model with experimental data is essential to obtain a 

reliable model for the design purposes, as mentioned in previous chapters. 

Consequently, this section presents the experimental data obtained for this kind of 

cooling systems and its comparison with the analytical results of the analytical model 

displayed in this chapter. 

This process of validation if performed individually for the hydraulic and the thermal 

model. Therefore, the validation of the hydraulic model is presented first and then 

the thermal model is examined. 

5.3.1 Validation of the hydraulic model 

The validation of this model if performed through experimental measurements, by 

obtaining the airflow rate inside the machine and comparing the experimental value 

with the analytical data obtained from the hydraulic model. 

5.3.1.1 Experimental measurements 

A salient pole synchronous machine, with 5 pole pairs, and rated 2 MW at 720 rpm 

is employed for this purpose. This machine has an outer stator diameter of 1250 mm 

and a fan fixed to the shaft. In order to obtain the airflow rate inside the machine the 

air speed at the outlet of the machine is measured. 

As the machine is totally insulated from the ambient, some parts of the machine are 

disassembled in order to measure the airflow rate in the machine. Once the 

measuring zone is accessible, the selected area is discretized in small regions in 

order to measure the air speed in each of the identified regions with an anemometer. 

The following steps resume the main actions in this methodology. 
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5.3.1.1.1 Disassembly of the heat exchanger 

In order to make accessible the zone where the airflow rate is going to be measured, 

the heat exchanger of the machine is disassembled as it is shown in Figure 5.14. 

  

Figure 5.14. Standard machine (left) and a machine with the heat exchanger distmantled (right). 

5.3.1.1.2 Discretization of the measured area 

The measured area consists of the outlet area described in Figure 5.15. As the tool 

employed to obtain the airflow rate is an anemometer (which gives values for air 

speed) and the measured area is big enough for the arise of velocity gradients, the 

measured area is discretized in different zones as it is displayed in Figure 5.15 

(which have the same area). Consequently, the measured speed is assumed 

constant for each of the zones identified and the airflow for each zone is obtained 

multiplying the measured speed value by the area of the identified zones. Finally, 

the total airflow rate in the measured area is obtained adding the airflow rate values 

identified in each zone. 
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Figure 5.15. Top view of the machine. 

5.3.1.1.3 Measurements 

At this point, the machine is run at nominal speed without any loads, driven by an 

external motor and, as it is mentioned before, the speed in each of the points (vi) is 

measured. The airflow rate (Qoutlet) at the outlet is obtained with Equation 5.28. 

Qoutlet = �(vi ∙ Azone

n

i=1

) Equation 5.28 

Where Azone is the area of each of the zones identified in the previous discretization 

in m2 and n de number of measurements performed. Results obtained from 

experimental tests are shown in Table 5.3. 

Table 5.3. Air speed values (m/s) for each of the identified areas at the outlet. 

20.8 10.1 3.6 -3.5 -3.6 -4.3 -5.6 -7.7 -10.2 13.8 16.6 19.1 
14.4 5.8 -3.4 -3.6 -4.5 -4.6 -5.5 -6.8 -6.5 6.3 9.2 17.9 
10.0 -3.9 -3.4 -4.8 -6.9 -6.7 -6.0 -8.4 -7.4 7.4 10.9 18.8 
11.7 6.1 5.5 6.8 12.7 15.4 12.2 8.3 9.3 10.8 14.5 20.1 
23.2 20.6 19.2 16.6 19.5 25.5 22.1 15.6 12.4 14.0 17.6 19.3 
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Each of the zones identified consists of an 8.5∙10-3 m2 rectangle, so this value is 

multiplied by the corresponding speed value and the sum of all of them results in a 

total airflow rate of 3.65 m3/s inside the machine. 

5.3.1.2 Analytical results 

The experimental test described in section 5.3.1.1 is reproduced in the analytical 

hydraulic model in order to validate this methodology. First, the geometry of the 

tested machine is introduced precisely in the hydraulic model. Also, the fan 

characteristic curve is also loaded, which is obtained with CFD simulations (the 

details of these simulations are explained in detail in chapter 6). 

Figure 5.16 shows the results obtained analytically, where the blue line represents 

the characteristic curve of the fan fixed to the shaft and the grey line the hydraulic 

resistance of the machine obtained with the analytical hydraulic model. 

 

Figure 5.16. Analytical results obtained with the hydraulic model. 

The intersection between both lines in Figure 5.16 represents the working point of 

the machine, where the total airflow rate is 3.69 m3/s. 
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5.3.1.3 Comparison between analytical and experimental data 

As can be seen in Table 5.4, there is a good agreement between experimental and 

analytical results, which a minimum difference between them. 

Table 5.4. Total airflow rate obtained in both experimental test and the hydraulic model. 

 Experimental test Hydraulic model 
Airflow rate (m3/s) 3.65 3.69 

 

Consequently, the hydraulic model is presumed valid for thermal design from now 

on. 

5.3.2 Validation of the thermal model 

First, the main dimensions and characteristics of the machines tested are presented. 

Then, the kind of tests performed and the results obtained are explained. Afterwards, 

the conditions imposed in the analytical model in order to get a solid comparison with 

the experimental data are also exposed. Finally, the correlation between the 

experimental tests and the analytical data is reported, obtaining the degree of 

accuracy of the analytical thermal model. 

5.3.2.1 Tested machines 

A wide range of salient pole synchronous machines have been tested by Alconza 

S.L., a company situated near Bilbao which is specialized in motors and generators 

for marine propulsion and the industrial sector. Table 5.5 show the main properties 

and dimensions of the tested machines. 
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Table 5.5. Main properties of the tested machines. 

 
Nominal 
power 
(MVA) 

Nominal 
Voltage (V) Pair poles 

Stator 
external 
diameter 

(mm) 

Rotational 
speed (rpm) 

A 3.75 690 5 1250 720 
B 1.25 690 4 990 900 
C 2.42 690 2 890 1800 
D 5.63 690 3 1400 1200 
E 2.72 690 2 1000 1800 
F 4.80 690 4 1400 750 
G 3.20 690 4 1250 750 
H 1.56 690 4 1000 900 
I 3.52 690 5 1250 720 

5.3.2.2 Experimental tests 

The objective of these tests was to obtain the temperatures in different parts of each 

of the tested machines, as well as the necessary information to reproduce these 

tests by means of the analytical thermal model. 

In this sense, two different kind of tests were performed: heat run tests and no-load 

tests, which are explained in section 5.3.2.2.1 and section 5.3.2.2.2, respectively. All 

these tests have been performed in the facilities of Alconza S.L. according to the 

IEC-60034-2-1 [141]. 

Moreover, the losses in the different parts of the machines were obtained for both 

tests using also the procedure from IEC-60034-2-1 [141]. The values of these losses 

are exposed for no-load conditions in Table 5.6 and for nominal conditions in Table 

5.7. 
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Table 5.6. Losses (in kW) for no load conditions. 

 A B C D E F G H I 
Fe_y_s - 7.08 9.50 17.52 11.47 13.72 11.50 6.31 11.62 
Fe_t_s - 6.22 5.07 15.10 5.23 15.82 9.14 6.07 12.07 

Fe_r - 1.09 1.44 0.42 0.23 1.68 0.24 0.37 0.58 
Cu_s - 0 0 0 0 0 0 0 0 
Cu_r - 1.05 0.47 1.30 0.82 2.05 1.67 0.82 1.50 

 

Table 5.7. Losses (in kW) for nominal conditions. 

 A B C D E F G H I 
Fe_y_s 14.83 8.38 11.43 21.46 14.24 16.28 13.63 7.71 14.06 
Fe_t_s 14.29 6.99 5.80 17.37 6.28 17.79 10.28 6.92 13.63 

Fe_r 0.80 1.52 2.15 0.75 0.71 2.34 0.36 0.51 0.74 
Cu_s 36.11 13.69 26.81 30.76 22.05 28.91 30.38 20.87 35.79 
Cu_r 14.71 6.39 6.63 12.28 8.21 14.56 10.96 6.49 11.51 

 

Where Fe_y_s consists of the iron losses in the stator yoke, Fe_t_s the iron losses in 

the stator teeth, Fe_r the iron losses in the rotor stack, Cu_s the Joule losses in the 

stator winding and Cu_r the Joule losses in the rotor winding. 

In addition, the airflow rate inside the machines (Q) was also measured at nominal 

rotational speed and the values are shown in Table 5.8. 

Table 5.8. Airflow rate (in m3/s) at the inlet of the machine. 

 A B C D E F G H I 
Q 3.89 2.16 1.34 4.83 3.27 4.24 2.75 1.38 2.34 

5.3.2.2.1 Heat run test 

This test consists of running the machine under nominal conditions until thermal 

equilibrium is reached. The thermal equilibrium (or steady state) is considered when 

the variation of temperature is less than 2 K in half an hour (stablished by [105]). 
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This test was developed over machines A and B described in Table 5.5 and the 

steady state temperatures obtained are displayed in Table 5.9. 

Table 5.9. Steady state temperatures (in ºC) for machines A and B in the heat run tests. 

