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Abstract:
This work investigates a novel power-conversion-oriented winding technology that significantly ex-
tends the torque and thermal limits of electric machines. The proposed approach embeds forced
liquid cooling directly within additively manufactured hollow copper conductors, effectively decoupling
electromagnetic loading from conventional thermal constraints and enabling a step change in achiev-
able torque density. The hollow-conductor architecture allows current densities up to two to three
times higher than those of state-of-the-art externally cooled windings (50 − 70A/mm2), resulting in
a substantial increase in usable torque. Referring to a high power electric machine, Finite-element
electromagnetic analyses have demonstrated that the computed torque density can be increased by
2.5 times using internally cooled windings compared to what is obtained with a conventional hairpin
winding and external water jacket, without degradation of magnetic performance. Beyond the per-
formance improvement, the proposed solution introduces a versatile thermal management concept
that can be transferred to different machine topologies and operating conditions for high-performance
energy conversion systems, owing to the strong enhancement of the heat transfer coefficient. The
study combines experimental testing of a manufactured hollow-coil prototype with coupled electro-
magnetic, thermal, and fluid- dynamic numerical models. Computational fluid dynamics simulations
of the internal flow and heat transfer show good agreement with experimental measurements, pro-
viding a tool for the investigation of a wide range of working possibilities in terms of cooling fluid,
geometry, and electrical load. In addition, a simplified one-dimensional modelling framework is pro-
posed to efficiently explore design configurations and estimate parasitic losses, providing preliminary
insights into the overall energy efficiency of systems employing the proposed technology.
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1. Introduction
The electrification of the transport and industrial sectors is fostering extensive research on electric ma-
chines characterised by progressively higher power and torque densities [1]. However, performance
improvements are fundamentally limited by thermal management, particularly the heat generated in
stator windings, which represent a primary heat source [2]. In this context, the equivalent thermal
resistance between the heat source and the coolant is widely recognised as a key bottleneck [3]. The
achievement of the design torque and power performance must not exceed the maximum copper
insulation temperature; otherwise, it may compromise machine health. If the electrical machine in-
cludes permanent magnets (PMs), it is also necessary to avoid irreversible demagnetisation of the PMs
themselves. In recent years, several studies have focused on the enhancement of torque density [4]
to address the new requirements arising from modern conversion challenges. In this perspective, ax-
ial flux machines (AFMs) have gained increasing attention in recent years as a promising alternative
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to conventional radial flux machines (RFMs), primarily due to their compact geometry, high torque
density, and enhanced efficiency potential. Unlike RFMs, AFMs adopt a disc-shaped topology with
axial flux paths, enabling a larger mean radius and shorter magnetic circuit, which enhances torque
density and reduces core losses. These features make AFMs particularly attractive for emerging ap-
plications such as electric vehicles (EVs), aerospace propulsion, and portable power systems, where
spatial and weight constraints are critical. Recent developments in materials and manufacturing, such
as high-energy permanent magnets, soft magnetic composites (SMCs), and additive manufacturing,
have significantly improved the performance and manufacturability of AFMs. For instance, the torque
density of state-of-the-art AFMs has reached values as high as 40–60 Nm/kg [5], compared to typical
RFMs which often remain below 30 Nm/kg for similar power levels [5].
In this new scenario, conventional cooling strategies often prove inadequate for applications involving
high current densities. To dissipate the significant heat generated within the stator slots, researchers
have explored a variety of thermal management techniques, which can be broadly categorised into
indirect and direct cooling. Indirect cooling methods, such as water-cooled housing jackets and the
use of thermally conductive potting resins [6], are widely adopted due to their simplicity. However,
their effectiveness is heavily limited by the high thermal resistance of the electrical insulation layers
and the ferromagnetic core, which the heat must bypass before reaching the coolant. To overcome
these deep-seated thermal barriers, direct cooling approaches—including in-slot cooling channels,
end-winding spray cooling, and hollow conductors—have been recently investigated [7,8]. Although
these direct methods present a remarkable improvement in heat extraction capabilities, they inherently
introduce critical drawbacks: they often compromise the machine’s electromagnetic design by reduc-
ing the active slot fill factor, and they typically induce severe pressure drops that drastically increase
the auxiliary pumping power required, thereby penalising the net efficiency of the system [9]. In this
complex scenario, Additive Manufacturing (AM) technologies are emerging as a key enabler to break
conventional thermal bottlenecks. Unlike traditional subtractive or casting processes that impose strict
limitations on internal cavity designs, AM techniques, such as Selective Laser Melting (SLM), grant
unprecedented design freedom [10]. Additive Manufacturing (AM) enables unprecedented design
freedom, allowing the integration of conformal cooling channels directly within machine components
[11]. This is particularly advantageous for AFMs, where compact geometries impose severe space
constraints [12]. This technology enables the fabrication of customised fluid domains, such as lat-
tice structures or variable-section channels, strategically designed to maximise the local heat transfer
coefficient exactly at the thermal hotspots, whilst maintaining the overall hydraulic resistance within
acceptable limits.
Despite the recognised potential of Additive Manufacturing (AM) in revolutionising the thermal
management of electrical machines, a comprehensive integration of AM-enabled conformal cool-
ing specifically tailored for AFMs has thus far been quite unexplored. Most of the existing literature
focuses primarily on RFMs or is limited to pure numerical investigations without experimental vali-
dation of the complex 3D printed fluid domains. Furthermore, when advanced cooling geometries are
proposed, the critical trade-off between improved heat transfer and the consequent penalty of pumping
power—a crucial aspect of overall system efficiency—is often overlooked. Additionally, the inherent
geometric variations and surface roughness associated with AM processes introduce significant devi-
ations from simplified numerical models, making rigorous experimental validation strictly necessary
to evaluate the true performance of these highly integrated cooling solutions.
The present work proposes an innovative thermal management approach to enhance torque density
while maintaining high efficiency. A CFD model is developed and validated against experimental
data from an additively manufactured prototype. Once the numerical model has been experimentally
validated, it serves as a powerful predictive tool. This allows for extensive parametric studies and
design optimisations to be performed—drastically reducing the need for costly and time-consuming
prototyping—ultimately identifying optimal geometries that maximise heat transfer while minimis-
ing pumping power penalties. Finally, the proposed validated methodology lays the groundwork for
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future investigations into different machine sizes and varied operating conditionss.

