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A B S T R A C T

This study presents the design and evaluation of an additively manufactured thermal solution for 
an axial flux switched reluctance motor, aimed at enhancing its applicability in light unmanned 
aircraft propulsion. The primary objective is to optimize the motor’s power-to-weight ratio by 
improving its thermal management through innovative heatsink designs. The methodology in
volves a comprehensive design procedure to dimension a conventional finned heatsink. The 
performance of the heatsink is experimentally tested under practical conditions using a motorette 
setup and cooling fans. Key findings indicate that the proposed thermal solution can enable very 
high current densities for an air-cooled electrical machine.

1. Introduction

Additive manufacturing (AM) methods, such as laser powder bed fusion (LPBF) are used in the field of electrical machines to 
manufacture soft-magnetic components with optimized structures [1], conductors with improved electrical [2] and thermal [3] 
performance, and advanced thermal solutions utilizing novel geometries [4]. A number of researchers are focusing on AM reluctance 
motors [5,6], as the single-material construction of the rotor lends itself to current LPBF manufacturing capabilities, and a more 
sustainable machine [7]. However, when compared to permanent magnet motors, the power density of reluctance machines is limited, 
making high current densities, and therefore increased thermal capabilities necessary for demanding applications such as propulsion 
[8], where high power density and efficiency are crucial [9].

Among the different topologies available for reluctance motors, the axial-flux configuration is well suited for effective cooling due 
to the accessibility of the stator conductors, which enables direct cooling of the winding structure. A survey of the literature reveals 
several solutions based on liquid-cooling, which can support current densities up to 20 A/mm2 [10,11] with indirect cooling and over 
100 A/mm2 with direct conductor cooling [12]. Air-cooling based solutions, which can be preferrable in propulsion applications, are 
somewhat less common in literature [13–15]. Relevant to this paper is the work of Berndl et al. [16], who achieved a current density of 
>10 A/mm2 with the use of an integrated rotor fan and cooling channels in the stator, and the work of Mohamed et al. [17], who 
introduced a laminated aluminum housing around the windings and showed that a current density of >14 A/mm2 is possible. Still, 

* Corresponding author.
E-mail address: martin.sarap1@taltech.ee (M. Sarap). 

Contents lists available at ScienceDirect

Case Studies in Thermal Engineering

journal homepage: www.elsevier.com/locate/csite

https://doi.org/10.1016/j.csite.2025.105805
Received 19 November 2024; Received in revised form 8 January 2025; Accepted 18 January 2025  

mailto:martin.sarap1@taltech.ee
www.sciencedirect.com/science/journal/2214157X
https://www.elsevier.com/locate/csite
https://doi.org/10.1016/j.csite.2025.105805
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csite.2025.105805&domain=pdf
https://doi.org/10.1016/j.csite.2025.105805
http://creativecommons.org/licenses/by/4.0/


Nomenclature

Latin symbols
Abase heatsink base surface area [m2]
ACu conductor surface area [m2]
Afin total surface area of a heatsink fin [m2]
b heatsink fin spacing [m]
Bag average airgap flux density [T]
cp specific heat of air [J/g K]
Di stator iron inner diameter [m]
DO stator iron outer diameter [m]
Dh fin channel hydraulic diameter [m]
f friction factor
fapp apparent friction factor
fel electrical frequency [Hz]
hconv convection coefficient [W/(m2•K)]
HHs height of the heatsink [m]
I current in a single stator coil [A]
jmax maximum current density [A/mm2]
ka flow channel aspect ratio
kSRM motor design constant
kj current density constant [A/(mm2•kg)]
Lfan fan blade length [m]
LHs heatsink active length [m]
m fin coefficient
MΣ total mass of the motor [kg]
n rotational speed [rpm]
NCu number of winding layers
Nfin number of fins in the heatsink
Nu Nusselt number
PCu copper losses in a stator segment [W]
PFe iron losses in a stator segment [W]
Pout motor output power [W]
Pr Prandtl number
PΣ total losses in a stator segment [W]
ΔP pressure increase [Pa]
ΔPfan pressure increase at a chosen operating point [Pa]
ΔPHs pressure drop in the heatsink for a given flow [Pa]
Q airflow created by the fan [m3/h]
Qfan airflow at a fan operating point [m3/h]
rCu winding resistance [Ω]
Re Reynolds number
R*