 A B 
Stator end winding 81.3 81.4 

Housing - 67.6 
Stator winding mean value 89.8 92.9 
Rotor winding mean value 92.7 95.4 

Air after the heat exchanger 53.6 47.1 
Air before the heat exchanger 76.1 68.8 

Ambient 25.0 19.0 

5.3.2.2.2 No-load test 

This test was performed with the machine rotating at nominal speed, without any 

load, until steady state was reached. This way, the losses generated in this kind of 

test are smaller (as can be seen in Table 5.6). It was done over machines, C, D, E, 

F, G, H and I and the results obtained are shown in Table 5.10. 

Table 5.10. Steady-state temperatures (in ºC) obtained for the tested machines for no-load test. 

 C D E F G H I 

Stator end winding 44.4 31.0 36.7 33.1 30.4 37.6 38.9 

Stator winding mean value 51.3 36.2 44.5 46.3 33.8 42.9 - 

Air after the heat exchanger 28.8 27.7 27.8 24.4 22.4 23.6 20.6 

Air before the heat 
exchanger 44.1 35.7 34.0 33.1 31.1 33.7 32.5 

Ambient 27.0 15.5 18.0 18.0 11.6 16.8 21.5 
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5.3.2.3 Analytical results 

The experimental tests described in section 5.3.2.2 are reproduced with the 

analytical model in order to compare the temperatures obtained and check if the 

model represents precisely the thermal behaviour of the machines tested. 

In order to fulfil this task, the following inputs are required: 

• A detailed geometry of each of the machines. 

• Thermophysical properties of the materials (Table 5.11). 

• Losses of the machines depending on the test (Table 5.6 and Table 5.7). 

• Ambient temperature (Table 5.9 and Table 5.10). 
Table 5.11. Properties of the materials constituing the tested machines. 

 Density 
(kg/m3) 

Specific heat 
(J/kg·K) 

Thermal 
conductivity 

(W/m·K) 
Stator winding 8950 385 394 

Electric steel 7650 486 51/51/4.43 
Rotor winding 8950 385 394 

Winding insulation - - 0.3 
Shaft 7800 440 51.9 

Housing 7870 486 51.9 
 

As there is no information of the characteristic curve of the fan fixed to the shaft for 

each of the machines, many CFD simulations would be necessary for the acquisition 

of this information and the required computational time would be excessive. So, as 

the hydraulic model was previously validated, the airflow rate in the machines is fixed 

with information from Table 5.8. 

Moreover, in order to avoid uncertainties with the behaviour of the heat exchanger, 

the air temperature at the inlet of the machine is fixed with the results obtained from 

the experimental tests (Air after the heat exchanger from Table 5.9 and Table 5.10). 

With this in mind, the heat run tests are reproduced obtaining the results shown in 

Table 5.12. In addition, the results of the analytical thermal model of the no load test 

are displayed in Table 5.13. 



164 Chapter 5: IC81W cooling system 

 

Table 5.12. Temperatures (in ºC) for machines A and B under nominal conditions obtained with 
the analytical model. 

 A B 
Stator end winding 80.8 81.8 

Housing 69.2 64.5 
Stator winding mean value 98.0 94.6 
Rotor winding mean value 93.2 105.9 

Air after the heat exchanger 53.6 47.1 
Air before the heat exchanger 76.9 68.8 

Ambient 25.0 19.0 
 

Table 5.13. Temperatures (in ºC) for machines C, D, E, F, G, H and I at no load conditions 
obtained with the analytical model. 

 C D E F G H I 

Stator end winding 46.1 34.0 35.7 31.8 30.6 33.8 32.5 

Stator winding mean value 55.4 39.0 43.2 37.7 39.0 40.3 40.9 

Air after the heat exchanger 28.8 27.7 27.8 24.4 22.4 23.6 20.6 

Air before the heat 
exchanger 46.6 34.2 34.2 32.7 30.4 33.1 33.3 

Ambient 27.0 15.5 18.0 18.0 11.6 16.8 21.5 

5.3.2.4 Comparison between analytical and experimental data 

To check the accuracy of the thermal model, the results obtained analytically are 

compared with those obtained from experimental tests. Table 5.14 shows the 

difference obtained in the heat run tests for machines A and B. Then, the discrepancy 

obtained for the no load tests is displayed in Table 5.15. 
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Table 5.14. Difference in ºC between the analytical model and the heat run tests. 

 A B 
Stator end winding -0.5 +0.4 

Housing - -3.1 
Stator winding mean value +8.2 +1.7 
Rotor winding mean value +0.5 +10.5 

Air before the heat exchanger +0.8 +0.0 
 

Table 5.15. Difference in ºC between the analytical model and the no load tests. 

 C D E F G H I 
Stator end winding +1.7 +3.1 -1.0 -1.3 +0.3 -3.8 -6.4 

Stator winding mean value +4.1 +2.8 -1.2 -8.6 +5.2 -2.6 - 
Air before the heat exchanger +2.5 -1.5 +0.2 -0.4 -0.8 -0.6 +0.8 

 

As can be seen in the last two tables, there is an acceptable agreement between the 

analytical thermal model and the experimental data. 

First, results from the heat run tests are shown in Table 5.14, obtaining a maximum 

disagreement of 10.5 ºC (a 13.7% of absolute error) for machine B in the rotor 

winding mean value and 8.2 ºC (12.7%) for machine A in the stator winding mean 

value. These differences could arise due to: 

• Discrepancies in the loss distribution in both rotor and stator stacks: Average 

loss values are used in the analytical calculations, which could not be very 

precise for machines of this kind of dimensions. 

• Additional losses are distributed uniformly among the stack: As there was 

not any information to predict this distribution, it was decided to distribute 

this loss uniformly. 

• Thermal properties of the insulation in the windings is obtained from 

standard values in the literature: A deeper analysis of the insulation’s 

thermal properties could reduce uncertainties in this field. 

• Uniform temperatures for big volumes are considered: As this model 

represents bigger machines than the model presented for the IC71W cooling 

system, the assumption of having uniform temperature values in the 
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represented nodes could not be very accurate. A comparative with a model 

with a better degree of discretization would be recommended. 

Secondly, results from the no-load tests are shown in Table 5.15, obtaining a 

maximum difference in the stator end windings of 6.4 ºC for machine I and 8.6 ºC in 

the winding mean value for machine F. These differences could be originated by the 

same uncertainties described for the heat run tests. In addition, there are almost no 

losses in the stator winding and, as the stator winding is the most critical part in the 

thermal design, these kind of measurements are not as suitable as the heat run test 

for the validation of an analytical thermal model. 
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5.4 CONCLUSIONS 

This chapter describes in detail an analytical thermal model for a salient pole 

synchronous machine with an IC81W cooling system, which is widely extended for 

marine and industrial applications. 

First, the most important assumptions are defined. Then, this chapter gives account 

of the hydraulic model for obtaining the airflow inside the machine and its process of 

validation. To sum up, the validation of the thermal model is reported. About the 

results obtained, it is concluded that the accuracy of the model is acceptable to 

contemplate this model for design purposes.
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Chapter 6 

6 IC81W optimization 

This chapter is focused on the optimization of the IC81W cooling system 
using the algebraic thermal model developed in chapter 5 and CFD techniques. First, 
a sensitivity analysis of some key parameters of the primary circuit is developed. 
Also, the behaviour of the fan is examined. 

The primary circuit is investigated using a generic machine. In this analysis, 
the effect of the radial and axial ducts of the stator on the temperatures of the active 
parts is described, obtaining the best configuration from the thermal point of view. 

The fan is analysed using CFD techniques and statistical tools. In this regard, 
various situations are examined, including the effect on the pressure gain and the 
efficiency of different parameters that define the fan. 

Finally, a design methodology for the IC81W cooling system is described. 
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6.1 OPTIMIZATION OF THE IC81W COOLING SYSTEM 

As stated previously, the thermal optimization can be performed using both, 

analytical thermal models and CFD simulations. Therefore, the analytical model 

presented in chapter 5, which has been verified with experimental data, is used 

together with CFD simulations as tools for the optimization of the IC81W cooling 

system. 

The thermal optimization is the main goal of this chapter, which is obtained when the 

temperatures of the machine are as low as possible for specific working conditions. 

The increase of airflow within the machine enhances the convective heat transfer 

from the active parts to the air inside the machine. Consequently, the maximization 

of the airflow is one of the goals in this chapter and it is conducted analysing the 

primary circuit and the fan, which characterize the IC81W cooling system and are 

depicted in Figure 6.1. 

 

Figure 6.1. Main elements in the cooling system: the fan attached to the shaft (circled in red), the 
primary circuit (circled in green) and the heat exchanger (circled in blue). 

The elements described in Figure 6.1 have a specific function in the cooling system, 

which is defined below: 
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• The primary circuit determines the hydraulic resistance of the cooling 

system, delimiting the airflow through the active parts, the fan and the heat 

exchanger. The design of the cooling ducts in the active parts will determine 

the thermal behaviour of the cooling system. 

• The fan: It rotates in conjunction with the shaft and is the responsible for the 

main pressure generation, which provides the airflow in the primary circuit. 

• The heat exchanger (or secondary circuit): The air circulates through the 

heat exchanger absorbing all the heat obtained from the active parts. In this 

kind of applications, it usually consists of a ducted water circuit. 

6.1.1 The primary circuit 

The airflow within the machine varies with the hydraulic resistance of the primary 

circuit. 

