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Introduction 
1.1 Additive Manufacturing for Electrical Machine Thermal 
Management 
Colloquially known as 3D printing, additive manufacturing (AM) is an umbrella term 
covering a range of technologies where physical objects are manufactured through 
incremental additions of material (as opposed to subtractive manufacturing methods i.e. 
machining). This form of manufacturing enables practically any geometry that can be 
represented as a 3D model to be created with a high degree of accuracy. A consequence 
of the layer-by-layer process is that the cost of producing an object is largely invariant of 
its geometrical complexity or material selection (other than the cost of the material 
itself). This design freedom gives engineers the ability to realize optimized geometries 
without being hindered by the technical or economical limitations of conventional 
manufacturing methods. 

While AM has so far been predominantly a tool for prototyping, it is increasingly being 
adopted for the production of end-use components, particularly in highly demanding and 
cost insensitive applications such as aerospace and medical engineering. There, for 
example, AM is used to manufacture parts with complex internal cavities [1] or 
individually customized bio-compatible shapes [2]. However, additional benefits such as 
an incredibly wide material selection ranging from flexible polymers to high-performance 
metals, supply chain robustness and in-house manufacturing, together with general 
advancements of AM technologies, have resulted in its growing utilization in many other 
fields [3–6]. 

Among these is the field of electrical machines (EM), where applications such as 
electric aviation demand ever growing power densities. The accompanying increase in 
phase currents and electrical frequencies inevitably lead to elevated heat generation in 
the windings and core, while size and weight restrictions limit the available surface area 
for cooling. At the same time, these same applications require extremely high efficiencies 
and have strict requirements for reliability. Each of these requirements has its own 
specifics, however they all share a common connection to temperature through winding 
resistance, insulation degradation and demagnetization. The universal preference 
towards lower temperatures in any electrical machine means that effective cooling 
is crucial to maintain performance, efficiency, and reliability. A solution for these 
ever-increasing requirements is provided by AM through the ability to realize novel 
geometries in the pursuit of high-performance cooling solutions. For instance, AM allows 
the creation of complex cooling structures [7] and optimized thermal paths [8] that can 
significantly improve the efficiency and power density of motors and generators. 
Moreover, the ability to integrate multiple components into a single monolithic structure 
reduces assembly time and potential points of failure, enhancing reliability and ease of 
maintenance. As AM technologies continue to advance, their integration into the design 
and manufacturing of electrical machines is expected to drive significant improvements 
in performance, efficiency, and sustainability. 

AM offers a transformation in the technology of EM thermal management by enabling 
the physical realization of optimized solutions, for which the three most important facets 
are highlighted in Figure 1.1. By eliminating the roadblocks set by conventional 
manufacturing, the thermal performance of electrical machines can be improved directly 
by employing advanced geometries, for example by replacing simple heatsink fins with 
complex structures, improving thermal transfer in the windings through shaped 
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conductors, or cooling the windings directly through integrated heatsinks. Furthermore, 
the lack of tooling (e.g. moulds or dies) in AM-based production inherently facilitates 
application-specific design processes. In EM cooling, for example, this can mean 
components individually shaped according to the specific winding geometry of a motor, 
or geometrical parameters fine-tuned to a single working point. Finally, even in cases 
where AM is cost-prohibitive or impractical in terms of final production, its streamlined 
workflow enables extremely quick prototyping, which can be beneficial even in the case 
of a conventionally mass-manufactured solution. 

Currently, the available literature of AM for thermal management is based mainly on 
the exploration of novel designs for general cooling solutions. The move towards 
practicality in the form of cooling electrical machines is understandably slow, and 
optimized solutions with the specific application in mind are even less common in the 
literature. Air-cooled electrical machines, which are required in many highly demanding 
applications, are woefully underrepresented in the literature. There is, therefore, 
a significant gap in the knowledge of applying advanced AM-enabled solutions for the 
air-cooling of electrical machines. 

Figure 1.1. Main advantages of additive manufacturing for electrical machine cooling. 

Advantages of AM

Geometrical
freedom

Application-specific
design

Quick
prototyping
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1.2 Hypotheses 
Despite its immense potential for improving thermal performance, research on the 
utilization of AM in the context of air-cooled electrical machines is currently severely 
underdeveloped. The inherent design freedom of AM allows advanced fin structures, 
which improve the efficacy of the heatsink, to be readily fabricated for either prototyping 
or end use, while its capabilities in mass personalization enable highly customized 
thermal management solutions that consider the specific requirements and limitations 
of electrical machines. The following hypotheses are proposed based on the current state 
of the art in the field: 

1. AM can be used to fabricate complex geometries from thermally conductive
materials that are suitable for high-performance air-cooling solutions.

2. Advanced fin structures utilizing novel geometries that rely on the capabilities
of AM can improve the absolute and relative thermal performance of passively
and actively air-cooled electrical machines.

3. Tailor-made solutions that rely on the quick prototyping and application-specific
design capabilities of AM enable high-performance thermal management
systems for electrical machines.

4. AM enables the effective fabrication of algorithmically optimized geometries for
electrical machine cooling.

1.3 Objectives of the Thesis 
The primary goal of the thesis is to apply the advantages of AM for air-cooled electrical 
machines through advanced fin structures and customized designs, leading to improved 
thermal performance. This goal is achieved through methods of material characterization, 
numerical thermal and fluid modelling, computational optimization, and the experimental 
verification of physical prototypes. The main goal is achieved via the following objectives: 

1. Conduct a literature review of the current state-of-the-art in the relevant AM
methods, materials and solutions for electrical machine cooling.

2. Establish a database of the direction-dependent thermal and electrical
conductivities of AM aluminium alloy and silicon steel samples, including the
effects of heat treatment.

3. Discover and verify novel geometries for passively and actively air-cooled
heatsink fin structures that offer improved absolute and/or relative
performance over conventional solutions.

4. Utilize AM to design and fabricate a novel thermal management solution for an
air-cooled electrical machine to maximize its current-to-weight ratio.

5. Develop a method for the algorithmic generation of optimized fin geometries
to maximize the thrust ratio of a propulsion motor and verify the modelled
results using physical prototypes.
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1.4 Scientific Contributions of the Thesis 
The thesis presents the following scientific novelties: 

1. Characterization of anisotropic electrical and thermal conductivities of as-built 
and thermally treated AlSi10Mg and Fe-Si samples manufactured with laser 
powder bed fusion. 

2. Identification of reduced aerodynamic resistance as the key advantage of 
advanced structures for absolute thermal performance in AM-based passively 
and actively air-cooled heatsinks. 

3. Recognition of the truss-based rhombi octet lattice structure as a significant 
improvement over conventional straight fins in terms of gravimetric fin 
effectiveness for active-air cooling. 

4. Development of an application-specific method for the numerical optimization 
of a propulsion drive motor’s heatsink through computational fluid dynamics 
and Darcy’s law. 

The thesis presents the following practical novelties: 
1. Measurements of specific direction-based values for the conductivities of 

AlSi10Mg and Fe-Si3.7% materials for use in models. 
2. Fabrication of advanced fin geometries for passively and actively air-cooled 

heatsinks together with practical performance measurements. 
3. Modelling, fabrication and verification of an integrated mechanical and thermal 

solution for a yokeless axial flux machine. 
4. Utilizing numerical thermal and fluid modelling in conjunction with algorithmic 

geometry optimization to maximize the thrust ratio of a propulsion motor using 
an actively air-cooled heatsink. 

5. Physical realization of the algorithmically optimized heatsink for gathering 
measurement results. 

1.5 Outline of the Thesis 
The thesis is divided into four sections that provide an overview of the topic. 
 
Chapter 2 focuses on the state of the art in additively manufactured thermal solutions in 
the field of electrical machine cooling. It covers the relevant methods, materials and 
solutions present in the literature. Furthermore, specific attention is given to the 
anisotropic qualities of additively manufactured materials. 
 
Chapter 3 studies AM-enabled advanced fin structures in air-cooled heatsinks. This is 
done through numerical simulations in the context of a passively cooled radial flux motor, 
and physical prototypes in the context of an actively cooled axial flux motor. 
 
Chapter 4 presents an application-specific methodology for the creation of 
algorithmically optimized actively air-cooled heatsinks. The methodology is utilized in the 
context of an electric propulsion drive and validated using physical AM prototypes. 
 
Chapter 5 summarizes the thesis and discusses potentials for future work and 
improvements in the field. 
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Abbreviations 
AFSRM Axial Flux Switcher Reluctance Motor 
AM Additive Manufacturing 
BCC Body-Centred Cubic 
BJ Binder Jetting 
CFD Computational Fluid Dynamics 
DCC Direct Conductor Cooling 
EBM Electron-Beam Melting 
EC Electrical Conductivity 
EM Electrical Machine 
FDM Fused Deposition Modelling 
FEM Finite Element Modelling 
HE Heat Exchanger 
IACS International Annealed Copper Standard 
LPBF Laser Powder Bed Fusion 
NACA National Advisory Committee for Aeronautics 
PO Parametric Optimization 
SIMP Solid Interpolation Material with Penalisation 
SLA Stereolithography 
SRM Switched Reluctance Motor 
TC Thermal Conductivity 
TPMS Triply Periodic Minimal Surface 
TO Topology Optimization 
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Symbols 
𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 Area of the heatsink’s base between the fins (m2) 
𝐴𝐴𝑓𝑓𝑓𝑓  Area of the flow channel (m2) 
𝐴𝐴Hs Effective (wetted) area of the heatsink fin structure (m2) 
𝐴𝐴𝑆𝑆 Area of the heatsink’s inner surface (m2) 

Alxy AlSi10Mg test sample manufactured perpendicular to the LPBF build 
direction. 

Alz AlSi10Mg test sample manufactured in the build direction. 

Al45° AlSi10Mg test sample manufactured at a 45° angle to the LPBF build 
direction. 

𝑐𝑐𝑝𝑝 Specific heat capacity (J/(kg∙K)) 
𝑓𝑓 Electrical frequency (Hz) / friction factor 
𝑔𝑔 Gravitational acceleration (m/s2) 

Fexy Fe-Si3.7% test sample manufactured perpendicular to the LPBF build 
direction. 

Fez Fe-Si3.7% test sample manufactured in the build direction. 
ℎbc Contact boundary conductance (W/m2∙K) 
ℎconv Convection coefficient (W/m2∙K) 
𝐈𝐈 Identity matrix 
𝑗𝑗 Current density (A/mm2) 

𝑗𝑗∆80°𝐶𝐶  Current density in the windings at a 80°C temperature increase over 
ambient (A/mm2) 

𝑘𝑘𝑗𝑗  Gravimetric current density factor (A/(mm2∙kg)) 
𝑘𝑘ffc Core laminations fill factor 
𝑘𝑘ffw Winding fill factor 
𝐿𝐿Fin Length of the heatsink fins (m) 
𝐊𝐊 Viscous stress tensor (Pa) 
𝑀𝑀Fe−S Mass of the stator iron (kg) 
𝑀𝑀Hs Mass of the heatsink sector’s fin structure without the base (kg) 
𝑀𝑀Σ Total mass of the motor/drive (kg) 
𝑛𝑛Fin Number of heatsink fins 
𝑝𝑝 Heating/loss power density (W/m3) / pressure (Pa) 
𝑝𝑝A Absolute pressure (Pa) 
𝑝𝑝Cu Heating/loss power density in the windings (W/m3) 
𝑝𝑝Fe Heating/loss power density in the core (W/m3) 
𝑃𝑃Cu Copper losses (W) 
𝑃𝑃Fe Iron losses (W) 
Δ𝑃𝑃fan Pressure increase of the cooling fan (Pa) 
∆𝑃𝑃Hs Pressure drop of the heatsink at a given velocity (Pa) 
𝑞𝑞 Heat flux density (W/m2) 
𝑄𝑄fan Airflow created by the fan (m3/s) 
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𝑄𝑄Σ Total heat flux (W) 
𝑅𝑅S Specific gas constant 
ℛAl Thermal resistance of the solid AlSi10Mg (K/W) 
ℛCu Thermal resistance of the winding (K/W) 

ℛC−Cu Thermal resistance of the contact between the winding turns and/or 
between the winding and the stator (K/W) 

ℛC−Hs Thermal resistance of the contact with the heatsink (K/W) 
ℛConv Thermal resistance associated with convection (K/W) 
ℛHs Thermal resistance of the heatsink (K/W) 
ℛFe Thermal resistance of the Fe-Si core (K/W) 
ℛ0 Internal thermal resistance (K/W) 
ℛΣ Total thermal resistance of the system (K/W) 
𝑡𝑡Fin Heatsink fin thickness (m) 
𝑇𝑇 Temperature (°C) 
𝑇𝑇amb Ambient temperature / 20 °C 
𝑇𝑇Cu Copper/hotspot temperature (°C) 
𝑇𝑇F Average temperature of the heatsink surface (°C) 
∆𝑇𝑇Cu Temperature increase over ambient (°C) 
𝒯𝒯 Thrust (Nm) 
𝐮𝐮 Velocity field (m/s) 
𝑣𝑣 Air velocity (m/s) 
𝑉𝑉Hs Volume of the solid proportion of the sector’s fin structure (m3) 
𝑉𝑉𝐹𝐹𝐶𝐶  Volume of the flow channel of the sector’s fin structure (m3) 
𝑉𝑉Ω Volume of the design domain (m3) 
𝑤𝑤ag Equivalent layer of air in terms of thermal resistance (m) 
𝑊𝑊 Weight of the drive (Nm) 
𝛼𝛼𝑝𝑝 Thermal expansion coefficient (1/K) 
𝛿𝛿 Boundary layer thickness (m) 
𝜃𝜃 Density variable 
𝜅𝜅 Permeability (m2) 
𝜆𝜆 Thermal conductivity (W/(m∙K)) 
𝜆𝜆Al Thermal conductivity of AlSi10Mg (W/(m∙K)) 
𝜆𝜆Fe Thermal conductivity of Fe-Si3.7% (W/(m∙K)) 
𝜇𝜇 Viscosity (Pa∙s) 
𝜌𝜌 Density (kg/m3) 
𝜌𝜌E Electrical resistivity (Ω∙m) 
𝜌𝜌E−Cu Electrical resistivity of copper (Ω∙m) 
𝜎𝜎 Ratio of the flow area to the frontal area of the heat sink 
Ω Design domain 
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2 State of the Art 
The state of the art is studied to provide up to date information on the methods, 
materials and existing solutions in the research field of AM thermal solutions for 
electrical machines. Overall, it is based on the published work I: “Utilization of additive 
manufacturing in the thermal design of electrical machines: A review”. The initial part of 
the chapter introduces the reader to the main AM methods used in the field and provides 
historical context. The specific method of laser powder bed fusion, which is used in the 
other published works, is specifically highlighted. Afterwards, the relevant materials of 
the field and their physical properties are described. Special focus is given to the 
measurement of anisotropic conductivity in the AlSi10Mg and Fe-Si alloys, which are the 
principal materials used in the published works. A concise summary of the measurement 
process and results, based on published work II: “Electrical and Thermal Anisotropy in 
Additively Manufactured AlSi10Mg and Fe-Si Samples”, is provided. Finally, the third part 
of the chapter describes progress in the field through specific examples from the 
literature with an emphasis on air-cooling. There, the gaps in the research are identified 
and the published works III to V are positioned to fill those gaps. 

2.1 Additive Manufacturing Methods Used in the Field of Electrical 
Machine Cooling 
Various manufacturing methods, with the common property of incremental material 
addition, fall under AM. While many of them have found a niche in one or more 
industries, the field of AM electrical machines is mainly concerned with methods capable 
of producing components from electrically, thermally, and/or magnetically conductive 
materials. In this regard, the bar is set by conventional manufacturing methods in the 
form of copper, aluminium and different electrical steel alloys, for which strictly superior 
alternatives are unavailable outside of specific research contexts [9,10]. Therefore, the 
necessity of using one of these materials (or alloys thereof) limit AM for EM thermal 
solutions into three main methods: stereolithography, fused deposition modelling, and 
laser powder bed fusion. 

AM first originated in 1987 [11] with the advent of stereolithography (SLA). This is a 
method of solidifying thin layers (< 100 µm) of photosensitive liquid polymers using a UV 
light source. The exposure of light can be precisely controlled using screens, 
galvanometers or projectors, resulting in highly detailed parts with feature sizes down to 
tens of micrometres [12]. While only the polymer can be directly hardened, other 
materials can be added to the liquid polymers as powders to form a composite. 
Afterwards, the hardened polymer can be removed (e.g. burned or dissolved), leaving 
behind the added material, albeit significantly shrunk. This allows SLA to be used for 
manufacturing ceramic and metal parts. 

A few years later in 1991, Fused Deposition Modelling (FDM) was commercialized 
with the launch of the first FDM device by Stratasys. This technology is used to construct 
individual layers by precisely extruding thermoplastic materials according to the 3D 
model. In the current consumer space, FDM is by far the most popular AM technology 
due to low costs and robust devices. The material selection for FDM is extensive, as many 
thermoplastics, including composites, can be successfully printed. Furthermore, fully 
metal-based solutions based on rapid melting of aluminium wire have recently become 
available [13]. 
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Manufacturing metals directly first became possible in 1995 with the advent of laser 
powder bed fusion (LPBF). With LPBF, a recoater mechanism is used to deposit thin layers 
of powder on the build platform, where a laser is used to fully melt cross-sections of the 
manufactured item. This process, which is illustrated in Figure 2.1, typically results in a 
homogeneous (although not necessarily isotropic) and virtually non-porous part with 
thermal, electrical and magnetic properties comparable to the original material. LPBF 
parts can be highly electrically and thermally conductive with minimum detail sizes of 
~0.1 mm and densities over 99% [15]. 

In components for EM thermal solutions, the most important physical property is high 
thermal conductivity, for which AM methods capable of fabricating metal parts directly 
are the most suitable. Consequently, by far the largest proportion of literature in the AM 
EM field is based on LPBF, which is also the method used for the original work presented 
in this thesis. However, it should be noted that advances in the manufacturing of polymer 
composite materials are enabling the use of SLA and FDM for thermal management 
applications. 

2.2 Materials for Additive Manufacturing of Thermal Solutions for 
Electrical Machines 
For materials used for EM thermal management, higher thermal conductivity (TC) is 
universally desirable in each component as there’s generally no need to restrict heat flow 
in any way inside an electric machine. However, for electric and magnetic fields, both 
conductive and nonconductive, and magnetic and nonmagnetic materials can be used to 
enhance thermal performance. Based on existing materials and their functionality in an 
electrical machine, three groups can be defined. 

Figure 2.1. LPBF Process [14]. 
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2.2.1 Thermal and Electrical Conductors 
For thermally and electrically conductive non-magnetic materials, AM methods mainly 
rely on two materials and alloys thereof – copper and aluminium. In their pure forms, 
both materials are challenging to manufacture directly (i.e. using LPBF) due to high 
thermal conductivity and reflectivity towards infrared light, resulting in difficulties rapidly 
heating localized regions of the powder. However, modern devices utilizing shorter 
wavelengths or electron beams are routinely manufacturing highly conductive copper 
components [16]. Pure aluminium (or alloys for which conductivity is similarly high), 
however, is currently not widely used with LPBF for the same reasons, although recent 
innovations in liquid metal printing could offer new possibilities. 

By far the most widely used alternative to pure aluminium and the de facto standard 
conductive material used in LPBF is the aluminium-silicon alloy AlSi10Mg [17,18]. 
Originally developed to have a high strength-to-weight ratio, it is significantly less 
conductive than the best aluminium alloys (~44%  IACS vs 61% [19]). However, its 
popularity in AM solutions stems from its ease of manufacturing with common LPBF 
devices. This is in a large part due to its lower reflectivity to infrared light, although its 
improved weldability and powder flowability are important as well. Where higher 
conductivity is important, pure copper can be replaced with the alloy CuCr1Zr, which is 
manufacturable with infrared lasers and can achieve conductivity values up to 70% of 
pure copper [20]. 

Alternatively, any of the aforementioned materials can be printed indirectly using 
other AM methods like, SLA, FDM or Binder Jetting (BJ), where the conductive material 
takes the form of a filler powder inside the primary printed material. In most cases, 
the primary material is removed in post-processing (through chemical or heat-based 
methods), although the finalized metal part generally underperforms in terms of 
conductivity [21]. 

2.2.2 Thermally Conductive Dielectrics 
The indirect methods are better suited for thermally conductive dielectric materials. 
Conventional dielectrics used for insulating windings generally have low thermal 
conductivities below 1 W/(m∙K), significantly reducing the effective conductivity of the 
winding structure. However, AM can be used to manufacture parts from ceramics like 
aluminium oxide [22] and alumina nitride [23], which are electrically non-conductive but 
excellent conductors of heat. 

For FDM, two main thermally conductive dielectric material composites are available. 
First are pastes, in which thermally conductive material is mixed with a viscous paste and 
then extruded normally. While this makes it simple to create the material, the end result 
has a relatively low minimum detail size due to inherent inaccuracies in dispensing 
viscous substances. As an alternative, polymer composite materials formed into standard 
filament with a TC of up to 6 W/(m∙K) are commercially available [24]. The common 
polymers (such as TPU and PETG) used in these composites mean that the versatility and 
robustness typical to FDM can be expected, while the end result is more than an order 
of magnitude more thermally conductive than the pure polymer. 
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2.2.3 Magnetic Materials 
Finally, thermal management solutions in electrical machines can involve magnetic 
materials. Conventionally, these take a passive role as the core is designed with only 
magnetic performance in mind. However, with the utilization of LPBF, which is capable 
of producing high-performance magnetic cores [25], cooling solutions such as fluid 
channels can be integrated directly into the core design (this is already done in laminated 
cores [26], however AM can increase the effectiveness through optimized geometries). 
In either case, the TC of the soft-magnetic material is an important part of the thermal 
system, which is why conductivity measurements of LPBF Fe-Si samples (previously 
missing from the literature) are included in the third chapter of this work. 

Some relevant materials together with the AM method used and the maximum TC 
achieved are listed in Table 2.1. As a whole, typical cooling elements, such as heatsinks 
and heat exchangers, where conductivity to mass ratio is highly important, are mostly 
manufactured from AlSi10Mg with LPBF. This is also the case for the original work 
presented in this thesis as even less conductive aluminium alloys generally outperform 
copper in performance-to-weight ratio for air-cooling applications. Other applications, 
such as AM conductors, where absolute performance is more desirable, typically utilize 
copper (unless a lower electrical conductivity is actually desirable due to lower AC losses 
[27]). Finally, thermally conductive ceramics, which can be manufactured indirectly with 
SLA or FDM, have been proposed for novel cooling solutions [28]. 

Table 2.1. Relevant materials in LPBF thermal solutions and the corresponding thermal conductivity 
values for different manufacturing methods. 