2. Materials and Methods
The tested geometry is an additively manufactured hollow conductor copper coil with integrated in-
ternal cooling channels ( Figure 1). The winding is formed by a stacked, hairpin-like serpentine
conductor arranged in multiple parallel layers. Each turn has a flattened rectangular cross-section to
maximise the fill factor and reduce electrical resistance, while the turns are spaced to create a se-
quence of internal slots that act as coolant flow channels running along the length of the conductor.
These channels allow the coolant to pass in close proximity to the regions where Joule losses are
generated, forming a continuous serpentine channel that ensures uniform coolant distribution across
all turns, thereby minimising the thermal path between the heat source and the cooling fluid.
Even though the tested coil has relatively small overall external dimensions, its convoluted geome-
try results in a comparatively large internal surface area: the overall length reaches approximately
1.87 m, and the internal surface, corresponding to the actively heat exchanging one, reaches approx-
imately 40 dm2. Copper density is assumed to be 8960 kg/m3 and thermal conductivity is equal to
400W/(m2K). The coil data are reported in Table 1.

Table 1: Hollow Copper coil under test.
Parameter Value
Cross-section area 21.6 mm2

Inner surface 0.03972 m2

Length 1.87 m
Copper density 8960 kg/m3

Thermal conductivity 400 W/(m2K)

Figure 1: Hollow Copper coil under test.
The philosophy of the testing campaign is based on the comparison of maximum reachable current
density for different flow rates, highlighting the potential improvement with respect to traditional
levels of working currents. The corresponding levels of powering are hence investigated, together
with further increases at a higher flow rate. For the sake of maintaining the meaningfulness of the
experiment, typical levels of maximum temperatures allowed to meet insulator safety are respected
[13], as well as conditions far from phase change, avoiding problems related to poor distribution of
the coolant or consecutive condensation requirements.
The test flow rates remain between 0.25 l/min and 1.2 l/min, featuring a current density between
20 A/mm2 and 80 A/mm2.

2.1. Experimental Set-up
The performance of the hollow conductor was tested by means of a specific setup designed to ac-
curately maintain controlled test conditions, as well as to provide a flexible framework for different
types of fluids. The experimental campaign aims to quantify possible advantages in the application
of this kind of technology using water as a cooling fluid. To do so, a wide range of working condi-
tions have been considered, encompassing different levels of current density and cooling flow rates.
Figure 2 illustrates the cooling-fluid circuit, referring to the specific configuration for water tests. The
system is supplied by a pressurised fluid line that enters the circuit through a supply conduit. A main
valve V1 regulates the coolant flow rate. Downstream of this component, a by-pass branch controlled
by valve V2 allows for precise partialization. The pressure is monitored upstream of the test section
using a manometer P1, which is connected to the inlet pipe. Following the test section, the outlet
flow is directed toward the discharge manifold, where the downstream pressure is measured using
manometer P2. The power supply is provided by a high-frequency switching rectifier whose output
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is stabilised DC current and voltage.
Specific terminals for the delivery of electrical current and refrigerant flow are used to equip the
component. Temperature acquisition was possible using PT100 thermocouples.

Figure 2: Experimental Test Setup for water cooling.