In this regard, the intersection between the characteristic curve of the fan and the 

curve of the hydraulic resistance of the primary circuit sets a specific airflow rate 

within the machine, as can be seen in Figure 6.2, where three different systems are 

represented for the same fan (orange line), each of them with a different hydraulic 

resistance (Equation 6.1). 

Rh−system 3 < Rh−system 2 < Rh−system 1 Equation 6.1 

 

Figure 6.2. Working point of the cooling system for different primary circuits. 
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Therefore, the objective of the optimization process for the primary circuit is to 

determine the hydraulic resistance of the primary circuit that minimizes the 

temperatures of the active parts of the machine. 

In addition, axial and circumferential temperature gradients can arise in this kind of 

machines. Therefore, different cooling configurations are analysed in order to obtain 

some criteria to avoid this phenomenon. 

6.1.2 The fan 

The fan design is always limited by the working conditions of the machine and the 

geometrical restrictions of the manufacturing process. Consequently, the 

improvements that can be done in this element are bounded. 

The working conditions of the fan are two: 

• The rotational speed (N) of the fan, which is set by the nominal rotational 

speed of the machine. 

• The hydraulic resistance (Rh) of the primary circuit. As explained before in 

Figure 6.2, the intersection between the characteristic curve of the fan and 

the curve of the hydraulic resistance of the primary circuit determines the 

working point of the fan, which sets a specific airflow within the machine. 

The manufacturing restrictions limit the kind of fan that could be mounted in the 

cooling system. It is worth mentioning that the external diameter of the fan (D2) and 

the maximum fan width (bmax) are limited by the dimension of the machine. 

With these limitations in mind, a sensitivity analysis of the fan is performed in section 

6.3. 

6.1.3 The heat exchanger 

The heat exchanger in IC81W cooling systems for marine power conversion 

application consists commonly of air to water finned coil heat exchangers, as shown 

in Figure 6.3. 
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Figure 6.3. Finned U tube air cooled heat exchanger from [142]. 

These heat exchangers have a big heat evacuation capacity and do not represent a 

considerable hydraulic resistance for the whole system. Their design is performed 

always imposing a certain airflow and an amount of heat dissipation. Therefore, it is 

not a limiting element for this kind of application and has been left out of the study. 

From now, it is supposed that the heat exchanger evacuates all the heat absorbed 

by the airflow in the primary circuit, except for the heat evacuated by natural 

convection from the housing. This way, the air at the entrance of the primary circuit 

is supposed to be at ambient temperature. 

Although it is not a limiting element, a deeper study of the heat exchanger should be 

performed because a poor design of the heat exchanger could be very detrimental 

for the thermal performance of the machine. Therefore, a better understanding of 

this element could prevent this kind of situations. 

6.1.4 Design methodology 

Once both the fan and the primary circuit are analysed, a design methodology for 

this kind of cooling system is presented in this chapter. This procedure is examined 

in more detail in section 6.4. 
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6.2 THE PRIMARY CIRCUIT 

The objective of this analysis is to draw some design criteria for the primary circuit 

of IC81W cooling systems, with the aim of minimizing the temperatures of the active 

parts in the machine. 

For this purpose, a generic electrical machine using average values from the 

machines tested in chapter 5 is defined, and it is described in section 6.2.1. Thus, 

the criteria obtained for this generic machine could be generalized to any kind of 

machine with an IC81W cooling system. As this is not a real machine, there is not a 

fan designed for this case and an approximation of a fan under the working 

conditions presented below is estimated. This way, the effect on the airflow rate of 

different parameters defining the primary circuit could be examined. 

The study is centred on the cooling ducts in the active parts of the machine (the axial 

and radial ducts in the stator), which are the main way of heat evacuation in the 

system. Other parameters, such as dimensions at the inlet and the outlet of the 

primary circuit, housing widths or distances between different elements are not 

analysed because manufacturing processes or mechanical restrictions usually 

constrain these parameter values. In this regard, rotor axial ducts are not analysed 

because they are also delimited by the electromagnetic design. 

This work is conducted using the analytical thermal model developed in chapter 5. 

6.2.1 Description of the generic machine 

As stated previously, a generic machine is presented in this section as the starting 

point of the analysis performed. The characteristics of this generic machine is set 

using the values from the tested machines in chapter 5 as a reference (Figure 6.4 

shows its topology). As can be seen in Figure 6.4, the heat exchanger is excluded 

from this study. Therefore, the air at the inlet of the primary circuit is supposed to be 

always at ambient temperature (25 ºC). 
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Figure 6.4. Topology of the generic machine. 

The main dimensions of the generic machine are presented in Table 6.1 

Table 6.1. Main parameters defining the generic machine. 
Parameter Value Units 

Speed of rotation 1000 rpm 
Stator external diameter 1200 mm 
Rotor external diameter 900 mm 

Stator length 800 mm 
Pole pairs 4 - 

Stator end winding length 200 mm 
Number of radial ducts 5 - 

Width of the radial ducts 10 mm 
Number of axial ducts 12 - 
Height of axial ducts 55 mm 

6.2.1.1 Working conditions 

The working conditions are the same for all the cases analysed in this section and 

are described in Table 6.2. 



176 Chapter 6: IC81W optimization  

 

Table 6.2. Working conditions for the analysis of the primary circuit. 

Parameter Value Units 
Ambient temperature 25 ºC 
Stator Joule losses 24 kW 
Rotor Joule losses 10 kW 
Stator Fe losses 21 kW 
Rotor Fe losses 1 kW 

6.2.1.2 Assumption for the fan 

As commented, there is no fan designed for the machine in the early stages of the 

design process, consequently some assumptions for the fan are needed for the 

design of the primary circuit. 

Therefore, the characteristic curve of a fan from [143] is obtained and adapted to this 

specific situation using fan affinity laws [144]. In this regard, the values of pressure 

(P2) are adjusted with the rotational speed and the external diameter of the machine 

of study by using the values from the fan from [143] (P1), as shown in Equation 6.2 . 

P2 = P1 ∙ �
N2

N1
�
2

∙ �
D2

D1
�
2

 Equation 6.2 
 

Finally, the resulting characteristic curve of the fan employed in this study is 

represented in Figure 6.5. 

 

Figure 6.5. Characteristic curve of the fan employed in this analysis. 
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6.2.2 Stator axial ducts 

In this section, the effect of the geometry of the stator axial ducts on the cooling 

system is analysed. To perform it, the analytical thermal model developed in chapter 

5 is employed. Therefore, two parameters defining these ducts are examined (Figure 

6.6): 

• The number of axial ducts (Nduct,ax). 

• The height of the axial ducts (hduct,ax). 

 

Figure 6.6. Parameters defining the axial ducts in the stator. 

6.2.2.1 Number of axial ducts 

Bearing in mind the positive effect of increasing the contact surface between the 

stator stack and the airflow, this value is kept constant during the analysis in order 

to obtain a fair comparative between different numbers of axial ducts. The effect on 

the airflow rate and the temperatures inside the machine is described in Figure 6.7 

and Figure 6.8, respectively. 
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Figure 6.7. Effect of the number of axial ducts on the total airflow rate in the machine. 

 

Figure 6.8. Effect of the number of axial ducts on the mean temperature rise in different parts of 
the machine. 

As can be seen in Figure 6.7 and Figure 6.8, neither the airflow rate nor the 

temperatures in the active parts are affected by the variation of this parameter. 

As there is not a variation of the total cross sectional area of the axial ducts when 

varying their number, the hydraulic resistance in the circuit remains almost constant 

and consequently, the airflow rate also stays uniform. In a similar way, as there is no 

variation in neither the airflow rate nor the air speed, and the contact surface area 

between the stator and air remains invariable, the temperatures do not change. 

However, reducing the number of axial ducts could have its drawbacks. Temperature 

distribution among the circumferential axis may be affected by the variation of the 
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number of ducts. As the analytical thermal model assumes there is no heat flux in 

the circumferential direction (in order to reduce the computational time and simplify 

the thermal network), a deeper analysis of this phenomenon using CFD techniques 

should be needed to get more insight in this field. 

6.2.2.2 Height of the axial ducts 

The effect of this parameter in the temperatures of the active parts is also examined 

with the analytical thermal model developed in chapter 5. 

This study is performed analysing the thermal behaviour of the generic machine, 

presented in section 6.2.1, with different duct heights (from 5 mm to 90 mm duct 

height, analysing the behaviour every 5 mm). 

Therefore, Figure 6.9 presents the effect of this variable on the total airflow rate in 

the machine and the speed of air in the stator axial ducts 

 

Figure 6.9. Total airflow rate and air speed in the stator ducts as a function of the stator axial 
duct height. 
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As can be seen, although the hydraulic resistance of the primary circuit is reduced 

as the duct height increases, the speed of air is also reduced, which will be prejudicial 

for the thermal behaviour of the machine. As the speed of air is reduced, the 

convective thermal resistance between the active parts and the air in the stator axial 

ducts increases, which will be traduced in an increase of the temperatures of the 

active parts. 

Admitting that, the thermal optimization would lead the designer to reduce the duct 

height as much as possible. However, there is another effect that should be taken 

into account: the temperature rise of the air inside the machine. 

As seen in Figure 6.9, as the duct height is reduced the total airflow rate is also 

reduced, which will be traduced in an increase of the air temperature at the outlet of 

the machine, as described in Figure 6.10. 