Material Manufacturing method Effective thermal 
conductivity (W/(m∙K)) 

Pure copper 

Electrolysis 394 
EBM 390 [29] 
LPBF 317–336 

BJ 245–327 [30] 
Extruded paste 284 [21] 

CuCr1Zr 
Cast 310–340 [31] 
LPBF 309 [32] 

AlSi10Mg 
Cast 140-170 [33]

LPBF 
As built: 100-110* 
Heat treated: 150* 

Fe-3.7%w.t.Si LPBF 26* 

Aluminium 
nitride ceramic 

Pure 285 [34] 
SLA > 160 [23]
BJ 3–4 [35] 

Alumina ceramic SLA 35 [22] 
*Measured as a part of this thesis.
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2.2.4 Anisotropicity in LPBF Materials 
While modern LPBF devices can routinely achieve densities exceeding 99% for commonly 
used materials, the resulting crystal structure of the material can still negatively impact 
the conductivity of the manufactured object through anisotropicity. This is due to the 
inherent directionality of the LPBF process, which introduces extremely high temperature 
gradients and directional cooling rates that cause a preferred orientation in the crystal 
structure [36]. In terms of specific manufacturing parameters, this means that material 
properties and anisotropy in the part are influenced by build orientation, laser energy 
density [37], and laser scan speed [38]. As Electrical machines can have relevant heat flux 
and electrical current through its components in any direction, knowing the conductivities 
of the materials in all directions is crucial for designing optimized devices. Therefore, 
the direction-dependent thermal and electrical conductivities of samples made from the 
two most relevant materials, AlSi10Mg and Fe-Si (specifically a Fe-3.7%w.t.Si alloy), 
are measured as a part of this thesis. Additionally, as annealing is typically used to 
improve the properties of LPBF parts, the samples are measured both before and after 
the heat-treatment process. 

2.2.4.1 AlSi10Mg and Fe-Si Conductivity Measurements 
The anisotropic thermal and electrical conductivity (EC) values of LPBF AlSi10Mg and 
Fe-Si are measured using cylindrical samples that are manufactured in different 
orientations as shown in Figure 2.2. For measuring TC, three AlSi10Mg (Alz, Al45° and 
Alxy) and two silicon steel samples (Fez and Fexy) are fabricated, while EC is measured 
using z- and xy-direction samples for both materials. 

The TC and EC of the samples is measured using the longitudinal heat flow and the 
four-probe Kelvin methods respectively, for which the results are presented in Table 2.2. 
Both of these methods are sensitive to anisotropicity and suitable for the typical 
dimensions of LPBF parts. For TC, the parts were measured at two different temperatures 
in order to detect any temperature-dependent effects, while the EC was measured at a 
single temperature as it is assumed to have a similar behaviour. Furthermore, after the 
initial measurements, each sample is subjected to the appropriate thermal treatment in 
order to study the effects of annealing on the material properties. The heat treatment 
involved heating the samples a rate of 300 °C/h up to temperatures of 300 °C for 
AlSi10Mg and 1200 °C for Fe-Si, holding them at these temperatures for two and one 
hours, respectively, followed by slow furnace cooling. 

Figure 2.2. LPBF samples for measuring the effect of build orientation on TC and EC [39]. 
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Table 2.2. Results of the conductivity measurements. 

Sample 
Thermal 

conductivity at 35° C 
(W/(m∙K) 

Thermal 
conductivity at 70° C 

(W/(m∙K) 

Electrical 
conductivity at 
20° C (MS/m) 

Alz as built 113.3 ± 3.1 116.2 ± 1.8 14.70 ± 0.27 
Alz annealed 148.2 ± 3.5 149.5 ± 2.3 23.88 ± 0.50 
Al45°  as built 103.0 ± 3.2 106.9 ± 1.7 - 

Al45° annealed 148.5 ± 3.7 149.9 ± 2.4 - 
Alxy as built 106.7 ± 3.5 108.0 ± 2.0 13.08 ± 0.36 
Alx annealed 148.2 ± 3.8 149.8 ± 2.3 24.72 ± 0.86 
Fez as built 25.3 ± 0.8 27.0 ± 0.4 1.76 ± 0.03 

Fez annealed 25.0 ± 0.7 26.6 ± 0.4 1.78 ± 0.03 
Fexy as built 25.4 ± 0.7 26.9 ± 0.4 1.76 ± 0.03 

Fexy annealed 24.6 ± 0.8 26.0 ± 0.4 1.77 ± 0.03 
 
Looking at the as-built samples, significant anisotropicity can be seen in the AlSi10Mg 

results, with a 10% higher TC and a 12% higher EC in the z-direction compared to xy 
(interestingly, the TC of the 45° sample is similar to the xy-sample, suggesting that the 
anisotropic effects are not a simple function of manufacturing orientation). After annealing, 
however, the TC and EC of each sample increases significantly (38% and 76% respectively), 
and the differences effectively disappear. While this clearly demonstrates the importance 
of heat treatment in the material, the proportionally much higher increase of EC means 
that heat treatment could be disadvantageous in thermal solutions where eddy currents 
are a major factor (e.g. direct conductor cooling). In any case, the final conductivities are 
consistent with known values for the material, meaning that the LPBF prototypes (which 
are all subjected to heat treatment) created in the subsequent works included in the 
thesis are assumed to be fully dense and a fixed value of 𝜆𝜆𝐴𝐴𝐴𝐴 = 150 W/(m∙K) is used 
throughout (the temperature-dependence of the conductivity is too small to justify 
increasing the complexity of the models).  

The silicon steel samples, on the other hand, display consistent conductivity 
regardless of build direction or heat treatment. This is contrary to its magnetic properties 
that have been shown to be anisotropic in the literature [40], although this is also 
alleviated through heat treatment (this is due to grain size being extremely relevant for 
magnetic properties but not conductivity). In comparison to a commercial 3.0% Si 
electrical steel (28 W/(m∙K) [41]), the measured TC of the AM material is somewhat 
lower, which is expected due to the larger Si content. 

Overall, the results suggest that heat-treatment of the aluminium alloy is important 
for achieving maximal and isotropic conductivity values. However, if heat-treatment is 
not available (as would be likely in the case of a multi-material part), the anisotropic 
material properties must be accounted for in the design process. In terms of Fe-Si,  
the results mean that the manufacturing direction of LPBF Silicon steel cores should be 
chosen based on mechanical and post-processing limitations (these become highly 
relevant when laminated structures are considered). 
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2.3 Additively Manufactured Thermal Management Solutions for 
Electrical Machines 
The goal of an EM thermal management solution is the removal of heat, generated by 
various losses inside the machine, to the external environment. In the case of more 
demanding requirements for power density, which is largely a function of maximum 
current density, the need for more effective cooling quickly increases (𝑝𝑝 = 𝑗𝑗2𝜌𝜌E)  in 
order to maintain reliability and efficiency (𝜌𝜌E ∝ 𝑇𝑇). When modelling electrical machines, 
the thermal solution is often represented using a lumped parameter network i.e. 
a thermal circuit, where each of the important elements is represented as either a heat 
source or a thermal resistance. A typical thermal circuit for an EM is shown in Figure 2.3, 
where a distinction between internal thermal resistance ℛ0 and the heatsink’s thermal 
resistance ℛHs is made. 

Figure 2.3. Thermal circuit of a conventional electrical machine stator overlayed on the physical 
geometry. 

In any thermal management solution for EM, the heat generated in the machine by 
various losses is expelled into the surrounding environment through a heat exchanger 
(HE). By considering the HE as a separate part, the thermal system can be divided into 
two distinct regions: ℛ0 or the solid internal part of the machine where the heat flow is 
conductive, and ℛHs or the active part of the HE where mainly convection is relevant. 
While the internal resistance is dependent on the machine’s topology and materials, 
the heatsink’s resistance arises mainly from the interaction between its outer surface 
and the surrounding air. In most electrical motors, air-cooling is used, in which case the 
HE is directly attached to the stator. When the loss density of the EM surpasses the 
capabilities of air-cooling, the next solution is liquid-cooling. In that case, heat is transferred 
from the motor to the HE via a liquid loop, which increases the surface area of the HE 
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that can be effectively utilized (phase-change methods such as heat pipes achieve the 
same effect at even higher heat flux densities). Furthermore, as most of the heat in 
an EM is generated in the windings (which are also the most susceptible to high 
temperatures due to insulation thermal degradation.), it is useful to define a third 
category called direct conductor cooling (DCC). In that case, the cooling element, which 
could utilize either air- or liquid-cooling, is in direct contact with the conductor, effectively 
bypassing the thermal resistance of the magnetic core and in some cases the electrical 
insulation. 

In the field of AM thermal solutions for EM, the category most represented in the 
literature is DCC, which is likely due to its potential for achieving the highest current 
density values. There, the capabilities of AM are generally used to create either 
components shaped according to the complicated winding geometry or redesign the 
winding entirely with cooling in mind. Both liquid- and air-cooling, which have gotten 
significant interest in the general AM space, are underrepresented in the EM field. When 
looking at AM-based air- and liquid-cooling solutions in general, the designs are 
characterized by complex structures, for which conventional manufacturing is deeply 
impractical or in some cases impossible. These include algorithmically optimized designs, 
which can significantly differ from human intuition, or intricate lattice structures, which 
take full advantage of the design freedom offered by AM through tiny feature sizes and 
omnidirectional geometries. However, in the specific field of EM cooling, the use of these 
methods is not fully explored. 

Figure 2.4. Various cooling methods for electrical machines. [42–54] 
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The three EM cooling categories together with specific AM examples (in cases where 
literature describing physical prototypes can be found) are illustrated in Figure 2.4. 
The trend of focusing on DCC is apparent from the high number of works available, while 
air- and liquid-cooling categories contain only a few examples. The figure also includes 
the category of geometry generation used in the thermal solution, which is used to 
illustrate the specific classification of the original work presented in this thesis. While 
air- and liquid-cooling are both in need of further development, the original work focuses 
on air-cooling due to its wider applicability in different systems and a lesser reliance on 
external devices (e.g. water pumps and fluid loops). 

2.3.1 AM for Air-Cooled Electrical Machines 
Air-cooled electrical machines typically cool the stator using a heatsink that expels the 
generated heat into the external air. Due to the low TC of air, the temperature gradient 
outside the heatsink’s fins is extremely high, meaning that the fin is only effectively 
expelling heat (through conduction) to a small volume of air called the boundary layer. 
The key to a heatsink’s performance is the minimization of the boundary layer’s insulating 
effect in order to quickly move the warm air away from the fin surface, i.e. creating 
convective heat flow. This is visualized in Figure 2.5 by modelling convective flux around 
the fins of two different designs. Conventional heatsink designs (e.g. the straight plate 
fins shown in (a)), generally aim to create a thinner boundary layer by maximizing flow 
velocity �𝛿𝛿 ∝ 𝑣𝑣−1 2⁄ � through relatively open and straightforward structures that promote 
laminar flow. An added benefit is that typical straight plate fins tend to result in a large 
effective surface area for heat flux. Alternatively, the boundary layer can also be 
disrupted directly by encouraging turbulent mixing inside the fin structure. This is 
typically done by including surfaces with a tangential component in the fin structure (e.g. 
the pin fin heatsink shown in (b)) that essentially block some of the airflow. This comes 
at a cost of lower air velocity due to the added drag, which means that the two methods 
of dealing with the boundary layer are inherently contradictory. Therefore, it can be 
stated that the optimal fin structure should have a perfect balance between drag and 
turbulence (while having enough surface area to effectively facilitate heat transfer). 

  𝑞𝑞 (p.u) 
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Figure 2.5. 2D illustration of conductive heat flux density around the solid fin structures of a straight 
finned heatsink (a) and a pin fin heatsink (b). Note the comparatively high amount of turbulence 
(shown by the black lines) inside the pin fin structure. 
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Designing air-cooled heatsinks with the freedom of AM in mind means replacing 
simple structures, which are primarily defined by manufacturing constraints, with 
advanced geometries that have no such limitations. The advanced structures can improve 
thermal performance through increased flow velocity, encouraging turbulence (however 
the literature is heavily skewed towards the latter), or ideally a combination of both.  
For example, the shape of the fin can be modified to decrease the drag and create a 
thinner boundary layer through faster flow. In some cases, this can be done without 
sacrificing conduction in the fin by only removing areas with low heat flux density (e.g. 
gradually thinning the fins farther from the base). Alternatively, turbulence can be 
encouraged by designing a fin structure with intricate shapes and flow channels, resulting 
in complex geometries (e.g. lattice structures) that can practically only be produced by AM. 

In terms of creating the necessary airflow through the fin structure, air-cooling is 
commonly divided into two groups – passive and active cooling. Both are relevant for 
electrical machines (although active air-cooling is much more prevalent) and can benefit 
from AM by introducing novel fin structures that improve thermal performance. 

2.3.2 AM Passive Air-Coolers 
Passive air-coolers represent the simplest cooling method as the entirety of the airflow 
is created by convective currents, eliminating the need for moving parts. While passive 
cooling is often used when power density is not a concern, advanced passive cooling 
solutions become relevant in applications that are restrictive in terms of noise or the 
number of moving parts. Due to the lack of external pumping power, maximizing thermal 
performance tends to be much more dependent on minimizing drag rather than 
promoting turbulence, which is in any case minimal in buoyancy driven flow. Minimizing 
drag while maximizing heat flux is a heavily geometry-dependent and often non-intuitive 
task, meaning that conventional design principles based on known empirical correlations 
are not sufficient for novel AM-based solutions. This forces researchers towards 
computationally expensive numerical optimization methods. As a result, a large part of 
the literature for passive cooling solutions for general [55] and specific [56] cases are 
often based on algorithmic methods of determining optimal material distribution in 
terms of maximum cooling performance. 

However, in the narrow field of EM thermal research, the utilization of AM for passive 
cooling is underdeveloped, as a review of the literature reveals only a single example [57] 
based on simulations with a simplified method of average convection coefficients instead 
of modelling the fluid explicitly. In order to provide preliminary data in this research gap, 
the published work III “Analysis of Advanced Passive Heatsinks for Electrical Machines 
Enabled by Additive Manufacturing” is included as a part of this thesis. 

2.3.3 AM Active Air-Coolers 
Actively air-cooled heatsinks employ a fan to generate airflow in order to increase heat 
flux from the heatsink surface by approximately an order of magnitude. The higher 
power density associated with actively cooled heatsinks has generated somewhat more 
interest in the AM electrical machine community, with three articles based on AM 
prototypes being available. Two of these describe LPBF AlSi10Mg heatsinks for outer 
rotor machines. The first one [42] utilizes curved fins connected to each other with 
lattices. Its final shape is determined with the help of a CFD model, although without a 
specific optimization method. The second one [43] includes axially straight fins, which 
are given an organically flowing shape based on parametric optimization in CFD. The third 
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article [44] introduces a lightweight (inner) rotor for a permanent magnet motor, in which 
the weight-saving voids act as cooling channels. In this case, a complex triangular geometry, 
attempting to satisfy mechanical, thermal and electromagnetic requirements is chosen 
and manufactured from an unspecified steel alloy using LPBF. 

The common element in the aforementioned articles is their preliminary nature. 
While it is shown that AM can be used to produce a working EM thermal solution, 
the lack of a thorough comparison to a conventional solution means that the advantages 
of doing so are not sufficiently demonstrated. Therefore, the research field of AM 
actively air-cooled solutions for EM is advanced further by the published works IV and V 
“Design of an Additively Manufactured Thermal Solution for an Axial Flux Switched 
Reluctance Motor” and “Comparative Study of Advanced Heatsink Structures for Improved 
Thermal Performance in Axial Flux Motors” respectively. In these works, several different 
fin structures, chosen for either maximizing airflow or encouraging turbulence, are 
manufactured using LPBF and compared against a thoroughly optimized conventional 
case. Furthermore, in the published work VI “Additively Manufactured and Topology 
Optimized Heatsink for a Propulsion Motor”, both performance parameters are optimized 
simultaneously through topology optimization. This article, which introduces a method 
of optimizing a heatsink for an electric propulsion drive, is the only example in the 
literature where a topology optimized actively air-cooled heatsink geometry is verified 
using a physical prototype. 

2.3.4 AM for Liquid- and Direct Conductor Cooling 
A similar balance between flow and turbulence exists for liquid cooling as well (both in 
the cooling block and external heat exchanger), however the generally higher pumping 
power pushes the optimal design farther in favour of encouraging turbulence. In electrical 
machines, the typical method of applying liquid cooling is through a cooling jacket 
mounted on the outside of the motor, similar to an air-cooler. However, while optimized 
liquid-cooling systems are prevalent in the general AM space, no examples of academic 
literature exist for AM cooling jackets (or similar solutions) specifically. The lack of interest 
is likely due the relatively low potential gains available by optimizing the cooling jacket 
as in that case the internal thermal resistance dominates the thermal circuit. This, 
however, is solved through direct conductor cooling, which is consequently the most 
popular cooling method in the AM EM space. 

By cooling the conductors directly, the thermal resistance of the core and insulation 
are partially or entirely mitigated. As a result, exceedingly high current densities of > 17 
[48] and > 100 A/mm2 [49] can be sustained if DCC is paired with air- or liquid-cooling
respectively. For employing DCC, AM is used in two distinct ways. The first of these is
through separate heat exchangers, which are attached on the windings and carry the
heat away either through air- or liquid-cooling. In the case where the HEs are
manufactured from an electrically conductive material (such as AlSi10Mg), the rapidly
changing magnetic field near the windings induce strong eddy currents in the HE
material, which can more than offset any gains from cooling [46]. However, AM can be
used to create HEs with laminated structures, which effectively reduce eddy current
losses without sacrificing much thermal performance. Alternatively, the HE can be
manufactured from an electrically non-conductive material such as a polymer [58] or
Al2O3 [28], in which case the HE has no electromagnetic effect. While these solutions
achieve substantial performance gains by eliminating the resistance of the core material
form the thermal circuit, the low effective thermal conductivity of the winding structure
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is still a major limitation. The second way AM can be used to employ DCC is by designing 
the entire winding with thermal aspects in mind. Either by modifying the geometry so 
that the heatsink is in direct contact with each winding turn, or alternatively, integrating 
the cooling element directly into the winding design. In both cases, as an added benefit, 
the AM winding can be specifically dimensioned according to the geometry of the stator 
slot in order to achieve a high fill factor.  

In summary, AM methods such as LPBF can be used to manufacture materials with 
high conductivity-to-weight ratios that are perfectly suitable for EM thermal solutions. 
By applying the inherent design freedom of AM through optimized geometries and novel 
approaches, the thermal performance of electrical machines can be substantially 
increased, leading to increased power density, efficiency and reliability. Irrespective of 
the cooling method used, be it indirect air- or direct conductor cooling, thermal solutions 
created for specifically AM are characterized by complex geometries, which have 
hitherto been considered non-viable for conventional manufacturing methods. In the 
next chapter, the analysis, methods and results concerning the published works III–VI are 
presented. These articles aim to advance the field of AM for EM cooling further by 
introducing novel geometries and methods for improved thermal management, together 
with measurement results based on physical AM prototypes and fair comparisons to 
conventional solutions. 
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3 Advanced Fin Structures for Air-Cooled Electrical Machines 
Enabled by AM 
The advantages of AM in the context of air-cooled electrical machines are most saliently 
expressed through advanced fin structures. By expanding the possible solution space 
beyond simple conventional fins, and considering all three-dimensional shapes, advanced 
fin structures with improved thermal performance (i.e. reduced ℛHs) can be identified. 
Currently, the available literature consists of mostly preliminary work looking at (often 
arbitrarily chosen) shapes such as different lattice structures and airfoils in a general 
thermal context. While some promising shapes have been identified, the preliminary 
nature of the work does not allow concrete statements to be made. Therefore, the 
primary aim of this chapter is to use simulation and measurement results to evaluate the 
effectiveness of the more promising advanced structures. Crucially, in order to provide 
relevant conclusions, this work includes fair comparisons to conventional solutions (i.e. 
straight fins) that have been dimensioned based on comprehensive semi-analytical 
workflows.  

In the first part of the chapter, AM-based design is explored in the context of a 
passively cooled motor. In this case, a conventional annular heatsink with a design based 
on a semi analytical model is compared to several different advanced designs, showing 
that AM can be beneficial both by subtly altering the conventional design or by 
introducing a significantly altered fin geometry. As passive cooling involves low speed 
and laminar airflow, accurate comparative results can be obtained through simulations 
alone. Therefore, the first part of this chapter is fully based on a nonisothermal CFD 
model and introduces the numerical modelling methods that each of the subsequent 
works rely on. 

The results obtained by modelling the passive heatsink are used in the second part of 
the chapter to guide the design of a novel thermal solution for an actively air-cooled axial 
flux motor. In this case, in addition to minimizing ℛHs through advanced fin structures, 
the open nature of the axial flux topology is exploited to also minimize ℛ0 by effectively 
eliminating a part of the thermal circuit. Because the turbulence-based effects associated 
with active-cooling (especially in the case of advanced structures) and the contact 
resistances associated with ℛ0 are exceedingly difficult to model accurately, this work 
relies on physical LPBF prototypes to form conclusions. 

3.1 Advanced AM Fin Structures for Passive Heatsinks 

3.1.1 SRM Parameters 
The heatsinks considered in this work are modelled in the context of cooling a small 
( ~ 100 W nominal power depending on the cooling) 6/4 configuration switched 
reluctance motor (SRM) with an AM Fe-Si core and hand-wound concentrated windings. 
The motor shown in Figure 3.1 with the conventional annular heatsink has a stack length 
of 46 mm and an outer stator diameter of 80 mm. A cylindrical passively cooled heatsink, 
matching the stack length, is added on stator’s outer surface. It consists of a 2 mm thick 
base and a radial fin structure with an arbitrarily chosen length of 10 mm. These 
measurements are kept constant between the different fin designs. The other relevant 
parameters of the SRM prototype are given in Table 3.1. 
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Table 3.1. Important parameters of the SRM. 

Parameter Symbol Value 
Stator iron mass 𝑀𝑀Fe−S 0.51 kg 
Iron loss density 𝑝𝑝Fe 10 W/kg [25] 

Winding fill factor 𝑘𝑘ffw 50% 
Core fill factor 𝑘𝑘ffc 60% 

Nominal electrical frequency 𝑓𝑓E 50 Hz 

The thermal circuit of the SRM is typical for a radial flux machine, where all of the 
elements have an appreciable effect on the entire system. This work focuses on 
minimizing ℛHs , which is the thermal resistance associated specifically with the heat 
transfer from the outer surface of the heatsink to the surrounding air. As the heatsink is 
only passively cooled, ℛHs has a relatively large value, limiting 𝑗𝑗Cu. However, in terms of 
optimization, this provides an excellent opportunity for improvement as even a small 
relative improvement in ℛHs will have a considerable effect on ℛΣ. 

Figure 3.1. 3D model of the SRM stator and the simplified thermal network together with the 
methods used to find ℛ0 and ℛ𝐻𝐻𝑏𝑏. 
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3.1.2 Advanced Fin Designs for Passive Heatsinks 
The common element among effective passive heatsinks is a low drag that is achieved 
through a sparse fin structure. While denser structures offer higher surface area, and 
intricate designs can encourage boundary layer disruption, the low effective pumping 
power of buoyancy driven flow is typically unable to take advantage of these effects. 
The optimization of passively cooled heatsinks is therefore mostly a question of maximizing 
airflow, even if it means a relatively low fin surface area. This is illustrated well by the 
conventional solution, which for a passively cooled cylindrical shape is a heatsink with 
simple annular fins. This type of structure provides minimal drag in the vertical direction, 
allowing air currents to form around the heatsink. In this study, the design of the annular 
heatsink is based on a general empirical model by Wang et al [59], resulting in 5 equally 
spaced fins with a thickness of 4 mm. 