e modified Reynolds number
RHs thermal resistance of the heatsink sector [K/W]
R0 internal thermal resistance of the frame sector [K/W]
RΣ total thermal resistance of a single sector of the cooling solution [K/W]
SF imaginary surface differentiating the frame and the heatsink
tfin thickness of a single fin [m]
Tamb ambient temperature [◦C]
TCu winding hotspot temperature [◦C]
TSF average temperature of the SF surface [◦C]
Tʹ

SF measured temperature of the SF surface
ΔTCu measured temperature increase of the winding hotspot [◦C]
ΔTʹ

SF measured temperature increase of the SF surface [◦C]
v air velocity in the heatsink [m/s]
wair equivalent airgap thickness [m]

Greek symbols
σ ratio of the flow channel area compared to the full area of the heatsink
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further increases in current density, in addition to a reduction in weight, are necessary to increase the viability of reluctance motors in 
electric propulsion.

This article presents a novel additively manufactured cooling solution for a dual rotor yokeless axial flux switched reluctance motor 
(AFSRM), with the goal of enabling the motor to be used in light aircraft propulsion applications. The cooling solution consists of an 
aluminum alloy frame that surrounds the wound stator segments and provides direct conductor cooling with its integrated heatsink 
and two cooling fans attached to the rotors. This novel cooling method, uniquely suitable for axial flux machines, enables very high 
current densities without liquid cooling. A comprehensive design procedure is used for selecting the design and dimensions of the 
cooling solution to ensure a maximum current density to weight ratio. The performance characteristics of the cooling solution are 
measured under practical conditions, for which an AM motorette is built for providing the heat load and a pair of cooling fans is used to 
provide the airflow. The goal of the tests is finding out the thermal resistance of the cooling solution, which is by far the most important 
thermal parameter when evaluating the maximum current density of an electrical machine in practice.

2. Design procedure

2.1. Axial flux reluctance motor cooling

Fig. 1 illustrates the 6-slot 4-pole configuration AFSRM with the proposed thermal solution, consisting of a frame and two cooling 
fans. This motor’s intended application is for small aircraft propulsion, which limits the thermal solution to air-cooling and creates a 
need for maximal power density in terms of weight at an operating speed of up to 6000 rpm. The symmetrical nature of the machine 
lends itself to using two axial cooling fans in series. At high speeds, the fans can create a large amount of airflow through the heatsink 
fins, effectively cooling the windings. Both the soft-magnetic and thermal components of the AFSRM are additively manufactured 
using LPBF; the former from high silicon-steel (Fe6.5%Si) and the latter from AlSi10Mg.

The motor utilizes a dual-rotor topology, in which the stator yoke is substituted for a second rotor, eliminating stator yoke losses 
and simplifying the manufacturing of the stator laminations with LPBF. Structural integrity of the stator is achieved by incorporating 
an aluminum frame that surrounds the windings, and a 1 mm thick reinforcing plate that supports the stator teeth without putting 
pressure on the delicate winding structure. As the frame is in direct contact with the winding, it is extended radially to act as a heatsink. 
The resulting short thermal path from the winding to the heatsink leads to efficient heat extraction, which facilitates high current 
density capabilities in the coils. Since all other dimensions are conveniently defined by the geometry of the motor, the main design 
variable is the length of the heatsink fins LHs.

