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Abstract
The electrification of commercial aircrafts is one key strategy to mitigate aviation-related emissions and hence climate
change effects. This requires high power electric motors with low weight and volume for aircraft propulsion. The critical
enablers of those MW-class high specific power electric machines are highly capable cooling systems, allowing to increase
current densities and/or rotational speeds to obtain more power output, while maintaining geometrical extents and mass.
Such cooling technology requires to be highly suitable for aviation purposes, leading to high demands on cooling effective-
ness, energy efficiency, additional mass, safety and reliability as well as costs and durability. Consequently, the goal of this
paper is to perform an assessment of such technologies based on aviation-adjusted weighted criteria.
As first step, an overview of electric motor cooling methods and relevant literature is established. To condense the ob-
tained information, an ensuing classification and categorization according to different methodical approaches is performed.
Subsequently, the selected assessment criteria are weighted through pairwise comparison, followed by the evaluation of
each cooling concept based on the weighted criteria. Concept-specific evaluation parameters are obtained, enabling the
comparison of technologies and the selection of preferred variants.
Promising options turn out to be the cooling by cooling channels, the hollow conductor cooling and the heat pipe cooling.
Among these, the channel cooling stands out due to its decent overall criteria fulfillment. As different cooling approaches
have different strengths and weaknesses, a combination of these variants seems expedient to realize a highly capable
electric machine cooling system. After further investigation, such as refinement of the literature-based evaluation, analytical
assessment, as well as numerical validation, informed design choices can be made.
This can potentially lead to an increase in electric motor power density, enabling electric aircraft propulsion and electrifica-
tion of aviation. Thus, aviation-induced CO2 emissions could be reduced and adverse impact on climate could be mitigated.
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1. INTRODUCTION

Due to the progress of climate change, the global reduc-
tion of greenhouse gas emissions continuously gains in
importance. Among other sectors such as energy, industry
and construction, the transportation sector is a substantial
contributor to climate change. As part of the transportation
sector, aviation leads to particularly high emissions and
is also constantly growing in a globalizing world. Conse-
quently, the reduction of aviation-related CO2 emissions by
75 % until 2050 was proclaimed by European Commission’s
Flightpath 2050 [1]. Electrification of commercial aviation
with the long-term goal of CO2 neutrality is hence becoming
increasingly relevant and important for the industry.
One main assembly in an electrified aircraft is the drive
train powering the propelling fan. This assembly’s most
important and critical component is a high power electric
motor. Besides other challenges such as the gravimetric
and volumetric energy density of the underlying energy
carrier, progress in electric machine technology is a key
enabler of electrified aircraft. Especially the machine’s high
power output up to MW-class [2] while maintaining low
weight – resulting in high specific power and high power
density, respectively – is crucial. Additionally, strict re-
quirements regarding efficiency, durability and operational

safety are imposed on applications in aviation propulsion
systems. To comply with all of these demands, it is crucial
to identify a cooling system with maximum effectiveness
of heat discharge combined with low additional weight
and high reliability. This potentially enables an increase of
electric machine output power, while maintaining minimal
geometrical dimensions and mass and being applicable for
aviation operation.
Such cooling concepts have been investigated in litera-
ture: [3–10]. Technology overviews and literature-based
evaluations as well as qualitative comparisons of different
cooling methods were conducted. However, none of these
authors included a systematic weighted evaluation of
electric machine cooling methods. A precursory weighting
of assessment criteria improves accuracy, significance
and suitability with respect to the intended purpose of the
evaluated systems. Additionally, a single numerical com-
parative parameter for each concept to enable an objective
comparison and a precise selection of preferred options
can be obtained. For these reasons, this paper aims for
a weighted evaluation on the basis of criteria weighting by
pairwise comparison [11], enabling the identification of the
optimal electrical machine cooling methods for electrified
aircraft propulsion. Following the introduction to this work
in section 1, the methodology applied to meet the goals
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of this paper is presented in section 2. Then, the current
state concerning cooling technologies of high power electric
machines is examined. An overview of cooling approaches,
their working principles, related literature and established
findings are provided in section 3. Subsequently, a clas-
sification summarizing, condensing and contextualizing
the previously obtained information follows in section 4.
Afterwards, in section 5, evaluation criteria are derived from
the requirements and weighted according to the methodical
approach of pairwise comparison [11]. The evaluation of
cooling concepts by means of the weighted criteria is per-
formed, obtaining characteristic assessment parameters
for each technology. This enables their precise comparison
leading to an identification of promising cooling approaches
as preferred options. Finally, findings of this work are
summarized and suggestions are derived in section 6.

2. METHODOLOGY

To meet the goal of this paper to perform a systematic
weighted evaluation of electric machine cooling concepts
identifying preferred variants, an overview of available and
promising technologies has to be established first, see
section 3. Initially, a description of the operating principle
and an illustration is given for each cooling method. Then,
relevant literature including authors who optimized, investi-
gated, evaluated and/or compared respective technologies
is presented, summarizing the authors’ work and findings
as well as identified influence factors and concept poten-
tials. A first preliminary, literature-based evaluation of the
respective approach follows.
Subsequently, the information gained from the overview
is condensed by means of their classification in section 4.
As there are two equally useful and expedient methodical
approaches to categorize, both are united within the clas-
sification. On the one hand, the investigated technologies
are grouped by their localization within the electrical ma-
chine and the heat source they are assigned to. On the
other hand, they are categorized according to the technical
properties and physical mechanisms they utilize.
After the previous steps, the key element of this work is
addressed in section 5: an evaluation of cooling concepts
with respect to weighted assessment criteria suitable for the
requirements of aviation. An ensuing comparison based on
the evaluation and the gained comparative parameters is
performed, leading to an identification of promising tech-
nologies emerging as preferred options. These extracted
variants can then be utilized to assemble a cooling system
approach potentially increasing heat removal abilities and
enabling a raise in specific power of electric motors for
aircraft propulsion systems.
To perform the abovementioned weighted evaluation, ini-
tially, a selection of assessment criteria is necessary. The
selected aviaton-related criteria then are weighted, as not
all of them are equally important for their intended purpose.
The criteria weighting is performed by pairwise comparison
according to Pahl et al. [11] and Kazula [12]: a decision
is made for each criterion i whether the criterion i itself is
more important than the criterion j it is compared to, the
criterion j is more important than the criterion i or both
are equally important. Depending on this decision, the
importance value mi,j is set to 2, 0 or 1, respectively. The
absolute weight Wi of the criterion i can then be calculated
according to (1).

Wi =
∑
j

(mi,j)(1)

Its relative weight wi corresponds to the ratio of the absolute
weight and the sum of all criteria’s weights

∑
i Wi, being 20

for the case of i = 5, see (2).

wi =

∑
j (mi,j)∑

i

∑
j (mi,j)

=
Wi∑
i Wi

≡ Wi

20
(2)

Following this, the evaluation is conducted, assigning as-
sessment values vi,k for each criterion i to each cooling
concept k – the higher the value the better the criteria fulfill-
ment of the concept. Based on all values of a technology,
the absolute evaluation score Rk can be calculated by (3).

Rk =
∑
i

(vi,k)(3)

Again, a relative parameter is more conclusive. Therefore
the relative evaluation score rk shown in (4) represents the
cooling technology’s achieved rating per maximum achiev-
able rating Rk,max, being 20 in this case.

rk =

∑
i (vi,k)∑

i (vi,k,max)
=

Rk

Rk,max
≡ Rk

20
(4)

As the criteria are of varying importance depending on the
operational intention, the previously performed weighting of
criteria is taken into account: the absolute weighted eval-
uation score Rk,weighted, see (5), provides a significance-
related parameter applying the criteria’s relative weights wi.

Rk,weighted =
∑
i

(wi · vi,k)(5)

As final assessment parameter describing the cooling con-
cept’s ability to comply with the requirements, the relative
weighted evaluation score rk,weighted is obtained by (6)
utilizing the maximum absolute weighted evaluation score
Rk,weighted,max being 4 in this case:

rk,weighted =

∑
i (wi · vi,k)∑

i (wi · vi,k,max)
=

Rk,weighted

Rk,weighted,max

≡ Rk,weighted

4

(6)

3. OVERVIEW OF COOLING CONCEPTS

There are various cooling techniques for heat removal from
the heat-generating components of an electric machine
described in literature. This section intends to present the
relevant ones, aiming to demonstrate their fundamental
functionality, variations and applications. Furthermore,
findings of authors exploring the corresponding subject as
well as achieved improvements are summarized.
To illustrate the various cooling concepts, a permanent
magnet synchronous electrical machine (PMSM) is exem-
plarily used. FIG 1 presents such a machine in axial (1a)
and radial section (1b).
In electric machines, different types of losses occur: elec-

tromagnetical losses in stator and rotor core, permanent
magnets and slot windings as well as mechanical losses
in bearings, sealings and within the fluid, e.g. air, situated
in the rotor’s cavity [10, 13]. Electromagnetical losses,
such as copper losses – current-dependent Joule losses
including frequency-dependent effects, i.e. skin effect and
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(a) Axial section.
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(b) Radial section.

FIG 1. Illustration of a permanent magnet synchronous-type
electric machine (PMSM) consisting of a stator assem-
bly including casing, stator core and slot as well as a ro-
tor assembly including rotor core, permanent magnets,
potential rotor support structure and shaft.

proximity effect – in the winding conductors, iron losses –
i.e. eddy current, hysteresis and excess losses – in stator
and rotor core and magnet losses within the permanent
magnets [14] are especially relevant for heat generation
in the machine’s components. Additionally, mechanical
losses due to bearing and sealing friction and due to fluid
friction caused by the rotor movement [14] occur.
Considering localizations and portions of the different loss
types, stator core, stator windings and rotor core can be
identified as main lossy components [4]. The permanent
magnets, located within the rotor core, characterized by a
comparably low loss portion and small size [15], can be as-
signed to the rotor core and its losses. In general, the more
an electric machine of a certain power level is designed
for high torque output, the more current-dependent copper
losses occur within the stator windings. On the other
hand, the more the machine is designed for high rotational
speeds, the more prone it is to frequency-dependent iron
losses in stator and rotor core [5,6].
The generated heat within the lossy components requires
to be dissipated by a cooling system, otherwise the con-
tinuous occurance of thermal power leads to an increase
in temperature of the respective component. Even if the
regarded component is not sensitive to temperature rise,
heat flux is transferred to adjacent components following
temperature differences. Especially the winding impregna-
tion layers electrically insulating the conductors, and the
permanent magnets generating and maintaining the ma-
chine’s magnetic field are temperature-sensitive and prone
to overheating. Therefore, they constitute the thermally
limiting parts of the electric machine [6]. As these thermal
restrictions are the dominating limitations for the machine’s
power output, power density, efficiency and durability, cool-
ing technology is a key aspect that can potentially lead to a
further exploration of electromagnetical potentials [5,16]. A
selection of such cooling techniques is presented below.
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FIG 2. Axial and radial section of the Stator Surrounding Flow
Cooling concept. Heat is dissipated trough heat fins
attached to the outer casing.

3.1. Surrounding Flow Cooling (SFC)

One of the most straightforward ways to dissipate the pro-
duced heat of an electric machine is to cool it using the fluid
surrounding the machine. The most common application of
surrounding flow cooling is the heat removal by heat fins di-
rectly attached to the outer casing. Here, the heat produced
within the machine’s stator assembly heat sources, i.e. in
the stator windings or in the stator core, is transferred con-
ductively radially outwards through the stator core into the
casing, where it is distributed along the height of the heat
fins [5, 8]. On the casing and heat fin surfaces adjacent to
the surrounding flow, convective heat transfer into the fluid
occurs either by natural or forced convection, depending on
the flow’s relative velocity to the machine. This principle is
illustrated in FIG 2. Many authors have described this cool-
ing method in literature: [15,18–24].
Another possibility of using the surrounding fluid as heat
sink is leading the flow through a support structure consist-
ing of a dense arrangement of heat fins, similar to a heat
exchanger. In this case, the heat produced within the active
assembly part is conducted radially into the heat exchanger-
like structure. As its lamellas are perfused by the surround-
ing flow, the heat is again transferred into the fluid flow by
convection. The setup is shown in FIG 3. This concept is in-
troduced by Wrobel et al. in multiple publications [9, 17, 25]
for the stator of an outrunner machine, where it additionally
provides mechanical support for the stator. Also, concepts
where air perfuses the machine without heat transfer im-
proving structures are described [26].

FIG 3. Stator cooling of an outrunner electric motor by sur-
rounding air perfusing a lamella structure in axial di-
rection [17].
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FIG 4. Direct cooling of stator winding packs by surrounding
air perfusing slots in axial direction [15].

Cooling the windings by surrounding flow is described by
Christie et al. [15], where the slots are perfused and the
windings are directly cooled, as shown in FIG 4.