For the second solution, a direct improvement on the conventional case is considered 
in the form of a hyperbolic fin, which is based on the work of Mallick et al [60]. Shaping 
the fins according to a hyperbolic curve increases the area of the flow channel by 
gradually reducing the thickness of the fin as the radius increases. As the heat flux density 
is always lower near the tip of the fin, this does not substantially impede heat flow. 
However, the wider flow channel near the tip does increase total airflow due to viscous 
shear (faster air on the outside effectively drags the inner air with it), resulting in more 
effective cooling. 

In the third and fourth solutions, the annular fins are segmented into 28 (this value is 
chosen to create a roughly even spacing in both directions) separate parts, creating a pin 
fin heatsink structure. Among conventional air-cooled heatsink types, pin fins are often 
the highest-performing due to increased flow channel area created by the additional 
gaps. This, understandably, comes at the cost of reduced volume for conductive flux, 
however, in the case of reasonably conductive materials (e.g. AlSi10Mg), it tends to be a 
beneficial trade-off. In the third solution, round pins are used, representing the high-end 
of conventionally manufactured geometries. The fourth solution takes somewhat more 
advantage of AM by shaping the pins according to NACA 4424 airfoils. The airfoil pin fins, 
which are inherently designed to be aerodynamic and have proven to be effective for 
cooling [61], further decrease the total aerodynamic drag of the structure, enabling 
faster currents to form. As an additional improvement, enabled by the low drag of the 
pins, the airfoil array is staggered in order to increase the total interaction with the 
moving air. 

Finally, in the fifth solution, a cubic strut-based lattice is used as the fin structure.  
In this case, aerodynamic drag is substantially increased in favour of promoting direct 
boundary layer disruption. This lattice structure, which is in general opposed to typical 
design principles, is representative of the geometries that are popular in the wider AM 
thermal research space. In this case, its geometrical dimensions are defined in order to 
roughly match the conventional solution, which results in a relatively sparse lattice 
(compared to the popular literature). Each of the aforementioned structures are 
presented in Table 3.2 together with the values for fin area and volume. Note that 𝑉𝑉𝐻𝐻𝑏𝑏 
consists of only the fin structure and not the cylindrical base of each heatsink to illustrate 
the difference more clearly. 
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Table 3.2. Advanced fin structures modelled. 

Fin Structure Geometrical Parameters Characteristic Geometry 

Simple annular 
fins 

𝐴𝐴Hs = 436 cm2 

𝑉𝑉Hs = 44.3 cm3 

 

 
 

Hyperbolic 
annular fins 

𝐴𝐴Hs = 386 mm2 

𝑉𝑉Hs = 30.4 cm3 

 

 
 

Round pin fins 𝐴𝐴Hs = 308 mm2 

𝑉𝑉Hs = 11.6 cm3 

 

 
 

Airfoil pin fins 𝐴𝐴Hs = 352 mm2 

𝑉𝑉Hs = 14.3 cm3 

 

 
 

Cubic lattice 𝐴𝐴Hs = 548 mm2 

𝑉𝑉Hs = 9.27 cm3 
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3.1.3 SRM Thermal Model 
In order to accurately model the performance of the proposed heatsinks, and correlate 
the results to a specific current density, a 3D finite element model (FEM) based on the 
motor geometry is created. This model includes two parts – heat generation and transfer 
in the solid materials, used to model ℛ0, and heat transfer and fluid flow around the 
heatsink, used to model ℛHs. Since only the steady-state performance of the system is 
of interest (for a passively cooled motor, the peak loading capabilities are almost entirely 
dependent on the stator’s thermal capacity), all time-dependent effects are disregarded. 
Similarly, radiative effects, which do not meaningfully differ among the proposed 
heatsink designs, are disregarded. Finally, throughout the modelling process, the rotor is 
omitted as its iron losses and the heat transfer across the airgap of the motor is 
considered negligible. 

3.1.3.1 Heat Transfer in Solids 
The temperature distribution inside a solid domain is fully defined by the heat equation: 

𝜕𝜕𝑇𝑇
𝜕𝜕𝑡𝑡

= 𝛼𝛼𝛁𝛁𝟐𝟐𝑇𝑇. (3.1) 

In the case of a stationary problem, terms with time derivatives disappear, and the 
thermal diffusivity of the material is reduced to only thermal conductivity. For a volume 
containing heat generation, the problem simplifies into Poisson’s equation: 

𝛁𝛁 ∙ (−𝜆𝜆𝛁𝛁𝑇𝑇) = 𝑝𝑝. (3.2) 

Substituting in Fourier’s law (𝐪𝐪 = −𝜆𝜆𝛁𝛁𝑇𝑇) gives the heat balance equation, which is 
solved for in the solid domain of the numerical model. 

𝛁𝛁 ∙ 𝐪𝐪 = 𝑝𝑝. (3.3) 

In this case, as both the winding and core are thermally anisotropic due to stranded 
and laminated structures respectively, two thermal conductivity tensors are introduced. 
The directional TC values for the winding structure are based on its fill factor, in which 
case the axial component is found simply by multiplying 𝑘𝑘ffw  with 𝜆𝜆Cu . The radial 
components are taken as the effective value for a relatively low fill factor coil at 
0.1 W/(m∙K) [62]. For the AM Fe-Si core, the in-plane components are defined by the 
measurements from the previous chapter in conjunction with 𝑘𝑘ffc, and the out-of-plane 
component at 1 W/(m∙K) based on typical laminated cores [63]: 

𝛌𝛌𝐂𝐂𝐮𝐮 = �
0.1 0 0
0 0.1 0
0 0 200

� ,    𝛌𝛌𝐅𝐅𝐅𝐅 = �
16 0 0
0 16 0
0 0 1

�, (3.4) 

where the z-direction coincides with the motor’s axis for the core and the active part of 
the winding, and perpendicular to the motor’s radius and axis in the end-winding region. 
The winding and core regions (no eddy-current losses are assumed in the heatsink) are 
further described by heat generation due to Joule heating and hysteresis losses. 
This is calculated in both regions based on the motor’s nominal parameters given in 
Table 3.1; the core loss density based on average iron losses for the material at the 



33 

nominal frequency and magnetic flux density, and copper loss density using 
temperature-dependent electrical resistivity and the winding fill factor: 

𝑃𝑃Cu = 𝑘𝑘ffw � 𝑗𝑗Cu2 𝜌𝜌E(𝑇𝑇)
Cu 

. (3.5) 

Contact thermal resistance between the stator and heatsink is included in the model 
(no thermal contact resistance is added between the winding and stator as it is 
incorporated in the effective TC value of the winding). Numerically, it is modelled through 
a boundary conductance, the value of which can be in a wide range depending on 
materials, finishes and tolerances. In this case, a typical value of ℎBC = 4500 W(m2∙K) 
taken from the literature [62] for contact between steel and aluminium is used. 

𝐧𝐧 ∙ 𝐪𝐪 = ℎBC(𝑇𝑇1 − 𝑇𝑇2). (3.6) 

Initially, the model is solved by setting a constant temperature on the outer surface 
of the heatsink base, in which case ℛHs = 0 and only the internal thermal resistance of 
the system is present. As the location of the hotspot can be assumed to always be in the 
windings for typical radial motors, it is not necessary to extract each specific ℛ value 
(which are in any case somewhat arbitrarily defined for complex geometries). Instead, 
the model is used to simply define an approximate ℛ0, which can be used to correlate a 
given ℛHs  with a winding current density. Based on the results shown in Figure 3.2, 
the hotspot temperature increase at a total heat load of 17 W (𝑗𝑗Cu = 7.5 A/mm2, 𝑓𝑓 = 50 
Hz) is 38.1 °C, resulting in ℛ0 = 2.2 K/W. It should be noted that due to 𝜌𝜌E−Cu(𝑇𝑇), ℛ0 
will have a slightly different value according to 𝑗𝑗Cu. 

Figure 3.2. Temperature distribution in the SRM stator with only internal thermal resistance present. 
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3.1.3.2 Heat Transfer in Fluids 
The ℛHs  component summarizes the performance of the heatsink fin structure and 
therefore depends on the surrounding airflow. In the fluid domain of the thermal model, 
the heat balance equation (3.3) is modified by adding a second term representing the 
heat flux associated with the moving air. On the right side, as there are no heat sources 
in the fluid (𝑝𝑝 = 0) and viscous dissipation (𝐊𝐊:𝛁𝛁𝐮𝐮 ≈ 0) is disregarded (acceptable for 
low-velocity airflow [64]), only a term representing the work done by thermal expansion 
remains. 

 𝜌𝜌𝑐𝑐𝑝𝑝𝐮𝐮 ∙ 𝛁𝛁𝑇𝑇 + 𝛁𝛁 ∙ 𝐪𝐪 = 𝛼𝛼P𝑇𝑇(𝐮𝐮 ∙ 𝛁𝛁𝑝𝑝). (3.7) 

The steady-state velocity field 𝐮𝐮 describing the laminar fluid flow is calculated using 
a standard formulation of Navier-Stokes equations in the case of incompressible flow (in 
which case 𝛁𝛁 ∙ (𝜌𝜌𝐮𝐮) = 0). The resulting momentum equation is as follows: 

 𝜌𝜌(𝐮𝐮 ∙ 𝛁𝛁)𝐮𝐮 = −𝛁𝛁𝑝𝑝𝐈𝐈+ 𝛁𝛁 ∙ 𝐊𝐊 + 𝜌𝜌𝐠𝐠, (3.8) 

where 𝐊𝐊 = 𝜇𝜇(𝛁𝛁𝐮𝐮+(𝛁𝛁𝐮𝐮)T) − 2 3𝜇𝜇(𝛁𝛁 ∙ 𝐮𝐮)⁄ 𝐈𝐈 is the viscous stress tensor, and the external 
force term is defined entirely by gravitational acceleration. Of course, the density of the 
fluid needs to be defined as a function of temperature in order to create buoyant flow: 

 𝜌𝜌(𝑇𝑇) =
𝑝𝑝A
𝑅𝑅S𝑇𝑇

. (3.9) 

3.1.4 SRM Nonisothermal Fluid Model 
Geometrically, the full model, which consists of both the solid and fluid parts, is constructed 
by adding a large volume of air around the stator, for which the dimensions are shown 
in Figure 3.3. The sides of the air domain are defined as open boundaries and a constant 
temperature of 20° C, while the top surface is defined as the outlet (𝑝𝑝 = 1 atm). In order 
to model a realistic situation in all directions, a zero-conductivity flat body is added 
beneath the motor to act as a generic surface. Computational effort is effectively focused 
by defining a higher mesh density around the heatsink volume where the temperature 
and pressure gradients are the highest. In total, the model consists of approximately 106 
mesh elements. Finally, the interior of the SRM is separated from the fluid by attaching 
zero-conductivity endcaps to the stator. 
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Solving the numerical model results in a steady state velocity and temperature fields, 
the former of which is presented for the simple annular fins in Figure 3.4 together with 
an illustration of the airflow inside the fin structure, and the latter for each heatsink in 
Table 3.3. The velocity field, which is plotted on a single 𝑥𝑥𝑥𝑥 plane, is indicative of total 
airflow and therefore a proxy for performance, although fully relevant only when 
comparing similar designs. The maximum temperature increase is used to calculate ℛΣ, 
which determines current density for a given temperature increase (in this case 80 °C is 
chosen arbitrarily). By subtracting ℛ0 from ℛΣ, the performance of the different heatsinks 
can be compared directly through ℛHs. 
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Figure 3.4. Resulting temperature distribution and airflow for the simple annular fins. 

 

Figure 3.3. Nonisothermal CFD setup of the SRM stator. 
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Table 3.3. Results of the nonisothermal CFD model [65]. 

Fin Structure Resulting values Velocity distribution 𝒗𝒗 (m/s) 

Simple annular 
fins 

∆𝑇𝑇Cu = 90.9 °C 
ℛHs = 4.32 K/W 
𝑗𝑗∆80°𝐶𝐶 = 6.95 A/mm2 
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Hyperbolic 
annular fins 

∆𝑇𝑇Cu = 86.9 °C 
ℛHs = 4.09 K/W 
𝑗𝑗∆80°𝐶𝐶 = 7.15 A/mm2 

 

 
 

Round pin fins 
∆𝑇𝑇Cu = 86.8 °C 
ℛHs = 4.08 K/W 
𝑗𝑗∆80°𝐶𝐶 = 7.15 A/mm2 

 

 
 

Airfoil pin fins 
∆𝑇𝑇Cu = 84.8 °C 
ℛHs = 3.97 K/W 
𝑗𝑗∆80°𝐶𝐶 = 7.25 A/mm2 

 

 
 

Cubic lattice 
∆𝑇𝑇Cu = 93.6 °C 
ℛHs = 4.48 K/W 
𝑗𝑗∆80°𝐶𝐶 = 6.83 A/mm2 
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3.1.5 Results and Conclusions of the Passive Heatsink Models 
Within the results, four important comparisons can be made. First, between the annular 
fin heatsinks. It is clear from both the velocity distribution and the 4 °C temperature  
drop that contouring the fins based on a hyperbolic curve is a strict improvement in 
performance. As the hyperbolic fins have a 31% lower fin mass, the only reason to avoid 
this design would be mechanical or manufacturing constraints. In the context of the SRM, 
decreasing ℛHs  by 5.3% means that the current density in the conductors can be 
increased by 0.2 A/mm2. Secondly, the hyperbolic fins can be compared to the straight 
round pins. In this case, while a significant amount of material is removed from the fin 
structure, the thermal performance is effectively unchanged. This illustrates the general 
effectiveness of pin fin heatsinks, where the added flow channels, perpendicular to the 
main flow, increase surface interaction with the fluid. It can be assumed, that similarly to 
the annular fins, contouring the pins in the radial direction would similarly increase 
performance. Third, comparing the round pins to the airfoil pins, it can be seen that the 
increased number of pins and staggered formation does not result in significantly 
reduced airflow. Maintaining a similar airflow while increasing surface area means that 
the thermal resistance of the heatsink is further reduced by 2.7%, allowing a 0.1 A/mm2 
increase in current density. Finally, the cubic lattice severely underperforms the 
conventional case with a 3.7% higher ℛHs , clearly demonstrating the unsuitability of  
non-airflow focused designs for passive cooling. 

This study serves as an initial exploration of advanced fin structures, which aim to 
increase thermal performance by utilizing the design freedom of AM. By taking an 
empirically optimized annular fin heatsink as a starting point, gradual improvements in 
thermal performance are achieved by modifying the fin structure towards a more 
complex design. The lowest thermal resistance (8.1% improvement), and therefore the 
highest current density (4.3% improvement), is achieved using a pin fin heatsink with 
staggered airfoil-shaped pins. The high performance of the airfoil is due to the 
combination of a open structure with high airflow (a general property of pin fin heatsinks) 
and a larger effective surface are (compared to round pins). Although in principle, airfoil 
pin fins can have turbulence created at the tail-end of each pin, which interacts 
beneficially with the leading-edge of the next pin, it is unlikely to be relevant at these low 
velocities. In terms of thermal performance, airfoil pins show significant potential as even 
a solution with intuitively defined parameters outperformed the conventionally 
optimized annular fins. Most likely, additional improvement can be expected by 
optimizing the shape, count and placement of the fins. Additionally, unlike annular fins, 
pin fin heatsinks are also highly effective in forced-cooling applications, meaning that a 
similar design could be used in a wider array of applications. 

However, when it comes to maximizing power density, the thermal performance of 
the radial flux SRM is limited on two fronts. First by its relatively high internal thermal 
resistance, which is an inherent consequence of its topology, and second, by its relatively 
low performance heatsink, which is a general consequence of passive cooling. Both of 
these limitations can be substantially mitigated by considering an axial flux topology and 
an actively air-cooled heatsink, which is the subject of the next part of this chapter. 
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3.2 Advanced AM Fin Structures for Active Heatsinks 
Introducing an external airflow source in the form of a cooling fan increases the heat flux 
from the heatsink’s surface by up to an order of magnitude, dramatically reducing ℛ𝐻𝐻𝑏𝑏. 
Additionally, since the heatsink is no longer responsible for creating the airflow, a denser 
fin structure becomes more viable in theory. This expands the design space of effective 
solutions to potentially involve complex and intricate geometries, such as those based 
on lattice structures. In this work, the actively air-cooled heatsink is implemented on a 
dual rotor axial flux switched reluctance machine, providing two key benefits compared 
to a conventional inner rotor radial flux machine. First, in a dual rotor machine, two fans 
can be used in series, which doubles the pressure increase of a single fan, further 
increasing the potential of dense AM-based fin structure designs. Second, in the case of 
an axial flux topology, the heatsink can be mounted directly on the windings without 
sacrificing electromagnetic performance, effectively eliminating the thermal resistance 
elements associated with the magnetic core, as seen from the thermal circuit in Figure 
3.5. Attaching the heatsink is done through an integrated AM AlSi10Mg frame, which is 
dimensioned specifically according to the stator core. The integrated frame and heatsink 
piece, in addition to the two cooling fans comprise the motor’s thermal management 
solution, which is designed to maximize its performance-to-weight ratio. 

Maximizing the performance of the thermal management solution is achieved in two 
distinct parts. Initially, a thorough design process following well-understood analytical 
and empirical correlations for a conventional finned heatsink is employed to determine 
the radial length of the cooling system in terms of a maximal gravimetric current density 
ratio for the motor (in lieu of power density as calculating that requires an entire 
electromagnetic workflow). The second part involves determining a superior AM-enabled 
alternative to the conventional fin structure while keeping the outer dimensions invariant. 
This is achieved by comparing several different fin designs to the optimized conventional 
solution. In this case, instead of numerical simulations (which become significantly less 
accurate at higher flow velocities), the performance of each heatsink is evaluated with 
the help of an AM prototype using a motorette to create the heat load and a pair of 
cooling fans to generate airflow. 

3.2.1 Axial Flux Switched Reluctance Motor Prototype 
The proposed solution, designed for an in-house designed and additively manufactured 
(Fe-Si core) dual-rotor yokeless axial flux switched reluctance motor (AFSRM). The stator 
of the motor consists of mechanically separate LPBF high-silicon steel core elements 
wound with round copper wire. The segments are surrounded in the radial direction by 
the AM AlSi10Mg frame, which provides cooling and structural integrity, and in the axial 
direction with reinforcing plates. The frame that encloses the wound stator segments is 
extended radially to form a heatsink, cooling the stator with the help of two fans 
mounted on the rotors. The resulting exceptionally short thermal path from the winding 
relies on the unique geometry of axial flux machines and allows for exceptionally high 
current densities without the need for liquid cooling. By attaching a fan to each rotor, 
the airflow through the fin structure is provided by two fans in series, which in conjunction 
with the relatively high operating speed of 6000 rpm creates the potential for a substantial 
pressure difference. Figure 3.5 presents an exploded view of the machine’s components 
and Table 3.4 lists the important parameters. 
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Table 3.4. Important parameters of the AFSRM. 

Parameter Value 
Skit/pole count 6/4 
Outer diameter 67.4 mm 

Axial length 70.0 mm 
Rated speed 6000 rpm 

Maximum current density 
(without heatsink) ~5 A/mm2 rms 

Maximum heat losses 
(without heatsink) ~25 W 

Experimental data on the cooling solution’s performance is gathered using a 1/6 sector 
of the cooling system, which is fitted over an AM high-silicon steel stator tooth prototype. 
The tooth is hand-wound with 230 turns of 0.2 mm² copper wire in 6 layers, achieving 
a fill factor of approximately 64% and an electrical resistance of 1.20 Ω. Together, these 
components represent a 1/6 sector of the AFSRM stator assembly. A Pt100 temperature 
sensor is positioned on the inner radius of the tooth, between the slot liner and the first 
layer of the winding to measure the temperature 𝑇𝑇Cu. This location is the most thermally 
isolated from the ambient air, making the sensor’s reading indicative of the winding 
hotspot temperature. Figure 3.6 depicts the 1/6 sector of the stator and frame/heatsink 
combination, and the stator prototype used for testing the AM heatsink prototypes. 

Figure 3.5. Construction of the AFSRM and the corresponding thermal circuit [66]. 
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3.2.2 AFSRM Thermal Model 
The heat transfer in the solid material is modelled according to equations 3.1, 3.2 and 
3.3 to calculate an approximate ℛ0 value, which is used to correlate ℛHs with a specific 
current density. This can be effectively done using a 1/6 symmetrical model of the stator, 
where any ℛHs can be modelled as a boundary condition on the 𝑆𝑆𝐹𝐹  surface (acting as an 
imaginary boundary between the frame and heatsink). Heat flux directed radially from 
the core is limited by the TC anisotropicity of the winding structure. In this case,  
a complicated TC tensor is avoided by adding a layer conductance at each boundary 
according to equation (3.5), where the value of ℎBC is modelled as an equivalent layer of 
air with a thickness 𝑤𝑤𝑏𝑏𝑎𝑎. For any novel solution, it is difficult to find a reliable reference 
value from the literature, meaning that only an approximate value based on past 
experience can be used, which in this case is 𝑤𝑤𝑏𝑏𝑎𝑎 ≈ 10  μm (this is not indicating the 
physical thickness of the contact region but rather the equivalent airgap thickness of the 
contact thermal resistance). As the boundary resistances create a substantial 
temperature difference between 𝑇𝑇Cu and 𝑇𝑇F, an additional temperature sensor is added 
on the frame to calculate ℛHs (see published work V for more details). 

The heat losses of a single sector are a combination of copper 𝑃𝑃Cu and iron losses 𝑃𝑃Fe, 
although to frequencies up to and well beyond the motor’s operating point of 400 Hz, 
the heat generation is dominated by 𝑃𝑃Cu. The iron losses at 400 Hz and a core flux density 
of 1.5 T in high-silicon steel laminations manufactured with LPBF can be estimated based 
on the available literature to be around 100 W/kg [59]. This results in a 𝑃𝑃Fe  value of  
2.24 W, which is only a fraction of the estimated 𝑃𝑃Cu value. Therefore, the iron losses do 
not significantly impact the temperature distribution in the slot and can be simply modelled 
as an additional source of heat in the thermal circuit. Furthermore, as the frequency 
dependent losses are relatively small compared to the DC losses, the measurements on 
the physical prototypes can be carried out using DC current without concern for any AC 
effects (other than considering the numeric value of 𝑃𝑃Fe in the calculations). 

Solving the model with these parameters and a current density of 25 A/mm2 (30.4 W 
heat load per coil) results in an internal thermal resistance of approximately ℛ0 = 1 K/W 
as seen in Figure 3.7. This value is used in the analytical heatsink design procedure to 
determine its optimal dimensions in terms of a gravimetric current density ratio.  
In addition to ℛ0, the design procedure relies on specific airflow parameters, defined by 
the performance characteristics of the cooling fan pair. 

 

 

Figure 3.6. The single stator sector and the wound AM stator tooth used for experimental 
verification. The 𝑇𝑇𝐹𝐹 temperature sensor is placed inside a shallow hole on the side of the frame and 
the 𝑇𝑇𝐶𝐶𝐶𝐶 between the innermost winding turn and the slot liner [66]. 
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3.2.3 AFSRM Cooling Fans 
Airflow is created through the heatsink fin structure by two axial fans that are connected 
directly to the rotors of the machine. The blade length of the fans matches the length of 
the fins 𝐿𝐿Fin to create a consistent outer diameter across the entire length of the motor, 
and the thickness of the fan is similarly equal to the thickness of the rotor. As the purpose 
of the fan is only to provide an appropriate amount of airflow (preliminary testing 
showed that cooling performance is largely invariant of specific blade geometry or 
number), and not to achieve a specific efficiency or acoustic performance, its 14 fins are 
designed using a basic curved shape. Performance curves for each blade length (and at 
the same time each heatsink fin length) are obtained through the measuring of three 
prototypes (5, 10 and 15 mm) and the interpolation (through fan affinity laws) of the 
intermediate fin lengths (0.1 mm resolution). The prototypes are additively manufactured 
from PLA using an FDM process and measured at the extreme values using an in-house 
flow bench. While only measuring maximum pressure increase at zero flow and 
maximum flow at zero pressure drop only results in approximated linear curves (Figure 
3.8), these two points can be measured significantly easier and more accurately than the 
intermediate values due to effects of turbulence and helical airflow. 