 

Figure 6.10. Temperature rise of air inside the machine as a function of the stator duct height. 
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• Maximization of the speed of air in the stator axial ducts. 

• Minimization of the temperature rise of the air inside the machine. 

With this in mind, Figure 6.11 describes the thermal behaviour of the active parts as 

a function of the duct height, where the optimum configuration to minimize the 

temperatures in the stator winding is found at 30 mm duct height. 

 

Figure 6.11. Temperature rise of the active parts as a function of the stator duct height. 
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(a) (b) 

Figure 6.12. Different duct disposition: a) Equidistant; b) Geometric progression. 

6.2.3.1 Number and width of the radial ducts 

These two parameters are analysed considering a constant ventilation length in the 

stator stack (that is the product between the number and the width of the radial 

ducts), which is the only way of making a fair comparison between different cooling 

configurations in the stator stack. 

As the generic machine has initially five radial ducts of 10 mm width, a ventilation 

length of 50 mm is considered for all the configurations analysed (described in Table 

6.3). In addition, an equidistant disposition of the radial ducts is assumed for this 

analysis. From this moment onwards, the number of ducts characterizes each 

cooling configuration (the duct width is shown in Table 6.3 as a function of the 

number of ducts). 

Table 6.3. Different cooling configurations for the analysis. 
Number of ducts Duct width (mm) 

1 50 
2 25 
3 16.67 
4 12.5 
5 10 
6 8.33 
7 7.14 
8 6.25 
9 5.55 
10 5 

 

To determine the optimum configuration, four different variables are analysed in the 

analytical thermal model: 
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• Two variables in the stator stack: The mean temperature rise and the 

maximum temperature rise. 

• Two variables in the stator winding: The mean temperature rise and the 

maximum temperature rise. 

As can be seen in Figure 6.13, as the number of axial ducts increase, the 

temperatures in the active parts of the machine decrease. As the number of ducts 

increases, the contact surface between the stator stack and the air inside the 

machine will be higher, improving the cooling capabilities of the system. 

 

Figure 6.13. Influence of the number of radial ducts on the temperature rise of the active parts. 

In addition, it should be noted that all the configurations have higher temperatures 

at the final stacks, as can be seen in Figure 6.14, where stack 1 represents the stack 

where airflow enters. 
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Figure 6.14. Temperature rise for all the stator stacks in different cooling configurations. 

Although the positive effect of increasing the number of ducts on the temperatures 

observed in Figure 6.13 and Figure 6.14, some drawbacks of this study should be 

mentioned: 

• Discretization of the thermal network: Only one node is employed to 

represent the air between stator stacks in each of the ventilation stacks. 

Consequently, air in this zone could be hotter than the value obtained in the 

analytical model, obtaining a worse thermal performance. In this regard, 

CFD simulations could provide more information of the thermal behaviour in 

this zone. 

• Economic effect: The increase of radial ducts is directly translated in an 

increase of the cost and time of the manufacturing process. Therefore, a 

detailed economic study could be of interest to select the most beneficial 

design. 
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6.2.3.2 Disposition of the radial ducts 

As seen in Figure 6.14, the stator stacks at the end of the hydraulic circuit use to be 

hotter than the stacks near the airflow entrance. This phenomenon seems 

reasonable because the air gets hotter as it passes through the stator stacks, so the 

convective heat transfer is reduced. 

In order to avoid a thermal gradient in the axial direction, the stator radial ducts are 

sometimes disposed following a geometric progression. 

However, the common ratio of this progression is not constant for all the 

configurations and it is usually defined according to the number of radial ducts, 

having higher common ratios (CR) for a low number of radial ducts and low common 

ratios for a high number of radial ducts. 

In this section, the common ratio of the geometric progression is analysed in detail 

for different number of ducts, obtaining an optimum value for different configurations. 

Therefore, the machines from the previous study (section 6.2.3.1) described in Table 

6.3 are analysed with different common ratios (1, 1.2, 1.4, 1.6, 1.8 and 2). In this 

regard, the length of the last stator stack (lfe-Nduct,rad+1) is obtained using Equation 6.3 

and the rest of stator stacks (lfe-x) are obtained with Equation 6.4. 

lfe−Nduct,rad+1 = lfe,s
CR − 1

CR
(Nduct,rad+1) − 1

 Equation 6.3 
 

lfe−x = lfe−x+1 ∙ CR Equation 6.4 
 

Where Nduct,rad consists of the number of radial ducts and lFe-x+1 the length of the 

stator stack in front of lFe-x. 

As can be seen in Figure 6.15 and Figure 6.16, the temperature difference in the 

axial direction for the stator stack and the stator winding will vary depending on the 

common ratio of the geometric progression. 
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Figure 6.15. Stator stack temperature differences in the axial direction for different common 
ratios and number of radial ducts. 

 

Figure 6.16. Stator winding temperature difference in the axial direction for different common 
ratios and number of radial ducts. 

The minimization of the temperature difference will have a direct effect on the 

maximum temperatures also, minimizing the hotspots in the machine. This 
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phenomenon is depicted in Figure 6.17 and Figure 6.18 for the stator stack and the 

stator winding, respectively. 

 

Figure 6.17. Stator stack maximum temperature rise for different common ratios and number of 
radial ducts. 

 

Figure 6.18. Stator winding maximum temperature rise for different common ratios and number 
of radial ducts. 
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As can be seen, the optimum common ratio differs from cooling systems with low 

number of radial ducts to cooling systems with high number of radial ducts. 

Therefore, three different groups are distinguished looking at the most critical part of 

the system, the stator winding: 

• Cooling systems with one radial duct: High common ratios (between 1.4 and 

1.8) minimize the hotspot temperatures and reduce the temperature 

difference in the axial direction, becoming the best choice for design. 

• Cooling systems with two radial ducts: Low common ratios (between 1 and 

1.4) are the best option for this kind of systems. 

• Cooling systems with more than two radial ducts: A 1.2 common ratio is the 

best choice to minimize hotspot temperatures. Higher common ratios could 

be detrimental for the thermal performance of the system. 
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6.3 THE FAN 

The analysis of this element is conducted through CFD simulations. In this sense, 

the main parameters defining the geometry of the fan have been analysed with the 

statistical technique of Design of Experiments (DoE) [128]. 

The design methodology is presented first, explaining the assumptions imposed, the 

characteristics of the DoE and the objective of the analysis. Then, the most important 

features of the parametrized CFD model are shown. Finally, the results obtained are 

exposed. 

6.3.1 Analysis procedure 

The analysis procedure presented in this section is widespread among researchers 

in this field obtaining very interesting results for centrifugal fans [145,146]. 

As it is stated previously, the working conditions and the geometrical limitations must 

be known for a correct design of the fan. Consequently, the required inputs are listed 

below: 

• The hydraulic resistance of the primary circuit (Rh). 

• The nominal rotational speed of the machine (N). 

• The maximum external diameter (D2). 

• The maximum width (bmax). 

• The shaft diameter (Dshaft). 

The first two inputs (Rh and N) determine the working conditions of the fan and the 

rest of them (D2, Dshaft and bmax) set the geometric limitations. First, an analytical 

approach is performed obtaining some parameters for the definition of the optimum 

geometry. Then, a DoE is performed using CFD techniques. 
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6.3.1.1 Type of centrifugal fans 

There are many types of fans depending on the application. In Figure 6.19, the most 

common topologies depending on the kind of blade are presented. 

(a) (b) (c) (d) (e) (f) 

      

Figure 6.19. Type of blades for centrifugal fans (rotating clockwise): a) Radial; b) Backward 
inclined; c) Forward inclined; d) Radial tip; e) Backward curved; f) Airfoil. 

As mentioned before, this study is performed in the frame of a project involving 

industrial partners. Consequently, the sensitivity analysis was oriented from the 

beginning to the type of fans these partners are able to manufacture in their facilities. 

This is the case of centrifugal fans with backward inclined blades, which are one of 

the most popular kind of fans for these kind of machines (Image b from Figure 6.19). 

However, this procedure could be extended to any other topology presented in 

Figure 6.19. 

A centrifugal fan with backward inclined blades is geometrically defined by the 

following parameters (which are depicted in Figure 6.20): 

• External diameter (D2). 

• Internal diameter (D1). 

• Shaft diameter (Dshaft). 

• Inner width of the blade (b1). 

• Outer width of the blade (b2). 

• Inclination of the blade (β). 

• Number of blades (zblades). 
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Figure 6.20. Parametrization of a centrifugal fan with backward inclined blades. 

From these parameters, D2 and Dshaft are defined by the dimensions of the machine. 

D2 is always maximized because it is directly related with the airflow, as D2 grows 

the airflow will increase, and vice versa. On the other hand, Dshaft is fixed due to 

mechanical limitations imposed by the electrical machine. Therefore, the sensitivity 

analysis is focused on the remaining five parameters (zblades, D1, b1, b2 and β). 

These five parameters would lead to a DoE with a high number of design points. 

Therefore, the computational time required to simulate all of them via CFD would be 

excessive, hence a previous analytical approach is performed with the objective of 

determining the optimum number of blades (zblades). Consequently, the number of 

input parameters in the DoE is reduced to four (D1, b1, b2 and β). 