Regarding the rotor assembly and its heat sources, i.e.
rotor core and permanent magnets, heat dissipation into the
fluid situated in the rotor cavity takes places, as illustrated
in FIG 5. This is advantageous as no additional cooling
components and no internal coolant circuit are required for
the rotor cooling. No additional fluid friction losses occur
if the cavity is filled by air [5]. This very simple cooling
concept is discussed by many authors [27–30]. As its
effectiveness of heat removal is limited, Fawzal et al. [30]
realized an improvement by attaching a centrifugal fan to
the rotor, realizing an increase of torque of 20 % and an
increase of continuous power of 43 %.
Christie et al. [15] generally state that the surrounding flow

cooling shows high potentials by enlarging its convectively
heat transferring surface area, high influence of heat con-
duction ability inside the machine and the properties of the
heat fins, but exhibits no significant influence of propwash
effects of operating propellers in close proximity. Dong et
al. [8] referring to Ulbrich et al. [24] work out up to 20 %
of difference in convective heat transfer ability depending
on the number and dimensions of the heat fins. Nollau et
al. [31] accomodate the heat transferring surface in the
electromagnetical flux barriers of the machine. Miersch et
al. [26] evaluate an increase of the string current of 40 %.
In general, this cooling concept is advantageous in terms
of not influencing the electromagnetical behaviour of the
electric machine, as it is applied outside of the active parts,
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FIG 5. Axial and radial section of the Rotor Surrounding Flow
Convective Cooling concept. Heat is dissipated by con-
vection on the free surfaces of the rotor assembly such
as rotor ends and outer circumference.

maintaining a sealed casing [5]. The cooling concept’s
manufacturing and maintenance costs are very low and
the costs of cooling components are low, while the costs of
electromagnetical materials are high due to thermal con-
ductivity requirements [5]. On the other hand, operational
faults can occur due to dust or particle accumulation on
electrical components and abrasion of insulation layers
caused by particles or vibrations [5] if the surrounding flow
is in direct contact with electrical components. If the casing
remains sealed, the method stands out due to its simplicity,
operational safety and durability.

3.2. Jacket Cooling (JC)

A well-established cooling method is the jacket cooling [32].
In this concept, a cooling jacket containing ducts perfused
by a coolant is applied to the outer casing radius. The
jacket can either be a separate component mounted on the
casing, or be integrated in the casing. Similar to the cas-
ing’s surrounding flow cooling by heat fins, heat produced
by the heat sources within the stator assembly is conducted
radially through the stator core, penetrating the casing wall
and finally being transferred by convection into the coolant
perfusing the cooling ducts [5, 7, 8, 32, 33]. This cooling
method can either be used to cool the stator core, the stator
windings, or both. The respective setups are shown in FIG
6.
The cooling ducts implemented in the cooling jacket can be
arranged in different configurations, as FIG 7 shows. They
can either be oriented circularly, helically or meandering in
tangential or axial direction [4, 8, 14, 34–37]. Also, different
numbers of cooling channels have been investigated [38].
Liang et al. [39] found heat transfer coefficients to be higher
by a factor of 1.6 when arranging the channels in axial
direction compared to tangential direction. Zhang et al. [38]
determined the highest heat transfers when arranging them
in helical direction as a combination of tangential and axial
direction, due to a larger heat transferring surface area and
higher heat transfer coefficients.

One major issue of the jacket cooling method is the high
overall thermal resistance between heat source and heat
sink [32], especially if used for winding cooling, due to the
very long heat paths [7, 33]. Main design parameters have
been found to be heat transfer capacity through stator core
and casing as well as the heat sink properties [5]. There-
fore, optimizations have been conducted, e.g. concerning
shapes and arrangements of the cooling ducts [40,41].
The advantages of the jacket cooling are the simple setup
and the coolant’s high specific heat capacity when using
water or similar fluids [3], as well as its large heat transfer-
ring surface area and the non-existent interaction with the
active parts of the machine and therefore its electromagnet-
ical behavior [5,32]. Also, this technology has proven to be
very robust but, simultaneously, to have only moderate heat
removal potentials [4]. Its cooling effectiveness has been
found to be higher than air cooling [14] and oil immersion
cooling techniques’ [4]. Also, its ease of implementation,
volumetric power density, low noise emissions and sealed
setup can be considered beneficial, while disadvantages
are the higher costs compared to air cooling, the necessity
of a coolant circuit, the risk of internal corrosion and leak-
age as well as the increased maintenance effort [14].
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FIG 6. Axial and radial section of the Casing Jacket Cooling concept. Heat is conducted from the stator core (l.) and the winding
pack (r.) to the cooling jacket and dissipated through convection inside the perfused cooling ducts.

3.3. Annular Gap Cooling (AGC)

One approach to cool the stator assembly more directly
than the established casing cooling methods is the annular
gap cooling. Here, the stator core does not adjoin the
casing wall at its outer diameter, instead, an annular gap
spreads out over the whole stator core’s circumference.
Therefore, the casing’s conductive and contact thermal
resistances are bypassed, as the core is in immediate
contact with the coolant perfusing the annular gap in axial
direction, see FIG 8. Another configuration is an annular
gap situated at the inner diameter of the stator core [32].
Tuysuz et al. [32] mention benefits of the proximity of wind-
ings and heat sink as well as a potential positive thermal
influence of the annular gap cooling on the rotor assembly
if the gap is situated at the inner stator core diameter.
Additionally, a lower thermal cycling leads to an increase
in durability of the winding impregnation. However, design
optimization efforts are advisable due to possible additional
losses caused by competing geometrical extents between
annular gap and winding. Tuysuz et al. [32] achieved a
winding hot spot temperature reduction of 40 K compared
to water jacket cooling and an increase of the electric ma-
chine’s power density of 100 % compared to axial channel
cooling.

FIG 7. Selection of potential cooling duct configurations
within a cooling jacket [14].

3.4. Flooding Cooling (FC)

Building upon the annular gap cooling, a further improve-
ment is the cooling concept of flooding cooling. On the one
hand, it contains the forementioned annular gap cooling.
On the other hand, it extends its ability through additional
heat removal from the stator ends as well as the machine’s
slots by convection, therefore further dissipating heat from
the winding packs inside the slots and the winding ends.
This is accomplished by connecting a coolant reservoir to
both stator ends, feeding the annular gap and implemented
cooling channels within the slot grooves with coolant and
thereby maintaining an axial flow. The whole stator assem-
bly is separated from the rotor assembly through a liner
attached to the inner stator core radius. In summary, the
flooding cooling isolates the stator core including windings
from rotor and casing, as described by Dong et al. [5] and
Wang et al. [8]. Multiple authors have examined the stator
flooding cooling [42–46]. Its working prinicple is illustrated
in FIG 9.
The potential of stator flooding cooling is investigated to be

more effective than direct stator channel cooling regarding
stator core heat removal and than oil spray winding end
cooling regarding the winding end heat dissipation. It does,
however, have disadvantagous influence on the magnetic
flux in the airgap due to the liner [5]. Camilleri et al. [47]
achieved a machine’s hot spot temperature reduction of
13 K. Potential faults are identified to be structural failure,
such as sleeve leakage, due to high coolant pressure or
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FIG 8. Axial and radial section of the Stator Annular Gap Cool-
ing concept. Heat is conducted towards the annular gap
enclosing the rotor core and dissipated through con-
vection inside the gap.
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FIG 9. Axial and radial section of the Stator Flooding Cooling
concept. Heat is dissipated through all free stator core,
winding and winding end surfaces due to the coolant
flooding the whole stator assembly.

cooling channel blockage. The costs of the method are
estimated to be low regarding electromagnetic material but
rather high regarding cooling components and manufactur-
ing [5].
Another approach to cool the winding ends of an electric
machine is similar to the stator flooding cooling examined
above, but only affects the winding ends. As Marcolini et
al. [48] describe, the winding ends can be separated from
the windings inside the machine’s slots between the iron
core teeth as well as from the stator ends by a sleeve or
liner. With an outer wall, a flow chamber can be created
and perfused by a coolant, like oil. Through maximization
of the heat transferring area, Marcolini et al. were able
to minimize the overall thermal resistance between heat
source and heat sink, increasing the cooling effectiveness
by a factor of 2.87 and the electric machine’s power density
by a factor of 2.

3.5. Channel Cooling (CC)

An equally flexible and potentially effective approach is
the electric machine cooling by cooling channels or ducts.
The channels can be inserted flexibly into any component
to be cooled and in any direction, such as axial or ra-
dial [5, 8, 50, 51]. A sophisticated way is to position them in
the machine’s magnetic flux barriers, if existing [31].
In case of a direct stator channel cooling, cooling chan-
nels are inserted into the active electromagnetical part
of the stator, the stator core [51]. Those channels can,
exemplarily, be orientated axially within the stator core.
Heat, primarily from the stator core and indirectly from the
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FIG 10. Axial and radial section of the Stator Axial Channel
Cooling concept. Heat is directly dissipated within the
stator core through cooling channels.
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FIG 11. Axial and radial section of the Winding End Channel
Cooling concept. Heat is axially conducted inside the
winding pack towards the stator end and conductively
dissipated by a cooling channel implemented in cir-
cumferential direction in the winding ends.

winding packs within the slots, is led radially towards the
cooling channel, driven by a certain temperature difference
between heat source and heat sink. At the inner duct wall,
the heat is absorbed by the coolant perfusing the channels
and carried away in flow direction. It seems advisable
to position the channels in the outer area of the core to
mitigate the interdependencies with the magnetic flux inside
the part [8,50]. This is presented in FIG 10.
Furthermore, winding ends of electric machines can be
cooled by channels, as Madonna et al. [49] show. In this
concept, a pipe is inserted in tangential, circumferential
direction into the winding ends, splitting them in a two parts.
The pipe can either include a regular cooling channel or a
heat pipe transporting the absorbed heat towards a heat
sink. FIG 11 and FIG 12 illustrate such an implementation
of a cooling channel in the winding ends.
To cool the stator winding packs situated inside the slots,
winding channel cooling is an adequate option. In many
publications, this concept is known as Direct Slot Cooling
(DSC) and realized in various configurations. In this work,
the winding cooling channel by axial channels is examined,
either within the slot center separating the neighboring
windings, or separating both neighboring windings in upper
and lower parts, see FIG 13, or alternatively replacing the
slot wedge in the slot groove, the passage between slot and
air gap, see FIG 14 [4, 52–61]. The winding cooling chan-
nels operate analogous to other channel cooling concepts:
heat of the adjacent heat source, the winding conductors, is
conducted radially and/or tangentially through the winding
pack towards the coolant-perfused cooling channel. There,
it crosses the cooling channel wall, e.g. made of thermally
conductive polymer. On the inner cooling channel wall,
convective heat transfer occurs carrying away the heat in

FIG 12. Cooling of the winding ends by an inserted circum-
ferential pipe containing either a cooling channel or
a heat pipe, splitting the winding ends in upper and
lower part [49].
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FIG 13. Axial and radial section of the Winding Axial Channel Cooling concept. Heat is dissipated by slot-implemented axial
ducts in e.g. radial (l.) or tangential (r.) orientation.

flow direction. As the geometrical extents of the winding
pack and the cooling channels are likely to be in competi-
tion, optimizations have to be performed during the design
process to achieve ideal trade-offs.
The presented concept of winding channel cooling can be
optimized, e.g. by replacing the ordinary cooling channels
by additively manufactured micro-feature cooling chan-
nels [56]. This is presented in FIG 15, referring to Schiefer
et al. [57] and Acquaviva et al. [62].
Finally, cooling of the rotor assembly is also realizable
through channels. Coolant-perfused cooling ducts can be
inserted in any configuration and orientation into the rotor
core, where heat losses of the rotor core itself as well as the
permanent magnets occur. Exemplarily, two configurations
are presented: the rotor cooling by axial cooling channels
and by radial cooling channels, see FIG 16. Similar to the
stator channel cooling, the ducts influence the electromag-
netical behavior of the machine, as they are placed within
the active rotor part. Therefore, holistic cooling system
design with regard to the electromagnetical domain should
be performed.

General and specific suggestions concerning channel
cooling are made by various authors: if applied in close
proximity to a heat source, the overall thermal resistance
between heat source and heat sink can be mitigated sig-
nificantly. However, as cooling channels within active parts
of the machine inevitably cause a competition between
the geometrical extents of the cooling system and the
active part, optimizations are required for ideal cooling
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FIG 14. Axial and radial section of the Winding Groove Chan-
nel Cooling concept. Heat is dissipated by slot-
implemented axial ducts in the slot groove, analogous
to a slot wedge.

design, find Tuysuz et al. [32]. Wang [64] suggests the
implementation of pressure reservoirs at the beginning and
end of the cooling ducts and the precise setting of flow
resistances within the channels for a proper flow distribu-
tion. Huang et al. [50] identified cooling effectiveness of
direct stator core cooling by cooling channels to be higher
than of water jacket cooling. Compared to other cooling
methods, it leads to lower temperatures within the core
assuming equal pressure losses from the coolant flow.
For stator cooling, Lu et al. [51] achieved a significant
increase in electromagnetic force by a factor of 2.86 and,
simultaneously, a positive influence on the rotor leading to a
temperature reduction within the permanent magnets. The
direct stator and rotor core channel cooling are especially
applicable to maintain moderate temperature gradients
between inner and outer core radius and in machines
with high iron loss portions, such as high speed and high
frequency machines [8,51]. According to Gieras [65], direct
winding cooling provides the highest effectiveness regard-
ing heat removal from the winding pack. Liu et al. [7, 33]
state that direct winding cooling by cooling channels can
decrease conductor temperatures leading to lower ohmic
losses and efficiency increase. Sixel et al. [53, 66, 67]
insert additively manufactured T-shaped cooling channels
made of polymer and ceramics, respectively, into slots and
achieve 44 % temperature reduction within the winding
and up to 30 A/mm2 of current density. Canders et al. [3]
emphasize the high potential of direct slot cooling, but point
out high fluid pressure losses in a potential serial arrange-
ment of cooling channels. Especially compared to indirect

FIG 15. Winding cooling through additively manufactured
micro-feature cooling channels inserted in winding
slots [56].
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FIG 16. Axial and radial section of the Rotor Channel Cooling concept. Heat is directly dissipated within the rotor core through
cooling channels in axial (l.) or radial (r.) direction.

cooling like water jacket cooling, direct winding cooling
potentials are high [4, 52, 53, 56]. Yang et al. [14] evaluate
high heat transfer abilities at low pressure losses using
micro-feature heat exchangers, like Semidey et al. [56].
Madonna et al. [49] determine a temperature reduction of
20 % and therefore moderate potentials of the winding end
channel cooling concept. Dong et al. [5] generally describe
moderate to high potentials for channel cooling, leading to
an increase in absorbed heat by the coolant indicated by a
temperature increase by a factor of 1.5 to 3. Furthermore,
the cooling method exhibits only small additional losses.
The costs of this cooling method regarding cooling compo-
nents as well as manufacturing are estimated by Dong et
al. [5] to be high. Structural requirements are evaluated to
be high mechanical strength of cooling channel walls due to
potential high fluid pressure. Potential failures are identified
to be deformation and leakage when operating under high
pressures and temperatures.