Figure 3.7. Temperature distribution in the AFSRM stator sector with only internal thermal 
resistance present. 

 

Figure 3.8. Fan pair curves at 6000 rpm and different blade lengths [66]. 
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3.2.4 Heatsink Sizing 
The end-goal of the cooling solution is to maximize the gravimetric power density of the 
AFSRM. In this case, instead of calculating the full power density of the motor, which is 
outside the scope of thermal design, the power-to-weight ratio of the motor is 
represented by a current density factor: 

 𝑘𝑘𝑗𝑗 =
𝑗𝑗Cu 
𝑀𝑀Σ

, (3.10) 

where equation (3.5) is used to link current density to copper losses, which is itself 
limited by the performance of the full total thermal system: 

 𝑃𝑃Cu =
∆𝑇𝑇Cu

ℛ0 + ℛHs
− 𝑃𝑃Fe. (3.11) 

As 𝑃𝑃Fe is effectively constant at a given frequency, and ℛ0 = 1 K/W is taken from the 
thermal model, only ℛHs is needed to describe 𝑗𝑗Cu. Additionally, calculating ℛHs using 
the semi analytical model fully determines the heatsink’s geometry, which allows the 
mass of the heatsink to be calculated and therefore 𝑘𝑘𝑗𝑗  to be fully defined. 

3.2.4.1 Analytical Heatsink Model 
Initially, 𝑘𝑘𝑗𝑗 is optimized using a standard semi analytical workflow for a conventional 
heatsink based on [67] and [68]. This results in straight and open-ended fins as shown in 
Figure 3.9 (a), however for the purposes of cooling the AFSRM, the final shape is curved, 
and a top surface is added (b). Since all other dimensions are conveniently defined by the 
geometry of the axial flux motor, the two design variables to be determined are the 
length and number of fins (the fin thickness is set at 0.5 mm according to the available 
LPBF capabilities). 
 

 
 
 
 

 

Figure 3.9. The conventional heatsink design considered in the semi analytical model (a) and the 
modified design used to cool the AFSRM (b) [66]. 



43 

The design process starts by defining the pressure drop in the flow channel for a given 
air velocity, which must be a working point of the cooling fan pair: 

 2Δ𝑃𝑃Fan = ∆𝑃𝑃Hs = �0.42(1− 𝜎𝜎2) + 4𝑓𝑓app
𝐻𝐻Hs
𝐷𝐷h

+ (1 − 𝜎𝜎2)2� 𝜌𝜌air
𝑣𝑣2

2 , (3.12) 

where the flow velocity is directly proportional to the flowrate at the operating point: 
𝑣𝑣 = 𝑄𝑄Fan 𝐴𝐴fc⁄ . 

Naturally, 𝛥𝛥𝑃𝑃Fan and 𝑣𝑣 are inherently linked as the fan pair can only create a certain 
amount of airflow through a given flow channel area, determined by its performance 
curve (Figure 3.8). Therefore, the optimization problem involves calculating the flow 
characteristics of each possible 𝐿𝐿Fin  and 𝑛𝑛Fin  combination, which are then used to 
evaluate ℛHs and finally 𝑘𝑘𝑗𝑗. 

The pressure drop in the flow channel for a given velocity is modelled with the use of 
an apparent friction factor, which is empirically correlated to the flow channel’s 
geometry and the nature of the flow: 

 𝑓𝑓app =

⎝

⎜
⎛

⎝

⎛ 3.44

� 𝐿𝐿Hs
𝐷𝐷h ∙ 𝑅𝑅𝑅𝑅⎠

⎞

2

+ (𝑓𝑓 ∙ 𝑅𝑅𝑅𝑅)2

⎠

⎟
⎞

1
2

∙ 𝑅𝑅𝑅𝑅−1, (3.13) 

where 𝐷𝐷h = 2𝑏𝑏 and the Reynolds number is itself dependent on the geometry, velocity 
and fluid properties: 

 𝑅𝑅𝑅𝑅 =
𝜌𝜌air ∙ 𝑣𝑣 ∙ 𝐷𝐷h

 𝜇𝜇 . (3.14) 

The apparent friction factor, which is used to model flow in a general flow channel, 
also contains a term for the friction factor, which is a more specific variable describing a 
fully developed flow through a uniform channel profile: 

 𝑓𝑓 = (24 − 32.53𝑘𝑘a + 46.72𝑘𝑘a2 − 40.83𝑘𝑘a3 + 22.95𝑘𝑘a4 − 6.09𝑘𝑘a5)𝑅𝑅e−1, (3.15) 

where the flow channel aspect ratio is 𝑘𝑘a = 𝐷𝐷h (2 ∙ 𝐿𝐿Hs)⁄ . 
While equations (3.12) to (3.15) sufficiently describe the aerodynamics of the 

heatsink, thermal performance depends on the interaction between the air and the fin 
surface. This is described using the Nusselt number: 
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where the modified Reynolds number is 𝑅𝑅𝑅𝑅∗  = 𝜌𝜌air ∙ 𝑣𝑣 ∙ 𝑏𝑏2 ( 𝜇𝜇 ∙ 𝐿𝐿)⁄  and the convective 
characteristic of the fluid is explicitly described using the Prandtl number 𝑃𝑃𝑃𝑃 = 𝜇𝜇 ∙ 𝑐𝑐p 𝜆𝜆air⁄ . 
Subsequently, the Nusselt number is used to calculate the directly applicable thermal 
parameters of the average convection coefficient ℎconv = 𝑁𝑁𝑁𝑁 ∙ 𝜆𝜆air 𝑏𝑏⁄  and fin efficiency 
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𝜂𝜂fin = tanh (𝑚𝑚 ∙ 𝐿𝐿Hs) (𝑚𝑚 ∙ 𝐿𝐿Hs)⁄ , where 𝑚𝑚 = �2 ∙ ℎconv (𝜆𝜆Al ∙ 𝑡𝑡Fin)⁄ . These are then used to 
find the thermal resistance of a single 1/6 sector (used to clarify the correlation with the 
thermal model and the physical prototypes) of the heatsink: 

 ℛ𝐻𝐻𝑏𝑏 =
6

ℎconv ∙ (𝐴𝐴base + 𝑛𝑛Fin ∙ 𝜂𝜂Fin ∙ 𝐴𝐴Fin). (3.17) 

Finally, ℛHs is correlated with a current density through equations (3.11) and (3.17), 
and the mass of the heatsink is calculated based on its geometry and the density of 
AlSi10Mg. Therefore, 𝑘𝑘𝑗𝑗  can be calculated for each combination of 𝐿𝐿Fin  and 𝑛𝑛Fin .  
The results are shown in Figure 3.10 at different nominal rotational speeds to illustrate 
the change in the maximum point. In the figure below, the optimal 𝑛𝑛Fin and a hotspot 
temperature increase of 80 °C are used to construct each curve. 

At the nominal operating speed of 6000 rpm, the highest 𝑘𝑘𝑗𝑗  of 33.1 A/(mm2∙kg) is 
achieved for a heatsink with 198 fins of a length of 9.0 mm, which results in a total weight 
of 𝑀𝑀Σ = 0.83 kg and a current density of 𝑗𝑗Cu = 26.8 A/mm2. The thermal resistance of the 
heatsink sector is ℛHs = 0.8 K/W, which is added to the modelled internal resistance to 
get a total resistance value of ℛΣ = 1.8 K/W for the sector. 

As the 𝑘𝑘𝑗𝑗  model is set up in a general manner, it can be used to find the optimal  
(in terms of 𝑘𝑘𝑗𝑗) geometrical parameters with different inputs. In Figure 3.10, this is done 
for a range of rotational speeds, showing how the mass-optimized heatsink gets smaller 
as the available airflow increases. Furthermore, any of the parameters, such as ℛ0, 𝜆𝜆 or 
∆𝑇𝑇Cu can be modified to determine the optimal dimensions of the heatsink in a variety 
of applications. However, in terms of ℛHs, this model is strictly limited to conventional 
straight fins, for which accurate analytical and empirical correlations are available.  
To explore alternative fin structures with potentially higher performance, physical 
prototypes must be manufactured. 

 
 

 

Figure 3.10. Current density factor values at different heatsink fin length fan pair rotational speed 
values with the maximal values highlighted [66]. 
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3.2.5 Advanced Fin Structures 
The second part of this work focuses on decreasing ℛHs through advanced fin structures, 
for which the general shape and sizing is taken from existing literature. Each advanced 
design shares the previously found fin length of 9 mm to end up with comparable results. 
However, other geometrical parameters, such as porosity and cell size are based on a 
combination of existing results in the literature, and practical manufacturing considerations 
(e.g. avoiding fractional cells) as accurate analytical and empirical workflows are generally 
limited to simple fins only. 

The first advanced fin design utilizes airfoil-shaped pins similarly to the passive 
heatsink described previously. However, with forced cooling, minimizing drag becomes 
less important, meaning that a higher fin density and an airfoil angle of attack of 20° 
(based on the experimental work in [69]) is used. With a significantly lower 𝐴𝐴Hs than the 
conventional case, its performance relies mainly on direct boundary layer disruption at 
the leading edge (where airflow is effectively tangential to the fin surface), and 
turbulence on the trailing edge, which is utilized further by using two layers of fins. 

The next two advanced designs utilize truss-based lattice structures in order to create 
an extremely chaotic flow inside the fin structure as a considerable part of the fin surface 
is tangential to the airflow. The first truss-based solution is a rhombi octet (RO) lattice 
[70–72] with a cell size of 9 mm and a strut thickness of 0.75 mm. This lattice structure, 
comprised of a rhombicuboctahedron core and octet truss structures in the corners, 
is characterized by small rectangular details that form cubical cells. In terms of airflow, 
each cell forms a central path that passes through the entire length of the heatsink, and 
a large number of parallel paths. The second truss-based design is a combination of a 
simple cubic and a body centred cubic (BCC) lattice [73] with a cell size of 3 mm and 
0.6 mm struts. In this case, round struts are placed diagonally in the cuboidal structure, 
disrupting most of the airflow that would otherwise pass through the heatsink. 
As a result, an even larger proportion of the airflow is restricted by the fin structure and 
is forced to move through the parallel paths. 

The final two advanced designs are based on mathematically defined triply periodic 
minimal surfaces (TPMS). Similarly to the previous two cases, these create a large 
amount of parallel airflow paths, however the discrete trusses are replaced with smooth 
surfaces. This approach attempts to benefit from the large amount of off-axis airflow 
without creating unnecessary drag. The first TPMS structure is the gyroid [74–76], which 
is a surface defined as sin(𝑥𝑥) cos(𝑦𝑦) + sin(𝑦𝑦) cos(𝑥𝑥) + sin(𝑥𝑥) cos(𝑥𝑥) = 0 . The gyroid is 
scaled such that the range [0; 2𝜋𝜋] spans a length of 9 mm, and the surface is extended 
in both directions 1 mm to form a solid body. The resulting fin structure includes two 
circular channels for each cell that go directly through the entire length, and numerous 
parallel paths connected by curves. The second TPMS structure is the Schwarz diamond 
[77], which is a surface defined as cos(𝑥𝑥) cos(𝑦𝑦) cos(𝑥𝑥) − sin(𝑥𝑥) sin(𝑦𝑦) sin(𝑥𝑥) = 0 . 
In this case, the triangular unit cells, are scaled manually in order to avoid disjointed 
structures. The resulting structure has a wall thickness of approximately 0.5 mm (to avoid 
geometry clipping) and unlike every other geometry, does not include any flow channels 
that go straight through the heatsink. Therefore, the entirety of the flow follows the 
intricate internal structure, which makes it the most extreme case of increasing boundary 
layer interaction in favour of total airflow. The characteristic geometry, dimensions and 
visualization of each heatsink design is presented in Table 3.5. In each case, 𝐴𝐴Hs and 𝑉𝑉FC 
are based on the CAD model and 𝑀𝑀Hs is based on measurements of the AM prototypes 
(explaining the apparent discrepancy between 𝑉𝑉FC and 𝑀𝑀Hs). 
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Table 3.5. Different heatsink designs utilizing advanced fin structures [78]. 

Fin structure Geometrical 
parameters Characteristic geometry Heatsink sector model 

Straight fins 

  𝐿𝐿Fin = 9 mm 
  𝑏𝑏 = 0.8 mm 
  𝑁𝑁Fin = 198 
  𝐴𝐴Hs = 151 cm2 
  𝑀𝑀Hs = 13.4 g  
  𝑉𝑉FC = 6.04 cm3  

 

Airfoil pin fins 

  𝑑𝑑1 = 8.7 mm 
  𝑑𝑑2 = 2.7 mm 
  𝛼𝛼 = 20° 
  𝐴𝐴𝐻𝐻𝑏𝑏 = 81.9 cm2  
  𝑀𝑀Hs = 11.4 g 
  𝑉𝑉FC = 6.05 cm3   

Rhombi octet 

  𝑑𝑑1 = 9 mm 
  𝑑𝑑1 = 2.25 mm 
  𝑑𝑑1 = 0.75 mm 
  𝐴𝐴Hs = 87.0 cm2 
  𝑀𝑀Hs = 7.80 g 
  𝑉𝑉FC = 7.78 cm3 

  

Simple cubic + 
body centred 
cubic (BCC) 

  𝑑𝑑1 = 3 mm 
  𝑑𝑑2 = 0.6 mm 
  𝐴𝐴Hs = 128 cm2  
  𝑀𝑀Hs = 10.4 g 
  𝑉𝑉FC = 7.45 cm3 

  

TPMS Gyroid 

  𝑑𝑑1 = 9 mm 
  𝑑𝑑2 = 1 mm 
  𝐴𝐴Hs = 76.4 cm2 
  𝑀𝑀Hs = 10.9 g 
  𝑉𝑉FC = 6.39 cm3 

  

TPMS Diamond 

  𝑑𝑑1 = 6.3 mm 
  𝑑𝑑2 = 0.5 mm 
  𝑑𝑑3 = 2.3 mm 
  𝐴𝐴Hs = 117 cm2 
  𝑀𝑀Hs = 7.10 g 
  𝑉𝑉FC = 8.02 cm3 
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3.2.6 Advanced Fin Structure Prototypes and Testing 
The thermal performance of each of the fin structures is measured through physical 
prototypes, manufactured via LPBF from AlSi10Mg. The prototypes shown in Figure 3.11 
do not contain major manufacturing faults and are dimensionally accurate. The inner 
surface of the sector, which is in direct contact with the stator winding, is dimensioned 
specifically according to the exact geometry of the stator winding and polished to 
minimize ℛ0. The main goal of the measurements is the determination of ℛHs for each 
of the fin structures at different fan speeds, which is calculated based on the thermal 
circuit in Figure 3.5 as the temperature difference between the heatsink surface and the 
ambient air under a DC heat load: 

ℛHs(𝜔𝜔) =
𝑇𝑇F − 𝑇𝑇𝑏𝑏𝑎𝑎𝑏𝑏

𝑃𝑃Cu
, (3.18) 

while the hotspot temperature is kept at a constant 𝑇𝑇Cu = 100 °C during each test to 
emulate a fixed working point and minimize any temperature dependent effects on ℛ0. 

The measurements are performed on a straightforward test bench, where the 
aluminium alloy frame sector is mounted on a polymer fixture that emulates the full 
motor as shown in Figure 3.12. Two fans, mounted on both sides of the stator, provide 
airflow through the heatsink sector and are driven by an external motor with accurate 
speed control. Measurements of the input heating power (voltage and current) and 
temperatures are performed with precision multimeters and a data logger respectively. 

Figure 3.11. LPBF AlSi10Mg heatsink sectors [78]. 
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3.2.7 Advanced Fin Structure Results 
Each frame sector is measured three times to account for a small variance in ℛ0 each 
time the frame is mounted on the stator winding (caused mainly by random variations in 
the thermal paste application and the positioning of the 𝑇𝑇F sensor). During each of the 
three test runs, the measured values are used to calculate ℛHs in the range of 3000 to 
6000 rpm. The resulting values are averaged to produce ℛHs (𝜔𝜔) curves, which take the 
form 𝑦𝑦 = 𝑎𝑎𝑅𝑅𝑏𝑏𝑏𝑏 + 𝑐𝑐𝑅𝑅𝑑𝑑𝑏𝑏, matching the shape of the analytically calculated values shown in 
Figure 3.13. 

Figure 3.12. Measurement setup [78]. 

Figure 3.13. Thermal resistances of the different fin structures at a range of fan speeds [78]. 
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The resulting curves are similar to the analytical model, where the performance gains 
from increasing the fan speed gradually level off. At the nominal operating speed of 
6000 rpm the airfoil pin fins have the lowest thermal resistance of 0.8 K/W, which is 
an approximately 5% improvement over the conventional straight fins. Of the two 
truss-based designs, the body cantered cubic performs the best with a thermal resistance 
of 0.99 K/W, which is 18% worse than the conventional case. Both TPMS designs have 
even higher thermal resistances at 1.07 and 1.29 K/W for the gyroid and diamond 
structures respectively. These results indicate clearly that conventional design principles, 
which prioritize straightforward flow paths, apply even in the case of the two high-speed 
fans in series. 

As an alternative, as shown in Figure 3.14, the heatsinks can be compared based on 
mass-based relative performance, in which case each ℛHs is multiplied by the fin mass 
𝑀𝑀Hs . The resulting value can be imagined as the fin mass required for a thermal 
resistance of 1 K/W. However, its use should be only limited to specific comparisons as a 
low relative value does not necessarily mean that an effective heatsink can be 
constructed. 

Comparing the relative performance reveals that the rhombi octet structure, while 
not impressive in terms of absolute performance, achieves a value of 8.34 g∙K/W, which 
is approximately 25% lower than the conventional heatsink. This suggests that the 
rhombi octet structure is a more efficient use of material terms of thermal performance, 
however the importance of fin mass compared to absolute thermal resistance is highly 
application specific. For example, while a 25% reduction in fin mass has only a small effect 
on the total weight of the AFSRM, applying for a device with a much larger overall 
loss-density, such as a power transistor, could lead to substantial weight savings.  
It should be noted that reducing the fin count (using the analytical model) of the 
conventional heatsink to match the 𝑀𝑀Hs  of the rhombi octet does not meaningfully 
change its relative performance, indicating that this parameter is primarily determined 
by the geometry type and not specific dimensions. Therefore, instead of focusing on 
absolute performance, future optimization of the rhombi octet or TPMS structures 
should focus on relative performance. 

Figure 3.14. Relative thermal resistances of the fin structures at a range of fan speeds [78]. 
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3.2.8 Evaluation of the Proposed AFSRM Thermal Management Solution 
The thermal performance of each heatsink can be linked to a maximum current density 
in the windings through equations (3.11) and (3.17) by considering the average measured 
internal thermal resistance of ℛ0 = 1.14 K/W (calculated as ℛ0 = ((𝑇𝑇𝐶𝐶𝐶𝐶 − 𝑇𝑇F )) ⁄ 𝑃𝑃Cu  
for each heatsink measurement and averaged across all tests), the approximated 𝑃𝑃Fe (𝜔𝜔) 
value, and a specified hotspot temperature increase of 80 °C. The results for the most 
relevant fin structures are shown in Figure 3.15, where the total mass of the drive, 
consisting of all six stator segments, the full frame, and rotors with the fans, is added to 
illustrate the relatively small effect of 𝑀𝑀Hs in the context of the full motor. 

3.3 Advanced Fin Structures Conclusions and Future Work 
In this chapter, the potential of AM in EM cooling was explored by focusing on different 
advanced fin structures with the aim of increasing a motor’s maximum current density. 
The simulated and measured results, for the inner rotor radial flux and dual rotor axial 
flux reluctance motors respectively, showed the advantage of AM-enabled structures for 
motor air-cooling applications. The work presents a strong justification for the inclusion 
of AM in the process of developing EM air-coolers as both absolute and relative thermal 
performance can be increased through the inclusion of nonconventional structures. 

In the case of the passively cooled radial flux machine, advancing the conventional 
annular fin heatsinks towards novel AM-based geometries provided a clear advantage in 
absolute and relative thermal performance. While simply altering the shape of the simple 
fins proved beneficial, the highest performing heatsink, which enables a 1.1% higher 
current density in the windings at a total weight reduction of 1.6%, is the airfoil pin fin 
heatsink. This structure, while in principle manufacturable without AM, demonstrates 
the advantages of moving beyond simple conventional designs and considering novel 
structures for air-cooling. However, the superior performance of relatively open structures 
that attempt to maximize natural convection was demonstrated by the disappointing 
performance of the lattice structure. 

 

Figure 3.15. Maximum current density values achievable with the different heatsink designs at a 
hotspot temperature increase of 80 °C. 
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After confirming through simulations that AM-enabled advanced structures can be 
advantageous, focus was directed on physical prototypes and active-air cooling to 
increase current density further. Additionally, as the internal thermal resistance of the 
radial flux motor was shown to be a significant limiting factor, an axial flux motor was 
chosen as the platform. In this case, the segmented nature of the stator allows the 
heatsink to be placed directly on the windings by utilizing an integrated frame and 
heatsink combination. When dimensioning the frame, the inherently irregular shape of 
the wound stator core segments can be effectively dealt with due to the flexibility of 
AM-based design. This makes the axial flux motor topology an excellent showcase of 
AM’s advantages. Measurement results obtained from the AM prototypes demonstrated 
the overall effectiveness of the proposed cooling solution and the advantages of 
advanced fin structures in active air-cooling. The low internal thermal resistance of the 
system enables a current density of > 25 A/mm2 to be used, which is generally only 
available with liquid cooling. Therefore, in applications unsuitable for liquid cooling (such 
as small- and medium-scale electric propulsion), the proposed method for cooling axial 
flux motors can provide substantial advantages. In terms of advanced fin structures, 
the lowest thermal resistance was achieved with the airfoil pin fins, which enabled the 
current density to be increased a further 1.1% while decreasing total weight by 1.6% 
compared to the conventional straight fins. 

Similarly to the passively cooled case, the open structures significantly outperformed 
the relatively dense structures. Considering the use of two high speed fans in series, 
a configuration that represents the high-end of the pressure increase achievable with 
air-cooling, the underperformance of the dense structures in absolute performance 
should be considered as a basis to disregard similar solutions. This is contrary to much of 
the previously cited literature, in which dense lattice structures tend to be highly rated, 
albeit only based on limited comparisons or purely simulation data. Furthermore, it must 
be noted that the advanced solutions used in this work are unoptimized and only roughly 
dimensioned based on the literature, while their performance is compared to a 
thoroughly optimized conventional case. Even so, it is unlikely that optimizing the 
geometrical parameters of any of the considered lattice structures would propel its 
performance above the conventional solution. 