6.3.1.2 Analytical approach 

For this analytical approach, the formulation exposed for centrifugal fans in [130] by 

B. Eck has been developed in the commercial software Microsoft Excel 2013 [147] 
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with the primary objective of obtaining the number of blades for the design. In this 

approach, the following data is included: 

• The elementary streamline theory developed by Euler: Obtaining the basic 

velocity triangles at the inlet and outlet of the fan and the relation between 

the theoretical pressure and the airflow through the fan. 

• The fluid flow in the blade passages and the influence of a finite number of 

blades. 

In this regard, the number of blades is set according to the minimum blade number 

to ensure reasonable flow of the streamlines so that no separation occurs (Equation 

6.) proposed by [130]. 

zblades =
8,5

1 − rint rext�
 Equation 6.5 

 

6.3.1.3 DoE 

As it is commented before, once the number of blades are defined, there are still four 

parameters to examine (described in Figure 6.20): 

• Inner width of the blade (b1). 

• Outer width of the blade (b2). 

• Inclination of the blade (β). 

• Internal diameter (D1). 

A limitation with the commercial software Ansys FLUENT 16.2 [126] originated a 

constraint in the study and the internal diameter (D1) had to be analysed 

independently. This way, three different DoE were performed, each of them with a 

constant internal diameter, as it is described in Equation 6.5. 

�
0.8 ∙ D1

D1
1.2 ∙ D1

 Equation 6.5 
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The value of D1 is selected in order to ensure no separation of flow in the entrance. 

One of the alternatives recommended by [130] is to equalise the inlet area to the fan 

and the inlet area to the blade, obtaining Equation 6.6. 

D1
2 + 4 ∙ bmax ∙ D1 + Dshaft

2 = 0 Equation 6.6 

This way, three DoE are performed, each of them with a constant D1 defined from 

previous formulation.  

The goal of each DoE is to obtain the effect of three parameters (b1, b2 and β) on 

the selected outputs (the airflow rate and the efficiency). In this case, the Central 

Composite Design (CCD) configuration has been employed for the study. 

The CCD designs are five-level fractional factorial designs that are suitable for 

calibrating the quadratic response model. In this regard, an example of a two 

parameters CCD is shown in Figure 6.21. 

 

Figure 6.21. Example of a CCD of two input parameters f = 0. 

As can be seen in Figure 6.21, a CCD consists of: 

• A centre point. 

• 2∙n (being n the number of parameters) axis points located at the –a and +a 

positions (0<a<1) on each axis of the selected input material. 
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• 2(n-f) factorial points located at the -1 and +1 positions along the diagonal of 

the input parameter space. 

Where f is called the factorial, which is use in order to restrict the number of design 

points to a reasonable number (some diagonal points are not included based on the 

factorial f).The value of f is defined by the commercial software Ansys DesignXplorer 

[129]. 

The boundaries of each input parameter are defined according to the following 

criteria: 

• Inner width of the blade (b1): The maximum value is set according to the 

maximum width (bmax) imposed by the geometric limitations of the machine. 

The minimum value however, is set to a 60% of bmax (Equation 6.7). 

0.6 ∙ bmax < b1 < bmax Equation 6.7 

• Outer width of the blade (b2): The maximum value is set according to b1 and 

the minimum value however is set to a 60% of b1 (Equation 6.8). 

0.6 ∙ b1 < b2 < b1 Equation 6.8 

• Inclination of the blade (β): This value is set according to experience and it 

is delimited as can be seen in Equation 6.9. 

25° < β < 45° Equation 6.9 

For the application of the CDD, the design points obtained from each D1 stablished 

is described in Table 6.4. 
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Table 6.4. Design points obtained for each DoE performed 
Design point β (º) b2 (% of b1) b1 (% of bmax) 

1 35 0.8 0.8 
2 25 0.8 0.8 
3 45 0.8 0.8 
4 35 0.6 0.8 
5 35 1 0.8 
6 35 0.8 0.6 
7 35 0.8 1 
8 26.87 0.637 0.637 
9 43.13 0.637 0.637 
10 26.87 0.963 0.637 
11 43.13 0.963 0.637 
12 26.87 0.637 0.963 
13 43.13 0.637 0.963 
14 26.87 0.963 0.963 
15 43.13 0.963 0.963 

 

The goal of this parametric study is to obtain the optimum fan configuration for the 

initial working conditions and the geometric limitations described before. Therefore, 

the outputs in this study are the following: 

• Output power (Pw): The required power to move the fan in kW. 

• Airflow rate (Q): The airflow rate for a given working condition in m3/s.  

• Static pressure (ΔPStat): The static pressure generated by the fan in Pa. 

These outputs lead to the total to static efficiency of the fan (ηt-s), which is defined in 

Equation 6.10. 

ηt−s =
∆PStat ∙ Q

Pw
 Equation 6.10 

Consequently, this procedure is centred on maximizing the efficiency and the airflow 

rate in the fan (which is directly related with the pressure gain). Finally, all the 

generated data from the three set of experiments is analysed in the commercial 

software Minitab 17 [135] and the optimum configuration is obtained. 
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With this in mind, the main properties of the CFD model are described in the next 

section and finally, the results and conclusions of this process are presented for three 

different design situations. 

6.3.2 Computational Fluid Dynamics Model 

The results presented later from the simulations are based on the assumption that 

CFD simulations can accurately represent the real behaviour inside the fan. For this 

reason, in this section the CFD model is described in detail. Firstly, giving the most 

relevant aspects of the geometry and its discretization. Then, providing information 

about the mathematical model, that is, explaining the main features of the CFD 

model itself. 

6.3.2.1 Geometry 

A very detailed geometry could lead to very time consuming simulations, therefore 

some simplifications have been performed in the model, which consists of the 

volume of fluid shown in Figure 6.22.  

 

Figure 6.22. Modeled fan with the flow domain included. 
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The most important simplifications are listed and explained below: 

• Inlet: Modelled as an inlet vent, which is equivalent to a velocity inlet with a 

non-dimensional pressure loss. Many authors in the literature propose this 

kind of modelization obtaining very good agreements with experimental 

results [148-154]. 

• Outlet: Some researchers from the literature recommend a volute for the 

outlet of the fan [148-154]. The outlet is modelled with a pressure outlet at 

the end of the volute. As there is no volute in this application, the outlet is 

modelled as it is depicted in Figure 6.23 (in purple). 

• Periodicity: In order to reduce computational time, periodicity is assumed 

between blades (depicted in blue in Figure 6.23), assuming continuity of the 

flow and its derivative between periodic surfaces. 

 

Figure 6.23. Flow domain modelled. 

6.3.2.2 Mathematical model 

The flow path can be obtained by solving the governing differential equations 

restricted to the boundary conditions inside the flow domain. 
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6.3.2.2.1 Flow domain 

The computational flow domain consists of the air inside the fan (Figure 6.23), 

delimited by the internal surfaces of the solids conforming this element (the shaft, 

the blade, the shroud and the hub).  

A high quality tetrahedral mesh is used in the discretization of the computational 

domain. The number of cells is of the order of 5·106 elements. For the mesh in the 

fluid zone in contact with the solids an inflation is included (consisting of a 10 cells 

layer grid assuring that the computed y+ < 5). Furthermore, skewness and 

orthogonal quality standards are far below what is recommended by software 

developers. 

6.3.2.2.2 Governing equations 

Some previous analytical estimations of the Re number were made in order to know 

the most suitable flow regime. These estimations indicate the existence of a turbulent 

regime in the flow domain. Taking the above into account, the steady-state Reynolds 

Average approach of the Navier-Stokes (RANS) equations (Equation 6.11 and 

Equation 6.12) are used to include turbulence effects in the mean flow variables. 

∂
∂xj

(ρ ∙ Uj) = 0 Equation 6.11 
 

∂
∂xj

�ρ ∙ Ui ∙ Uj� = −
∂p
∂xi

+
∂
∂xj

�τij − ρ ∙ uı ∙ uȷ�������� + SM Equation 6.12 
 

The standard k-ε model is the turbulence model selected for this study, mainly 

because is the most widespread model in the literature [150-153]. In addition, a two-

layer approach and the one-equation model by Wolfstein [121], which deals with 

turbulence modelling near the walls, has been adopted. 
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6.3.2.2.3 Boundary conditions 

The flow boundary conditions needed for the complete setup of the model consist of 

the density of air (set to 1.067 kg/m3) and the following boundary conditions: 

• Inlet-vent: Applied to the surface in red in Figure 6.23. It models intake fan 

with a specified loss coefficient, flow direction and ambient pressure. The 

loss coefficient (kadim) is obtained from the hydraulic resistance (Rh) of the 

primary circuit of the machine analysed, using Equation 6.13 (where ρ is the 

air density and Ainlet the area at the entrance of the flow domain). In addition, 

a turbulent intensity of 5% and a turbulent viscosity ratio of 10 is stablished. 

kadim =
2 ∙ Rh ∙ Ainlet

2

ρ
 Equation 6.13 

• Pressure-outlet: Applied to the purple surface in Figure 6.23. The static 

pressure at the outlet boundary is defined to 0 Pa, which is interpreted as 

the static pressure of the environment into which the flow exhausts. For this 

surface, a backflow turbulent intensity of 5% and a backflow turbulent 

viscosity ratio of 10 is assumed. 