Experimental results for the performance of the cooling solution are obtained with the use of an additively manufactured 1/6 sector 
of the cooling solution. This is inserted over an AM high-silicon steel stator tooth prototype. The tooth is surrounded by a conventional 
winding consisting of 230 turns of 0.2 mm2 copper wire hand wound on the core in 6 layers, resulting in a fill factor of roughly 64 % 
and an electrical resistance of 1.20 Ω for the segment. These components together represent a 1/6 sector of the AFSRM stator assembly. 
A Pt100 temperature sensor (IEC 1/10 class) is placed on the inner radius of the tooth, between the slot liner and the first layer of the 

ηfin fin efficiency
λair thermal conductivity of air [W/(m•K)]
λAl thermal conductivity of AlSi10Mg [W/(m•K)]
μ dynamic viscosity of air [kg/(m•s)]
ρair density of air [kg/m3]

Fig. 1. Exploded view of the main AF-SRM components and the materials used.
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winding, in order to measure the temperature TCu. This location is thermally most separated from the ambient air, meaning that the 
reading from this sensor is considered as the winding hotspot temperature. Fig. 2 (a) illustrates a 1/6 sector of the stator, which is used 
for testing the AM heatsink prototype. The AM high silicon steel stator core prototype with the winding and integrated Pt100 tem
perature sensor is shown in (b).

The purpose of the thermal solution is to increase the power-to-weight ratio of the motor through increased current density. The 
maximum mechanical output power of an AFSRM can be given as: 

Pout = kSRM • Bag • jmax • ACu •
(
D2

O − D2
i
)
• n (1) 

It should be noted that in practice, increasing jmax will result in a different optimal geometry for the motor, as the ratio between 
tooth and winding area is generally dependent on it. However, defining Pout strictly as a function of jmax requires the parametrization of 
the entire AFSRM design procedure, which is outside the scope of this paper. Instead, it is considered that Pout∝jmax and the output 
power of the motor is expressed simply through jmax. This allows the proposed thermal solution to be directly compared to other cooling 
methods, and its potential benefits can be directly considered for other motor types (i.e. permanent magnet axial-flux motors).

2.2. Electro-thermal model

A 3D electro-thermal model is built to evaluate the effect of the cooling solution on eddy current losses and estimate the internal 
thermal resistance of the system. Finding the eddy current losses in the frame involves modelling the entire motor at the nominal 
electrical frequency of 400 Hz (corresponding to a rotational speed of 6000 rpm for a 6/4 SRM) and an airgap flux density of 1 T. It is 
found that a solid AlSi10Mg (with an electrical conductivity of 5.94•10− 8 Ω m [18]) frame covering the entire winding results in 
unacceptably large eddy currents. The concentration of eddy current losses in the solid frame is shown in Fig. 3 (a). This is fixed by 
adding a gap to its inner radial face, which breaks the contour without sacrificing much thermal contact resulting in acceptable losses, 
as shown in (b). The frame eddy current losses as a proportion of copper losses at this operating point are plotted in Fig. 4.

On the thermal side, the radial symmetry of the AFSRM and heatsink allows the system to be accurately modelled as a single 1/6 
stator segment. Fig. 5 (a) presents a simplified thermal network of the sector and (b) shows a 2D view of the numerical model. Of 
particular importance is SF, which is the imaginary surface separating the frame’s internal thermal resistance from the resistance of the 
heatsink, allowing the total thermal resistance to be modelled as the sum of internal thermal resistance R0 and the heatsink thermal 
resistance RHs. R0 itself consists of the thermal resistance associated with the winding and the aluminum frame. The average tem
perature of the SF surface TSF is estimated with the temperature measurement Tʹ

SF.
The total losses associated with a single motor sector PΣ are a combination of iron losses PFe and DC copper losses PCu. Based on the 

available literature [19], the iron losses of AM high-silicon steel laminations at 400 Hz and 1.5 T can be estimated to be around ∼ 100 
W/kg, resulting in an PFe value of 2.24 W in a single stator segment. This is significantly lower than the estimated PCu, meaning that the 
effects of PFe on the temperature distribution are negligible and a DC measurement is sufficient to analyze the performance of the 
physical prototype. PCu is calculated by using the RMS current in the coil and the electrical resistance of the coil. The latter is calculated 
separately for each coil layer NCu according to its modelled average temperature at a given TCu value. 