The tendency of smooth and open structures to outperform intricate lattice 
structures in air-cooling has resulted in fin structures that, on first impressions, do not 
necessarily demand AM. However, while the airfoil pin fins and other similar solutions 
have always been manufacturable, serious work looking into their performance has still 
only started with the advent of effective AM for conductive materials. There, the extremely 
fast prototyping capabilities of AM should be considered. By having the option of 
performing measurements on a physical prototype based on essentially any 3D geometry 
after only a trivial production time, optimized designs can be evidently discovered and 
confirmed even if the geometry itself could have been manufactured otherwise. 
Nevertheless, the main hypothesis of this thesis can be confirmed more convincingly 
through an improved thermal solution that relies more heavily on the capabilities of AM 
in terms of realizing complex geometries. Such a solution is introduced in the next 
chapter through an algorithmically generated fin structure; in which case the resulting 
geometry is wholly irregular and would prove exceedingly difficult to fabricate without 
AM. 
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4 Algorithmically Generated Fin Structures 
Advances in computational power have enabled a radically different design paradigm by 
replacing analytical and empirical correlations with the results of a numerical model. 
In this way, many simplifications of analytical models (e.g. a constant convection 
coefficient on the entire fin surface) are avoided and the performance of any geometry 
can be calculated. These results can be used to modify the geometry towards a more 
effective solution without any prior knowledge of the system’s characteristics. In its most 
basic form, the geometry is modified according to a limited set of design parameters, in 
which case the overall shape of the result remains predefined. This type of parametric 
optimization (PO) can be readily used in conjunction with conventional manufacturing 
techniques, although the result does not generally represent any sort of global optimum. 
If, however, the manufacturing limitations are relaxed, the limited set of design 
parameters can be discarded in favour of directly controlling the geometry on the level 
of individual mesh elements. Such methods, generally called topology optimization (TO), 
result in fundamentally unique geometries that can reach much closer to a given global 
optimum and in many cases represent the absolute best performance that is physically 
possible. 

In this chapter, the advantages of combining AM and TO are demonstrated using an 
electric propulsion drive as the case study. Initially, the numerical model is built and 
paired with a PO algorithm to produce an optimized conventional heatsink that acts as 
the initial case. Afterwards, a TO algorithm based on heat transfer and fluid flow in 
porous media is introduced and used to generate the optimized geometry. Finally, both 
heatsinks are manufactured from AlSi10Mg using LPBF and measured using the 
propulsion drive. The resulting TO heatsink, which is not based on any existing  
geometry or intuitive design, is an excellent expression of the fundamental shift in design 
methodology that AM represents. 

4.1 Propulsion Drive Parameters 
In the context of an electrical propulsion system, the primary goal of the cooling solution 
is maximizing thrust-to-weight ratio. The specific drive, consisting of an inner rotor 
permanent magnet motor and a 12 x 4.5 carbon fibre propeller is illustrated in Figure 4.1. 
The motor is cooled by a heatsink that covers the entire length of the stator and is in 
direct contact with the silicon steel laminations. It consists of a 1 mm thick cylindrical 
base, to which the fins are radially attached. The relevant performance parameters of 
the drive are shown in Table 4.1. 
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Table 4.1. Important parameters of the drive. 

Parameter Symbol Value 
Number of rotor poles - 2 
Motor outer diameter - 34.3 mm 
Stator stack length - 17 mm 
Drive mass 𝑀𝑀Σ 167 g 
Stator iron mass (Estimated) 𝑀𝑀Fe 100 g 
Iron loss density (Estimated) 𝑝𝑝Fe 10 W/kg (50 Hz) 
Phase resistance 𝑅𝑅ph 4 mΩ (20 °C) 
Propeller radius 𝑃𝑃prop 154 mm 

 
Before the heatsinks can be modelled, the performance of the drive is measured 

without any additional cooling. The approximately linear relationship seen in Figure 4.2 
means that maximizing thrust can be simply defined as maximizing phase current, which 
is directly limited by ℛΣ. On the other hand, the total weight of the drive depends partly 
on the volume of the heatsink, meaning that the drive’s thrust-to-weight ratio can be 
represented as the ratio 𝒯𝒯 𝑊𝑊⁄ = 𝑓𝑓(ℛΣ) 𝑓𝑓(𝑉𝑉Hs)⁄ . 

 

Figure 4.1. Illustration of the proposed propulsion drive and cooling solution [79]. 
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4.2 Parametric Optimization Model 
Initially, a conventional heatsink with simple straight fins is designed and prototyped in 
order to provide a point of comparison for the TO results. This design is created by using 
parametrical optimization in conjugation with a thermal CFD model. The optimization 
task is described by the following design parameters: 

• number of fins 𝑛𝑛Fin ∈ {2,3, … ,100}, 
• thickness of the fin 𝑡𝑡Fin ∈ {0.50,0.51, … ,2.00} mm, 
• length of the fin 𝐿𝐿Fin ∈ {2.0,2.1, … ,30.0} mm. 

Due to the relatively low number of possible optimization parameter combinations, 
and a smooth relation to the objective function, the specific choice of the optimization 
solver is inconsequential. In this case, the Nelder-Mead method implemented in the 
Comsol Multiphysics software is used. Throughout the iterative optimization process,  
the CFD model is used to maximize 𝒯𝒯 W⁄ = 𝑓𝑓(𝑛𝑛Fin, 𝑡𝑡Fin,𝐿𝐿Fin)  and finally arrive at the 
optimal values for the PO variables 𝑛𝑛Fin−PO,𝑑𝑑Fin−PO and 𝐿𝐿Fin−PO. 

4.2.1 Thermal CFD for PO 
To maintain equivalence with the TO model (where minimizing computational cost is 
much more relevant), the fluid is modelled as incompressible and the flow as laminar. 
Additionally, the momentum equation in (3.8) is further simplified by eliminating the 
external force (gravity) term, which has a negligible effect in the case of forced cooling. 
The momentum equation describing the airflow in the PO model is therefore 

 𝜌𝜌(𝐮𝐮 ∙ 𝛁𝛁)𝐮𝐮 = −𝛁𝛁𝑝𝑝 + 𝛁𝛁 ∙ 𝐊𝐊, (4.1) 

where the volumetric strain rate is removed from the viscous stress tensor term in the 
case of incompressible flow: 

 

Figure 4.2. Measured thrust, current and calculated copper losses of the drive without a cooling 
solution implemented [79]. 
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𝐊𝐊 = 𝜇𝜇(𝛁𝛁𝐮𝐮+(𝛁𝛁𝐮𝐮)T). (4.2) 

Thermally, the model is similar to the previous case study, where the heat flux is 
described by Fourier’s law, and the heat balance equations (3.3) and (3.7) for the solid 
and fluid domains respectively. However, in this case, there are no volumes with heat 
generation (𝑝𝑝 = 0) and the thermal load is defined as a boundary heat flux condition 
imposed on the heatsink internal surface: 

−𝐧𝐧 ∙ 𝐪𝐪 = 𝑄𝑄Σ 𝐴𝐴S⁄ . (4.3) 

The total amount of heat flux is the sum of copper and iron losses, which are functions 
of phase current and winding temperature, and electrical frequency respectively: 

𝑄𝑄Σ = 𝑃𝑃Cu = 3𝐼𝐼ph2 𝑅𝑅ph(𝑇𝑇Cu) + 𝑀𝑀Fe𝑝𝑝Fe(𝑓𝑓), (4.4) 

where 𝑇𝑇Cu is estimated from modelling the internal resistance as ℛ0 = 2 K/W (similarly 
to the SRM in section 3.1.3.1), and 𝑓𝑓 is calculated based on the rotational speed of a 
2-pole rotor, and 𝑝𝑝Fe ∝ 𝑓𝑓2.

The setup of the CFD model illustrated in Figure 4.3 contains a 45° sector of the full
heatsink and the surrounding air. As the drive and heatsink are both fully radially 
symmetric, appropriate boundary conditions are used to increase the density of the 
mesh without sacrificing accuracy. The surrounding volume of air is modelled 
substantially larger than the heatsink to minimize any edge effects that do not appear in 
reality, and the no-slip condition is applied on all walls. 

The airflow created by the propeller is included in the model as a constant velocity 
inlet with the value 𝐮𝐮 = 𝑣𝑣in𝐧𝐧 and an outlet at zero relative pressure ((−𝑝𝑝𝐈𝐈 + 𝐊𝐊)𝐧𝐧 = 0). 
The value for 𝑣𝑣in is the exit velocity of air derived from the propeller thrust equation [80] 

Figure 4.3. Parametric optimization model CFD setup [79]. 
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in the case of a 0 m/s inlet velocity (meaning that the propeller is stationary relative to 
the surrounding air). It should be noted that the accuracy of the model could 
theoretically be increased by calculating 𝑣𝑣𝑖𝑖𝑖𝑖 as a function of radius (a propeller moves air 
fastest near the tip) and adding a rotational component to 𝐮𝐮, although reliable data 
about a realistic velocity distribution at a given distance from the propeller is difficult to 
obtain. 

𝑣𝑣in�𝐼𝐼ph� = �
2𝒯𝒯�𝐼𝐼ph�

𝜌𝜌air ∙ 𝜋𝜋𝑃𝑃prop2 (4.5) 

During each iteration of the PO algorithm, the mass of the heatsink is calculated and 
added to the total weight of the drive, while thrust is calculated using 𝐼𝐼𝑝𝑝ℎ  and the 
correlation from Figure 4.2. The heatsink’s thermal performance is defined in the model 
by the average temperature of the internal cylindrical surface, which is limited to 10 °C 
in the model in order to avoid unsensible solutions during the optimization process. Even 
at this modest temperature increase at the heatsink surface, the hotspot temperature 
in the coils is significantly higher due to a relatively high ℛ0 . During the PO process,  
the phase current is set at 𝐼𝐼ph = 60 A (an arbitrary value as the exact value of ℛ0  is 
unknown), resulting in a thrust of 𝒯𝒯 = 8.4 N (Figure 4.2) and an average inlet velocity of 
𝑣𝑣in = 13.2 m/s. 

4.2.2 Parametric Optimization Model Output 
Running the PO model for a total of 41 iterations results in a heatsink with the following 
geometrical parameters: 𝑛𝑛Fin−PO = 32 , 𝑡𝑡Fin−PO = 0.73  mm and 𝐿𝐿Fin−PO = 9.6  mm. 
The modelled temperature distribution in the PO heatsink at 𝐼𝐼ph = 60 A  is shown in 
Figure 4.4. The average temperature increase on the heatsink’s inner surface is 11.8 °C, 
which is slightly outside the specified limit. The modelled mass and thermal resistance of 
the full heatsink are 𝑀𝑀Hs−PO = 16.0 g and ℛHS−PO = 0.24 K/W respectively. 

Figure 4.4. PO heatsink temperature distribution [79]. 
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4.3 Topology Optimization Model 
TO is the general term for computational methods that are used to find the optimal 
material distribution for a given objective function. These methods are used across many 
fields, such as aerospace [81], automotive [82], and civil engineering [83]. In thermal 
engineering, it can be used in conjunction with CFD in order to design high-performance 
heatsinks with unique geometries [84]. However, with conventional manufacturing 
methods, the TO algorithm often needs to be a priori limited (such as constraints on 
minimum corner radii to enable milling), or the results simplified post hoc, in order to 
end up with a manufacturable geometry. On the other hand, AM methods such as LPBF 
are capable of directly realizing the complex TO geometries, meaning that the optimized 
device can be manufactured without compromise. As a result, TO algorithms are rapidly 
gaining traction in both research and commercial applications. 
While various workflows for implementing TO have been developed over the years,  
the most used workflow for thermal problems is based on three methods. 

• Density-based method for defining the physical material properties in terms of 
a design variable. 

• Finite element analysis for calculating the solution variables. 

• Gradient-based solver for optimizing the design variable distribution according 
to an objective function. 

4.3.1 Density-based Topology Optimization 
According to the density-based method of TO, the problem is formulated by defining the 
design domain Ω, which is the volume within which the optimization process occurs. 
Each mesh element 𝑅𝑅 inside Ω is described by a continuous density variable 𝜃𝜃, such that 

 0 ≤ 𝜃𝜃 ≤ 1 ∀𝑅𝑅 ∈ Ω. (4.6) 

This variable describes the proportion of a primary material in terms of a secondary 
material, in this case AlSi10Mg and air respectively. While 𝜃𝜃 = 0 describes a region of air 
and 𝜃𝜃 = 1 aluminium, the intermediate values represent mathematical combinations of 
the two materials. These allow for smooth transitions between solid and nonsolid regions 
and are necessary for the numerical model to converge. However, a 𝜃𝜃 value other than 
0 or 1 has no physical meaning, making it important to minimize their occurrence in the 
final solution. This is achieved through methods of penalization, projection and filtering. 

While it is possible to correlate 𝜃𝜃  to any physical parameter 𝑘𝑘  (e.g. thermal 
conductivity) through a simple linear function, in practice it tends to result in more 
instances of 𝜃𝜃 with an intermediate value. In order to bias the model towards discrete 
regions of 0 and 1, penalization techniques are used. The most common of these is the 
Solid Isotropic Material with Penalization (SIMP) method, where a penalty factor 𝑝𝑝SIMP 
is used to discourage intermediate 𝜃𝜃 values using the equation 

 𝑘𝑘(𝜃𝜃) = 𝑘𝑘min + 𝜃𝜃𝑝𝑝SIMP ∙ (𝑘𝑘max − 𝑘𝑘min). (4.7) 

The degree of penalization is determined by 𝑝𝑝𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆, where a larger value leads to a 
sharper change in 𝑘𝑘(𝜃𝜃) at 𝜃𝜃 → 1. This effectively pushes any element, which “wants” to 
be solid, quickly towards full density. However, an overly large penalization factor will 
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also create a dead zone near 𝜃𝜃 → 0, where 𝑘𝑘(𝜃𝜃) is nearly constant. As a high sensitivity 
towards the design variable is generally beneficial for the convergence of any optimization 
algorithm, it is important to use a balanced value, which in this case is 𝑝𝑝SIMP = 3. 

Considering 𝜃𝜃 for each mesh element separately makes the optimization problem 
entirely dependent on the specific mesh discretization, which tends to result in 
checkerboard-like structures, impossibly thin lines, and problems with convergence. 
These issues are mitigated by imposing a minimum length scale 𝑅𝑅min through filtering, in 
which case a filtered density variable 𝜃𝜃𝐹𝐹  is defined based on 𝜃𝜃  and an average of its 
immediate surroundings. The standard method of Helmholtz filtering is used in this case: 

 𝜃𝜃F = 𝑅𝑅min2 𝛁𝛁2𝜃𝜃F + 𝜃𝜃. (4.8) 

From the definition of 𝛁𝛁2 , it’s clear that the filtered density variable results in a 
gradual distribution instead of sharp edges, which again introduces unphysical 
intermediate density regions. Therefore, projection techniques are used to restore the 
sharp edges, however now without mesh-dependent artefacts. This is commonly done 
using hyperbolic tangent projection. In this case study, the projection point 𝜃𝜃𝛽𝛽  and slope 
𝛽𝛽 are defined based on practical experiences as 0.5 and 8 respectively. 

 𝜃𝜃 =
tanh �𝛽𝛽�𝜃𝜃F − 𝜃𝜃𝛽𝛽�� + tanh�𝛽𝛽𝜃𝜃𝛽𝛽�

tanh �𝛽𝛽�1 − 𝜃𝜃𝛽𝛽�� + tanh�𝛽𝛽𝜃𝜃𝛽𝛽�
. (4.9) 

4.3.2 Thermal CFD for Density-based TO 
In order to model physical outcomes in terms of each 𝜃𝜃, the density variable needs to be 
linked to one or more physical parameters. In this case, there are three important 
parameters that depend on 𝜃𝜃 and need to be modelled: 

• The mass of the heatsink. 

• Heat flux within the design domain. 

• Airflow within the design domain. 

The first two parameters are solved simply by linking 𝜃𝜃 with the thermal diffusivity 
(𝑘𝑘 𝜌𝜌𝑐𝑐p⁄ ) of both materials through penalization: 

 𝜌𝜌(𝜃𝜃) = 𝜌𝜌air + 𝜃𝜃3 ∙ (𝜌𝜌Al − 𝜌𝜌air) (4.10) 

 𝜆𝜆(𝜃𝜃) = 𝜆𝜆air + 𝜃𝜃3 ∙ (𝜆𝜆Al − 𝜆𝜆air) (4.11) 

 𝑐𝑐p(𝜃𝜃) = 𝑐𝑐p−air + 𝜃𝜃3 ∙ �𝑐𝑐p−Al − 𝑐𝑐p−air�. (4.12) 

 
However, differentiating between a fluid and solid material in terms of flow is 

somewhat more complicated. While it is possible to link 𝜃𝜃 to either 𝜇𝜇 (modelling the solid 
as an extremely viscous fluid) or to 𝐅𝐅 (modelling the solid as a fictitious force opposing 
the flow), in practice these solutions tend to be unreliable and create issues with 
convergence. A more consistent TO model can be defined based on flow in porous media, 
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where air is modelled as a fluid in approximately fully permeable material, and the 
heatsink as fluid in an effectively impermeable material, eliminating strictly solid 
materials from the model entirely. The fluid flow is based on Darcy’s law, which sets a 
linear relationship between the velocity of a fluid and the pressure gradient acting on it 
through permeability 𝜅𝜅: 

𝐮𝐮 = −
𝜅𝜅
𝜇𝜇𝛁𝛁𝑝𝑝. (4.13) 

Because the intention is to alter the fluid flow inside the design domain according to 
a single continuous variable 𝜃𝜃, and not the accurate modelling of a real porous system, 
porosity of the material can be freely set to 1. Therefore, only permeability needs to be 
accounted for, although for practical convenience when defining the model, impermeability 
𝜒𝜒 = 𝜅𝜅−1 is used instead. Therefore, the final physical parameter is defined as 

𝜒𝜒(𝜃𝜃) = 𝜒𝜒air + 𝜃𝜃3 ∙ (𝜒𝜒Al − 𝜒𝜒air). (4.14) 

As 𝜒𝜒 does not describe the actual impermeability of a real porous system, the values 
𝜒𝜒𝑏𝑏𝑖𝑖𝑟𝑟 = 107  m-2 and 𝜒𝜒Al = 1011  m-2 are chosen fully based on trial and error. Finally, 
defining the entire model as a fluid means that the heat transfer is modelled in all regions 
using the heat balance equation given in (3.7). 

4.3.3 Optimization Process 
Modifying the distribution of 𝜃𝜃  towards a more effective solution an requires an 
objective function 𝑓𝑓0. This quantifies the performance being optimized, such as minimizing 
temperature or maximizing heat flux. While in principle the objective function can have 
a simple definition (e.g. minimizing the temperature of the heat source), it can be 
advantageous in terms of sensitivity to small changes, convergence and avoiding local 
minima to define it based on complementary values (i.e. maximizing the total thermal 
energy of the outgoing air). In cases where there are multiple optimization criteria, such 
as achieving maximal thermal transfer while limiting drag, 𝑓𝑓𝑂𝑂 can end up as a composite 
function containing several different parameters and weighing constants, for which 
finding effective values is highly nontrivial. However, in this case, the negative effect of 
the heatsink on thrust is assumed to be negligible and a simple objective function is 
defined based on the total heat flux flowing through the solid volume of the heatsink base: 

𝑓𝑓𝑂𝑂 = � 𝐪𝐪 d𝑉𝑉
𝑉𝑉𝑆𝑆

. (4.15) 

After solving for a given material distribution, the algorithm performs a sensitivity 
analysis in order to calculate the effect of each mesh element on the objective function, 
effectively calculating 𝑑𝑑𝑓𝑓0 𝑑𝑑𝜃𝜃⁄  for ∀𝑅𝑅 ∈ Ω. In practice, this requires calculating the inverse 
of a matrix that has a number of elements equal to the square of the design domain’s 
degrees of freedom. The resulting computational cost of TO, almost entirely caused by 
the sensitivity analysis, is comparable to the cost of solving the physical model itself. 
Finally, the results of the sensitivity analysis are used to find the next iteration in the 
optimization process. In density based TO, this is generally done with gradient based 
solvers. In this case study, the commonly used method of moving asymptotes is utilized. 
Constraints are imposed on the optimization process in order to comply with any given 
limitation or to reduce the size of the solution space, the latter of which is helpful  
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for both computational cost and biasing the design towards a certain direction. Most 
commonly, constraints on the maximum and minimum values for the average volume 
fraction of the design domain (�̅�𝜃min and �̅�𝜃max) are defined, effectively constraining the 
final mass of the object. In this case study, �̅�𝜃min  and �̅�𝜃max  are set at 0.2 and 0.4 
respectively, resulting in a single constraint: 

0.2 ≤
1
𝑉𝑉Ω

�𝜃𝜃 d𝑉𝑉
Ω

≤ 0.4 (4.16) 

4.3.4 TO CFD Model Setup 
In principle, it is enough to define an arbitrarily large design domain and a relevant 
objective function to end up with an optimized geometry. In practice, however, an overly 
general problem formulation will have difficulties converging into a coherent solution. 
Therefore, it is useful to start with a vague idea of the desired outcome and bias the 
TO problem towards that. Therefore, as illustrated in Figure 4.5, the CFD TO model is set 
up according to the results of the PO model. The design space is defined as a 1/64 sector 
of the heatsink, corresponding to half of a fin in the case of the previously found 
𝑛𝑛Fin−PO = 32, with a radius of 9.6 mm, corresponding to 𝐿𝐿Fin−PO.A fixed density of 𝜃𝜃 = 1 
is imposed on one side boundary, effectively creating the solid core of a fin. Defining Ω 
in this way effectively forces the TO algorithm into a design where 𝑛𝑛Fin−TO = 𝑛𝑛Fin−PO and 
𝐿𝐿Fin−TO = 𝐿𝐿Fin−PO. While this eliminates the possibility of finding a true global optimum, 
it massively increases the likelihood of converging on an effective solution. Outside the 
design domain, the TO model setup is similar to the PO case. The internal surface of the 
heatsink is heated (this time with a fixed boundary temperature instead of heat flux due 
to a known limitation of the modelling software) and a uniform velocity is imposed on 
the inlet boundary. The requirement for computational resources is kept to a modest 
level by limiting the maximum mesh element size to 0.4 mm (ideally this would 
correspond to at least the minimum feature size of the manufacturing method), which 
results in an approximately 105 element mesh. As a result, it is possible to complete the 
necessary number of iterations (~80) and converge on a final solution in approximately 
24 h on a modern consumer CPU. 