• Periodic condition: Periodicity is assumed in the blue surfaces from Figure 

6.23, representing only one blade passage. Therefore, the periodicity 

coincides with the number of blades, where the flow entering the 

computational model through one periodic surface is identical to the flow 

exiting the domain through the opposite periodic surface. 

• Wall: Applied to the grey surfaces from Figure 6.23, no slip condition is 

assumed in these surfaces. For the turbulence, smooth walls for the shear 

stress calculation are assumed. 

• Rotation to the flow domain of the blade: A rotation to the flow domain in 

yellow colour is given (Figure 6.24). 
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Figure 6.24. Flow domains identified in the model (Grey – inlet; Yellow –blade; Green – outlet). 

6.3.2.2.4 Discretization and resolution 

The Finite Volume Method (FVM) is applied to discretize the differential equations of 

the mathematical model described above, using a segregated implicit solver to solve 

the generated algebraic equation system. Equations are linearized and then 

sequentially solved using the Gauss-Seidel algorithm accelerated by an algebraic 

multigrid method [122]. The pressure-velocity coupling is achieved through the use 

of the SIMPLE algorithm [123]. Diffusive terms of the equations are discretized using 

a second-order scheme, and the convective terms are discretized using a second 

order upwind scheme [124]. 

The mathematical model has been solved in an HP Z230 Tower Workstation with 28 

GB of RAM memory, with 8 processors of 3.5 GHz. All this numerical procedure has 

been implemented in the unstructured CFD code ANSYS Fluent v16.2 [126]. 
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6.3.2.2.5 Convergence criteria 

Two parameters determine whether the convergence is achieved. First, a decrease 

of three orders of magnitude of the values for the scaled residuals of the equations, 

maintaining values below 10-3 for the mass, momentum and turbulent equations. 

Secondly, the air volumetric flow rate must be constant through iterations. 

6.3.2.2.6 Grid independency 

The grid independency of the mathematical model results has been checked by 

means of the Grid Convergence Index (GCI), based on the Richardson Extrapolation 

method [127]. This value is used to determine the discretization error by comparing 

the results for three different meshes. The first mesh (N1: 4.986.133 elements) is the 

finest, the second case (N2: 2.792.086) represents an intermediate grid level and 

the third case (N3: 613.786) is for the coarse mesh. The resulting refinement factors 

are r21 = 1.345 and r32 = 1.495. 

Two results from the model’s simulations have been selected in order to evaluate 

the discretization error: The total pressure difference between the inlet and the outlet 

and the torque produced in the blades. The results of the evaluation are presented 

in Table 6.5. These results show that the assumed discretization error is low enough 

if the fine mesh, N1, is chosen for the mathematical model. 

Table 6.5. Grid independency analysis for the three meshes. 
  Total pressure (Pa) Torque (N·m) 

Variable Values 
ϕ_1 1373.94 -3.99 
ϕ_2 1341.25 -4.67 
ϕ_3 1246.16 1.1 

Absolute differences 
α_21 32.69 0.68 
α_32 95.09 5.87 

Grid convergence 
index (%) 

GCI21 0.0 13.49 
GCI32 0.0 60.51 

 

Although the grid convergence index (GCI) may seem a bit high for the variable of 

Torque, computational time limitations prevent the author from using a finer mesh. 
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6.3.3 Results 

In this section, the design methodology proposed before is applied to design fans for 

specific machines. Alconza S. L. provided geometries of different machines with the 

primary objective of maximizing the airflow inside the machine and the efficiency of 

the fan.  

Although a deeper analysis of the fluid should be needed for the analysis of each 

design point (DP), there are too many design points to make an individual analysis 

of each DP, so the outputs presented in section 6.3.1.3 are used as the reference 

for design. In this regard, the analysis of the behaviour of the flow in the leading edge 

of the blade (Figure 6.25) or the appearance of possible back flows or separation of 

flows (Figure 6.26) in the flow domain is not included in this section. 

Therefore, this section presents the analysis procedure of fans for three different 

machines (Case A, case B and case C from now). 

 

Figure 6.25. Velocity vectors (in m/s) of a cutaway view of the model, with a zoom in the leading 
edge of the blade. 
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Figure 6.26. Air streamline showing the separation of flow arising from a bad design. 

As stated previously, the design of the fan is conditioned by the geometric restrictions 

and the working conditions. Consequently, the machines are examined with the 

analytical hydraulic model developed in chapter 3, in order to obtain the hydraulic 

resistance of the primary circuit (Rh-system). Table 6.6 describes the initial 

requirements. 

Table 6.6. Three different design situations studied. 
  Case A Case B Case C 

Working 
conditions 

N (rpm) 1000 1000 1800 
Rh-system (kg/m7) 265.11 117.35 120.72 

Geometric 
limitations 

D2 (m) 0.83 0.905 0.905 
Dshaft (m) 0.2 0.23 0.22 
bmax (m) 0.154 0.159 0.159 

 

First, as stated in section 6.3.1.2, an analytical approach to obtain the optimum 

number of blades is performed, obtaining the following results for each machine 

(Table 6.7). 
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Table 6.7. Results from the initial analytical calculation. 
 Case A Case B Case C 

Zblades 23 23 17 
 

Secondly, the data obtained from the different DoEs performed for each of the 

machines is collected and examined. The result is a second order model for the 

response variables identified (the efficiency and the airflow rate). The quality of this 

statistical model is measured with the coefficient of determination (R2), which 

represents a number (between 0 and 1) that indicates the proportion of the variance 

in the dependent variable that is predictable from the independent variables. 

The results obtained are shown in the following sections, where the effects of the 

main parameters in the efficiency and the airflow rate are displayed. Also, the 

contours of the efficiency vs different input parameters are analysed. Finally, the 

optimum design point for each case is presented. 

6.3.3.1 Case A 

The statistical models developed from the DoEs in this case showed a R2 of 0.84 

and 0.92 for the airflow rate and the efficiency, respectively. It should be mentioned 

that the data presented from now are based on these statistical models, 

consequently a verification process should be necessary for final designs in order to 

avoid possible discrepancies. 

First, the main effects of the input parameters on the airflow rate and the efficiency 

are presented in Figure 6.27 and Figure 6.28, respectively. 
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Figure 6.27. Main effects of the input parameters on the airflow rate for case A. 

 

Figure 6.28. Main effects of the input parameters on the efficiency for case A. 

As can be seen in these figures, the deviation from the mean value in the airflow rate 

is about ±3.3% (1.50*(1±0.033)), which is much lower than the deviation in the 

efficiency (±17.2%). This is the consequence of limiting the external diameter of the 

fan and the rotational speed as a constraint in the design, which are the parameters 

affecting most the airflow rate.  

As the maximization of the airflow rate is really limited, the design process will be 

focused on maximizing the efficiency of the fan. Therefore, the contours of the 

efficiency as a function of b1 and b2 are presented in Figure 6.29. Then, the efficiency 

as a function of D1 and β is shown in Figure 6.30.  



206 Chapter 6: IC81W optimization  

 

 

Figure 6.29. Contours of the efficency vs b1 and b2 for case A. 

 

Figure 6.30. Contours of the efficency vs D1 and β for case A. 

From these plots, two effects outstand from the rest: 
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• The combined effect of the minimization of b1 and the minimization of b2 

maximizes the efficiency. 

• The combined effect of the minimization of β and the maximization of D1 

maximizes the efficiency. 

Based on the information from previous figures, the selected design is described in 

Table 6.8. The aim of the design consisted of maximizing the efficiency, so: 

• The variable D1 is maximized. 

• The variables b1, b2 and β are minimized. 
Table 6.8. Optimized design for case A. 
 Value Units 

D1 550 mm 
b1 92.4 mm 
b2 55.4 mm 
β 26 º 

Zblades 23 - 
 

Finally, the performance of the selected fan under the working conditions described 

in Table 6.6 is shown in Table 6.9. 

Table 6.9. Performance of the designed fan for case A. 
 Value Units 

Airflow rate 1.48 m3/s 
Static pressure 595.83 Pa 

Efficiency 47.56 % 

6.3.3.2 Case B 

The statistical models developed from the DoEs in this case showed a R2 of 0.86 

and 0.94 for the airflow rate and the efficiency, respectively. 

As it is done in case A, the main effects of the input parameters on the airflow and 

the efficiency are shown in Figure 6.31 and Figure 6.32, respectively. 
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Figure 6.31. Main effects of the input parameters on the airflow rate for case B. 

 

Figure 6.32. Main effects of the input parameters on the efficiency for case B. 

As it happens in case A, in these figures the deviation from the mean value in the 

airflow (±6,4%) is lower than the deviation in the efficiency (±25%), which is also the 

result of limiting the external diameter and the speed of rotation. 

As a consequence, the design is also focused on maximizing the efficiency. 

Therefore, the contours of the efficiency as a function of b1 and b2 are presented in 

Figure 6.33. Then, the efficiency as a function of D1 and β is shown in Figure 6.34. 
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Figure 6.33. Contours of the efficency vs b1 and b2 for case B. 

 

Figure 6.34. Contours of the efficency vs D1 and β for case B. 
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Following the same criteria of case A, the selected design (Table 6.10) maximizes 

the efficiency of the fan, increasing the overall performance of the system. 

