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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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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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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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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 3.2. 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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3.1.3.2 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:𝛁𝛁𝛁𝛁 ≈ 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(𝛁𝛁𝛁𝛁+(𝛁𝛁𝛁𝛁)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. 
 
 

 

     𝑇𝑇 (°C) 
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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 

 

 
 

 

0.40 
 
 
 
 
 

0.35 
 
 
 
 
 

0.30 
 
 
 
 
 

0.25 
 
 
 
 
 

0.20 
 
 
 
 
 

0.15 
 
 
 
 
 

0.10 
 
 
 
 
 

0.05 
 
 
 
 

 
0 

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 ℛ𝐻𝐻𝐻𝐻. 
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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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 𝑤𝑤𝑎𝑎𝑎𝑎. 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 𝑤𝑤𝑎𝑎𝑎𝑎 ≈ 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]. 
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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

∙ 𝑅𝑅𝑒𝑒−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: 

 𝑁𝑁𝑁𝑁 = ��
𝑅𝑅𝑅𝑅 ∙ 𝑃𝑃𝑃𝑃

2 �
−3

+ �0.664√𝑅𝑅𝑅𝑅 ∙ 𝑃𝑃𝑟𝑟
1
3� �1 +

3.65
√𝑅𝑅𝑅𝑅

�

−3

�

−1 3�

, (3.16) 

where the modified Reynolds number is 𝑅𝑅𝑒𝑒∗  = 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: 

 ℛ𝐻𝐻𝐻𝐻 =
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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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° 
  𝐴𝐴𝐻𝐻𝐻𝐻 = 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 

  

t�inb

LHs

d1

d1

d2

d1α

d1

d1

d1
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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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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 𝑟𝑟prop 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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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 𝑒𝑒 inside Ω is described by a continuous density variable 𝜃𝜃, such that 

 0 ≤ 𝜃𝜃 ≤ 1 ∀𝑒𝑒 ∈ 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�𝛽𝛽𝛽𝛽𝛽𝛽�

tanh �𝛽𝛽�1 − 𝜃𝜃𝛽𝛽�� + tanh�𝛽𝛽𝛽𝛽𝛽𝛽�
. (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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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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