3.6. Heat Pipe Cooling (HPC)

Heat pipes are tube-shaped, closed and sealed systems,
able to effectively transport heat from a machine region in
close proximity to a heat source which is difficult to cool,
to another region, where heat dissipation is simply possi-
ble. Within the heat pipe, a refrigerant, mostly water, evap-
orates in the hot region, flows in gaseous state to the cold
region and condensates there. In ordinary heat pipes, the

FIG 17. Cooling of windings by heat extraction through U-
shaped heat pipes and heat dissipation outside the
electric machine [63].

condensed fluid in liquid state is transported back to the
heat source by a wick, utilizing capillary forces. In pulsating
heat pipes, the transport back to the heat source is carried
out by the mechanism of expansion and contraction of the
gaseous coolant phase. The described thermodynamical
processes lead to highly effective passive heat transfer from
the hot side to the cold side of the heat pipe, making use of
the refrigerant’s phase change enthalpy without requiring
additional power input [4,8,63,72–76]. An exemplary setup
of an electric machine with heat pipe-cooled slots, dissipat-
ing the transported heat outside the machine, is presented
by Zhang et al. [63], see FIG 17. Wu et al. [68] implemented
heat pipes directly in additively manufactured hollow con-
ductor windings, as shown in FIG 18.
Zhang et al. [63] utilized U-shaped heat pipes for the above-
mentioned slot cooling, maintaining a winding temperature
of 100 °C with a current density of 12.5 A/mm2. Madonna
et al. [49] integrate annular heat pipes in split winding ends
and refer to a temperature reduction of 25 %. Charoen-
sawan et al. [72] and Adera et al. [73] invoke a higher heat
dissipation by 2-phase, such as heat pipes, than by 1-phase

FIG 18. Direct conductor cooling by heat pipes implemented
in additively manufactured hollow conductor windings
extracting heat from the conductors [68].
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FIG 19. Axial and radial section of the Winding Hollow Con-
ductor Cooling concept. Heat is dissipated directly
from the conductor material by a coolant perfusing
channel inside each conductor.

cooling systems. Tuysuz et al. [32] judge the heat removal
of heat pipes to be very effective but point out a competi-
tion of geometrical extents between heat pipe and winding
conductor cross-section. Fang et al. [74], Ponnappan et
al. [75], Li et al. [76] and Zhang et al. [63] estimate the po-
tentials of heat pipes for heat removal to be high, referring to
excellent conductive heat transfer along the heat pipe due
to an extremely low overall thermal resistance and consider
heat pipes especially suitable when adjacent components
of heat sources are not supposed to be thermally loaded.
Dong et al. [5] identified challenging material requirements
for heat pipes, such as a high mechanical strength due to
high vapor pressures inside the heat pipes when applying
high temperatures. Consequently, potential failure mecha-
nisms are identified to be vapor pressure-caused deforma-
tion and leakage. Additionally, costs for manufacturing and
for the cooling components themselves are assessed to be
medium and high, respectively.

3.7. Hollow Conductor Cooling (HCC)

As the influence of thermal resistances increases with the
length of the heat path between heat source and heat sink
in an electrical machine, cooling methods with heat sinks
in close proximity to the heat sources and to temperature-
sensitive locations are expedient [77]. Direct conductor
cooling is, accordingly, an advisable approach already
being practiced in high power generators of ≥ 200 MW
using gaseous hydrogen or deionized liquid water [4].
A further development of direct conductor cooling is the
hollow conductor cooling: here, the copper or aluminium
conductors are hollow and pipe-shaped, as illustrated in
FIG 19. They are traversed by current and simultaneously

FIG 20. Conductor cooling through coolant-perfused steel
pipes wrapped in loss-minimizing Litz wire conduc-
tors [69].

FIG 21. Additively manufactured aluminium windings with im-
plemented cooling channels [70].

perfused by coolant during operation, leading to a dissipa-
tion of heat losses and maintaining reasonable conductor
temperatures [69,70,78–84].

Wrobel, Lindh, Petrov, Di et al. [69, 79, 81–83] imple-
mented a stainless steel cooling channel wrapped with
loss, minimizing Litz wire conductors using deionized water
as perfusing coolant, see FIG 20. They achieve continuous
current densities of 18 A/mm2, increased by a factor of
3.5. Haller et al. [84] even estimate higher potentials of
up to 50 A/mm2. Wohlers et al. [70] even exceed this
estimation, reaching 100 A/mm2 with additively manufac-
tured aluminium windings with integrated cooling ducts, as
illustrated in FIG 21.
Furthermore, Ayat et al. [71,85] investigated hollow conduc-
tors filled with phase change material, achieving temporary
temperature decreasing effects of 8 % and a winding mass
reduction of 18 %. For this approach, paraffin was filled into
differently shaped inner profiles of hollow conductors as
phase change material, enabling a buffering of temperature
peaks. This is presented in FIG 22.
In general, Canders et al. [3] point out that very high
pressure drops of more than 6 bar are likely to occur in
hollow conductors. The pressure losses can be optimized
by parallel arrangement of hollow conductors, requiring a
separate inlet and outlet for each tube [70, 81]. However,
manufacturing difficulties, pressure supply and poor slot fill
factor remain as problems, according to Ayat et al. [85] and
Lindh et al. [80, 81]. Similarly to channel cooling, Dong et
al. [5] identify challenging requirements regarding mechan-
ical strength under high temperatures and high pressures
of the conductor material. Potential failures are estimated
to be deformation and leakage. In addition, manufacturing
and cooling component costs are estimated to be high,
while electromagnetic material costs are considered low.

FIG 22. Hollow conductors with various inner profile shapes
serve as cavities for phase change materials buffering
temperature peaks by absorbing thermal power [71].
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FIG 23. Axial and radial section of the Winding End Cooling concept. Heat is axially conducted inside the winding packs and
dissipated over the exposed winding end surface area through an impinging coolant spray (l.) or coolant jet (r.).

3.8. Spray & Impingement Cooling (SIC)

An approach to cool the windings and, indirectly, the sta-
tor core, of an electric machine is to remove heat from the
winding ends. In this case, heat from inside the stator as-
sembly is axially conducted through the winding pack to-
wards the winding ends, where it is dissipated over the sur-
face of the external winding ends. Two different winding end
cooling concepts are presented in this context: spray cool-
ing and jet impingement cooling [86, 87], see FIG 23. To
provide a convective flow, circumferencially arranged noz-
zles supplied with coolant, mostly oil, are placed in the cas-
ing and hollow shaft walls, ejecting coolant from the outer
and inner side, respectively, onto the winding ends. Re-
garding the spray cooling, the coolant is atomized within
the nozzle, forming a spray. Concerning jet impingement
cooling, the nozzle accelerates the coolant, creating a high
velocity jet [10, 88–92]. Both cooling methods exhibit ad-
vantageous heat transfer properties to dissipate heat from
the outer winding end surface. The heat transfer of spray
cooling can be further increased using the coolant’s phase
change enthalpy by the coolant being evaporated when im-
pinging onto the hot winding end surface [4,93,94].
Zhang et al. [95] provide an approach for modeling spray
cooling. Liu et al. [89,96] estimate and predict heat transfer
coefficients. Davin et al. [88] investigate different types of
sprays and jets, optimizing the configurations and identify-
ing the main influence factor of the cooling effectiveness to
be the coolant flow rate.
According to Liu et al. [7, 33], disadvantages of both cool-
ing methods are the sole heat removal from the salient, ex-
posed winding regions and the long conductive heat path
from the axial center of the slot to the winding ends, lead-
ing to a hot spot in the axial center of the machine. Very
high heat dissipation effectiveness even for small coolant
flow rates is stated by Wrobel et al. [10]. Guechi et al.
[94] also figure very high cooling effectiveness and relia-
bility but contrarily refer to the necessity of high volume
flows for the use of phase change. According to Canders

et al. [3], high flow rates are significantly increasing viscous
fluid friction losses within the casing, though. For enabled
phase change, Agostini et al. [93] identify better heat re-
moval per input power and significantly higher heat transfer
coefficients compared to non-phase change cooling. Davin
et al. [88], Liu et al. [89], Ponomarev et al. [90], Lim et al. [91]
and Ye et al. [92] estimate the general heat removal poten-
tials to be high, referring to reductions of temperature raise
of 40 % to 50 % and doubled current densities compared
to indirect water cooling techniques. However, they also
note worse overall potentials than stator and winding flood-
ing cooling concepts and name non-uniform heat removal
as a disadvantage. Dong et al. [5] identify potential failure
mechanisms in nozzle blockage and non-uniform tempera-
ture distributions due to uneven heat transfer.

3.9. Filling & Potting Cooling (FPC)

The cooling by filling or potting can be seen as thermal
enhancements rather than cooling techniques, as no heat
dissipation into a heat sink occurs. In fact, the method facil-
itates the heat transfer from a region of the electric machine
which is difficult to cool to another more easily coolable
region. The functional principle is to simplify heat con-
duction in locations where no full surface contact between
components persists and conductive heat transfer therefore
is impeded [8,16] by filling or potting a thermally conductive
material into the cavities between components [52, 97, 98].
Consequentially, thermal resistances between components
can be overcome. The winding conductors, only interfacing
each other through line-shaped contacts and therefore
exhibiting poor thermal conductivity in orthogonal direction,
are the common application field. FIG 24 illustrates the
method’s setup for the use case of winding slot filling and
winding end potting.
Experiments concerning casting of winding ends in
thermally conductive and castable polymer material
lead to improvements of heat transport into adjacent
parts, influencing the rotor assembly positively [49, 99].
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FIG 24. Axial and radial section of the Winding Cooling concept. Thermal enhancement by increasing the low radial/tangential
thermal conductivity of the winding pack through in-slot filling (l.) or winding end potting (r.) with thermally conductive
casting material.

Madonna et al. [49] achieved an increase in the machine’s
current density from 19 A/mm2 to 26.5 A/mm2 and Van-
sompel et al. [99] were able to decrease winding end and
permanent magnet temperatures by 6 K to 7 K. Due to
undesired electrical conductivity of the polymer material,
eddy current losses, risk of short circuits and safety con-
cerns resulted as well. Schuffenhauer et al. [16], on the
other hand, combine the winding end potting cooling with
the application of phase change material. In this case, the
potting material enclosed by a reservoir melts when heat
is conducted into the material and absorbs heat until it is
completely liquefied, temporarily maintaining its temper-
ature. Polikarpova et al. [100, 101] and Sun et al. [102]
figure the heat removal potential to be rather low and refer
to mass increase and challenging material requirements
such as dielectricity and thermomechanical strength. Dong
et al. [5] argue similarly, referring to high material require-
ments and potential short circuit failures, material rupture
or deformation and dripping off when the melting point is
exceeded. Additionally, costs for electromagnetic material
and manufacturing are estimated to be high and medium,
respectively.

3.10. Insertion Cooling (ISC)

The insertion cooling method works through the insertion
and embedding of a thermally highly conductive solid heat
guide, such as a copper plate or bar, connecting a machine
region in close proximity to a heat source and a region with
decent heat transferring ability [55, 103–106]. As this con-
cept does not include a heat sink and does not transport
heat out of the machine, it rather constitutes a thermal en-
hancement technique, similar to the potting and filling cool-
ing methods. However, it can be expedient when encoun-
tering geometrical constraints not permitting the implemen-
tation of e.g. a cooling channel [32]. The working principle
of the insertion cooling is shown in FIG 25.
Pyrhonen et al. [103] implemented an insertion cooling em-

bedding thermally conductive plates and bars in the stator
core sheet metal in direction of the highest thermal resis-
tance. They notice minor to moderate effects on heat re-
moval and a slight increase in stator core iron losses, while
increasing simultaneously the machine’s power output. Xu
et al. [104] and Galea et al. [55,107] inserted T-shaped cop-
per plates into the winding interstice inside the slot to estab-
lish a direct heat path into the stator core, achieving a high
heat removal potential with a temperature reduction up to
70 K [5] and 44 % hot spot temperature reduction, respec-

tively, and an improvement of 55 % to 85 % in heat transfer
into the stator core [8]. Wrobel et al. [106] used additively
manufactured heat guides, improving heat removal by 20 %
to 40 %. Regarding reliability and failure tolerance, Dong et
al. [5] see moderate manufacturing costs and potential fault
potentials through partial discharge and short circuit.