Table 6.10. Optimized design for case B. 
 Value Units 
D1 650 mm 
b1 127.2 mm 
b2 101.8 mm 
β 20 º 

Zblades 23 - 
 

Also, the performance of the selected fan under the working conditions described in 

Table 6.6 is shown in Table 6.11. 

Table 6.11. Performance of the designed fan for case B. 
 Value Units 

Airflow rate 2.49 m3/s 
Static pressure 739.8 Pa 

Efficiency 53.37 % 

6.3.3.3 Case C 

The statistical models developed from the DoEs in this case showed a R2 of 0.83 

and 0.75 for the airflow rate and the efficiency, respectively. 

As it is done in previous cases, the main effects of the input parameters on the airflow 

and the efficiency are shown in Figure 6.35 and Figure 6.36, respectively. 

As the blades with a reduced width shown a better performance in cases A and B, 

the range of study of the blade widths (b1 and b2) is limited between 0.5 and 0.9 for 

this case (instead of 0.6 and 1, which were the limits for the first two cases). 
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Figure 6.35. Main effects of the input parameters on the airflow for case C. 

 

Figure 6.36. Main effects of the input parameters on the efficiency for case C. 

As it happens in cases A and B, in these figures the deviation in the airflow (±6%) is 

lower than the deviation in the efficiency (±10%), which is also the consequence of 

limiting the external diameter and the speed of rotation. 

Accordingly, the design is focused on maximizing the efficiency of the fan, so the 

contours of the efficiency as a function of b1 and b2 are presented in Figure 6.37 as 

well. Also, the efficiency as a function of D1 and β is shown in Figure 6.38. 
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Figure 6.37. Contours of the efficency vs b1 and b2 for case C. 

 

Figure 6.38. Contours of the efficency vs D1 and β for case C. 
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The blade widths (b1 and b2) and the inclination of the blade (β) have the same effect 

as in previous cases. Furthermore, it seems that the increase of D1 has a positive 

response in the efficiency of the fan. 

Also, as it happened in previous cases, the selected design maximizes the efficiency, 

increasing overall performance of the system (the design is described in Table 6.12). 

Table 6.12. Optimized design for case C. 
 Value Units 

D1 650 mm 
b1 111.3 mm 
b2 77.91 mm 
β 20 º 

Zblades 17 - 
 

Finally, the performance of the selected fan under the working conditions described 

in Table 6.6 is shown in Table 6.13. 

Table 6.13. Performance of the designed fan for case C. 
 Value Units 

Airflow rate 4.55 m3/s 
Static pressure 2548.74 Pa 

Efficiency 52.30 % 
 

Besides these three cases, another four cases have been also examined, 

developing a second order statistical model for each of them. The conclusions 

obtained from each of the cases are the same and are shown below: 

• The airflow rate in the fan is imposed by the working conditions and the 

geometrical restrictions, and little enhancements could be performed on this 

variable. 

• The optimization process is focused on maximizing the efficiency of the fan. 

It is worth mentioning that this improvement in the efficiency increases the 

overall performance of the machine.  
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• The minimization of b1, b2 and β increase the efficiency of the fan in all the 

cases. This is a result of the reduction of the torque produced in the blades 

and consequently, a decrease in the input power to the fan. 

• The maximization of D1 improves the efficiency of the fan for the same 

reason that is described for the minimization of b1, b2 and β. 

Finally, it should be mentioned that an optimization of the selected design point in 

each case of study should be needed for the minimization of possible back flows in 

the flow domain. This way, the fan could be optimized for the specified working 

conditions. 
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6.4 DESIGN METHODOLOGY 

This section describes a design methodology for the IC81W cooling system, which 

is based on the results obtained from the previous sections for the primary circuit 

and the fan. 

The design methodology is presented in Figure 6.39, which is divided into 6 major 

steps that will be explained in detail in the following sections. 

 

 

Figure 6.39. Design methodology for the IC81W cooling system. 
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6.4.1 Step 1: Identification of the objective temperature 

Given an electromagnetic design, where the active parts of the machine are already 

defined, a working temperature should be defined for the machine under nominal 

conditions. In this regard, for this kind of cooling systems, where reliability is the first 

objective of the electrical machine, the maximum temperature is usually limited to 

120, 155 or 180 ºC, which correspond to an E, F or H thermal class [117], 

respectively. 

The necessary information from the electromagnetic design to achieve an optimum 

cooling system consists of: 

• The complete geometry of the windings and stacks in the rotor and the 

stator. 

• Power losses in the active parts. 

• Maximum ventilation length in the stator stack, which is the product between 

the number and the width of the radial ducts (already defined in section 

6.2.2.1). 

• Design requirements: 

o Speed of rotation. 

o Maximum machine volume (Maximum stator diameter). 

Therefore, the optimum machine design should be the one that, given a specific 

electromagnetic design, fits the thermal requirements with: 

• The minimum mechanical losses (usually related to the bearings). 

• The minimum ventilation losses (related to the fan and to the elements 

generating a pressure rise in the circuit). 

• The minimum hydraulic losses arising from the heat exchanger. 

Consequently, the optimization of the cooling system will focus on minimizing these 

losses given an objective temperature for the active parts. 
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6.4.2 Step 2: Study of the primary circuit 

First, a complete review of the primary circuit should be performed, analysing the 

main parameters defining this element. 

As explained previously, in the early design stages, the fan is still undefined. 

Consequently, the pressure generation in the circuit should be assumed (see section 

6.2.1.2). 

Once the pressure in the primary circuit is stablished, both the effect of the radial 

and axial ducts in the stator are examined with two main goals: 

• The minimization of temperature rise in the active parts for a given working 

condition. 

• The definition of the hydraulic resistance of the primary circuit for the later 

design of the fan. 

Consequently, the result of this analysis gives to the designer a thermally optimized 

primary circuit and the input for the design of the fan, that is, the hydraulic resistance 

of the primary circuit. 

6.4.3 Step 3: Design of the fan 

Once the hydraulic resistance is delimited, the working conditions for the fan become 

known and the design of this element can be performed. As stated before, the design 

of the fan is focused on: 

• The maximization of the airflow rate in the system. 

• The maximization of the efficiency. 

Although a higher airflow rate may enhance the thermal behaviour of the system, the 

airflow in the fan is imposed by the working conditions and the geometrical 

restrictions, and little enhancements could be performed on this variable. 

In this sense, the airflow rate is directly related to the rotational speed (defined by 

the application) and the external diameter, which depends on the maximum stator 

diameter (also delimited by the application). In this regard, the ventilation losses 
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arising from the fan are really small compared to the input power in this kind of 

applications. Added to the fact that the stator external diameter usually limits the 

machine volume, the fan external diameter is usually designed according to the 

stator external diameter. 

With this in mind, the optimization process is focused on maximizing the efficiency 

of the fan. 

6.4.4 Step 4: Agreement with objective temperatures 

Once the primary circuit and the fan are fixed, the thermal analysis of the machine 

is performed assuming that all the losses are evacuated by the heat exchanger. The 

result of this thermal analysis determines the temperature rise of the active parts, 

which leads to three different situations: 

• Situation 1: The temperature rise in the machine (Tmachine) fits the thermal 

requirements (Tdesign)  Tmachine = Tdesign. 

• Situation 2: The temperature rise in the machine is lower than the thermal 

requirements  Tmachine < Tdesign. 

• Situation 3: The temperature rise in the machine is higher than the thermal 

requirements  Tmachine > Tdesign. 

6.4.4.1 Situation 1 (Tmachine = Tdesign) 

The cooling system is optimized for the initial thermal requirements, which takes the 

designer directly to the last step in the design methodology. 
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6.4.4.2 Situation 2 and 3 (Tmachine ≠ Tdesign) 

If the temperature rise in the machine is different from the thermal requirements, then 

an electromagnetic redesign is needed, which is explained in more detail in section 

6.4.5. 

6.4.5 Step 5: Electromagnetic redesign 

As commented in the previous step, if the temperature rise obtained in the machine 

does not fit the one stablished initially in step 1, an electromagnetic redesign is 

recommended in order to optimize the design of the machine to the application 

requisites. In this regard, the following situations are analysed: 

6.4.5.1 Tmachine < Tdesign 

In this case, the machine is oversized for the thermal and electromagnetic 

requirements of the application. Therefore, the following modifications on the 

machine could be performed: 

• A reduction of the ventilation length. As previously mentioned, the ventilation 

length is very beneficial for the thermal behaviour but lengthens the stator 

stack, increasing the volume of the machine. Therefore, this parameter 

could be decreased and the machine volume will be reduced (minimizing 

the manufacturing cost). As a consequence, the temperature will increase 

and the machine could fit the initial thermal requirements. 

• A reduction of the stator external diameter. A reduction of this parameter will 

directly affect the power density of the machine (increasing the amount of 

losses) and the fan external diameter (reducing the airflow rate in the 

machine). In spite of these negative effects, the machine volume will be 

reduced, minimizing the manufacturing cost of the machine. Accordingly, the 

thermal behaviour of the machine could be adjusted to the initial thermal 

requirements. 
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6.4.5.2 Tmachine > Tdesign 

This case is the worst scenario, where a bigger machine should be needed. The 

modifications presented are the opposite of those presented in the previous section 

and are described below: 

• An increment of the ventilation length. An increase in the ventilation length 

is very beneficial for the thermal behaviour, but increases the volume of the 

machine. Therefore, this parameter will increase the manufacturing cost. As 

a consequence, the temperature will decrease and the machine may fit the 

initial thermal requirements. 