PCu =
∑NCu

i=1
I2rCu(T)

NCu
(2) 

Anisotropicity in the winding structure is achieved by adding contact resistances between the winding and frame boundaries. 
Physically, this is caused by a combination of insulating material and air inside the winding structure, although it can be modelled as 
an equivalent layer of air with a thickness wair. Adding contact resistances between the relevant surfaces will result in a substantial 
temperature difference between the hotspot and the SF surface, defining the internal thermal resistance of the sector R0. The 

Fig. 2. Model of a single stator sector with the aluminum alloy frame and heatsink (a), and the physical prototype of a single high silicon steel 
wound stator core segment (b).
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relationship between wair and R0 is shown in Fig. 6 (a) where the linear increase demonstrates that the thermal resistance of the solid 
conductive materials is a negligible part of R0.

The total thermal resistance of the cooling solution RΣ is the sum of R0 and the thermal resistance of the heatsink RHs. It is expressed 
as the temperature difference between the hotspot and ambient at a given total heat load. 

RΣ =
TCu − Tamb

PΣ
(3) 

Each of the elements in eq. (3) can be measured accurately and consistently over multiple measurements, therefore resulting in an 
accurate value for RΣ. However, to analyze the performance closer, it is necessary to know the value of RHs separately, which is defined 
by the temperature difference between the SF surface and ambient. 

RHs =RΣ − R0 =
TSF − Tamb

PΣ
(4) 

RHs (along with R0) can only be calculated by knowing TSF, as then the frame can be effectively modelled as a single thermal 
resistance with PΣ passing it. Therefore, a temperature sensor Tʹ

SF is placed near SF with the goal of estimating TSF. The effectiveness of 
using Tʹ

SF to estimate TSF can be evaluated by modelling the ratio Tʹ
SF/TSF at different wair and RHs values (as both R0 and RHs vary 

between individual tests, Tʹ
SF/TSF needs to insensitive to these changes). This is presented across a range of wair and RHs in Fig. 5 b), 

showing that the sensor reading Tʹ
SF can be used to estimate TSF.

As a specific value for R0 is necessary for determining the optimal value for LHs, a value for wair needs to be chosen. For a non- 
conventional solution, such as the one introduced in this paper, it is difficult to find a reference value in literature, meaning that 

Fig. 3. Eddy current distribution and loss density in the (a) solid and (b) gapped AlSi10Mg frames.

Fig. 4. Total eddy current losses as a percentage of copper losses in the frames at different electrical frequencies at an airgap flux density of 1 T and 
a rotor angle of 0◦.
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the chosen value must be based on previous experience with similar solutions. Therefore, a value of wair ≈ 10 μm is used, which results 
in a modelled internal resistance of R0 = 1 K/W.

2.3. Cooling fans

Airflow through the heatsink is created by a pair of axial fans connected to the rotors of the machine. The length of the blades 
matches the heatsink (Lfan = LHs) and a simple geometry is used, as initial prototypes showed that as long as the outer dimensions are 

Fig. 5. Thermal models of a single stator sector. (a) Simplified LPTN model; (b) 2D view of the numerical model. The locations of the temperature 
sensors are shown in red.

Fig. 6. Effect of the equivalent airgap thickness wair on the (a) internal thermal resistance and (b) accuracy of the Tʹ
SF measurement. Different 

winding layer counts are shown to illustrate its effect on R0.

Fig. 7. Fan prototypes at (a) LHs = 15 mm, (b) LHs = 10 mm and (c) LHs = 5 mm.
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fixed, the specific fan geometry has negligible effects on its performance curve. The height of the fan is equal to the total height of the 
rotor and the number of blades of 14 is chosen based on initial testing. Physical prototypes at the values of LHs = (5, 10,15) mm shown 
in Fig. 7 are additively manufactured from PLA and tested at a range of rotational speeds. The intermediate solutions, which are used to 
select the optimal LHs value, are interpolated with a 0.1 mm step.