3.11. Immersion Cooling (IMC)

A simple way to improve the heat dissipation from both, sta-
tor and rotor, is the immersion cooling presented in FIG
26. Here, the casing containing stator and rotor is par-
tially or completely filled by a non-electrically conductive
but magnetically permeable coolant, such as transmission
oil [4, 14, 90, 108]. Due to the coolant’s physical properties
and, if the casing is only partially filled, the multiple phase
fluid flow, heat transfer from stator and rotor into the coolant
is increased.

Deisenroth et al. [4] mention that there are an additional
cooling effect and lower fluid friction loss due to spray and
spatter formation when the casing is only partially filled.
The cooling potential of the immersion cooling with oil as
coolant is evaluated to be more effective than air cooling
but worse than water jacket cooling. The advantages of a
simple and universal cooling of all relevant heat sources are
opposed by many disadvantages, such as a high amount of
losses due to viscous fluid friction, especially at high rota-
tional speeds, and disturbance of the magnetic flux in the
machine’s air gap.
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FIG 25. Axial and radial section of the Winding Insertion Cool-
ing concept. Thermal enhancement by bypassing the
winding pack’s low radial/tangential thermal conduc-
tivity through the insertion of a heat guide.
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FIG 26. Axial and radial section of the Rotor Immersion Cool-
ing concept. Thermal enhancement by partially or
completely filling the machine casing with coolant, im-
proving heat dissipation convection on the free sur-
faces of the stator and rotor assemblies.

3.12. Hollow Shaft Cooling (HSC)

Another approach to rotor assembly cooling is the hollow
shaft cooling. Here, the machine’s shaft connecting the ro-
tor assembly with e.g. an aircraft propeller is designed with
an internal channel perfused by coolant. Heat generated by
the rotor assembly’s heat sources, i.e. rotor core and per-
manent magnets, is conducted radially towards the shaft,
penetrating its wall. There, it is dissipated by the coolant
flow and transported away [109, 110]. The principle is illus-
trated in FIG 27.
Lee et al. [110] achieve temperature reductions in the wind-

ings by 50 % and 38 % and in the stator by 42 % and
10 % compared to air cooling and jacket cooling, respec-
tively. Gerstler et al. [109] and Lee et al. [110] attribute
high potentials of heat removal to the hollow shaft cooling
technique, but also see high complexity and manufactur-
ing costs as leakage has to be prevented and mechanical
strength has to be assured. The high heat dissipation abil-
ity of the cooling method results from a positive influence
of the shaft rotation on the heat transfer coefficients at the
inner shaft surface, as Gai et al. [111] point out, determin-
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FIG 27. Axial and radial section of the Rotor Hollow Shaft
Cooling concept. Heat is conducted radially through
the rotor assembly towards the hollow shaft and per-
fused in the shaft’s implemented, coolant-perfused
cooling channel.

ing an increase by a factor of 4 at high speed operation
with 30 krpm. The technique’s weaknesses [109, 110] are
confirmed by Dong et al. [5], who see potential failures in
leakage and fracture due to vibration, bending and torsion
as well as high manufacturing costs.

4. CLASSIFICATION OF COOLING CONCEPTS

The selection of cooling concepts presented in the previous
section (3) has no certain structure arranging and grouping
the concepts. For example, hollow shaft cooling can be
employed in the rotor assembly to cool the rotor core and
permanent magnets. It applies the physical mechanisms
of conduction and convection to dissipate sensitive heat,
being driven by a certain input power. Contrarily, for ex-
ample the heat pipe cooling uses a fluid’s phase change
enthalpy and therefore latent heat to remove heat loss from
a region, mostly the stator winding pack, without requiring
any additional energy.
To condense the provided overview of possible cooling
solutions, a classification is made and the various concepts
are categorized following different methodologies: in the
pertinent literature, cooling methods are often classified by
their location of operation or by their assigned heat source
to dissipate heat from. This can be the assembly – stator
or rotor – or the heat-generating component, such as the
stator windings or the rotor core, or the actually cooled
part, such as housing or shaft. As different types of electric
machines can have different lossy components, the heat
sources are dependent on the machine type. Another
approach to categorize electric machine cooling concepts
is the classification through their properties. This can be
the use of additional energy, i.e. power consumption, or
the proximity to the heat source they are assigned to, for
example if the heat sink/coolant is directly adjacent to the
heat source or if the source’s heat loss has to be conducted
through other components first before being dissipated
indirectly. More considerations are the applied physical
mechanisms – type of extracted heat, e.g. temperature-
coherent sensitive heat or phase change enthalpy-coherent
latent heat – or the physical mechanism of heat transfer,
such as conductive transport through solid materials,
convective transport by absorption and carriage in fluids,
or radiative transport by electromagnetic waves. Both
approaches of categorization are united by a systematic
classification, presented in FIG 28.
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FIG 28. Overview and classification of cooling concepts for electric machines. Categorization by technical properties and physical mechanisms (l.) or concept localization and assigned heat
source being cooled. Cooled parts: housing (1), stator core (2), slots (3), winding ends (4), conductors (5), rotor core (6) and shaft (7).
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5. WEIGHTED EVALUATION OF COOLING CONCEPTS

To identify optimal cooling technologies, a choice of pre-
ferred options of cooling concepts to enable the design of a
whole cooling system needs to be made. For a well-founded
selection, an evaluation suitable for aviation requirements is
necessary. For this purpose, Kazula et al. [11, 12] provide
a methodology of weighted evaluation by pairwise compar-
ison in combination with a weighted point rating.
In this methodical approach, the initial step is the criteria
selection and weighting by pairwise comparison: first, a se-
lection of relevant evaluation criteria is made. Then, each
criterion is compared to every other criterion, deciding if ei-
ther the one or the other is more important for the tech-
nology to be evaluated regarding its specific objectives. In
the case of this work, five relevant criteria for the cooling
of electric machines for aircraft propulsion purposes were
elaborated – Cooling Effectivity (CE) describing the ability
of heat dissipation, Energy Efficiency (EE) characterizing
the energy consumption per heat removal, Additional Mass
(AM) representing the weight added by cooling components
and auxiliary systems, Safety & Reliability (SR) constituting
the operational safety and fault tolerance as well as Cost
& Durability (CD) characterizing the system-correlated eco-
nomic effort and lifespan. For the comparison and weight-
ing of these criteria, a survey in tabular form was created, as
presented in TAB 1. The criteria comparison is performed
by evaluating if the row criterion is more, equal or less im-
portant than the column criterion in the respective tabular
cell. Depending on this decision, a value assignment of 2,
1 or 0 points, respectively, is conducted. This comparison
is repeated for every table row. Subsequentially, the values
of each row are summed up according to (1) to obtain the
absolute weight of the respective row criterion. The relative
weight is obtained through dividing the absolute weight by
the sum of all absolute weights, indicated by (2).
Afterwards, the evaluation of cooling concepts is conducted.
To this end, a value for each criterion and each concept has
to be assigned, depending on how well the cooling concept
fulfills the criterion. The values assigned to the criteria ful-
fillment levels are presented in TAB 2. The allocation of
criteria fulfillment levels to the concepts is listed in TAB 3.
To substantiate the criteria fulfillment assignments, TAB 4,

TAB 1. Weighting of criteria through pairwise comparison. Assignment of importance value depending on criteria importance:
row criterion is more important than column criterion (2), row and column criteria are equally important (1) or column
criterion is more important than row criterion (0).
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Cooling Effectivity CE – 2 2 2 2 8 0.4

Energy Efficiency EE 0 – 0 0 1 1 0.05

Additional Mass AM 0 2 – 1 2 5 0.25

Safety & Reliability SR 0 2 1 – 2 5 0.25

Cost & Durability CD 0 1 0 0 – 1 0.05

Sum
∑

20 1.0

TAB 2. Assignment of symbols and assessment values to cri-
teria fulfillment levels.

Criteria Fulfillment Symbol Value vi,k [−]

Very Good ++ 4

Good + 3

Moderate ± 2

Bad − 1

Very Bad −− 0

attached in the appendix section of this work, provides de-
tailed information regarding the choice of the respective cri-
teria fulfillment level. The criteria fulfillment of each tabular
cell can now be replaced by its numerical value according
to TAB 2. The values of each row, being the evaluation for
a certain cooling concept, are summed up to obtain its ab-
solute evaluation score, as shown by (3). A more intuitive
rating is the relative evaluation score, where the absolute
score is related to the maximum achievable score, divid-
ing the absolute score through the highest possible score
of the row, see (4). As the forementioned scores do not
yet take into account the relevance and significance of each
criterion for the objective of cooling high power electric ma-
chines for aviation propulsion systems and therefore have
limited informative value and significance, a score weight-
ing is performed. For this purpose, each criterion rating
is multiplied with its respective relative weight before be-
ing summed up to the absolute weighted evaluation score,
see (5). Again, the absolute score is converted to the rela-
tive weighted evaluation score constituting the evaluation’s
main result, according to (6). This score provides each cool-
ing concept’s final evaluation rating, enabling comparison of
the various cooling methods through a numerical parameter
as an objective performance indicator.
For enhanced clarity, the results of the evaluation of cooling
concepts are illustrated as follows: the final evaluation re-
sult, represented by the relative weighted evaluation score
of each concept, is presented in FIG 29. Hereby, compari-
son of the evaluated technologies is enabled. FIG 30 in the
appendix provides each cooling concept’s criteria fulfillment
ratings, taking into account the weight of the criterion illus-
trated by its bar width.

Deutscher Luft- und Raumfahrtkongress 2024

14



TAB 3. Results of the weighted evaluation of cooling concepts. Allocated assignment value symbols for each cooling concept

regarding each criterion and obtained evaluation scores.
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Surrounding Flow Cooling SFC −− + ++ ± ++ 13 65 1.85 46.25

Jacket Cooling JC − + −− ± ± 8 40 1.15 28.75

Annular Gap Cooling AGC ± + ± ± ++ 13 65 2.15 53.75

Flooding Cooling FC + + − − + 11 55 2.00 50.00

Channel Cooling CC ++ ± ± ± ± 12 60 2.80 70.00

Heat Pipe Cooling HPC ++ ++ ± −− −− 10 50 2.30 57.50

Hollow Conductor Cooling HCC ++ − + −− ± 10 50 2.50 62.50

Spray & Impingement C. SIC + − ± − ± 9 45 2.10 52.50

Filling & Potting Cooling FPC − ++ ± − + 11 55 1.50 37.50

Insertion Cooling ISC ± ++ ± − + 12 60 1.90 47.50

Immersion Cooling IMC −− −− ± ± ++ 8 40 1.20 30.00

Hollow Shaft Cooling HSC + + ± − ± 11 55 2.20 55.00

FIG 29. Results of the weighted evaluation of cooling concepts. Bar length corresponds to the Relative Weighted Evaluation

Score in %, representing the potential of each cooling concept and its suitability for aviation purposes.



From TAB 3, TAB 4 and FIG 30, the following statements
can be derived: the surrounding flow cooling has an un-
satisfactory cooling effectivity but is low in additional mass
and advantageous in costs and durability. As cooling effec-
tivity is the most important criterion, the method’s relative
weighted evaluation score happens to be low to mediocre.
The jacket cooling has a better effectivity but is unfavorable
concerning its additional mass. Its rating is low due to weak-
nesses in important criteria. The annular gap cooling per-
forms at an average level, but is strong in terms of cost and
durability. As this criterion is weighted very low, the overall
score of this approach remains average. The flooding cool-
ing is evaluated positively in effectivity, efficiency and costs,
but is weak in terms of safety, reliability and additional mass.
Due to the mixed evaluation, its score turns out to be aver-
age as well. The channel cooling is very strong in cooling
effectivity and shows medium abilities in the other criteria.
The highest overall score results. The heat pipe cooling
performs very well in terms of cooling ability and does not
consume additional energy but the technology’s immaturity
leads to very low safety and reliability, as well as disadvan-
tageous costs and durability. In total, it is evaluated medium
to high. The hollow conductor cooling performs very well
in cooling, but weak in terms of safety and reliability. The
second highest score results. The spray and impingement
cooling has good cooling capabilities but has rather high en-
ergy consumption and scores unfavorably in terms of safety
and reliability. It is thus rated average. The filling and potting
cooling has little cooling effectivity but does not require addi-
tional energy. Due to efficiency having little importance, it is
rated low to medium. The insertion cooling shows mediocre
cooling abilities, while the remaining criteria are coherent
with the previous concept. The method’s score is conse-
quently mediocre. The immersion cooling performs very
strong in costs and durability but very weak in cooling and
efficiency. A low rating follows. The hollow shaft cooling
performs medium to well overall except for its safety and re-
liability. This leads to an evaluation slightly above average.
Analyzing the relative weighted evaluation scores, result-
ing from the performed assessment and presented in FIG
29, the channel cooling stands out with the highest over-
all rating of 70 % and is therefore the preferable cooling
concept. Additionally, it is universally applicable for every
heat-generating component of electric machines. Slightly
worse but still very favorable is the hollow conductor cool-
ing with a rating of 62.5 %. Less beneficial than the pre-
viously discussed concepts but advantageous in terms of
passive operation without the necessity of external energy
is the heat pipe cooling with an overall result of 57.5 %.
The forementioned outcomes suggest that cooling systems
of high power electric machines for aircraft propulsion pur-
poses should be based on one or multiple of the three pre-
sented preferred options. As the channel cooling’s strength
is the direct cooling of iron cores and the hollow conduc-
tor cooling is the most direct and capable winding cooling
approach, a combination of both seems advantageous.