• An increase of the stator external diameter. An increase of this parameter 

will reduce the power density of the machine (reducing the losses in the 

active parts) and will increase the fan external diameter (increasing the 

airflow rate in the machine). In this sense, the machine volume will be 

increased, maximizing the manufacturing cost of the machine. In spite of this 

increase in the cost of the machine, the temperatures will be reduced and 

could fit the initial thermal requirements. 

6.4.6 Step 6: Optimized cooling system 

Once the machine fits the initial thermal requirements, the last step consists on the 

design of the heat exchanger of the machine. As this element is usually not the 

limiting element in the system, it can be designed at the final stage of the design 

process. 
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6.5 CONCLUSIONS 

A combination of CFD simulations and the analytical model from chapter 5 provided 

insight for the design of the IC81W cooling system. 

This chapter studied some of the most critical elements in this kind of cooling system: 

the fan and the primary circuit. Furthermore, a design methodology for the whole 

system is proposed. 

6.5.1 The primary circuit 

The most relevant parameters defining the primary circuit are examined with the 

primary objective of reducing the temperatures in the active parts of the machine. In 

this regard, the following conclusions are obtained: 

• Axial ducts in the stator: First, it is concluded that the number of ducts does 

not have a big impact on the temperatures. However, the duct height could 

be optimized analysing the temperature rise of the air inside the machine 

and the speed of the air in the stator ducts. 

• Radial ducts in the stator: These ducts are beneficial to enhance the thermal 

behaviour of the system. In addition, care must be taken in the definition of 

the common ratio in order to avoid axial temperature gradients. 

6.5.2 The fan 

An analysis procedure for the fan in this kind of cooling systems is presented, 

combining an analytical approach subsequent to a DoE conducted through CFD 

simulations. Analysing various fans, the following conclusions are obtained: 

• Little enhancements can be performed on the airflow rate due to the working 

conditions and the geometrical restrictions. 

• Because of the limitation in the airflow, the optimization process is focused 

on maximizing the efficiency of the fan, which consists on reducing the input 
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power to the fan. This reduction of input power increases the overall 

performance of the machine. 

6.5.3 Design methodology 

A design methodology for the IC81W cooling system, which is based on the results 

obtained in the previous sections for the elements defining this cooling system, has 

been proposed.
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Chapter 7 

7 Conclusions and future 

research work 

This chapter presents the main conclusions and points out some of the most 
interesting research areas that future work could carry out. 
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7.1 FINDINGS OF THE INVESTIGATION 

As mentioned in chapter 1, this research was motivated by the need to develop some 

design criteria for the optimization of the most widespread water-based cooling 

systems for traction and marine sectors. 

As shown in the state of the art, most of the research performed is focused on 

analysing and predicting the thermal behaviour of different cooling systems. 

However, there is still a lack of information on design criteria for parameters defining 

the cooling system. This constitutes a field of undoubted interest that has been 

examined in the present thesis. 

7.1.1 Regarding the IC71W cooling system 

Combining the analytical thermal model developed in chapter 3 and some CFD 

simulations, a design methodology for the geometry of the water jacket is presented 

in chapter 4. This methodology is based on the assumption that two inputs are 

required for the design: the water flow rate and a maximum pressure drop in the 

water jacket. The main findings of this design methodology are listed below: 

• The distance between the cooling ducts and the stator stack should be 

minimized in order to reduce the temperatures in the active parts. In addition, 

this parameter becomes more critical as the thermal conductivity of the 

housing is reduced. 

• The distance between cooling ducts in the water jacket is not a significant 

parameter and should be defined considering only manufacturing and 

mechanical limitations. 

• In order to avoid axial temperature gradients in the stator stack, the water 

jacket should be long enough to cover the whole stator stack. 

• The cross sectional area in the water jacket should be defined in order to 

ensure turbulent regime. However, the water speed in the water jacket 

should not exceed the value that generates erosion in the housing (verosion). 
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Finally, an element to reduce temperatures in the stator end windings is analysed, 

the wafters. This analysis is performed using CFD techniques together with statistical 

tools in order to obtain the optimum geometry to enhance heat transfer capacity from 

the end windings. In this sense, the following criteria is obtained: 

• Shrouded designs are more efficient than the unshrouded ones, obtaining 

better heat transfer coefficients. 

• The highest convective heat transfer coefficient is obtained for the following 

designs: 

o Wafters with half the length of the end windings. 

o Wafters with half the height between the shaft diameter and the rotor 

external diameter. 

In addition, a second order model to represent the convective heat transfer 

coefficient in the end windings is achieved, obtaining acceptable results. This 

empirical model could be included in analytical thermal models in order to represent 

the effect of wafters. 

7.1.2 Regarding the IC81W cooling system 

Following the same structure as for the IC71W cooling system, an analytical thermal 

model is developed in chapter 5 and some design criteria for the key elements 

conforming the IC81W cooling system are defined in chapter 6. 

In addition, a sensitivity analysis of the most relevant parameters defining the primary 

circuit is performed: the axial ducts and the radial ducts in the stator. The results 

obtained are summarized as follows: 

• Axial ducts in the stator: It has been reported that the duct number does not 

have a big impact on the temperatures. However, to minimize the 

temperatures of the active parts, the optimum between these two effects 

should be determined when analysing this parameter: 

o Maximization of the speed of air in the stator axial ducts. 

o Minimization of the temperature rise of air inside the machine. 
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• Radial ducts in the stator: Although there is not almost airflow circulating 

through the ducts, these ducts are very beneficial to enhance the thermal 

behaviour of the system. In addition, care should be taken in the definition 

of the disposition of the ducts in order to avoid axial temperature gradients. 

In this regard, the following conclusions are obtained: 

o Cooling systems with one radial duct: High common ratios 

(between 1.4 and 1.8) minimize the hotspot temperatures and 

reduce the temperature difference in the axial direction, becoming 

the best choice for design. 

o Cooling systems with two radial ducts: Low common ratios 

(between 1 and 1.4) are the best option for this kind of systems. 

o Cooling systems with more than two radial ducts: A 1.2 common 

ratio is the best choice to minimize hotspot temperatures. Higher 

common ratios could be detrimental for the thermal performance 

of the system. 

In addition, an analysis procedure for the fan in this kind of cooling systems is 

presented, combining an analytical approach subsequent to a DoE conducted 

through CFD simulations. From this methodology, the following conclusions are 

obtained: 

• The airflow in the fan is almost imposed by the working conditions and the 

geometrical limitations, and little enhancements can be performed on this 

variable.  

• The optimization process is focused on maximizing the efficiency of the fan 

and the following conclusions are obtained: 

o The minimization of b1, b2 and β increase the efficiency of the fan 

in all the cases. This is a result of the reduction of the torque 

produced in the blades and consequently, a decrease in the input 

power to the fan. 

o The maximization of D1 improves the efficiency of the fan for the 

same reason that is described for the minimization of b1, b2 and β. 
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Finally, a global design methodology for the IC81W cooling system is proposed, 

which is based on the results obtained from the analysis of the primary circuit and 

the fan. 
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7.2 FUTURE RESEARCH WORK 

The main objective of this research work was to analyse and obtain some design 

criteria for the IC71W and the IC81W cooling systems. Besides this, several topics 

have been found during this thesis that deserve further research: 

7.2.1 Regarding the IC71W cooling system. 

• An analysis of direct liquid cooling in traction motors: Traction motors with 

high power densities could require a direct liquid cooling of the stator 

windings instead of the traditional water jacket cooling, improving the cooling 

capabilities of the system. Some authors have obtained impressive results 

with this technique [9,54], so this system should be examined in more detail. 

• Other cooling alternatives could be examined, like: 

o The rotor assembly with heat pipe cooling: As described by [49,50], 

it could solve many of the drawbacks arising in the rotor cooling for 

traction applications. Therefore, a deeper analysis of the rotor 

assembly could be performed. 

o Phase change materials: As commented by [53], it could be an 

alternative to the water jacket that could enhance the cooling of the 

machine in an easier way. 

7.2.2 Regarding the IC81W cooling system. 

• A deeper study of the heat exchanger should be performed. A poor design 

of the heat exchanger could be very prejudicial for the thermal performance 

of the machine. Therefore, a better understanding of this element could 

prevent this kind of situations. 

• A comparative between the most extended cooling systems of the IC81W 

cooling system: The most common circuits (represented in Figure 2.17) 

should be compared in order to see the differences between them and obtain 

the most effective configuration. 
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• Improve the fan performance in the IC81W cooling system: The working 

conditions of the fan in an IC81W cooling system are very poor. The outlet 

could be modified in order to include a volute and improve the fan’s 

performance. In addition, an optimization process of the fan analysing back 

flows may be performed for later design stages. 

• When analysing the axial ducts in the IC81W cooling system, circumferential 

temperature gradients could arise when the design contemplates a low 

number of ducts. As the analytical thermal model does not represent heat 

transfer in the circumferential direction, CFD simulations should be needed 

to study this phenomenon with more detail.
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