The aerodynamic performance is measured with a conventional flow bench at the two extremes; maximum static pressure in the 
case of Q = 0, and free flow in the case of ΔP = 0. The curves are assumed to be linear. The resulting curves at the rated operating 
speed of 6000 rpm together with the interpolated values are presented in Fig. 8. The performance of the fans can be extrapolated to any 
rotational speed based on the fan affinity laws, where Q∝n and ΔP∝n2.

2.4. Analytical model

The analytical model is used to find the optimal value of LHs at a given n by calculating the RHs for conventional finned heatsinks 
with various LHs values using the design procedure described in Refs. [20,21]. Naturally, the maximum allowable current density in the 
windings can be increased up to a value limited by R0 by using an arbitrarily large heatsink (i.e. LHs > DO). This, however, dis
proportionally adds to the total weight of the motor MΣ, reducing specific power. Therefore, a current density factor kj is used to 
determine an optimal LHs: 

kj =
jmax

MΣ
(5) 

Finding the LHs corresponding to the highest kj includes finding the optimal nfin and the corresponding ΔPfan and Qfan for each case, 
which then define RHs. Based on this, the value of jmax is found according to the maximum allowed hotspot temperature and kj can be 
calculated, considering the total mass of the motor in each case. The design procedure considers a straight heatsink with a single 
bottom plate as shown in Fig. 9 (a), although the resulting dimensions are used to produce a curved model with an additional top 
surface reinforcing the fins (b).

The analytical models begins by calculating the pressure drop of the heatsink ΔPHs, which is equal to the pressure increase of the fan 
pair at a given working point: 

2 • ΔPfan =ΔPHs =

(

0.42 •
(
1 − σ2)+4 • fapp •

HHs

Dh
+
(
1 − σ2)2

)

• ρair
v2

2
(6) 

where Dh = 2 • b is the approximate hydraulic diameter of the flow channel defined as two times the gap between the fins, and v is the 
average velocity of the flow through the channels, calculated by dividing the flow rate at the operating point Qfan by the total area of 
the flow channels.

The apparent friction factor of the flow fapp depends on the friction factor f and Reynolds number Re: 

fapp =

⎛

⎜
⎜
⎝

⎛

⎜
⎜
⎝

3.44
̅̅̅̅̅̅̅̅̅

LHs
Dh•Re

√

⎞

⎟
⎟
⎠

2

+ (f • Re)
2

⎞

⎟
⎟
⎠

1
2

• R− 1
e (7) 

Re is calculated using the dynamic viscosity of air μ: 

Fig. 8. Resulting linearized fan curves together with the interpolated values at 1 mm steps.
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Re =
ρair • v • Dh

μ (8) 

and the friction factor is a function containing the flow channel’s aspect ratio ka = Dh /(2 • LHs) and Re: 

f =
(
24 − 32.527 • ka +46.721 • ka

2
− 40.829 • ka

3
+22.954 • ka

4
− 6.089 • ka

5) /Re (9) 

The geometry of the flow channels and the pressure drop created by the heatsink for a given Qfan is determined by the number of fins 
Nfin. Therefore, each possible value of Nfin is matched with an operating point of the cooling fan pair, and the best performing case is 
chosen for each LHs value. The thickness of the heatsink fin is fixed at tfin = 0.5 mm to ensure it is manufacturable with AM. The thermal 
resistance of a 1/6 sector of the heatsink RHs is calculated: 

RHs =
6

hconv •
(
Abase + Nfin • ηfin • Afin

) (10) 

The average convection coefficient acting on the fin surface calculated by using the Nusselt number and the thermal conductivity of 
air: 

hconv =
Nu • λair

b
(11) 

Nu is calculated using a modified Reynolds number R*
e and the Prandtl number Pr: 

Nu =

⎛

⎝

(
Re • Pr

2

)− 3

+

(

0.664
̅̅̅̅̅
Re

√
•P

1 /3
r

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
3.65
̅̅̅̅̅
Re

√

√ )− 3⎞

⎠

− 1 /3

(12) 

where R*
e = ρair • v • b2/( μ • L) and Pr is defined by fluid: 

Pr =
μ • cp

λair
(13) 

The efficiency of the fin is calculated using the coefficient m =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2 • hconv/
(
λAl • tfin

)√

, which includes the thermal conductivity of the 
solid material. 