6. CONCLUSIONS

To obtain a general idea and broad outline of estab-
lished and promising existing cooling technologies for high
power electric motors for aviation propulsion purposes, an
overview of cooling concepts was provided initially. After-
wards, the extracted technologies were summarized and
classified uniting two competing categorization method-
ologies and subsequentially condensing the previously

established overview of cooling concepts. In the following
core element of this work, a weighting of rating criteria by
pairwise comparison was performed to enable an expedient
assessment of cooling concepts appropriate to the purpose
of aviation operation. These weighted criteria were finally
used for an evaluation of all extracted cooling concepts,
leading to numerical parameters serving as performance
indicators and enabling an objective comparison of the
assessed cooling technologies.
The results of the performed weighted evaluation reveal the
favorable potential of three cooling concepts: the cooling
through cooling channels emerges as the most promising
approach providing very high cooling capabilities and
advantageous universal applicability resulting in a relative
weighted evaluation score of 70 %. The winding cooling
by hollow conductors follows with a rating of 62.5 % due
to a very high winding cooling effectivity and low additional
mass, showing weaknesses in safety and reliability owing
to the technology’s immaturity. These problems are shared
by the heat pipe cooling, also being disadvantageous in
terms of costs and durability but not requiring any additional
energy to provide its very high passive cooling ability. This
leads to a score of 57.5 %. In general, direct cooling
technologies with close proximity of heat source – the
loss-generating machine component – and heat sink – the
cooling component absorbing and dissipating the heat loss
– appear to have the most promising potential.
In summary, the most capable and therefore preferred
variants are channel cooling, hollow conductor cooling and
heat pipe cooling. As all of these techniques have their
strengths and weaknesses, a combination of technolo-
gies seems advisable to obtain a capable cooling system
for high power electric machines, suitable for aviation
purposes. Consequently, the operation of direct channel
cooling for effective heat dissipation from the stator and
rotor core in combination with the hollow conductor cooling
for most direct heat removal from the stator windings is
suggested, both being sufficiently expedient in terms of
additional mass and operational safety.
Uncertainties in the weighted evaluation performed in this
study arise from a potentially incomplete information base,
imponderabilities and ambiguities in assigning criteria abil-
ities to certain technologies. Additionally, the assessment
approach is rather coarse due to the limited number of
weighting options in pairwise comparison and the amount
of criteria fulfillment levels used for rating the cooling con-
cept within each criterion.
To consolidate the findings of this work, a more profound
literature overview and a more detailed and precise eval-
uation of cooling concepts are indicated. Additionally, the
analytical modeling of cooling concepts and their objective,
reproductive and quantitaive evaluation by the derived
numerical parameters will enable a well-founded selection
of cooling technologies, converging towards one expedient
approach to be designed. The literature-based weighted
evaluation as well as the analytical calculations then cer-
tainly require validation through numerical simulations
and/or experimental testing.
In consequence, this could potentially lead to an increase in
power density, efficiency and durability of high power elec-
tric machines, enabling the realization of electric aircraft
propulsion systems and therefore mitigating CO2 emissions
and adverse climate impacts of aviation.

Deutscher Luft- und Raumfahrtkongress 2024

16



References

[1] Europäische Kommission, Generaldirektion Mobilität
und Verkehr, and Generaldirektion Forschung und
Innovation. Flightpath 2050 : Europe’s vision for
aviation : maintaining global leadership and serv-
ing society’s needs. Publications Office, 2011.
DOI: 10.2777/50266.

[2] Kiruba Haran, Nateri Madavan, and Tim C.
O’Connell. Electrified Aircraft Propulsion: Power-
ing the Future of Air Transportation. Cambridge
University Press, 2022. ISBN: 978-1-108-41934-5.
DOI: 10.1017/9781108297684.

[3] Wolf-Rüdiger Canders, Jan Hoffmann, and Markus
Henke. Cooling technologies for high power density
electrical machines for aviation applications. Ener-
gies, 23(12), 2019. DOI: 10.3390/en12234579.

[4] David C. Deisenroth and Michael Ohadi. Thermal
management of high-power density electric motors
for electrification of aviation and beyond. Energies,
12(19), 2019. DOI: 10.3390/en12193594.

[5] Chaofan Dong, Yuping Qian, Yangjun Zhang, and
Weilin Zhuge. A review of thermal designs for improv-
ing power density in electrical machines. IEEE Trans-
actions on Transportation Electrification, 6(4):1386–
1400, 2020. DOI: 10.1109/TTE.2020.3003194.

[6] Robert Lehmann, Moritz Künzler, Matthias Moul-
lion, and Frank Gauterin. Comparison of com-
monly used cooling concepts for electrical machines
in automotive applications. Machines, 10(6), 2022.
DOI: 10.3390/machines10060442.

[7] Zhengyu Liu, Thomas Winter, and Michael Schier,
editors. Comparison of Thermal Performance be-
tween Direct Coil Cooling and Water Jacket Cooling
for Electric Traction Motor based on Lumped Param-
eter Thermal Network and Experimentation, 2015.

[8] Qingsong Wang, Yu Wu, Shuangxia Niu, and Xing
Zhao. Advances in thermal management technolo-
gies of electrical machines. Energies, 15(9), 2022.
DOI: 10.3390/en15093249.

[9] Rafal Wrobel. A technology overview of ther-
mal management of integrated motor drives –
electrical machines. Thermal Science and En-
gineering Progress, 29, 2022. ISSN: 24519049.
DOI: 10.1016/j.tsep.2022.101222.

[10] Rafal Wrobel. Thermal management of elec-
trical machines for propulsion – challenges and
future trends. Archives of Electrical Engineer-
ing, 71(71(1)):175–187, 2022. ISSN: 2300-2506.
DOI: 10.24425/aee.2022.140204.

[11] Gerhard Pahl, Wolfgang Beitz, Joerg Feldhusen, and
Karl-Heinrich Grote. Engineering Design: A System-
atic Approach. Springer London, 01 2007. ISBN: 978-
1-84628-318-5. DOI: 10.1007/978-1-84628-319-2.

[12] Stefan Kazula. Variable Pitot-Triebwerkseinlässe
für kommerzielle Überschallflugzeuge. Konzeptstudie
mittels eines Entwicklungsansatzes für sichere Pro-
dukte. Springer Vieweg Wiesbaden, 11 2021.
ISBN: 978-3-658-35455-8. DOI: 10.1007/978-3-658-
35456-5.

[13] Rafal Wrobel, Phil H. Mellor, Mircea Popescu, and
Dave A. Staton. Power loss analysis in thermal design
of permanent-magnet machines—a review. IEEE
Transactions on Industry Applications, 52(2):1359–
1368, 2016. DOI: 10.1109/TIA.2015.2489599.

[14] Yinye Yang, Berker Bilgin, Michael Kasprzak, Sham-
suddeen Nalakath, Hossam Sadek, Matthias Preindl,
James Cotton, Nigel Schofield, and Ali Emadi. Ther-
mal management of electric machines. Electri-
cal Systems in Transportation, 7(2):104–116, 2017.
ISSN: 2042-9738. DOI: 10.1049/iet-est.2015.0050.

[15] Robert J. Christie, Arthur Dubois, and Joseph M. Der-
laga. Cooling of electric motors used for propulsion
on sceptor. NASA/TM—2017-219134, 2017.

[16] Uwe Schuffenhauer, editor. Cooling of electric ma-
chines by multi-phase systems, 2010.

[17] Rafal Wrobel, Ben Scholes, Ahmed Hussein, Richard
Law, Ahmad Mustaffar, and David Reay. A metal ad-
ditively manufactured (mam) heat exchanger for elec-
tric motor thermal control on a high-altitude solar air-
craft – experimental characterisation. Thermal Sci-
ence and Engineering Progress, 19:100629, 07 2020.
DOI: 10.1016/j.tsep.2020.100629.

[18] F. Patrick McCluskey, Yonatan Saadon, Zhaoxi Yao,
and Alexander Camacho. Cooling for electric aircraft
motors. 2019 18th IEEE Intersociety Conference on
Thermal and Thermomechanical Phenomena in Elec-
tronic Systems (ITherm), pages 1134–1138, 2019.
DOI: 10.1109/ITHERM.2019.8757435.

[19] Huapeng Lin, Hong Guo, and Hao Qian. De-
sign of high-performance permanent magnet syn-
chronous motor for electric aircraft propulsion. In
2018 21st International Conference on Electrical Ma-
chines and Systems (ICEMS), pages 174–179, 2018.
DOI: 10.23919/ICEMS.2018.8549030.

[20] Philip H. Mellor, Jason Yon, James L. Baker, Dominic
North, and Julian D. Booker. Electromagnetic and
thermal coupling within a fault-tolerant aircraft propul-
sion motor. In 2017 IEEE International Electric Ma-
chines and Drives Conference (IEMDC), pages 1–7,
2017. DOI: 10.1109/IEMDC.2017.8002214.

[21] M. Aníbal Valenzuela and Juan A. Tapia. Heat
transfer and thermal design of finned frames for
tefc variable-speed motors. IEEE Transactions
on Industrial Electronics, 55(10):3500–3508, 2008.
DOI: 10.1109/TIE.2008.928150.

[22] Han-Chieh Chiu, Jer-Huan Jang, Wei-Mon Yan,
and Ruei-Bin Shiao. Thermal performance
analysis of a 30kw switched reluctance mo-
tor. International Journal of Heat and Mass
Transfer, 114:145–154, 2017. ISSN: 0017-9310.
DOI: 10.1016/j.ijheatmasstransfer.2017.06.057.

[23] Shinichi Noda, Sueyoshi Mizuno, Taihei Koyama, and
Shigetomo Shiraishi. Development of a totally en-
closed fan cooled traction motor. In 2010 IEEE En-
ergy Conversion Congress and Exposition, pages
272–277, 2010. DOI: 10.1109/ECCE.2010.5618030.

Deutscher Luft- und Raumfahrtkongress 2024

17

https://doi.org/10.2777/50266
https://doi.org/10.1017/9781108297684
https://doi.org/10.3390/en12234579
https://doi.org/10.3390/en12193594
https://doi.org/10.1109/TTE.2020.3003194
https://doi.org/10.3390/machines10060442
https://doi.org/10.3390/en15093249
https://doi.org/10.1016/j.tsep.2022.101222
https://doi.org/10.24425/aee.2022.140204
https://doi.org/10.1007/978-1-84628-319-2
https://doi.org/10.1007/978-3-658-35456-5
https://doi.org/10.1007/978-3-658-35456-5
https://doi.org/10.1109/TIA.2015.2489599
https://doi.org/10.1049/iet-est.2015.0050
https://doi.org/10.1016/j.tsep.2020.100629
https://doi.org/10.1109/ITHERM.2019.8757435
https://doi.org/10.23919/ICEMS.2018.8549030
https://doi.org/10.1109/IEMDC.2017.8002214
https://doi.org/10.1109/TIE.2008.928150
https://doi.org/10.1016/j.ijheatmasstransfer.2017.06.057
https://doi.org/10.1109/ECCE.2010.5618030


[24] Stefan Ulbrich, Jeanette Kopte, and Jens
Proske. Cooling fin optimization on a tefc elec-
trical machine housing using a 2-d conjugate
heat transfer model. IEEE Transactions on
Industrial Electronics, 65(2):1711–1718, 2018.
DOI: 10.1109/TIE.2017.2748051.

[25] Rafal Wrobel, Ben Scholes, Ahmad Mustaffer, Sana
Ullah, David Reay, Barrie Mecrow, and Ahmed
Hussein. Design and experimental characterisa-
tion of an additively manufactured heat exchanger
for the electric propulsion unit of a high-altitude
solar aircraft. In 2019 IEEE Energy Conversion
Congress and Exposition (ECCE), pages 753–760,
2019. DOI: 10.1109/ECCE.2019.8912308.

[26] Sören Miersch, Uwe Schuffenhauer, Denny Thieme,
Norbert Michalke, and Thomas Schuhmann.
Forcierte Kühlung zur Steigerung der Ausnutzung
permanentmagneterregter Außenläufermaschinen.
2017.

[27] Marco Tosetti, Paolo Maggiore, Andrea Cavagnino,
and Silvio Vaschetto. Conjugate heat transfer analy-
sis of integrated brushless generators for more elec-
tric engines. In 2013 IEEE Energy Conversion
Congress and Exposition, pages 1518–1525, 2013.
DOI: 10.1109/ECCE.2013.6646885.

[28] Xuan Yi, Reed Sanchez, Kiruba Haran, Joseph
Veres, Aaron T. Perry, and Philip J. Ansell. Self-
pumped air-cooling design for a high-speed high-
specific-power motor. In 2018 IEEE Transportation
Electrification Conference and Expo (ITEC), pages
274–279, 2018. DOI: 10.1109/ITEC.2018.8450114.

[29] Hongmin Li. Cooling of a permanent magnet
electric motor with a centrifugal impeller. In-
ternational Journal of Heat and Mass Trans-
fer, 53(4):797–810, 2010. ISSN: 0017-9310.
DOI: 10.1016/j.ijheatmasstransfer.2009.09.022.