Figure 4.5. TO CFD model setup [79]. 
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4.3.5 TO Model Results 
The raw output of the TO model shown in Figure 4.6 (a) is the density variable distribution 
inside the design domain. Whichever strategy for interpolation, filtering and projection 
is used, in practice, the output will still contain elements with intermediate 𝜃𝜃 values. 
In a well-converged case, these will form a thin boundary between the solid and nonsolid 
areas, meaning that the specific cutoff value for 𝜃𝜃 is mostly irrelevant. In other cases, 
however, the intermediate region is larger, and the cutoff value will have a significant 
effect on the final geometry. For the purposes of creating a physical prototype in this 
work, the cutoff value between solid and nonsolid material is defined as 𝜃𝜃limit = 0.4. 
This value is used instead of the typical 0.5 to avoid overly thin structures, which would 
compromise the mechanical integrity of the heatsink (a consequence of the relatively 
large intermediate region). In (b), the corresponding fin geometry is modelled as a 
45° sector of the heatsink (as in the PO case) with the same electrical parameters of 
𝐼𝐼ph = 60 A. In this case, the average temperature rise on the internal surface is 7.7 °C, 
which is 4.1 °C lower than the PO heatsink. This gives it a simulated thermal resistance 
of ℛHs−TO = 0.16 K/W, however at a mass of 𝑀𝑀HS−TO = 32 g, which is two times higher 
than the PO case. A heatsink with a lower mass (and somewhat higher ℛHs) could be 
created by using a higher 𝜃𝜃𝐴𝐴𝑖𝑖𝑎𝑎𝑖𝑖𝑙𝑙 value to reduce the volume of the solid domain, if the 
intermediate region were smaller (i.e. if the convergence of the model was more 
effective). 

The resulting TO fin design is characterized by semi-open channels that redirect some 
airflow radially away from the heatsink. This is contrary to conventional design, where 
radial flow is generally not considered. Even though redirecting some of the airflow 
increases total drag, the increased effective surface area and boundary layer disruption 
are seemingly beneficial for overall thermal performance. The forming of the channels 
over the algorithm’s iteration are shown in Figure 4.7. Interestingly, similar features 
appear with different electrical and geometrical parameters, and even different problem 
formulations (e.g. implementing turbulence). This suggests that the general idea of 
incorporating radial channels has utility. Therefore, even in cases where TO is not available, 
adding similar geometrical features in conventional fin designs should be considered. 

Figure 4.6. Resulting density variable distribution (a) and the temperature distribution in 45° TO 
heatsink sector if 𝜃𝜃 > 0.4 is defined as solid material (b) [79]. 

      (a)    (b) 
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4.4 Additively Manufactured Prototypes 
After the numerical modelling process, AlSi10Mg prototypes of the PO and TO heatsinks 
are manufactured with LPBF using the SLM Solutions 280 2.0 metal 3D printer, according 
to the manufacturing and post-processing parameters discussed in the second chapter. 
The prototypes shown in Figure 4.8 display only minor warping and surface imperfections 
and can be considered to accurately represent the models. However, subtle dimensional 
differences result in a weight of 9.5 g for the PO heatsink (compared to 16 g in the model) 
and 25 g for the TO heatsink (compared to the 32 g in the model), which are added to 
the mass of the motor (167 g) to get the total weights (𝑔𝑔 = 9.81 m/s2) for both cases of 
𝑊𝑊PO = 1.73 N and 𝑊𝑊TO = 1.88 N. Additionally, as the mounting of the heatsink on the 
stator has a large effect on ℛ0, care was taken to achieve an identical inner radius and 
surface finish for both heatsinks.  

4.4.1 Performance Measurements 
The performance of the heatsinks is measured by mounting the motor and propeller 
combination on a thrust stand so that the winding temperature, phase current and thrust 
can be measured simultaneously. Each phase current value is maintained until a  

Figure 4.7. Iterative evolution of the TO fin geometry [79]. 

Figure 4.8. AlSi10Mg prototypes of the parametrically optimized (a) and topology optimized (b) 
heatsinks manufactured with LPBF [79]. 

      (a)       (b) 
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steady-state temperature is achieved, which is logged using a Pt1000 sensor thermally 
bonded to the rear end-windings of the motor, covered from direct airflow. This 
measurement is considered the hotspot temperature and is used to calculate ℛΣ 
according to the motor’s thermal circuit and the total heating power in equation (4.4). 
The measurement setup, which includes current clamps for measuring 𝐼𝐼ph and a precision 
data logger for measuring 𝑇𝑇Cu and 𝑇𝑇amb, is presented in Figure 4.9. 

4.5 TO Results and Conclusions 
The measurement results for ∆𝑇𝑇Cu and ℛΣ in Figure 4.10 are shown in terms of phase 
current, which means that larger values correspond to a higher propeller speed and 
therefore airflow velocity. Across the measured range, the difference in ℛΣ  between 
the PO and TO heatsinks is consistently around 0.08 K/W, which lines up perfectly 
with the ℛHs  difference in the numerical models where ℛHs−PO = 0.24  K/W and 
ℛHs−TO = 0.16 K/W (although some of the difference could potentially be caused by a 
slightly different ℛ0). In practice, this leads to a 4 °C drop in end-winding temperature at 
the target phase current of 60 A.  

Figure 4.9. Thrust stand setup for measuring the performance of the PO and TO heatsinks [79]. 

Figure 4.10. Measured temperatures and calculated ℛ𝛴𝛴  values at different phase current values for 
the PO and TO heatsinks [79]. 

Pt1000 
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In terms of power, the drive equipped with the TO heatsink is capable of dissipating 
1.8 W more heat at a temperature increase of ∆𝑇𝑇Cu = 60  °C (chosen arbitrarily for 
comparison purposes). Defining a ∆𝑇𝑇Cu also allows the thrust-to-weight ratio of the drive 
to be calculated. Interpolating 𝐼𝐼ph(∆𝑇𝑇𝐶𝐶𝐶𝐶) from Figure 4.10, and extrapolating 𝒯𝒯�𝐼𝐼ph� from 
Figure 4.2 (the heatsink has no measurable aerodynamic effect on the thrust generation) 
gives the following values: 𝐼𝐼ph−PO(∆60 °𝐶𝐶) = 49.8 A and 𝒯𝒯𝑆𝑆𝑂𝑂 = 7.2 N for the PO heatsink 
and 𝐼𝐼ph−TO(∆60 °𝐶𝐶) = 51.4 A and 𝒯𝒯TO = 7.4 N for the TO heatsink. Finally, the total weight 
of the drive in both cases is used to arrive at the thrust-to-weight ratios of 4.16 and 3.94 
for the PO and TO heatsinks respectively.  

While the thermal performance of the overall motor is dominated by a large ℛ0 , 
which heavily skews the higher thrust-to-weight ratio towards a lightweight heatsink, 
the main focus of this work is improving the effectiveness of the heatsink itself, 
i.e. minimizing ℛHs . In that regard, the TO heatsink performs excellently with a 33%
reduction in ℛHs according to the numerical model, which is verified (albeit not directly)
using AM prototypes. The distinctly unique fin geometry of the TO heatsink, which
incorporates radially directed semi-open channels between the fins, is an excellent
representation of the kinds of novel and unintuitive designs that the combination of TO
and AM enables. Furthermore, by basing the optimization model on the specific working
conditions of a propulsion drive, the quick prototyping and application-specific design
capabilities of AM are fully utilized. Considering the relatively large performance gains in
terms of ℛHs and the low amount of computing resources necessary (~24h simulation
time on a modern consumer CPU to create the TO heatsink model), topology
optimization should certainly be considered as the primary design methodology when
supported by the manufacturing method.

In the future, the single-objective model with a restricted solution space used in this 
work can be improved in several ways. First, fine-tuning the optimization parameters and 
increasing the available computing power would create a more general model without 
the predefined 𝑛𝑛Fin and 𝐿𝐿Fin parameters. This will push the final results closer towards a 
global optimum while simplifying the entire design process by eliminating the PO step. 
Second, designing the TO heatsink in conjunction with the motor, in which case ℛ0 and 
𝒯𝒯 𝑊𝑊⁄  can be accurately modelled for each iteration, will create an application specific 
problem, resulting in a more desirable outcome in the actual optimization variable 
(i.e. thrust-to-weight ratio). Another interesting development can be expected in relation 
to multi-material AM that can potentially enable the concurrent fabrication of copper 
(conceivably acting as the highly thermally conductive although heavy core of a heatsink) 
and aluminium. For TO, this creates an interesting challenge as the binary material 
distribution will evolve into a ternary (or quaternary etc.) problem with potentially 
additional effects at the material boundaries. Alternatively, ever persistent limitations 
such as laminated structures for eddy current suppression could offer another path 
towards complexity with a need to implement various constraints into the TO algorithm. 
In any case, the advent of AM has allowed physical fabrication capabilities to finally catch 
up with numerical models, the advancement of which now has strong motivation.  
The end result being, of course, more effective practical solutions. 
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5 Conclusions and Future Work 
This thesis presents a case for adopting additive manufacturing technologies, specifically 
metal-based LPBF, in the creation of high-performance thermal management solutions 
for air-cooled electrical machines. Compared to conventional manufacturing solutions, 
the current capabilities of AM provide three key advantages – geometrical freedom, 
application-specific design and quick prototyping. While an alternative can be found for 
each one of these attributes, it is the economically viable combination of all three that 
establishes AM as a crucial manufacturing technology of the future. In the work 
presented in this thesis, each of the advantages is utilized to improve the thermal 
performance of air-cooled electrical machines; the geometrical freedom is considered 
when design heatsinks with complex fin structures, the highest level of performance is 
achieved by considering the specific use-case during the design process, and the quick 
prototyping capabilities are leveraged to facilitate real-world measurements. The results, 
which include fully integrated solutions and significant improvements thanks to  
AM-based designs, thoroughly support the hypotheses of the thesis. In the following 
parts, the conclusions of the work are presented based on the thesis objectives. 

A literature survey was conducted on the current state-of-the-art in the relevant AM 
methods, materials and solutions for electrical machine cooling. First, it revealed that the 
most suitable AM method for high-performance EM thermal solutions is LPBF due to its 
capability to work with thermally conductive metals without a noticeable degradation in 
important physical properties. While LPBF can theoretically be used with pure aluminium 
and copper (offering high relative and absolute conductivities respectively), practical 
limitations confine the large majority of existing thermal solutions to the AlSi10Mg alloy 
that is ~30% less conductive than pure aluminium. However, even though the physical 
properties of LPBF parts can be approximately equal to conventionally manufactured 
counterparts, they are still potentially influenced by specific manufacturing and 
post-processing parameters. For example, both AlSi10Mg and Fe-Si have shown to 
exhibit anisotropic properties when manufactured with LPBF, in mainly tensile strength 
and conductivity for the former and magnetic properties for the latter. Therefore, 
as knowing the TC of both these materials is crucial for accurately modelling the thermal 
performance of novel AM solutions, the direction-dependent TC and EC of AlSi10Mg and 
Fe-Si were measured as a part of this work with the following conclusions: 

• The as-built AlSi10Mg samples showed significant anisotropy, with the direction
coinciding with the manufacturing direction of the layer-by-layer LPBF process
displaying a ~10% higher TC (113 vs 103 W/(m∙K)) and a 12% higher EC (14.7 vs
13.1 MS/m).

• After heat-treatment, which consisted of heating the samples up to 300 °C, the
TC and EC of the AlSi10Mg samples became effectively isotropic and increased
to an average value of 150 W/(m∙K) (46% increase) and 24 MS/s (83% increase)
respectively.

• The as-built Fe-Si samples did not show any anisotropicity in either TC or EC, and 
neither parameter was affected by the heat-treatment process (which has been
shown to significantly enhance magnetic performance). Overall, the conductivity
of LPBF Fe-Si is in line with commercially available laminations.
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The measured TC and EC values confirmed that the available materials and LPBF 
device are appropriate for use in EM thermal solutions. Due to being isotropic after 
heat-treatment, a simple numeric value can be used for modelling purposes in the 
subsequent works. However, in cases where heat-treatment is not available (likely in the 
case of multi-material AM), the measured direction-dependent values can be used to 
define accurate TC and EC tensors. Furthermore, due to the much larger relative increase 
in EC compared to TC with heat treatment, some cooling solutions that are sensitive to 
eddy currents (e.g. heat guides attached directly to the conductors) could conceivably 
benefit from a lack of thermal treatment. Future work should look into purposeful 
reduction of EC in either material through specific manufacturing parameters in order to 
further reduce eddy current losses. While any such method would likely also reduce TC, 
depending on the machine topology and application, it can be a beneficial trade off. 

Based on the review of the literature, application of AM in the thermal management 
of electrical machines is currently focused mainly on novel conductor cooling methods, 
while the research on the improvement of more typical cooling approaches, such as 
external air-cooled heatsinks, is comparatively lacking. Looking at wider AM-based 
solutions that could also be suitable for air-cooled EMs, the available literature of 
general-purpose AM cooling elements is focused on complex and novel structures (such 
as airfoil-shaped pins or lattice structures), which attempt to increase performance 
mainly through boundary layer disruption, or algorithmically optimized geometries, 
which aim to maximize performance through entirely novel structures. Therefore, 
the main part of this thesis is the investigation of these solutions in the context of 
air-cooled EMs. 

Initially, the performance of various advanced fin structures were modelled numerically 
using a 3D nonisothermal CFD model. This was done in the context of a passively cooled 
switched reluctance motor, which resulted in the following main conclusions: 

• The performance of conventional annular fins can be significantly improved
(5.3% reduction in modelled ℛHs ) simply by shaping the fins to be thinner
farther away from the heatsink’s base. While this geometry does not necessarily
require AM for efficient fabrication, it is an excellent example of improving the
performance of an established conventional solution through modifying the fin
structure towards a more complicated geometry.

• In the case of passive cooling, the modelled results of the AM-based advanced
structures showed a definite bias towards relatively open designs that prioritize
total airflow over direct boundary layer disruption. The highest thermal
performance was observed with the airfoil-shaped pins, which reduced the
modelled ℛHs by 8.1%

• The only lattice-based fin structure considered in the passive study was the
simple cubic lattice. Despite its significantly larger total surface area compared
to the conventional annular fins, the fin structure performed the worst out of
all the proposed solutions with a 3.7% increase in ℛHs, albeit at the lowest total
fin volume.

The numerical models show that the thermal performance of heatsink fin structures 
can be substantially increased by utilizing more complex geometries. However, 
the fundamental design principles, according to which relatively open structures are 
favoured in the case of passive cooling, still apply due to the low pumping pressure in the 



67 

case of buoyancy driven flow. Therefore, a wider selection of advanced structures was 
tested in the context of an actively air-cooled AFSRM using an integrated mechanical and 
thermal solution. In this case, the rapid prototyping capabilities of AM were utilized to 
create AlSi10Mg frame pieces, which perfectly matched the dimensions of the wound 
stator core, ensuring a low internal thermal resistance. As a result, in the case of the 
more effective fin structures, the windings were able to maintain a current density of 
> 25 A/mm2 at a temperature increase of 80 °C. In conventional machines, this is only
achievable using liquid cooling. In terms of comparing the active air-cooling performance 
of the advanced fin structures, the measurements done on LPBF prototypes gave the
following results:

• In the case of active cooling, the airfoil pin fins decreased ℛHs by 5% compared
to the conventional solution and significantly outperformed each of the lattice
structures, none of which managed to match the conventional solution is
absolute performance.

• The rhombi octet lattice structure resulted in a 27.8% increase in ℛHs, however
at a 42% reduced fin mass, which gives it a 25% improved relative performance,
making it the most thermally efficient structure it terms of fin mass out of all
the studied geometries.

These measurements showed that even in the case of two high speed cooling fans in 
series, which provide a considerable pressure differential, relatively open fin structures 
still offer superior cooling, meaning that lattice structures are seemingly suboptimal for 
absolute thermal performance. However, currently this can only be stated in the context 
of passive and active air-cooling, while the higher pumping powers associated with liquid 
cooling could prove beneficial for dense lattice structures. Furthermore, in cases where 
the mass of the heatsink fins is a larger proportion of the total system mass (e.g. power 
electronics instead of electrical machines), lattice structures such as the rhombi octet 
can be favourable even with air-cooling due to higher relative performance compared to 
the conventional geometry. Nevertheless, in most practical EM-related cases, the best 
performing predefined fin geometry (that is currently known) can be said to be the airfoil 
pin fin with a staggered and angled placement. 

In the final part of the thesis, to take full advantage of the advantages provided by 
AM, the common strategy of a predefined fin geometry was (mostly) replaced by an 
intrinsically novel fin structure using topology optimization. By modelling the heatsink 
and the surrounding air as a porous fluid based on Darcy’s law, an optimization algorithm 
was used in conjunction with a numerical model to determine the most effective 
distribution of AlSi10Mg in terms of thermal performance. The TO study, which included 
measurements done with LPBF prototypes and a comparison to the conventional case, 
resulted in the following conclusions: 

• A numerical optimization method based on fluid heat flow in porous media can
be used to effectively optimize the fin geometry of an actively air-cooled
heatsink. Compared to a parametrically optimized conventional solution, the
topology optimized heatsink resulted in a 33% lower ℛHs  in the numerical
model. The same gain in ℛHs was indirectly (measuring ℛΣ) confirmed through
physical measurements.
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• The resulting geometry of the topology optimization algorithm can be successfully 
manufactured from AlSi10Mg using LPBF, however the quality of the algorithm’s 
final output can result in difficulties realizing the desired geometry.

For the field of AM-based EM air-cooling (and AM cooling solutions in general), 
the results of this thesis can be distilled into three important points of knowledge, each 
of which present a path towards future improvements. First, when absolute thermal 
performance in with air-cooling is required, which is often the case, fin structures 
prioritizing total airflow over direct boundary layer disruption are more effective. 
Currently the highest performing known example of this is the airfoil pin fin heatsink, 
which comfortably outperforms the commonly researched lattice structures. 
Consequently, future work should be directed at generalizing the airfoil pin fin heatsink 
design procedure through analytical and empirical correlations, while also looking into 
specific modifications of the airfoil shape. However, even higher performance can be 
achieved by replacing predefined fin structures with novel topology optimized 
geometries, which can be done at an increasingly affordable computational cost. 
Considering modern computational resources, it is difficult to argue against prioritizing 
TO (or other similar computation-based methods) when it comes to designing 
thermal solutions with AM in mind. The advantages of TO will continue to increase in 
the future as more detailed models and larger solution spaces become feasible. Finally, 
the topology of axial flux motors inherently allows effective direct conductor cooling, 
which can be fully leverage with the use of AM through geometrical freedom, 
application-specific design and quick prototyping capabilities. As a result, air-cooled 
motors designed with AM in mind can reach the power density of liquid-cooled motors, 
creating substantial opportunities for wider applications. 
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Abstract 

Additively Manufactured Advanced Thermal Management 
Solutions for Electrical Machines 
This thesis delves into the potential of additive manufacturing, particularly metal-based 
LPBF, for creating improved thermal management solutions for electrical machines. 
Increasing demands for electrical machine performance together with constraints on size 
and weight presents a difficult design challenge for cooling that cannot necessarily be 
met by conventional manufacturing. This work demonstrates that, through leveraging its 
unique advantages in geometrical freedom, application-specific design and fast 
prototyping, significant improvements in thermal performance are available with AM, 
leading to electrical machines with higher power densities, more efficient operation and 
increased reliability. Specifically, the work investigates and validates the use of advanced 
fin structures and algorithmically optimized designs manufactured with LPBF for both 
passively and actively air-cooled electrical machines. This thesis is based on three main 
parts. 

Initially, a comprehensive literature review of AM methods, materials, and existing 
solutions in the field of EM thermal management is carried out. In the first part, it 
highlights the suitability of LPBF for manufacturing thermally conductive materials like 
AlSi10Mg and magnetic materials like Fe-Si, which are crucial for high-performance EM 
thermal solutions. However, due to the extreme conditions presented on the materials 
during the LPBF process, the physical properties of the final object are not necessarily 
equal to the base material. Therefore, experimental verification of the anisotropic 
thermal and electrical conductivities of the aforementioned materials is carried out as a 
necessary step before any novel solutions can be proposed. The results reveal that while 
the LPBF parts can be suitable for practical applications, it is important to consider the 
effects of heat treatment and manufacturing direction. The second part of the literature 
review identifies a research gap specifically in AM-based solutions for air-cooled electrical 
machines, which have been overshadowed by a plethora of research on direct conductor 
cooling. While DCC can enable the most power dense EMs to meet extremely strict 
requirements, the wide applicability and robustness of air-cooling gives means that an 
AM-based evolution there has perhaps an even larger potential for groundbreaking 
results. Naturally then, the focus of this thesis was set at advancing the air-cooling of EMs 
through advanced AM-enabled designs. 

After confirming the viability of LPBF and setting a clear focus on air-cooled EMs, the 
first steps towards improved performance were done in the context of a passively cooled 
SRM. In the second part of the thesis, through numerical fluid dynamics models, several 
promising design improvements were studied with encouraging results; advancing 
conventional designs towards more complicated structures can yield definite 
improvements. The largest gains were seen with airfoil-shaped pin fins, which most 
effectively utilize the main working principles of heatsinks through fast-moving airflow 
and direct interaction with the boundary layer. Emboldened by these results, the thesis 
continues with the advanced structures, however now in the context of an axial flux 
machine and with physical AM prototypes. The combination of an axial flux topology with 
the application-specific design capabilities of AM provides an immediate benefit by 
implementing the cooling element directly on the heat-producing windings of the 
machine. Even when paired with a conventional heatsink, this enables current densities 
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exceeding 25 A/mm2, although its full potential is tapped by again implementing 
advanced fin structures, namely the airfoil pin fins. Similarly to the simulation results in 
the passive cooling case, the seemingly unwarrantable complexity of lattice structures 
does not result in improved absolute performance. However, when it comes to 
gravimetric relative performance, admittedly rather niche parameter, the strength of 
lattice structures is revealed with the rhombi octet structure claiming the crown for now. 
The second part of the thesis clearly demonstrates that when it comes to maximizing 
thermal performance through a predefined geometry, the airfoil pin fin should be the 
first choice. Importantly though, this is true when limited only to predefined geometries. 

Modern methods have made it possible to replace many established design 
formulations with computational brute force by creating novel solutions through 
iterative numerical models. The third part of this thesis introduces this method to the 
field of EM cooling in the form of a topology optimized heatsink for an electric propulsion 
drive. For this, a fluid dynamics model based on flow in porous media is constructed. In 
the model, the distribution of impermeable elements, representing solid conductive 
material, is iteratively optimized according to an objective function. The resulting 
heatsink achieves a 33% improvement over a conventional solution through entirely 
novel features inside the fin structure that are reliant on AM for practically viable 
fabrication. This gain in performance, which is experimentally verified using LPBF 
prototypes, conclusively demonstrates the advantages of AM in the thermal 
management of electrical machines. 
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Lühikokkuvõte 

Kihtlisandusmeetodil valmistatud täiustatud 
jahutuslahendused elektrimasinatele 
Käesolev lõputöö uurib kihtlisandusmeetodi rakendamist elektrimasinate jahutuse 
täiendamisel. Süvenevad nõuded elektrimasinate suutlikkusele ja piirangud mahule ning 
massile esitavad jahutuse osas väljakutse, millele harilikud tootmismeetodid ei suuda 
tingimata vastata. Antud töö raames demonstreeritakse, et läbi kihtlisandusmeetodi 
eeliste, milleks on geomeetriline vabadus, valdkonna-spetsiifiline kujundus ja kiire 
proovtoote loomine, on võimalik saavutada jahutusvõimekuses märkimisväärseid 
edusamme. Selle tulemusena on võimalik valmistada võimsustihedamaid, töökindlamaid 
ja kõrgema kasuteguriga elektrimasinaid. Täpsemalt uurib käesolev töö täiustatud ja 
algoritmiliselt optimeeritud ribistruktuuride kujundamist, nende tootmist läbi metallide 
laserpulbersulatuse ja kasutamist loomulikult ja sundventileeritud elektrimasinate 
jahutamisel. Lõputöö koosneb kolmest peamisest osast. 