ηfin =
tanh (m • LHs)

m • LHs
(14) 

The maximum heat load in the sector for a given hotspot temperature rise ΔTCu can be calculated by adding together the internal 
thermal resistance of the frame and the resistance of the heatsink: 

PΣ =
ΔTCu

R0 + RHs
(15) 

The maximum current density of the windings is found through Joule’s law by subtracting the iron losses from the maximum heat 
load and dividing by the conductor surface area: 

jmax =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(PΣ − PFe)/rCu

√

Aturn
(16) 

Fig. 9. The heatsink geometry considered in the analytical model a) and the curved shape of the heatsink used in the proposed cooling solution b).
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It is considered that the electric resistance of the coil rCu depends on the average temperature of the winding layers, which is found 
at the defined hotspot temperature using the numerical thermal model. The volume of the heatsink is used to calculate its mass based 
on the density of the solid material, which in the case of AlSi10Mg is 2.58 g/cm3 [22]. The mass of the heatsink and frame can be added 
to the electromagnetic mass to calculate the total mass of the motor for each case of LHs. The current density factor can then be 
calculated using the following equation: 

kj =
jmax(LHs)

MΣ(LHs)
(17) 

Limiting the hotspot temperature to 100 ◦C and running the model in the range of LHs = 5…15 mm results in the kj values for each 
configuration presented in Fig. 10. At a rotating speed of 6000 rpm, the highest value of 33.1 A/(mm2•kg) is achieved in the case of 
LHs = 9.0 mm. In this case, the calculated values for jmax and MΣ are 26.8 A/mm2 and 0.83 kg respectively, and the operating point of 
the fan pair is defined as ΔPfan = 114.7 Pa and Qfan = 41.0 m3/h. The resulting heatsink consists of 198 fins and the calculated total 
thermal resistance of the 1/6 sector is RHs = 1.8 K/W (R0 = 1 K/W is taken from the thermal model).

3. Experimental setup

3.1. Additively manufactured heatsink sample

The heatsink sector prototype is manufactured for the aluminum alloy AlSi10Mg on the Coherent Creator SLM device. After 
manufacturing, the sample was heat-treated at 300 ◦C for 2 h to increase the thermal conductivity of the material and remove any 
anisotropy left from the manufacturing process [23]. The physical prototype is shown in Fig. 11.

The physical prototype is dimensionally accurate and does not display any manufacturing faults. The geometry of the frame is 
dimensioned for the specific shape of the stator winding, displaying the advantages of AM in personalized design. Matching the shape 
of the frame to the winding is crucial for ensuring a minimal R0. This is lowered further by polishing the internal surface and applying 
thermal paste.

3.2. Performance measurements

The temperatures TCu, Tʹ
SF and Tamb are measured in a practical setup, where the entire airflow is provided by the cooling fan pair. 

The measurements are performed at a range of rotational speeds of 3000–6000 rpm, with an appropriate current used for each test, 
such that a hotspot temperature close to the defined operating point of 100 ◦C is achieved. The heatsink is measured three times with 
the tooth being removed from the frame each time. This is done to ensure more accurate results and to demonstrate the validity of the 
Tʹ

SF measurement (the calculated RHs of each run should be close to identical, even though R0 and RΣ are varying).
During the measurement process, the rotational speed of the fans is controlled by an external motor (with a sensor for accurate 

speed control), while the stator is excited with a DC current at a steady value to produce the heat load, which is calculated simply as the 
product of the measured current and voltage drop across the coil. The use of DC instead of AC has a negligible effect on the thermal 
performance, as at any non-trivial current density PCu ≫ PFe. The test setup is presented in Fig. 12.

Fig. 10. Calculated kj at different LHs and n values.