[30] Ahmad Syahid Fawzal, Remus M. Cirstea, Kon-
stantinos N. Gyftakis, Tim J. Woolmer, Mike
Dickison, and Mike Blundell. Fan performance
analysis for rotor cooling of axial flux perma-
nent magnet machines. IEEE Transactions on
Industry Applications, 53(4):3295–3304, 2017.
DOI: 10.1109/TIA.2017.2675986.

[31] Alexander Nollau and Dieter Gerling. Novel
cooling methods using flux-barriers. In 2014
International Conference on Electrical Ma-
chines (ICEM), pages 1328–1333, 2014.
DOI: 10.1109/ICELMACH.2014.6960354.

[32] Arda Tuysuz, Francesca Meyer, Mathis Steichen,
Christof Zwyssig, and Johann W. Kolar. Ad-
vanced cooling methods for high-speed electri-
cal machines. IEEE Transactions on Industry
Appl., 53(3):2077–2087, 2017. ISSN: 0093-9994.
DOI: 10.1109/TIA.2017.2672921.

[33] Liu, Zhengyu, Winter, Thomas, and Schier, Michael.
Direct coil cooling of a high performance switched
reluctance machine (srm) for ev/hev applications.
SAE International Journal of Alternative Powertrains,
4(1):162–169, apr 2015. DOI: 10.4271/2015-01-
1209.

[34] Xiaofeng Yang, Alireza Fatemi, Thomas Nehl, Lei
Hao, Wei Zeng, and Scott Parrish. Compara-
tive study of three stator cooling jackets for elec-
tric machine of mild hybrid vehicle. In 2019
IEEE International Electric Machines & Drives
Conference (IEMDC), pages 1202–1209, 2019.
DOI: 10.1109/IEMDC.2019.8785138.

[35] Xiaofeng Yang, Alireza Fatemi, Thomas Nehl, Lei
Hao, Wei Zeng, and Scott Parrish. Compara-
tive study of three stator cooling jackets for elec-
tric machine of mild hybrid vehicle. In 2019
IEEE International Electric Machines & Drives
Conference (IEMDC), pages 1202–1209, 2019.
DOI: 10.1109/IEMDC.2019.8785138.

[36] Zainal Ambri Abdul Karim and Abdul Hadi Mohd Yu-
soff. Cooling system for electric motor of an elec-
tric vehicle propulsion. In Manufacturing Engineer-
ing, volume 903 of Advanced Materials Research,
pages 209–214. Trans Tech Publications Ltd, 5 2014.
DOI: 10.4028/www.scientific.net/AMR.903.209.

[37] Samuel Santos Borges, Cassiano Antunes Cezario,
and Thiago Teixeira Kunz. Design of water
cooled electric motors using cfd and thermogra-
phy techniques. In 2008 18th International Con-
ference on Electrical Machines, pages 1–6, 2008.
DOI: 10.1109/ICELMACH.2008.4800078.

[38] Bin Zhang, Ronghai Qu, Xinggang Fan, and
Jin Wang. Thermal and mechanical optimiza-
tion of water jacket of permanent magnet syn-
chronous machines for ev application. In 2015
IEEE International Electric Machines & Drives
Conference (IEMDC), pages 1329–1335, 2015.
DOI: 10.1109/IEMDC.2015.7409234.

[39] Peixin Liang, Feng Chai, Ke Shen, and Weiguo Liu.
Thermal design and optimization of a water-cooling
permanent magnet synchronous in-wheel motor. In
2019 22nd International Conference on Electrical Ma-
chines and Systems (ICEMS), pages 1–6, 2019.
DOI: 10.1109/ICEMS.2019.8922510.

[40] Li Ye, Fan Tao, Wen Xuhui, and Li Yong. Numerical
research on hydraulic and thermal performance of the
motor water jackets based on the orthogonal experi-
ment. In 2013 International Conference on Electri-
cal Machines and Systems (ICEMS), pages 860–863,
2013. DOI: 10.1109/ICEMS.2013.6713133.

[41] Roman Pechánek and Lukáš Bouzek. Analyzing of
two types water cooling electric motors using com-
putational fluid dynamics. In 2012 15th Interna-
tional Power Electronics and Motion Control Con-
ference (EPE/PEMC), pages LS2e.4–1–LS2e.4–5,
2012. DOI: 10.1109/EPEPEMC.2012.6397424.

[42] Zeyuan Xu, Antonio La Rocca, Puvan Arumugam,
Steve J. Pickering, Chris Gerada, Serhiy Bozhko,
David Gerada, and He Zhang. A semi-flooded
cooling for a high speed machine: Concept, de-
sign and practice of an oil sleeve. In IECON
2017 - 43rd Annual Conference of the IEEE Indus-
trial Electronics Society, pages 8557–8562, 2017.
DOI: 10.1109/IECON.2017.8217503.

Deutscher Luft- und Raumfahrtkongress 2024

18

https://doi.org/10.1109/TIE.2017.2748051
https://doi.org/10.1109/ECCE.2019.8912308
https://doi.org/10.1109/ECCE.2013.6646885
https://doi.org/10.1109/ITEC.2018.8450114
https://doi.org/10.1016/j.ijheatmasstransfer.2009.09.022
https://doi.org/10.1109/TIA.2017.2675986
https://doi.org/10.1109/ICELMACH.2014.6960354
https://doi.org/10.1109/TIA.2017.2672921
https://doi.org/10.4271/2015-01-1209
https://doi.org/10.4271/2015-01-1209
https://doi.org/10.1109/IEMDC.2019.8785138
https://doi.org/10.1109/IEMDC.2019.8785138
https://doi.org/10.4028/www.scientific.net/AMR.903.209
https://doi.org/10.1109/ICELMACH.2008.4800078
https://doi.org/10.1109/IEMDC.2015.7409234
https://doi.org/10.1109/ICEMS.2019.8922510
https://doi.org/10.1109/ICEMS.2013.6713133
https://doi.org/10.1109/EPEPEMC.2012.6397424
https://doi.org/10.1109/IECON.2017.8217503


[43] Robert Camilleri, David A. Howey, and Malcolm D.
McCulloch. Predicting the temperature and flow
distribution in a direct oil-cooled electrical ma-
chine with segmented stator. IEEE Transac-
tions on Industrial Electronics, 63(1):82–91, 2016.
DOI: 10.1109/TIE.2015.2465902.

[44] Puvan Arumugam, Jiri Dusek, Anthony Aigbomian,
Gaurang Vakil, Serhiy Bozhko, Tahar Hamiti, Chris
Gerada, and Weeramundage Fernando. Compar-
ative design analysis of permanent magnet rotor
topologies for an aircraft starter-generator. In 2014
IEEE International Conference on Intelligent Energy
and Power Systems (IEPS), pages 273–278, 2014.
DOI: 10.1109/IEPS.2014.6874194.

[45] Antonio La Rocca, Steve J. Pickering, Carol East-
wick, and Chris Gerada. Enhanced cooling for an
electric starter-generator for aerospace application.
In 7th IET International Conference on Power Elec-
tronics, Machines and Drives (PEMD 2014), pages
1–7, 2014. DOI: 10.1049/cp.2014.0373.

[46] Flur R. Ismagilov, Viacheslav E. Vavilov, and Denis V.
Gusakov. Design features of liquid-cooled aviation
starter generators. In 2018 IEEE International Con-
ference on Electrical Systems for Aircraft, Railway,
Ship Propulsion and Road Vehicles & International
Transportation Electrification Conference (ESARS-
ITEC), pages 1–5, 2018. DOI: 10.1109/ESARS-
ITEC.2018.8607493.

[47] Robert Camilleri, Paul Beard, David A. Howey, and
Malcolm D. McCulloch. Prediction and measurement
of the heat transfer coefficient in a direct oil-cooled
electrical machine with segmented stator. IEEE
Transactions on Industrial Electronics, 65(1):94–102,
2018. DOI: 10.1109/TIE.2017.2714131.

[48] Federico Marcolini, Giulio De Donato, and Fed-
erico Caricchi. Direct oil cooling of end-windings
in torus-type axial-flux permanent-magnet ma-
chines. In 2019 IEEE Energy Conversion Congress
and Exposition (ECCE), pages 5645–5651, 2019.
DOI: 10.1109/ECCE.2019.8912993.

[49] Vincenzo Madonna, Adam Walker, Paolo Gian-
grande, Chris Gerada, Giovanni Serra, and Mikiel
Galea. Improved thermal management and analysis
for stator end-windings of electrical machines. IEEE
Transactions on Industrial Electronics, 66:5057–
5069, 09 2018. DOI: 10.1109/TIE.2018.2868288.

[50] Zhe Huang, Shafigh Nategh, Viktor Lassila, Mats
Alaküla, and Jinliang Yuan. Direct oil cooling of trac-
tion motors in hybrid drives. In 2012 IEEE Interna-
tional Electric Vehicle Conference, pages 1–8, 2012.
DOI: 10.1109/IEVC.2012.6183163.

[51] Qinfen Lu, Xinmin Zhang, Yi Chen, Xiaoyan Huang,
Yunyue Ye, and Z. Q. Zhu. Modeling and inves-
tigation of thermal characteristics of a water-cooled
permanent-magnet linear motor. IEEE Transactions
on Industry Applications, 51(3):2086–2096, 2015.
DOI: 10.1109/TIA.2014.2365198.

[52] Cody Rhebergen, Berker Bilgin, Ali Emadi, Elizabeth
Rowan, and Jason Lo. Enhancement of electric motor
thermal management through axial cooling methods:

A materials approach. In 2015 IEEE Energy Conver-
sion Congress and Exposition (ECCE), pages 5682–
5688, 2015. DOI: 10.1109/ECCE.2015.7310458.

[53] William Sixel, Mingda Liu, Gregory Nellis, and Bulent
Sarlioglu. Cooling of windings in electric machines
via 3d printed heat exchanger. In 2018 IEEE Energy
Conversion Congress and Exposition (ECCE), pages
229–235, 2018. DOI: 10.1109/ECCE.2018.8557845.

[54] Radek Vlach, Robert Grepl, and Petr Krejci. Con-
trol of stator winding slot cooling by water using
prediction of heating. In 2007 IEEE International
Conference on Mechatronics, pages 1–5, 2007.
DOI: 10.1109/ICMECH.2007.4280058.

[55] Michael Galea, Chris Gerada, Tsarafidy Raminosoa,
and Patrick Wheeler. A thermal improvement tech-
nique for the phase windings of electrical ma-
chines. IEEE Transactions on Industry Applications,
48(1):79–87, 2012. DOI: 10.1109/TIA.2011.2175470.

[56] Andrew Semidey and J. Mayor. Experimentation of
an electric machine technology demonstrator incor-
porating direct winding heat exchangers. Industrial
Electronics, IEEE Transactions on, 61:5771–5778, 10
2014. DOI: 10.1109/TIE.2014.2303779.

[57] Markus Schiefer and Martin Doppelbauer. In-
direct slot cooling for high-power-density ma-
chines with concentrated winding. In 2015
IEEE International Electric Machines & Drives
Conference (IEMDC), pages 1820–1825, 2015.
DOI: 10.1109/IEMDC.2015.7409311.

[58] Hans-Christian Lahne, Dieter Gerling, Dave Sta-
ton, and Yew Chuan Chong. Design of a 50000
rpm high-speed high-power six-phase pmsm for
use in aircraft applications. In 2016 Eleventh In-
ternational Conference on Ecological Vehicles and
Renewable Energies (EVER), pages 1–11, 2016.
DOI: 10.1109/EVER.2016.7476345.

[59] Dae-Sung Jung, Yong-Ho Kim, Un-Ho Lee, and
Hyeoun-Dong Lee. Optimum design of the elec-
tric vehicle traction motor using the hairpin wind-
ing. In 2012 IEEE 75th Vehicular Technol-
ogy Conference (VTC Spring), pages 1–4, 2012.
DOI: 10.1109/VETECS.2012.6240320.

[60] Takashi Ishigami, Yuichiro Tanaka, and Hiroshi
Homma. Motor stator with thick rectangu-
lar wire lap winding for hevs. In 2014 In-
ternational Power Electronics Conference (IPEC-
Hiroshima 2014 - ECCE ASIA), pages 1880–1885,
2014. DOI: 10.1109/IPEC.2014.6869841.

[61] Giada Venturini, Giuseppe Volpe, and Mircea
Popescu. Slot water jacket cooling system for traction
electrical machines with hairpin windings: Analysis
and comparison. In 2021 IEEE International Electric
Machines & Drives Conference (IEMDC), pages 1–6,
2021. DOI: 10.1109/IEMDC47953.2021.9449581.

[62] Alessandro Acquaviva, Stefan Skoog, and Tor-
björn Thiringer. Design and verification of in-
slot oil-cooled tooth coil winding pm machine
for traction application. IEEE Transactions on
Industrial Electronics, 68(5):3719–3727, 2021.
DOI: 10.1109/TIE.2020.2985009.