Esiteks viidi läbi põhjalik kirjandusanalüüs, milles uuriti elektrimasinate jahutuse 
valdkonnas kasutatavaid kihtlisandusmeetodi tehnoloogiaid, materjale ning ka valdkonna 
teaduskirjanduses olemasolevaid lahendusi. Kirjandusanalüüsi esimeses osas tuuakse 
välja metallide laserpulbersulatus kui sobivaim tehnoloogia nii soojusjuhtide kui ka 
magnetiliste materjalide valmistamiseks. Sellegipoolest võib ekstreemsetes tingimustes 
toimuva protsessi käigus avalduda muutuseid materjalide füüsikalistes omadustes. Seega 
sooritati muutuste kaardistamiseks enne konkreetsete jahutuslahenduste modelleerimist 
materjalide anisotroopsete soojus- ja elektrijuhtivuse mõõtmised. Tulemused kinnitasid, 
et kuigi laserpulbersulatatud detailid sobivad praktiliseks kasutuseks, ei tohi unustada 
detaili valmistamise suuna ega lõõmutamise mõju. Kirjandusanalüüsi teises osas 
tuvastati õhkjahutatud mootorite teadusuuringutes suhteline tühimik, mille on tekitanud 
teadustöö valdav keskendumine mähiste otsejahutusele. Kuigi mähiste otsene jahutus 
võimaldab suurima võimsustihedusega elektrimasinate loomist, annavad õhkjahutuse 
laialdasem kasutus ja töökindlus just sellele valdkonnale suurima potentsiaal saavutada 
kihtlisandusmeetodi najal läbimurdvaid tulemusi. Seega seati lõputöö fookuseks 
justnimelt õhkjahutatud elektrimasinate arendus läbi kihtlisandusmeetodil põhinevate 
uudsete lahenduste. 

Peale laserpulbersulatuse kasulikkuses veendumist ja selge fookuse seadmist tehti 
esimesed sammud jahutusvõimekuse tõstmise poole passiivselt jahutatud 
radiaalvoomootori baasil. Lõputöö teises osas uuriti läbi arvutuslike vedelikudünaamika 
mudelite erinevaid paljulubavaid struktuure ning tulemused olid lootustandvad. Nimelt 
saavutati tavapäraste kavandite arendamisel keerukamate kujundite suunas selged 
eelised. Suurim võit modelleeriti tiivaprofiili-kujulise viikribi jahutiga, mis suudab 
suurendada korraga õhuvoolu kiirust ja otsest piirkihi vastasmõju. Saades tulemustest 
julgustust, jätkus töö täiustatud struktuuride uurimisega. Seekord aga telgvoomasina ja 
füüsiliste prototüüpide baasil. Telgvoo topoloogia kombineerimisel kihtlisandusmeetodi 
võimekusega on võimalik saavutada kohene eelis. Paigutades jahutuselement otse 
mootori mähiste külge, on isegi tavapärase ribistruktuuriga võimalik saavutada mähistes 
voolutihedus, mille väärtus ületab 25 A/mm2 piiri. Sellegipoolest loodi antud lahenduse 
täispotentsiaali kasutamiseks täiustatud ribistruktuuridega katsekehad. Sarnaselt 
eelnevate simulatsioonidega, näitasid mõõtmiste tulemused, et parim absoluutne 
jahutusvõimekus on võimalik saavutada tiivaprofiili-kujuliste viikribide abil. Samuti ei ole 
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ka sundventilatsiooni korral kärgstruktuuride keerukus absoluutse jahutusvõimekuse 
osas põhjendatud, kuid originaalse tulemusena avastati, et nende tugevused peituvad 
suhtelises jahutusjõudluses. Selle mõnevõrra vähemtähtsa parameetri alusel pakub 
eelkõige kaheksatahulisel kärgstruktuuril põhinev lahendus parimaid tulemusi. Lõputöö 
teine osa demonstreerib selgelt, et jahutusvõimekuse parandamisel läbi teadaoleva 
geomeetria on tiivaprofiili-kujuline viikribi jahuti selge esimene valik. Siiski tuleb meeles 
pidada, et see väide kehtib vaid teadaoleva geomeetria kasutamise korral. 

Moodsate meetodite abil on võimalik paljud olemasolevad lahenduskäigud asendada 
toore arvutusjõudluse ja iteratiivsete numbriliste mudelitega. Lõputöö kolmandas osas 
rakendatakse seda protsessi elektrimasinate jahutamiseks läbi topoloogiaoptimeeritud 
geomeetria. Selle raames luuakse poorsel keskkonnal põhinev vedelikedünaamika 
mudel, mille abil optimeeritakse iteratiivselt jahuti materjali jaotus ruumis. Mudeli 
tulemina valminud elektrilise lennumasina ajami jahuti, mida on praktikas võimalik 
valmistada vaid kihtlisandusmeetodi abil ning mille ribistruktuur põhineb täielikult 
uudsel geomeetrial, saavutas 33% suuruse edu tavapärase lahenduse üle. See parandus 
jahutusvõimekuses, mis kinnitati füüsiliste prototüüpide abil, demonstreerib lõplikult 
kihtlisandusmeetodi eeliseid elektrimasinate jahutuslahedustes. 
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Publication I 
M. Sarap, A. Kallaste, P. Shams Ghahfarokhi, H. Tiismus, and T. Vaimann, “Utilization of
Additive Manufacturing in the Thermal Design of Electrical Machines: A Review,”
Machines, vol. 10, no. 4, Art. no. 4, Apr. 2022, doi: 10.3390/machines10040251.
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9LMNOPQ9RS9TUVWXYZ[\9Z[V][̂YZŴ[9_̀a9Yb\9YÛJXIc9_da9IJ9Ze[9]YffUg[9e[YZ9fUbh9cUZe9Ĵ[[JÎV9i[IV[Ẑj9klmno9pÛqrIIX[\9[X[rẐUrYX9VYreUb[f9cUZe9eUie[̂9]Ic[̂9\[bfUZU[f9̂[sWÛ[9Ze[9Wf[9IJ9JYbf9Yf9[̂XjUbi9IbXj9Ib9bYZŴYX9rIbg[rZUIb9Uf9UbfWJJUrU[bZo9GeUX[9VY?UVUtUbi9fŴJYr[9Ŷ[Y9Uf9fZUXX9[̂X[gYbZ<9Ze[9iIYX9IJ9YU\Ubi9bYZŴYX9rIbg[rZUIb9Uf9̂[]XYr[\9cUZe9Ze[9reYXX[bi[9IJ9̂[\WrUbi9]̂[ffŴ[9\̂I]9Ig[̂9Ze[9JUb9fẐWrZŴ[9Yf9Y9eUie[̂9]̂[ffŴ[9\̂I]9XIc[̂f9Ze[9YÛJXIc9YrZUbi9����������"'$������"#�%��'%���������%�����������#�������������������%����%"*��"��%&%�#%���������#�%"�������%�"���(,-�0(��#&%�*�������$�����%(��%���%"�$��$'������$����!���%'!�'%��!�� �'�������!%���������%���*�'%��!��%����������������$����#��*�����$'"�!�������(�����$&���"�*��!%���������!%��� $&�����"����$����!�������'���!�$$������'���%�""������%'����"���%���(�""���� ����!�������������,-�0�����!�������'*��'%��!��%�����$&��+�������'!�����������������"��!���#�!���������������!%�������%%�������!�!%����� &��������"���"�%�����!��!�$��'��������!���������*��%�'%��!��%��( �����"#$����������� ��%�����%�,-�0����������������.�¡"�%��'%��!��%��#�%��%"����%��������%��������$+��������*�(�$���'*������������"�������$����!���%'!�'%�����'$���� �!������%����%���������(¢���%� �$��&��#%�������%'!�'%�$�'##�%����$������*�$�����*��!�'$��'����*�����' #�%���%"�$#�%��%"��!�(�'%���%"�%����%�$�!�%�!�$"�!�����##$�!�������$����!���%'!�'%��!�� � ���+!��$��%%��'!��*���&!'%%���$�����(���*���$(,-�0����!%���������%�$����������%�"�$'"��'"-�-�'���*�£����*'%���(¢������!$'�����!����������$����*��¤!&$���%�!�$#������%�!���*'$�%+�� �������%������$����*��¤�%�!���*'$�%+��%%�&����%�'����!�%��%��!������**�%���$$�#��!�$�%%�&��������$����!���%'!�'%��������(¢������$������������*���%���$&�'���� $���%���'������+�������$���!�"#�!��#�!��*�����#��+������!���'$�"���!����������$"��'��!�'%��*#%��� �����$&��#������(¢��&�������*����������%"�$����'�����!��%�!��%����!��������������������'����������$$�#��!�$#����'�#�%��%"������%!����������$!�'���%#�%���� ����������%�!�������#%���'%��%�#�������%���#�!%������$�%*��'%��!��%�����$����#��*��%%�������!�$��( ���������%��#�%��%"�%�������$����!���%'!�'%�����!�������%&$�%*��'%��!��%�� '�#%����������$�%*����#%���'%��%�#��#�%��%"����!����$&(�������'*��������������������*������������'�&��%�����'$$&�#��"��������&!$��%$&��"����%�������#�%��%"��!������!�"���������£�!��#%�����(�� �$���$$�������*��%���'��$���+�*��"��%������!�!��#%�������%'!�'%�$�'##�%����$� ���*�#��"������%$���%���*��(�%� �$���$(,��0����'�������!%��������%�!��$���$'"��'"�$$�&��$�����*�������!���*�%�¥����%�#%�#'$����"���%�����$�%��%!%������*'%���(¢��¥��������!��$���"���%�'%��*����������������$������%������*��������$� ���*$�*�����*����%!%'����*��+!���!&���#%������*��%'!�'%�$�'##�%������"���%(¦�������*%�����������"���%����*���������$$������� ���%�!�$&!����!�������������%�������'!�����������%"�$%�������!� �������������*���%����*������*�������¥�+����"���"����(¢������*�������'$$�������*����� &'��$����*!'%���+����"���"�������'%��!��%�����$����#��*������*��$��(



��������	
		��
���� ������� !��"�#$%�&''%�%'()'*� +,�-.�//�

�012345�67�899:;:<=>?�@ABC.AD;CE=9�F:B�.:B�G=A;�H:BIH�J:;G�9:..=E=B;�K=-@=;E:=HL�D?>:B9E:DA>�F:B�MNO��E=D;ABKC>AE�.:B�MPO��E=D;ABKC>AE�.:BH�J:;G�E-CB9=9�D-EB=EH�MQO��H;AKK=E=9�=>>:F;:DA>�AEEA?�MRO�AB9�A�>A;;:D=�H;ECD;CE=�M5�SO�TUVWX�8Y�A>H-�A>>-JH�9=H:KB=EH�;-�C;:>:Z=�.:B�K=-@=;E:=H�JG:DG�DAB�FE-<:9=�H;ECD;CEA>�HCF[F-E;�JG:>=�\=:BK�-F;:@:Z=9�.-E�>-J=E�J=:KG;X�*E-\=>�=;�A>X�T],W�GA<=�CH=9�8Y�;-�DE=A;=�AB�A:E[D-->=9�A>C@:BC@�A>>-?�M8>̂:+,YKO�G=A;�="DGABK=E�M_'O�.-E�A�FE-FC>H:-B�@-;-E�:B�bcdefghijkklmlnopqrstu�svmuwokxltytzosm{lt|{}lmzkl��owotm~o�romwlo{�vqpltkwlvspxlt����wovmst~upswyt����wovmst~upswyt{}lmzw�utkokv�wtow{����{ms~~owokopplxmlvspswwsq���stkspsmmlvo{mwuvmuwo�g����oxwltmok}lmzxowrl{{l�t�w�r�o���������xqwl~zm�����p{onlow� ¡� �¥½¤¬¬���� �¢��¡¢�� ��¬��®��Â�ÃÁ»«°�§� ���Ä¤§ ¡«�¥�®ÅÆ°�£¬¥� �¦¥¬¦¢�̈�¬¡��¬� �̈¬� ¥� �¥¤¥ £��®Ç�«¢¥��̧°º�È§��ÅÆ�¡���̈��¬�¤¬¬���§���¬�¬¥��¢¥�¡«�� ©�½¬££±�ª§�¡��§���¬ ¥���§��§�«§�̈�±�ª§����¾��¡«���«§�ª��«§��£¬¥�¤¥¢�̈�¡«��££�¤��¡¤�� ¡��¦¥¬����¡«�̈�¥¢¤¢̈¦¦¬¥���¬��§���¬�¬¥º�É���̈��¡��«¥ �����¡�¬��§���¬�¬¥���̈�«¡±� ̈��§�̈� ��¬ª̈�����¬�¾����¥¤¬¡¡�¤�����¬��§��̈� �¬¥�����§±�̈¢¤§��§ ���§���§�¥� ��¥�̈�̈� ¡¤��¾��ª��¡��§��§� ��«�¡�¥ ª�¡��¡«̈� ¡���§��ÅÆ�£�¡̈��̈���¡���¼��º�È§����̈�«¡�� ©�̈�£¢��� �� ¡� «��¬£��»�¾��¢�¡«�¤¢¥����£�¡̈��¬�� Ä���¼���§��̈¢¥£ ¤�� ¥� �ª§����©��¦�¡«��§��ª��«§���¬ªº�

��������Ê�������������� ¡¢£ ¤�¢¥��� �¢��¡¢�� ��¬��§� ���Ä¤§ ¡«�¥�£¬¥� �¦¥¬¦¢�̈�¬¡��¬�¬¥�bcdefgËijkklmlnopqrstu�svmuwokspurlturspp�qzosmoÌvzst~ow��wsxw�xup{l�tr�m�w�Í���Îzlpomwsklml�tspzosm{lt|yt{swowopsmlnopq{r��mzstkÏsmkuom�mzorstu�svmuwlt~romz�k{�szosm{lt|xw�kuvok}lmzjÐvstos{lpqltvpukoxsmmowt{stk{zsxo{�tmzoyt{uw�svo{�}zlvzltvwos{o{v��plt~xow��wrstvo��s�omsp��Í��zsnowo{oswvzokzosm{lt|yt{}lmzklrxpok{uw�svo{�stkmzoqvspvupsmokmzsms{uw�svo}lmzmoswkw�xklrxpo{{z�}{��Ñm��mlro{ÒommowzosmÓmwst{�owotzstvorotmv�rxswokm�sÏsmxpsmo�jpmz�u~zskklt~s{uw�svoxsmmowtrl~zmt�mÒotovo{{swq�s{mzoskklmlnopqrstuÓ�svmuwokromspzs{ltzowotmpqw�u~z{uw�svo{mzsmvstÒoÒotoyvlsp��wv��plt~�Ôl~uwo����



��������	
		��
���� ����������������������������� !"�#$�"� ���!��%�!"�#&'#("�%�������� �" (���"(�)��#��!�#��!$���*+(�%"�� �(�%���(�)$�"��"���%����" (�(��" �����$�"� �,���!���" �-$��(������ ��� �"� !�� �"�����-$��(��#&'���(�%"�� �# !"��%��"��#!������"�!)���  ����$�"��"���%��! �&�%�! �#&'�!"&!����.�/ %"����#&'����!��(0 %���"�!)���  �,��' !))� ������������#����#���(�)��( ����%��/�(%�( (��-%�������)"������/(�����("��� !"�#"� !�� �1 ���� ���$�(�(2� !"��%�"�!)���  &�%������(��&���#� ()��" ���##(�(���'���!��%�!"�#��%�(�� ��' ��"���! ���������"'���$"(��(�)$�"�����" (�%�"��(�$�"� �������%�(�����%�(����$�(���%���(�)$�"��"���%��,������%� �� !"��%�"�!)���  /�"��� � �!#(�#&'3(" %��������*��/��%"����# ���"���(%"�%������$(�4��""�' ! (�)50678�9�/� ��!�#������� !"��%�"�!)���  ��$(� %��&�&���4%(��&'�-�%�"&��(�)$(�/�:�(���"�%�(�� �,���!���" �� �����#����$(� $�%(�)%�!�#&�(�%"�� �#/(���!� �%"(4%(�)���"���$�"��"���%������(�)�������/�()����#����"(��%� � �������-%���)�" %�!�#&�#�%"�� �#/(�����! ���1;�ZHKR<BCA<JK=>B=>?<JHKH@ABAKF<=><MAKBH=><JHKBF<DS<BCA<@HMC=>A<BD<HMC=AZA<DJB=@HQ<MDDQ=>?<JAKSDK@H>MAT<fCA<ASSAMBF<DS<FLKSHMA<KDL?C>AFF<NAKA<HQFD<FBLE=AE<]R<i=KFMC<AB<HQT<VWdYG<NCD<MKAHBAE<FAZAKHQ<@=MKDMCH>>AQ<J=><S=><HKKHRF<LF=>?<ĵkl̀T<mB<NHF<SDL>E<BCHB<BCA<FLKSHMA<KDL?C>AFF<DS<J=>F<MH><]A<]A>AS=M=HQ<]R<AgHMAK]HB=>?<J=><NHIA<=>BAKHMB=D>FT<fCA<HLBCDKF<HQFD<>DBAE<BCHB<J=><FJHM=>?<MDLQE<]A<=>MKAHFAE<N=BCDLB<FHMK=S=M=>?<BCAK@HQ<JAKSDK@H>MAG<@AH>=>?<BCHB<BCA<NA=?CB<H>E<@HBAK=HQ<MDFBF<DS<CAHB<AgMCH>?AKF<MDLQE<]A<EAMKAHFAE<N=BC<BCA<LFA<DS<OPT<
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�/01234�56�7889:;<=;>?@�?A�;BC�DEFG�H<?IC::�J>;B�;BC�K><CI;>?@=8�;BC<L=8�IP�@9LQC<�?A�P8R>STUV�=@K�GCWR>�XYOZ[J;O�R>\�:=LH8C:�JC<C�QAC<C@;�?<>C@;=;>?@:]�;?�:;9KN�;BC�ĈCI;:�?A�L=@9A=I;9<>@V�K><CI;>C8CI;<>I=8�I?@K9I;>M>;>C:�?A�DEFG�:=LH8C:O�_=Q8C�S�>@I89KC:�=�8>:;�;B>:�H=HC<O�_BC�KC:>V@=;?<:�̀]�a]�=@K�bcd�I?<<C:H?@K�;?�=�L=@9A=>:�H=<=88C8]�HC<HC@K>I98=<]�=@K�=;�=�bcd�=@V8C�;?�;BC�DEFG�Q9>8K�K><uvwxyz{|}~~������������������������������������������~������~����������������~������������������~�����������������������������~���������~��������������������������������������������������������������������������������������~����~�������~������������������������~������~�����~�����~������������~�������������������������������� �¡����¢£¤�����������������������������������������������~~�~�����������~���������¢£¤���~�������������~���������������������~��¥¦§̈z{|�����������������~���©z¦ªxyz«¬y­®zȳ° ©¦̄zyv¦̈ ©¦±x²¦³̄xyv±wývz±̄¦̄v­± µ­|­²¶¦·®̈zªy̧z¦̄z«������~������������ �~������   �¢£¤ �¡ ����������������   �¡ �¹~�������~������������ �~������   º¡ º���������������   º¡ º����������~������������~��������������»���������������������������������������¼������������������������½������������¾��������~�������������������~����¿�����À�����~~�������������������������������¾�~����������������������������������������������������������~�����¾���~��~������������������������~���¼�����~��������������������������������~������~����Á�¢��£Â�����~���������������������������������~������������������������������������~��~���������~����~�������~����������������~�����������������������������������������~�������������������������~��������������������¼��������������������������������������»�������������¿������~������}���¿��������~��������¿�����~�����������������������~�������������������~������������������������������������Á�ÃÂ�����������������������������������¾���������������~����������������������������������������������������»���Ä�������~~����������¾�������������������������������������¼��~����Á��Â�����������������������������������~����������������������¿��������������¼��������������������������������~�������������������������~��������~����¿���~��������������~�����������~�º������������������������������������������������~�������������~����������������������������~��~����������������¾��~~���



��������	
	��
��� ������������������������������������� ���!"�����"����#��$%��$������"��"�������&������$�'���%�������()*+,-	./%"������%�����������0"���%�����1�2(3*4*5-6-4 7*,8-9:,85;<85= 7*,8-9>6--,=?� ���$��@���� ABC% ABC%D���$�������� �EBC% �FBC%?����"�#�� �ABG FABGH������0������� �(�A%I� B(A%I�H���������0 H���"�� H���"��J������%��� K����0�� K����0��LM 0��������� NB(�O NB(�OP����"����"��������$���0$��������%�����������0����������'Q�������������!��0���%"�����$���"��"�������$���0$��$������� ������0��"$����M����������������������" (R$�"��������������$�����0�$�"����'���������� ������S�������%"������������%���������������#��' ������0(R$��� ����������������$�%����������'�����������������'��%�����' "������� ����������0�$���%"����������$�"��������"��������$������������$�"������(T���$���%"����������$��"�"���"���!%�����������0�$��%�������%����#���"�����%�����0��"$����$�%'��G�''!�BE�����%�������(R$���%"���#���$��������NB(�%'�������%�������%����#��$�$�����0�������BBUVI$�"���$����0����%"���������$��$�������$�����������������#$��$#�������#��' ���#�������������0(R$����0����%"������������������0��������#����FBBUV����$����$�����������������BBUV���F$����$����%���%(WXWX����YZ��[\��Z]�̂_̀�aY�b�c�bdR$��$��%������������� �������%�����������'�%������������������#� �(R$�%�����%%���������e��$���� ���f?Tgh�#$��$�����&����� �������$��������������%�������0?ijT��%"���(D�#������������ �""����'��������� ��������$�%�0������%��������1�k2�%�@��0��"��������� ����������#$��%�������0gP��%"���(R$���������$�RV���$���%"�����%�����������0�$����0��������$���e�#%��$��(R$��%��$������������$�����0�$���%"�����%���������������0�����%�$���$������#$���%�������0�$���%"�����������������������"���l�����0�$#$�������� �����$��'�������$��(g��$��������"��"�#�����'���������� %���������$�RV���$�%����������'�����������%T������m���#(R$�%������%�����$�%������"����������T�0���F(���v���������v­®Ý̄́v��Þ��¬v��v�����������v����������v����«���́v���v²¼v�«v���v�������v��v��������v����¬v���v���¬������v��������v�«v������¬v���v������v«���v���v���v�������v��������¬v���v�����������v���������v����v�v�������v¡���v�������¢vØ�v���v�����v�����v�����v���v¡�v�����������v���v¡�v�������v«���vµ������à�v���¢v²��v������µ�¬���v¾¢v
váâãäå§v̈©vª�����������v�«v���v������ ��v����v��v�������v���v��������v�«v���v�����������v�������v����v��v���������v���v���æ;ç84-	./��������������$����$��&��������%�������$�RV���$���%"���#��$R�$�#��0�$������������$���%"�������������������������%����$���%"����������"�������@��#����0�$(