M. Sarap et al.                                                                                                                                                                                                         



4. Results and discussion

4.1. Verification of the frame average temperature measurement

The prototype was used to conduct three initial tests, where the contact was significantly altered by varying the thermal paste 
application, as this is a convenient way to control R0. The cases high R0, average R0 and low R0 correspond to no thermal paste being 
used, insufficient thermal paste and sufficient thermal paste respectively. In Fig. 13, the measured temperature increases ΔTCu and Δ 
Tʹ

SF values for each case are plotted across the rotational speed range at a constant heat load of PCu = 15 W.
Expectedly, each case resulted in a significantly different ΔTCu, showing the effect of R0 on the total cooling performance. However, 

the temperature increase of the aluminum frame (which is defined only by RHs) is essentially constant across the runs, demonstrating 
that the approximate measurement of the average temperature of the frame is valid in a wide range.

4.2. Heatsink thermal resistances

The subsequent measurements are similarly performed in three independent runs, although this time good thermal contact is 
ensured for each run to minimize variation in R0, which was in the range of 1.15–1.26 K/W with an average value of 1.19 K/W, 
corresponding to a 12 μm equivalent airgap thermal resistance. This is close to the estimated value of 1 K/W used in the analytical 
model, meaning that the optimized LHs value can be considered valid. The RHs values presented in Fig. 14 are taken as the average of 
the three runs and fitted to a logarithmic curve. The analytically calculated RHs at each n, which is based on the measured fan per
formance curve, is added for comparison purposes.

The measured average curve matches the shape and approximate value of the analytical model, with the measured RHs decreasing 
from a maximum value of 1.52 K/W at 3000 rpm to a minimum of 0.85 K/W at 6000 rpm. A small difference between the analytical 
and experimental results is expected due do the curved geometry with an added outer surface used in the physical model. Some 
differences also arrive from the non-ideal airflow in the practical case, as some of it is lost from the airgap in the radial direction. 
Interestingly, adding a flow guide to block the radial leakage path during testing slightly decreases the performance of the heatsink.

The measured thermal resistance can be used to calculate the maximum allowable steady state current density for the cooling 
solution (Fig. 15) with the added heat load of the iron losses (PFe∝f2 and PFe400Hz = 2.24 W) and a defined hotspot temperature of Tmax 
= 100 ◦C. The average measured contact resistance value of R0 = 1.19 K/W is added to the previously graphed RHs values to find RΣ, 
which is used to calculate jmax based on eq. (16). The temperature-based electrical resistance of the coil is calculated using the nu
merical model.

Across the measured rotational speeds of 3000–6000 rpm, RΣ is in the range of 2.71 to 2.04 K/W, which limits the maximum heat 
load to 30.0 and 37.0 W respectively. After subtracting PFe, the maximum calculated current density is in the range of 22.3–25.2 A/ 
mm2.

The maximum current density of >25 A/mm2 achieved in this work is a value that is generally reserved for liquid-cooled machines 
[24] or novel unconventional winding structures [25], which are often limited to a low amount of turns. Achieving it with conven
tional windings composed of 230 turns, and forced-air cooling is mainly a consequence of the structure of the axial flux machine, which 
inherently makes is possible to cool the conductors directly, substantially reducing R0. This is opposed to conventional air-cooled 
radial motors, which are characterized by a relatively large R0, making the role of the heatsink less important. The AFSRM 
described in this paper includes approximately equal R0 and RHs values, meaning that minimizing RHs is important. The yokeless axial 

Fig. 11. Physical prototype of the heatsink sector manufactured from AlSi10Mg with LPBF.
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flux structure is also conducive to a low RHs due to the ample available space for a heatsink and the inherent possibility of utilizing two 
cooling fans in series.

Looking at the total thermal resistance as a sum of R0 and RHs clearly shows a path to improving performance further. The obvious 

Fig. 12. Experimental measurement setup for the heatsink sector.

Fig. 13. Hotspot and frame temperature increase for the three cases: high R0 (no thermal paste), medium R0 (insufficient thermal paste) and low R0 

(sufficient thermal paste).

Fig. 14. Thermal resistances of the heatsinks at different fan speeds.
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