Deutscher Luft- und Raumfahrtkongress 2024

19

https://doi.org/10.1109/TIE.2015.2465902
https://doi.org/10.1109/IEPS.2014.6874194
https://doi.org/10.1049/cp.2014.0373
https://doi.org/10.1109/ESARS-ITEC.2018.8607493
https://doi.org/10.1109/ESARS-ITEC.2018.8607493
https://doi.org/10.1109/TIE.2017.2714131
https://doi.org/10.1109/ECCE.2019.8912993
https://doi.org/10.1109/TIE.2018.2868288
https://doi.org/10.1109/IEVC.2012.6183163
https://doi.org/10.1109/TIA.2014.2365198
https://doi.org/10.1109/ECCE.2015.7310458
https://doi.org/10.1109/ECCE.2018.8557845
https://doi.org/10.1109/ICMECH.2007.4280058
https://doi.org/10.1109/TIA.2011.2175470
https://doi.org/10.1109/TIE.2014.2303779
https://doi.org/10.1109/IEMDC.2015.7409311
https://doi.org/10.1109/EVER.2016.7476345
https://doi.org/10.1109/VETECS.2012.6240320
https://doi.org/10.1109/IPEC.2014.6869841
https://doi.org/10.1109/IEMDC47953.2021.9449581
https://doi.org/10.1109/TIE.2020.2985009


[63] Xintong Zhang, Chengming Zhang, Pengrui Fu,
Chaoyu Zhang, and Liyi Li. A novel cool-
ing technique for the windings of high-torque-
density permanent magnet machines. 2018 21st
International Conference on Electrical Machines
and Systems (ICEMS), pages 332–337, 2018.
DOI: 10.23919/ICEMS.2018.8548984.

[64] Junye Wang. Pressure drop and flow distribution
in parallel-channel configurations of fuel cells: Z-
type arrangement. International Journal of Hydro-
gen Energy, 35(11):5498–5509, 2010. ISSN: 0360-
3199. 3rd Argentinean and 2nd Latin Ameri-
can Congress inHydrogen and Sustainable Energy
Sources. DOI: 10.1016/j.ijhydene.2010.02.131.

[65] Jacek F. Gieras. Advancements in electric ma-
chines. Power systems. Springer, Dordrecht, 2008.
ISBN: 978-1-4020-9006-6.

[66] William Sixel, Mingda Liu, Gregory Nellis, and Bu-
lent Sarlioglu. Ceramic 3d printed direct winding
heat exchangers for improving electric machine ther-
mal management. In 2019 IEEE Energy Conversion
Congress and Exposition (ECCE), pages 769–776,
2019. DOI: 10.1109/ECCE.2019.8913234.

[67] William Sixel, Mingda Liu, Gregory Nellis, and Bu-
lent Sarlioglu. Ceramic 3-d printed direct winding
heat exchangers for thermal management of con-
centrated winding electric machines. IEEE Trans-
actions on Industry Applications, 57(6):5829–5840,
2021. DOI: 10.1109/TIA.2021.3104273.

[68] Fan Wu and Ayman M. EL-Refaie. Additively man-
ufactured hollow conductors integrated with heat
pipes: Design tradeoffs and hardware demonstra-
tion. In 2020 International Conference on Electri-
cal Machines (ICEM), volume 1, pages 52–58, 2020.
DOI: 10.1109/ICEM49940.2020.9270954.

[69] Chong Di, Ilya Petrov, and Juha Pyrhönen. Esti-
mation of continuous power of a permanent mag-
net synchronous machine equipped with direct-liquid-
cooling winding for propulsion applications by efa.
In 2020 International Conference on Electrical Ma-
chines (ICEM), volume 1, pages 854–859, 2020.
DOI: 10.1109/ICEM49940.2020.9271032.

[70] Constantin Wohlers, Peter Juris, Stephan Kabelac,
and Bernd Ponick. Design and direct liquid cooling
of tooth-coil windings. Electrical Engineering, 100:1–
10, 12 2018. DOI: 10.1007/s00202-018-0704-x.

[71] Sabrina Ayat, Benjamin Dagusé, and Rabih Khaz-
aka. Design considerations of windings formed with
hollow conductors cooled with phase change ma-
terial. In 2019 IEEE Energy Conversion Congress
and Exposition (ECCE), pages 5652–5658, 2019.
DOI: 10.1109/ECCE.2019.8912762.

[72] Piyanun Charoensawan, Sameer Khandekar, Man-
fred Groll, and Pradit Terdtoon. Closed loop pulsating
heat pipes: Part a: parametric experimental investi-
gations. Applied Thermal Engineering, 23(16):2009–
2020, 2003. ISSN: 1359-4311. DOI: 10.1016/S1359-
4311(03)00159-5.

[73] Solomon Adera, Dion Antao, Rishi Raj, and Eve-
lyn N. Wang. Design of micropillar wicks for thin-film
evaporation. International Journal of Heat and Mass
Transfer, 101:280–294, 2016. ISSN: 0017-9310.
DOI: 10.1016/j.ijheatmasstransfer.2016.04.107.

[74] Guoyun Fang, Wei Yuan, Zhiguo Yan, Yalong Sun,
and Yong Tang. Thermal management integrated
with three-dimensional heat pipes for air-cooled per-
manent magnet synchronous motor. Applied Thermal
Engineering, 152:594–604, 2019. ISSN: 1359-4311.
DOI: 10.1016/j.applthermaleng.2019.02.120.

[75] Ponnappan, Rengasamy and Leland, John E. Rotat-
ing heat pipe for high speed motor/generator cooling.
In Aerospace Power Systems Conference. SAE Inter-
national, apr 1998. DOI: 10.4271/981287.

[76] Liyi Li, Jiangpeng Zhang, Chengming Zhang,
and Jikun Yu. Research on electromagnetic
and thermal issue of high-efficiency and high-
power-density outer-rotor motor. IEEE Transac-
tions on Applied Superconductivity, 26(4):1–5, 2016.
DOI: 10.1109/TASC.2016.2542192.

[77] Amal Zeaiter and Matthieu Fénot. Thermal sen-
sitivity analysis of a high power density elec-
tric motor for aeronautical application. In 2018
IEEE International Conference on Electrical Sys-
tems for Aircraft, Railway, Ship Propulsion and Road
Vehicles & International Transportation Electrifica-
tion Conference (ESARS-ITEC), pages 1–6, 2018.
DOI: 10.1109/ESARS-ITEC.2018.8607393.

[78] Fan Wu and Ayman M. EL-Refaie. Additively man-
ufactured hollow conductors with integrated cool-
ing for high specific power electrical machines. In
2020 International Conference on Electrical Ma-
chines (ICEM), volume 1, pages 1497–1503, 2020.
DOI: 10.1109/ICEM49940.2020.9270871.

[79] Rafal Wrobel. Thermal management of electrical ma-
chines for propulsion – challenges and future trends.
Archives of Electrical Engineering, vol. 71(No 1):175–
187, 2022. DOI: 10.24425/aee.2022.140204.

[80] Pia M. Lindh, Ilya Petrov, R. Scott Semken, Markku
Niemelä, Juha J. Pyrhönen, Lassi Aarniovuori,
Toomas Vaimann, and Ants Kallaste. Di-
rect liquid cooling in low-power electrical ma-
chines: Proof-of-concept. IEEE Transactions
on Energy Conversion, 31(4):1257–1266, 2016.
DOI: 10.1109/TEC.2016.2597059.

[81] Pia M. Lindh, Ilya Petrov, Ahti Jaatinen-Värri,
Aki Grönman, Miguel Martinez-Iturralde, Marco
Satrústegui, and Juha J. Pyrhönen. Direct liquid
cooling method verified with an axial-flux permanent-
magnet traction machine prototype. IEEE Trans-
actions on Industrial Electronics, 64(8):6086–6095,
2017. DOI: 10.1109/TIE.2017.2681975.

[82] Pia M. Lindh, Ilya Petrov, Juha J. Pyrhönen, Markku
Niemelä, Paula Immonen, and Eero Scherman. Di-
rect liquid cooling method verified with a permanent-
magnet traction motor in a bus. IEEE Transac-
tions on Industry Applications, PP:1–1, 04 2019.
DOI: 10.1109/TIA.2019.2908801.

Deutscher Luft- und Raumfahrtkongress 2024

20

https://doi.org/10.23919/ICEMS.2018.8548984
https://doi.org/10.1016/j.ijhydene.2010.02.131
https://doi.org/10.1109/ECCE.2019.8913234
https://doi.org/10.1109/TIA.2021.3104273
https://doi.org/10.1109/ICEM49940.2020.9270954
https://doi.org/10.1109/ICEM49940.2020.9271032
https://doi.org/10.1007/s00202-018-0704-x
https://doi.org/10.1109/ECCE.2019.8912762
https://doi.org/10.1016/S1359-4311(03)00159-5
https://doi.org/10.1016/S1359-4311(03)00159-5
https://doi.org/10.1016/j.ijheatmasstransfer.2016.04.107
https://doi.org/10.1016/j.applthermaleng.2019.02.120
https://doi.org/10.4271/981287
https://doi.org/10.1109/TASC.2016.2542192
https://doi.org/10.1109/ESARS-ITEC.2018.8607393
https://doi.org/10.1109/ICEM49940.2020.9270871
https://doi.org/10.24425/aee.2022.140204
https://doi.org/10.1109/TEC.2016.2597059
https://doi.org/10.1109/TIE.2017.2681975
https://doi.org/10.1109/TIA.2019.2908801


[83] Ilya Petrov, Pia M. Lindh, Markku Niemelä, Eero
Scherman, Oskar Wallmark, and Juha J. Pyrhönen.
Investigation of a direct liquid cooling system in a per-
manent magnet synchronous machine. IEEE Trans-
actions on Energy Conversion, 35(2):808–817, 2020.
DOI: 10.1109/TEC.2019.2952431.

[84] Stefan Haller, Johan Persson, Peng Cheng, and Kent
Bertilsson. Multi-phase winding with in-conductor di-
rect cooling capability for a 48v traction drive design.
In 2020 International Conference on Electrical Ma-
chines (ICEM), volume 1, pages 2118–2124, 2020.
DOI: 10.1109/ICEM49940.2020.9270717.

[85] Sabrina Ayat, Camel Serghine, Thomas Klonowski,
Sébastien Yon, Albert Mutabazi, and Steven Mc-
Daniel. The use of phase change mate-
rial for the cooling of electric machine wind-
ings formed with hollow conductors. In 2019
IEEE International Electric Machines & Drives
Conference (IEMDC), pages 1195–1201, 2019.
DOI: 10.1109/IEMDC.2019.8785181.

[86] Aldo Boglietti and Andrea Cavagnino. Anal-
ysis of the endwinding cooling effects in tefc
induction motors. IEEE Transactions on In-
dustry Applications, 43(5):1214–1222, 2007.
DOI: 10.1109/TIA.2007.904399.

[87] David A. Staton, Mircea Popescu, Douglas Hawkins,
Aldo Boglietti, and Andrea Cavagnino. Influence
of different end region cooling arrangements on
end-winding heat transfer coefficients in electri-
cal machines. In 2010 IEEE Energy Conversion
Congress and Exposition, pages 1298–1305, 2010.
DOI: 10.1109/ECCE.2010.5617810.

[88] Tanguy Davin, Julien Pellé, Souad Harmand, and
Robert Yu. Experimental study of oil cooling
systems for electric motors. Applied Thermal
Engineering, 75:1–13, 2015. ISSN: 1359-4311.
DOI: 10.1016/j.applthermaleng.2014.10.060.

[89] Chuan Liu, Zeyuan Xu, David Gerada, Jing Li,
Chris Gerada, Yew Chuan Chong, Mircea Popescu,
James Goss, David Staton, and He Zhang. Ex-
perimental investigation on oil spray cooling
with hairpin windings. IEEE Transactions on
Industrial Electronics, 67(9):7343–7353, 2020.
DOI: 10.1109/TIE.2019.2942563.

[90] Pavel Ponomarev, Maria Polikarpova, and Juha J.
Pyrhönen. Thermal modeling of directly-oil-
cooled permanent magnet synchronous ma-
chine. In 2012 XXth International Conference
on Electrical Machines, pages 1882–1887, 2012.
DOI: 10.1109/ICElMach.2012.6350138.

[91] Dong Hyun Lim and Sung Chul Kim. Thermal per-
formance of oil spray cooling system for in-wheel
motor in electric vehicles. Applied Thermal Engi-
neering, 63(2):577–587, 2014. ISSN: 1359-4311.
DOI: 10.1016/j.applthermaleng.2013.11.057.

[92] Li Ye, Fan Tao, Li Qi, and Wen Xuhui. Experi-
mental investigation on heat transfer of directly-oil-
cooled permanent magnet motor. In 2016 19th Inter-
national Conference on Electrical Machines and Sys-
tems (ICEMS), pages 1–4, 2016.

[93] Bruno Agostini, John Richard Thome, Mat-
teo Fabbri, and Bruno Michel. High heat flux
two-phase cooling in silicon multimicrochan-
nels. IEEE Transactions on Components and
Packaging Technologies, 31(3):691–701, 2008.
DOI: 10.1109/TCAPT.2008.921997.

[94] Mohamed R. Guechi, Philippe Desevaux, Philippe
Baucour, Christophe Espanet, Raphael Brunel, and
Michel Poirot. On the improvement of the thermal be-
havior of electric motors. In 2013 IEEE Energy Con-
version Congress and Exposition, pages 1512–1517,
2013. DOI: 10.1109/ECCE.2013.6646884.