��������	
	��
��� �������������������������� �����!��"����������"�����!��"��� �����!�#�$��"��%�����!��&��'������ �"�!&&(!����)����"��%��'�"���"� ����! �!"��'���* �' �� �����)��(!����� ��������!��&�+,(��!��"� %����#�$��"���&(�! (&�!*!%���!�#�'��"��%����� ��&!��� ���������)�&(�!���""�&�)! �+-�'�)�"���� %"���"� ����! �!"��� �"������!������ !&� ��"�!� ���������!�� ���)!&��������"�.�!������ !&�����"!��"��� ��"�/� ��"�!� ����� 0���������� � %! �"�!�� %�1! �!������"�!���'������"�!&�� �!��"�����! ���+2 ���!��� �������������� �����!��"����#�$���!&��&!��� ���"��!&&(��� %!����&��3����&'���� ������"��������"!��"���������!��� *! ������"�!�������� ��&!��� +4�&� %!�����!��&����"���"&(� ��&!�������&�!*!%���!�#�'��"��%����� ��&!��� ����)�"!&�"��"����!% �����&�'�"��! ������!&��'�"� ���+2 �����!����� ����"� %�������&����(�����%�����"(�����"�!�� !0&����&!����!��!&��&!�� %���&�!*!%�#�'"���&��� !��%���%"������"�!� �(� !������ ��!����&�"����� %�����+��"��4&5��67%�!��&��'�"��! ��!���"������!��"������������0��&��"�� 8�!��� � ����.������!"��+4���"�� %������! ��!���"�"�����.�������!��"�!&����69��6:;�;<!�=6>.!���"!  �!&� %?�@A+4 ����"�! ��!���"�"������!��!&&�(?=6A%�)�����!�80��&��.!��669��6:;�;<+�'��!��&��/B�C! �B�$1'�"��! ��!���"���"����&��� ����&/�+DE'�+5�1�'������!�!��"�!&'���&(������"47����8�!% ����!��&��!��� �+������������� ! ��!% �����"���"������������������!��"�!&�!)�0�� ��!��"���"�)����&(� ?=�A+4�������"�!&�"���"������47 ��&��� ����&!"� ��'�&&* �' �!�����"��!&&(!)!�&!0&��!��"�!&/�+6E'�+5�1'���!���"�!&�� �����)��(��=F:;�;<?==A������!�!����!"��� +G!���!��&�� �&������!&&"���! %�&!"��&����"���H��66�����"!��"��� ��"��'����!&&�'���&��!��� ������� ��"��! ����"���"����!���)�&� %��������!��&�����0�!���"!��&(* �' �"����� %� �������!� ���"������ ��"�!� �( �"�!&&(�"��� �� �.��!��"��� ��+4���"���47�"����������!��&��"����)������8�"������ %��!����)�!� ���"���!����"! �������� ���� !&&��"�!���+���� ��������!��&��'�"���&�������""���������"�!&"�����! ��+����!��&����%����"'������"�&�)! ����� ��� �!"��"��� ���� B�%�"��+]rwuQorz}mvQstwmnyvoQozrmmQqvwprt�nmrqQubmvoQcbqQpuvQ\{d��Qpvz}vqrpnqvQov~uswuQrmmb~QpuvQmbwrpsbtQbcQpuvQovtobqoUQrtyQpuvqvcbqvQpuvQrwps�vQmvt�puQbcQpuvQorz}�vQrwwnqrpvm�Q�tb~tUQqvynwst�QbtvQbcQpuvQzrstQobnqwvoQbcQntwvqprstp�Qtbqzrmm�Q}qstQ{|Qzvronqvzvtpo�Q�cpvqQpuvQ��Q}qbwvooUQpuvQorz}mvoQqvwvs�vyQ}bop�}qbwvoosrwusv�vQrQntscbqzQysrzvpvqQrtyQozbbpuQ�tsouQbtQrmmQonqcrwvo�Q{uvQvtyoQbcQpuvQor~vqvQ}bmsouvyQcbqQqvynwvyQpuvqzrmQqvosoprtwv�Q{uvQorz}mvoQpb�vpuvqQ~spuQpuvQqvmv�rzvtosbtoQrqvQ}qvovtpvyQstQYs�nqvQe�Q

Q¡¢£¤¥¦§̈���©H,B!&��� ��!&&�(! ���&��� ����&�!��&����"��!��"� %���"�!&�� �����)��('����������! ��0��'�� ��������"!��"��� ��"��� � %����' ?�A+����.��!��"��� ��'�"���"��"���� !���"�!&&(��!0&�"���'��� �!��"���!0&�!�"#�'!������ %������&�"! ����� ��&!��� !"�� ���������!��&��+5�)�"!&�����"� �



��������	
	��
��� ������������������������ �� ������!��"���������#$�������"������!����������"���������%&����'���������"������"��������(���" ��)���������������������'������!(����������"�������(�������������'��'����!*(����"��'���'����'�%+#,-../�� �����������'�� �!�����*����"�������"��� �����!�������!������������������)�����(�� ����"����������'�� �������� ��)�����������'���'��������� ����*��''������("������!%#��'��!��!��������"��� ��'����!*(� ����-'�����)������'���������)���"��������)��!��������������)���������"���%#��������"��'������'�����)���"�����������������!�'�������������������"����������'��������"������'0��!�����������!�'������� ����!����1� �����)��������������%#��"������"������������������!��&�)���2%=>CN3N=QIER=3C3S>QJ3DIT3N=>QFCD3Q>LGLNCHM>_3T=GD>3CDDITGHR3N=>3NINCD3>D>MNQGMCD3GHOEN3ONI3U>3CMMEQCN>DJ3F>CLEQ>KY3<=>3MIDK3LGK>3IP3N=>3LCFOD>3TCL3MIID>K3UJ3C3TCN>Q[MIIDGHRNI3MQ>CN>3C3DCQR>3N>FO>QCNEQ>3RQCKG>HN3IS>Q3N=>3D>HRN=3IP3N=>3LCFOD>Y3<=>3O>QPIQFCHN=>3MIIDGHR3GL3GFOIQNCHN_3CL3GN3=>DOL3K>MQ>CL>3N=>3IS>QCDD3N=>QFCD3Q>LGLNCHM>3IP3N=>3LCLNCMe3CHK3N=>Q>PIQ>3Q>KEM>L3N=>3EHTCHN>K3=>CN3\IT3N=QIER=3N=>3GHLEDCNGIHY3<=>3F>CF>HN3L>NEO3GL3OQ>L>HN>K3GH3BGREQ>3fY3
34567893g;3<=>QFCD3MIHKEMNGSGNJ3F>CLEQ>F>HN3L>NEO3VWXY3<=>3EHM>QNCGHNG>L3IP3N=>3<Z3F>CLEQ>F>HNL3CQ>3MCDMEDCN>K3UJ3ELGHR3N=>3FChGFEFFGHGFEF3OILLGUD>3SCDE>L3UCL>K3IH3N=>3EHM>QNCGHNJ3IP3>CM=3GHKGSGKECD3F>CLEQ>F>HDCQR>LN3LIEQM>3IP3EHM>QNCGHNJ3MIF>L3PQIF3N=>3CMMEQCMJ3IP3N=>3N>FO>QCNEQ>3L>HLIQL_3TGL3LO>MGi>K3CL3jcYW3k3cYcccWlm<mY3̀HIN=>Q3MIHNQGUENGHR3PCMNIQ3GL3N=>3F>CLEQ>F>HN3>QN=>3O=JLGMCD3KGF>HLGIHL3IP3N=>3LCFOD>L_3OCQNGMEDCQDJ3N=>3KGLNCHM>3U>NT>>H3N=>3N>FO>Q��������#���"��'��!�'�����("������"�����������%#����'���������������#$"������"�������'��'�����!*(����)���"���"�"��!"���"�"�����*��������*���!�������'�������(����'���!���!���"������"���%#�����)�������'�����'�������('�"�����"����''���'(�������"���������������� ��'������'���!���/%��/%///���#�%+������'�����*����)��'��������"������"���������������(��'��!�"��������������"����������'�����(���!�����'�*�� ��������"���������������� ��'� ��"������!���!�)����'������� ������''���'(��/%/�""%#���������"����������������������������)������������"���'��"�!���������'�����*����� ��������������'�������(���������'��������1� ����"���!��*������!/%�����!����!��)�����'��!�'�����(�������"���%,�����"���������'������'�������(���'���"�������)������'���'��������� ��� �������'����!���!%#����������)��������������������#$"������"��������*�� �������!��%���� ����"��������)���������'�������(��"����(�������� ���'����!����)�*���������������!���"����!'��*����!��'�"����!����������"���� ������(��)�'��������'(%��������� ��¡¢£��¤ ���£¥¦�§��¤�̈�¤©+!!�������'(���!��'��������"���� ���"�����'����!���"*���"������������)ª«¬&���"�������)������'���'��'��!�'�����(%#��"������"���� ���������"�!����)�������-���*�­�����"����!%#����"���"������"���� ���������! ����!�)����'������%+'�������������+ �������!�����)������"������!��������)�!�����������!�����'� ��"������!�����"����������./®$%̄�'���"��� ��"������!�������"�� ���������������)�!��!���'��������!��)"������"�����'�������( ��'��'�����!��"�����(�����#$��"����%#�����'���'��"������"���� ���������"�!����)­������(.�//�-!�)��"����"�����%#�����'���'��'��!�'�����(������"���� ���������!*�������������°±²��!������!�'����°³²�����*���!!���'�������"���������#$��"����%#�����"���"��"������!�������)�'����-��'������������%�"".��!��������)�!���



��������	
	��
��� ��������������������������������� !���"#$��#%!��&�&'��� ������(���!�����������'����)��' &��������*#+��,���� !���� ������(���������������������������� !��-+#,��#%!����' �&'��'����' &�& .���������� �� �(�& !��/�0&�+1����(��&�(����� ��&�2&����"#SA6I38:3@9?9JJ5J3TUV39:73@5?@5:78;>J9?3TWV36A36I53S>8J7378?5;68A:X348=8J9?36A36I53OF349OI539J>=8:>=349=@J543I9739:39K5?9L53;?A44N45;68A:39?593AB3QYGY3==39:736I53K7?A@3<943=594>?573AK5?39:39K5?9L53J5:L6I3AB3ZYGR3==G3OI5348J8;A:34655J349=@J5439K5?9L53;?A44N45;68A:39?593AB3[GD3==CX39:736I53KAJ69L537?A@3<943=594>?573AK5?39:39J5:L6I3AB3\DGC3==G3OI535J5;6?8;9J3;A:7>;68K86M3=594>?5=5:63456>@3<86I39:3]Ĵ8QD_@J53843@?545:65738:3̀8L>?53YG3
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���	*�������7	?@??	d9T:;9IT=D9IE	vD9W:;:9̂:	D9	8E:̂T;=̂IE	UÎ_=9:>B	dv8U	?@??�	���	XPYoXKP�	NMNN�	���O	0M�00M�Q$ .#X0�MX�NMNN���0M�KK�	/001	 Z�	.�	 ���������	2�	3�������	\�	\�%�
��	���	*�	'����������	5.��������
��	������
�����
���	���	��������	��	
������	�����
����	��	����
���	�������	������
���	�
�����7	d9T	q	s:IT	UI>>	r;I9>W�	����	0N��	���	0XNo0X��	����	NM0��	���O	0M�0M0[QZ�$Z!."+#"**+,"'*�.,�NM0Y�M��MX0�	/0N1	 \�	*
�
���	"�	3�����

��	���	"�	 ���������	5*������	
��	#���	\�������
	"����
�	��	.���
���	#�
��	+������	"�������	��	*����	���	#�����	*���	$����
����	$����
���	#�
����7	d888	rtRu{Rvrd~u{	~u	8u8t��	v~uC8t{d~u�	����	NM�	���	P�	NMMX�	���O	0M�00M�Q+. �NMMX�YKL�L��	/0P1	 !�	Z�	2���	3�	!�	"��	Z�	6����	���	\�	2�	2���	5.��������
��	�
���	��	��
����	������
���	���
	
�������	����	�������
��	���������	��
�	�����
������	���
�	�����7	qDV;9IE	DW	U:̂_I9=̂IE	{̂=:9̂:	I9S	r:̂_9DED<n�	����	NL�	���	N�	���	X�PoX���	����	NM0P�	���O	0M�0MMLQ*0NNM[�M0N�0NP[�PQ#.+,$ *�	/0K1	  ��*�	
����	#�	p����������	���	Z�	,�	 ������	5]������	#����	���	'�
����	 �����
���O	"������
���	
�	"����������	!��
	*�����7	��	R{U8	uIT=D9IE	s:IT	r;I9>W:;	vD9W:;:9̂:�	0��L�	���	00�o0NY�	/0X1	 "�	#�������	,�	,������	���	6�	2�	*������	5.����
	��	���
	
�������	��	
������	�
������	��	��	�������	����������	���O	��	���������
�	�����
����	����
����7	qDV;9IE	DW	r_:D;:T=̂IE	I9S	RbbE=:S	U:̂_I9=̂>�	����	XK�	���	N�	���	KPLoKKY�	"���	NM0[�	���O	0M�0X[PNQZ+"#�6(�XK�N�KPL�	/0[1	 2�	2�	
����	Z�	p�	!��	2�	 �	(�����	���	+�	'�	
����	5�������
���	��	���
	�����	��	*����
���	(����	#��
���	���	������
���	���
	
�������	�������
�����7	_TTb>c��SD=FD;<�A@FA@k@�AjG̀?j̀JF?@A}FA?AAkGJ�	����	00�	���	P�	���	0X�o0[X�	Z���	NM0[�	���O	0M�0MYMQ0LKXNLX��NM0[�0N00YK��	/0L1	 ]�	*�	*�����	 �	3�

����	.�	(���	#�	6����������	#�	,�������	���	#�	3�������	5!�����	���
	�����	���	
������	���������
	��	���������	������	��

���	���������7	d9T	q	89:;<n	t:>�	����	KX�	���	K�	���	[PPPo[PK��	#���	NMN0�	���O	0M�0MMNQ.,�[N[M�	/0Y1	 *�	Z�	6����	\�	Z����	*�	Z�	p����	���	2�	*�	(���	5&�
�����
���	��	�	�
�������	�������	���	�	������	���
	����	�����	����	������
����7	d9T	q	s:IT	UI>>	r;I9>W�	����	YL�	���	0YKo0YY�	"���	NM0X�	���O	0M�0M0[QZ�$Z!."+#"**+,"'*�.,�NM0X�MP�MY��	/0�1	 +�	\���
�	6�	'�
��������	���	*�	2�����	5'��������	������
���	��	����
�����	�������
����	��

���	�����
��
����	���	���
	����	�������
�����7	d9T:;9IT=D9IE	qDV;9IE	DW	r_:;yIE	{̂=:9̂:>�	����	0X��	Z���	NMN0�	���O	0M�0M0[QZ�$Z+!.,#"(* $�NMNM�0M[[ML�	����������	��������	���	�������	���	�������	����������	��	�����������	����������	��	����	��� ¡ ¢	��	�£� ¡�¡¤	��¥	����	¦§§§	̈©�����		ª�����������	�©©���	



 

129 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication IV 
M. Sarap, S. Singh, A. Kallaste, A. Qureshi, H. Tiismus, T. Vaimann, P.S. Ghahfarokhi, 
Design of an additively manufactured thermal solution for an axial flux switched 
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����������	�
��
���������������������������������������������
����������
�	������
������ !"#!"$%"&'�!(!")*+),*-'.-'/0'1!0) �!2%2-!/2"�.32�"!/4!'�5$+"2%% !�/!2%+00%*$%"!$$!.2'(!+'"6%*,+� +5!�!"+00)'�!$$!.2'(!5!%&!2")$%"4%�� +")0+)!" '/"�#2'%�789:;<:=>?@;<A�2-'/+"2'.0!,/!(!"+0 '$$!"!�2-!+2/'�1#"%2%2)#!/'&#0!3&!�2'�5+ (+�.! /2"�.2�"!/*!"!+  '2'(!0)&+��$+.2�"! $"%&B0C'DEF5+� 2!/2! �� !""!+03*%"0 .%� '2'%�/4).%%0'�5+�!0!.2"'.+0&%2%".%'07G-!#"%2%2)#!/+"!&+'�0).%&#+"! 4+/! %�2-!'"+4/%0�2!+� "!0+2'(!2-!"&+0"!/'/32+�.!,+/2-!/!#+"+&!2!"/ '"!.20)0'&'22-!#%*!"32%3*!'5-2"+2'%%$2-!&%2%"7H+/! %�2-!&!+/�"!&!�2"!/�02/,2-!$%00%*'�5.%�.0�/'%�/.+�4! "+*�IJB&%�5+002-!#"%2%2)#!  !/'5�/,2-!+'"$%'0#'�K�-!+2/'�1"!/�02! '�2-!0%*!/22-!"&+0"!/'/2+�.!+� 2-!"!3$%"!+00%*/$%"2-!-'5-!/2.�""!�2'�2-!&%2%".%'0/7L%2+40),2-'/'/2-!.+/!*'2-+�%�3%#2'&'M! .+/!*-!"!2-!5!%3&!2"'.+0#+"+&!2!"/*!"!.-%/!�4+/! %�0'2!"+2�"!+� �%22+'0%"! 2%2-!/#!.'K.�/!3.+/!7N�"2-!"&%"!,2-!'�."!+/!'�#!"$%"&+�.!*+/+.-'!(! +2+DOP0%*!"K�&+//.%&#+"! 2%2-!.%�(!�2'%�+05!%&!2")7JG-!4!/2"!0+2'(!#!"$%"&+�.!'/+.-'!(! *'2-2-!-!+2/'�1�2'0'M'�5+"-%&4'3%.2!20+22'.!3/2"�.2�"!7Q%*!(!",2-'/'/'�2-!.+/!*-!"!%�0)2-!K�&+//%$2-!-!+2/'�1'/.%�/' !"! ,&!+�'�52-+22-!"!+0#!"$%"&+�.! !#!� /-!+('0)%�2-!/#!.'K.+##0'.+2'%�7JQ!+2/'�1/�2'0'M'�50+22'.!/2"�.2�"!/+00#!"$%"&/'5�'K3.+�20)*%"/!2-+�2-!.%�(!�2'%�+0.+/!'�+4/%0�2!2-!"&+0#!"$%"&+�.!7B2+$+�/#!! %$REEE"#&,2-!4!/2#!"$%"&'�50+22'.!*+/2-!"-%&4'3%.2!2,*-'.-"!/�02! '�+�DSP-'5-!"2-!"&+0"!/'/2+�.!2-+�2-!.%�(!�2'%�+0K�/7JT$2-!2*%2"'#0)#!"'% '.&'�'&+0/�"$+.!/2!/2! -!"!,2-!U)"%' /'5�'K.+�20)%�2#!"$%"&! 2-!V'+&%� ,*-'0!/2'00"!/�02'�5'�+WXP-'5-!"2-!"&+0"!/'/2+�.!2-+�2-!.%�(!�2'%�+0.+/!+2+$+�/#!! %$REEE"#&7G-!GYFCV'+&%� ,*-'.-'/2-!%�0)/2� '! 5!%&!2")*-!"!2-!"!+"!�%+'"6%*#+2-/5%'�5/2"+'5-22-"%�5-2-!-!+2/'�1,#!"$%"&! 2-!*%"/2%�2%$+002-!#"%2%2)#!/*'2-+2-!"&+0"!/'/2+�.!OZP-'5-!"2-+�2-!.%�(!�2'%�+0.+/![\]\[\<:\?D̂_H7F7L+K/,̀7a-'22,B73b7A"+ �1�� +,+� V7Q�'2'�1,ccB  '2'(!&+�3�$+.2�"'�5$%"!�-+�.'�52-!"&+0 '//'#+2'%�'�-!+2/'�1'&#0!&!�2+2'%�IB"!('!*,ddefghijgklmnokpn,(%07ZW,�%7DW,##7qRXrqSZ,s�07WEWD, %'IDE7DESEtEDZOXRuW7WEWE7DXRRWZR7Ŵ_A7v+�"+� Y7C'�5-,ccC2+2!3%$32-!3+"2'�-!+2!w.-+�5!"+  '2'(!&+��3$+.2�"'�5,ddxkhnynefghzgllijgklmn,(%07DXS,T.27WEWD,B"27�%7DWDREE, %'IDE7DEDRt{7'{-!+2&+//2"+�/$!"7WEWD7DWDREE7û_|7C7C!!,s7|7Q%,v7b7}!%�5,+� G7L7a%�5,cc~w#!"'&!�2+0'�(!/32'5+2'%�%$+2%#%0%5)3%#2'&'M! #-+/!.-+�5!-!+2/'�1%#2'&'M! $%"�+2�"+0.%�(!.2'%�,dd����nokfjp�,(%07uDZ,F+)WEWW,B"27�%7DDSqSZ, %'IDE7DEDRt{7+#!�!"5)7WEWW7DDSqSZ7Ẑ_N7b+"!"', 7̀Q7�7v-+�,b7G%  ,+� F7F7B22+00+-,ccB  '32'(!&+��$+.2�"'�5%$-!+2!w.-+�5!"/'�+!"%/#+.!+##0'.+2'%�/IB"!('!*,dd����ni�fj�g�okpn,(%07WuO,L%(7WEWu,B"27�%7DWDuSX, %'IDE7DEDRt{7+##02-!"&+0!�57WEWu7DWDuSX7Ô_}7|7�7}�&,G7L7a%�5,s7|7Q%,+� v7b7}!%�5,ccG-"!!3 '&!�/'%�+02%#%0%5)3%#2'&'M! /2"�.2�"!/$%"!�-+�.! 0%*32!&#!"+2�"!2-!"&+0!�!"5)/2%"+5!,dd����nokfjp�,(%07uRW,F+)WEWZ,B"27�%7DWuEED, %'IDE7DEDRt{7+#!�!"5)7WEWZ7DWuEED7
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Curriculum vitae 
Personal data 

Name:   Martin Sarap 
Date of birth:  03.02.1996 
Place of birth: Kuressaare 
Citizenship:  Estonia 

 
Contact data 

E-mail:  martin.sarap1@taltech.ee 
 
Education 

2021–2025  PhD, Tallinn University of Technology, Department of 
Electrical Power Engineering and Mechatronics 

2018–2021  MSc, Tallinn University of Technology, Department of 
Electrical Power Engineering and Mechatronics 

2015–2018 BSc, Tallinn University of Technology, Department of Electrical 
Power Engineering and Mechatronics 

2012–2015  High school, Pääsküla Gymnasium 
 
Language competence 

Estonian  Native 
English  Fluent 

 
Professional employment 

2021– Early-Stage Researcher, Tallinn University of Technology, 
Department of Electrical Power Engineering and Mechatronics 
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Elulookirjeldus 
Isikuandmed 

Nimi:   Martin Sarap 
Sünniaeg:  03.02.1996 
Sünnikoht:   Kuressaare 
Kodakondsus: Eesti 

 
Kontaktandmed 

E-post:  martin.sarap1@taltech.ee 
 
Hariduskäik 

2021–2025  PhD, Tallinna Tehnikaülikool, Elektroenergeetika ja 
mehhatroonika instituut 

2018–2021  MSc, Tallinna Tehnikaülikool, Elektroenergeetika ja 
mehhatroonika instituut 

2015–2018 BSc, Tallinna Tehnikaülikool, Elektroenergeetika ja 
mehhatroonika instituut 

2012–2015  Keskharidus, Pääsküla Gümnaasium 
 
Keelteoskus 

Eesti keel  Emakeel 
Inglise keel  Kõrgtase 

 
Teenistuskäik 

2021– Doktorant-nooremteadur, Tallinna Tehnikaülikool, 
Elektroenergeetika ja mehhatroonika instituut 
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