[95] Fengyu Zhang, David Gerada, Zeyuan Xu, Chuan
Liu, He Zhang, Tianjie Zou, Yew Chuan Chong,
and Chris Gerada. A thermal modeling approach
and experimental validation for an oil spray-cooled
hairpin winding machine. IEEE Transactions on
Transportation Electrification, 7(4):2914–2926, 2021.
DOI: 10.1109/TTE.2021.3067601.

[96] Chuan Liu, David Gerada, Zeyuan Xu, Yew Chuan
Chong, Melanie Michon, James Goss, Jing Li, Chris
Gerada, and He Zhang. Estimation of oil spray
cooling heat transfer coefficients on hairpin windings
with reduced-parameter models. IEEE Transactions
on Transportation Electrification, 7(2):793–803, 2021.
DOI: 10.1109/TTE.2020.3031373.

[97] Yinye Yang. Double-Rotor Switched Reluctance Ma-
chine for Integrated Electro-Mechanical Transmission
in Hybrid Electric Vehicles. PhD thesis, McMaster
University, Hamilton, ON, Canada, 02 2014. http:
//hdl.handle.net/11375/15340.

[98] Yinye Yang, Nigel Schofield, and Ali Emadi. Double-
rotor switched reluctance machine (drsrm). IEEE
Transactions on Energy Conversion, 30(2):671–680,
2015. DOI: 10.1109/TEC.2014.2378211.

[99] Hendrik Vansompel and Peter Sergeant. Extended
end-winding cooling insert for high power density
electric machines with concentrated windings. IEEE
Transactions on Energy Conversion, 35(2):948–955,
2020. DOI: 10.1109/TEC.2019.2953577.

[100] Maria Polikarpova, Pia M. Lindh, Juan A. Tapia,
and Juha J. Pyrhönen. Application of pot-
ting material for a 100 kw radial flux pmsm.
In 2014 International Conference on Electri-
cal Machines (ICEM), pages 2146–2151, 2014.
DOI: 10.1109/ICELMACH.2014.6960481.

[101] Mariia Polikarpova, Pia M. Lindh, Chris Ger-
ada, Marko Rilla, Ville Naumanen, and Juha J.
Pyrhönen. Thermal effects of stator pot-
ting in an axial-flux permanent magnet syn-
chronous generator. Applied Thermal Engi-
neering, 75:421–429, 2015. ISSN: 1359-4311.
DOI: 10.1016/j.applthermaleng.2014.09.044.

[102] Yalong Sun, Shiwei Zhang, Wei Yuan, Yong
Tang, Jingrong Li, and Kairui Tang. Applica-
bility study of the potting material based ther-
mal management strategy for permanent mag-
net synchronous motors. Applied Thermal Engi-
neering, 149:1370–1378, 2019. ISSN: 1359-4311.
DOI: 10.1016/j.applthermaleng.2018.12.141.

Deutscher Luft- und Raumfahrtkongress 2024

21

https://doi.org/10.1109/TEC.2019.2952431
https://doi.org/10.1109/ICEM49940.2020.9270717
https://doi.org/10.1109/IEMDC.2019.8785181
https://doi.org/10.1109/TIA.2007.904399
https://doi.org/10.1109/ECCE.2010.5617810
https://doi.org/10.1016/j.applthermaleng.2014.10.060
https://doi.org/10.1109/TIE.2019.2942563
https://doi.org/10.1109/ICElMach.2012.6350138
https://doi.org/10.1016/j.applthermaleng.2013.11.057
https://doi.org/10.1109/TCAPT.2008.921997
https://doi.org/10.1109/ECCE.2013.6646884
https://doi.org/10.1109/TTE.2021.3067601
https://doi.org/10.1109/TTE.2020.3031373
http://hdl.handle.net/11375/15340
http://hdl.handle.net/11375/15340
https://doi.org/10.1109/TEC.2014.2378211
https://doi.org/10.1109/TEC.2019.2953577
https://doi.org/10.1109/ICELMACH.2014.6960481
https://doi.org/10.1016/j.applthermaleng.2014.09.044
https://doi.org/10.1016/j.applthermaleng.2018.12.141


[103] Juha J. Pyrhönen, Pia M. Lindh, Maria Polikar-
pova, Emil Kurvinen, and Ville Naumanen. Heat-
transfer improvements in an axial-flux permanent-
magnet synchronous machine. Applied Thermal
Engineering, 76:245–251, 2015. ISSN: 1359-4311.
DOI: 10.1016/j.applthermaleng.2014.11.003.

[104] Zeyuan Xu, Michael Galea, Chris Tighe, Tahar
Hamiti, Chris Gerada, and Stephen J. Pickering.
Mechanical and thermal management design of a
motor for an aircraft wheel actuator. In 2014
17th International Conference on Electrical Machines
and Systems (ICEMS), pages 3268–3273, 2014.
DOI: 10.1109/ICEMS.2014.7014056.

[105] Michael Galea, Chris Gerada, Tsarafidy Raminosoa,
and Patrick Wheeler. Design of a high force
density tubular permanent magnet motor. In
The XIX International Conference on Electri-
cal Machines - ICEM 2010, pages 1–6, 2010.
DOI: 10.1109/ICELMACH.2010.5608075.

[106] Rafal Wrobel and Ahmed Hussein. A feasibility study
of additively manufactured heat guides for enhanced
heat transfer in electrical machines. IEEE Transac-
tions on Industry Applications, 56(1):205–215, 2020.
DOI: 10.1109/TIA.2019.2949258.

[107] Michael Galea, Giampaolo Buticchi, Lee Empring-
ham, Liliana de Lillo, and Chris Gerada. Design
of a high-force-density tubular motor. IEEE Trans-
actions on Industry Applications, 50(4):2523–2532,
2014. DOI: 10.1109/TIA.2014.2300190.

[108] Mircea Popescu, Dave Staton, Aldo Boglietti, An-
drea Cavagnino, Douglas Hawkins, and James
Goss. Modern heat extraction systems for elec-
trical machines - a review. In 2015 IEEE
Workshop on Electrical Machines Design, Control
and Diagnosis (WEMDCD), pages 289–296, 2015.
DOI: 10.1109/WEMDCD.2015.7194542.

[109] William Gerstler, Eric Ruggiero, Farshad Ghas-
ripoor, Ayman El-Refaie, Hendrik Bock, Xiaochun
Shen, and James Alexander. A liquid-cooled ro-
tor for high density electric machines. In 47th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference
& Exhibit (AIAA 2011), 07 2011. ISBN: 978-1-60086-
949-5. DOI: 10.2514/6.2011-5560.

[110] Kea-Ho Lee, Hyun-Rok Cha, and Young-
Bae Kim. Development of an interior per-
manent magnet motor through rotor cooling
for electric vehicles. Applied Thermal Engi-
neering, 95:348–356, 2016. ISSN: 1359-4311.
DOI: 10.1016/j.applthermaleng.2015.11.022.

[111] Yaohui Gai, James D. Widmer, Andrew Steven,
Yew Chuan Chong, Mohammad Kimiabeigi, James
Goss, and Mircea Popescu. Numerical and experi-
mental calculation of chtc in an oil-based shaft cool-
ing system for a high-speed high-power pmsm. IEEE
Transactions on Industrial Electronics, 67(6):4371–
4380, 2020. DOI: 10.1109/TIE.2019.2922938.

Deutscher Luft- und Raumfahrtkongress 2024

22

https://doi.org/10.1016/j.applthermaleng.2014.11.003
https://doi.org/10.1109/ICEMS.2014.7014056
https://doi.org/10.1109/ICELMACH.2010.5608075
https://doi.org/10.1109/TIA.2019.2949258
https://doi.org/10.1109/TIA.2014.2300190
https://doi.org/10.1109/WEMDCD.2015.7194542
https://doi.org/10.2514/6.2011-5560
https://doi.org/10.1016/j.applthermaleng.2015.11.022
https://doi.org/10.1109/TIE.2019.2922938


APPENDIX

TAB 4. Detailed evaluation of cooling concepts. Assessment of the criteria fulfillment level of each cooling concept in each criterion based on specific positive and negative properties.
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− Jacket and coolant vol-
ume weight

− Weight of cooling cir-
cuit components

+ No additional weight
− Weight of cooling cir-

cuit components

− Reservoir and coolant
weight

− Weight of cooling cir-
cuit components

+ No additional weight
− Weight of cooling cir-

cuit components

− Heat pipe weight
+ No cooling circuit com-

ponent weight

++ −− ± − ± ±

S
af

et
y

&
R

el
ia

bi
lit

y

S
R

w
i
=

0.
25

+ High reliability
+ No moving parts
− Potential particle accu-

mulation
− Potential abbrasion by

particles

+ Mature technology
+ High reliability
− Moving parts
− Potential corrosion in

cooling circuit
− Potential leakage

+ High reliability
− Moving parts
− Potential corrosion in

cooling circuit

+ High reliability
− Moving parts
− Potential corrosion in

cooling circuit
− Potential leakage

+ High reliability
− Moving parts
− Potential corrosion in

cooling circuit

− Unmature technology
+ No moving parts
− High temperature and

pressure loads
− Potential leakage
− Potential deformation

± ± ± − ± −−

C
os

t&
D

ur
ab

ili
ty

C
D

w
i
=

0.
05

± Medium material costs
+ Low manufacturing

costs
+ Low maintenance

costs
+ Long service life

± Medium material costs
± Medium manufacturing

costs
± Medium maintenance

costs
+ Long service life

+ Low material costs
+ Low manufacturing

costs
± Medium maintenance

costs
+ Long service life

+ Low material costs
± Medium manufacturing

costs
− High maintenance

costs
+ Long service life

+ Low material costs
− High manufacturing

costs
− High maintenance

costs
+ Long service life

− High material costs
± Medium manufacturing

costs
− High maintenance

costs
− Short service life

++ ± ++ + ± −−
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TAB 4. (cont.) Detailed evaluation of cooling concepts. Assessment of the criteria fulfillment level of each cooling concept in each criterion based on specific positive and negative properties.

Criterion
Cooling Concept

Hollow Conductor Cooling Spray & Impingement C. Filling & Potting Cooling Insertion Cooling Immersion Cooling Hollow Shaft Cooling

HCC SIC FPC ISC IMC HSC

C
oo

lin
g

E
ffe

ct
iv

ity

C
E

w
i
=

0.
4

+ Very high effectivity
+ Very short heat path

+ Intense heat transfer
− Long heat path
+ Very high heat path

thermal conductivity

+ Increased heat path
thermal conductivity

− Influence on small part
of heat path only

− No heat dissipation to
outside the machine

+ Strongly increased
heat path conductivity

− Influence on small part
of heat path only

− No heat dissipation to
outside the machine

+ Use of whole surface
for heat transfer

− Low heat transfer
− Long heat paths
− No heat dissipation to

outside the machine

+ High heat transfer
+ High heat absorption

ability
− Long heat path

++ + − ± −− +

E
ne

rg
y

E
ffi

ci
en

cy

E
E

w
i
=

0.
05

− High power consumption ± Medium power con-
sumption

− Additional rotor drag

+ No additional power
consumption

+ No additional power
consumption

− High additional rotor
drag

− High fluid friction
losses

+ Low power consump-
tion

− − ++ ++ −− +

A
dd

iti
on

al
M

as
s

A
M

w
i
=

0.
25

+ Few additional weight
+ Saved conductor mate-

rial weight
− Weight of cooling circuit

components

+ No additional weight
− Weight of cooling cir-

cuit components

− Filling/potting material
weight

+ No cooling circuit com-
ponent weight

− Heat guide weight
+ No cooling circuit com-

ponent weight

− Coolant weight
+ No cooling circuit com-

ponent weight

+ Saved shaft weight
− Weight of cooling cir-

cuit components

+ ± ± ± ± ±

S
af

et
y

&
R

el
ia

bi
lit

y

S
R

w
i
=

0.
25

− Unmature technology
− Moving parts
− High pressure loads
− Potential corrosion in

cooling circuit
− Potential channel ob-

struction by impurities
− Potential leakage

+ Mature technology
+ High reliability
− Moving parts
− Potential corrosion in

cooling circuit
− Potential nozzle ob-

struction by impurities

+ No moving parts
− Potential short circuit

failure
− Potential material rup-

ture/deformation

+ No moving parts
− Potential short circuit

failure
− Potential partial dis-

charge

+ No moving parts
− Potential coolant over-

heating

+ High reliability
− Moving parts
− Potential corrosion in

cooling circuit
− Potential leakage

−− − − − ± −

C
os

t&
D

ur
ab

ili
ty

C
D

w
i
=

0.
05

± Medium material costs
± Medium manufacturing

costs
± Medium maintenance

costs
± Medium service life

± Medium material costs
± Medium manufacturing

costs
− High maintenance

costs
+ Long service life

− High material costs
± Medium manufacturing

costs
+ Low maintenance

costs
+ Long service life

± Medium material costs
± Medium manufacturing

costs
+ Low maintenance

costs
+ Long service life

+ Low material costs
+ Low manufacturing

costs
+ Low maintenance

costs
+ Long service life

± Medium material costs
− High manufacturing

costs
+ Low maintenance

costs
± Medium service life

± ± + + ++ ±
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FIG 30. Characteristic utility diagrams for each cooling concept with the bar height correlating to the criteria fulfillment level

and bar width corresponding to criteria weight. Assessment criteria: Cooling Effectivity (CE), Energy Efficiency (EE),

Additional Mass (AM), Safety & Reliability (SR) and Cost & Durability (CD).
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