3. Numerical Set-up
CFD enables the detailed evaluation of thermal and fluid fields across various geometries without
physical prototyping. This study adopts a steady-state Reynolds-Averaged Navier-Stokes (RANS)
framework, providing a reliable and validated balance between computational efficiency and accu-
racy for assessing the component’s thermal performance. The commercial software ANSYS [14]
was adopted for modelling the conjugate thermal-fluid dynamics of the configuration experimentally
tested. The fundamental governing equations, such as the continuity, momentum, and energy equa-
tions, which are the basis for the solver, are as follows:

∂ρ

∂t
+∇ · (ρU⃗) = 0 (1)
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A steady state framework was considered, neglecting the initial transient heating up of the fluid and the
coil. Different turbulent models were tested, primarily considering two-equation ones. Two-equation
turbulence models describe turbulent flows by solving transport equations for two separate turbulence
quantities, typically the turbulent kinetic energy (k) and a dissipation-related variable such as the
dissipation rate (ϵ) or the specific dissipation rate (ω). Efficient modelling of turbulence production
and destruction provides an effective representation of flow energy without requiring full resolution
of the smallest turbulent scales. The particular shape of these equations is:
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Equations 4 refer to the turbulent kinetic energy k, equations 5 are about the dissipation rate term ϵ,
and equations 6 regard the specific dissipation rate ω.
In this study, multiple turbulence models were evaluated, including the widely used k − ω and k −
ϵ formulations, to verify the robustness of the numerical predictions. While both traditional two-
equation models produced reasonable agreement with the expected flow behaviour, the most accurate
and stable results for the water cooling case were obtained using the GEKO (Generalised k − ω)
turbulence model.
This evaluation is based on three different unstructured meshes: coarse (1M elements), medium (3.8
M elements), and fine (7.31M elements). The adopted one is the fine mesh because it provides better
details of the boundary layer, overcoming the difficulties arising from the small gaps and the sharp
changes in the shape of the solid section. A proper inflation on both the coil and fluid sides was
adopted, thus enabling direct evaluation of wall flow according to the Y+ value of approximately 1.
Figure 3 represents a schematic view of the boundary conditions selected for this work. The inlet
mass flow rate and temperature, in conjunction with the outlet pressure, are specified on the corre-
sponding boundary. Adiabatic boundary conditions are imposed on the external surfaces of the coil,
thus ensuring that fully coupled heat exchange between the solid and the inner fluid is considered at
the surface interface. The thermal power produced by the Joule effect PSpec as a result of the applied
current was modelled as an internal heat generation in the solid domain. Its value is evaluated as
PSpec = P/VCoil where P is the delivered electrical power and VCoil is the overall solid volume.

Figure 3: Boundary conditions applied to coil analysis.

3.1. One Dimensional Set-up
As an additional step in the validation of the CFD approach presented in Section 3., the problem
was also investigated by performing parametric simulations with built-in components available in
the OpenModelica environment. Modelica is an object-orientated language designed for modelling
physical systems, and the OpenModelica Connection Editor (OMEdit) is its open-source graphical
user interface. It includes several built-in libraries for the modelling of multi-physics systems, as
well as generic blocks for mathematical operations and signal processing. In particular, the Fluid and
Thermal libraries provide a set of components that are particularly suitable for representing, with a 1D
approach, the experimental setup analysed in this study. The schematic representation of the model
developed in OMEdit is presented in Figure 4. It consists of the following components:

• BCinlet: it imposes the boundary conditions at the inlet of the coil, in terms of mass flow rate
(ṁ) and temperature (Tin).

• BCoutlet: it imposes the boundary conditions at the inlet of the coil, in terms of pressure (pout).
• Pipe: a 1D dynamic model of a generic duct incorporating a heat source. The geometric char-

acteristics of the coils are specified in terms of hydraulic diameter and total length, and the
mass, the momentum, and the energy conservation equations are reformulated in their one-
dimensional form. The selected heat transfer model computes local heat transfer coefficients
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using the Gnielinski correlations.
• HeatFlow: it represents the thermal power transferred to the fluid flow. In this context, the

working hypothesis is that the entire thermal power generated by Joule heating in the coil is
absorbed by the fluid, while the fraction dissipated to the surrounding air by natural convection
is neglected.

• Sensors: they acquire the values of temperature and pressure at the inlet and the outlet of the
coil.

The Modelica model was simulated with the same input conditions established during the experi-
mental campaign. The results, presented in Section 4.3., compare the simulation outputs with those
obtained from the experiments and the CFD analysis, focusing on the outlet temperature and pressure
of the working fluid.

4. Results
4.1. Experimental Results
The test water flow rates stay between 0.25 l/min and 1.2 l/min, featuring a current density between
20 A/mm2 and 80 A/mm2.
The coil temperature measurement is evaluated by means of resistance variations, i.e. the voltage
at the coil’s terminals and the imposed current. The electrical resistance of the coil R, depends on
temperature T and can be described by the linear relationship:

R = R0 + α · (T − T0) (7)

where R0 and T0 are the resistance and temperature values measured before the start of the tests,
at ambient temperature, while α is imposed equal to 0.004 Ω/K. The temperature of the copper,
evaluated using equation 7, and reported in the data corresponds to an average temperature rise, with
considerable changes along the coil, as observed in Figure 5.

The water outlet temperature is reported in Figure 6 while varying the supply current density. A
quadratic relationship can be observed, closely resembling the proportionality to Joule losses. It is
trivial to observe the better performance demonstrated at higher flow rates in comparison to lower
ones.
At low flow rates (e.g. 0.25 l/min), the outlet temperature increases rapidly beyond approximately
20–30 A/mm2, indicating a limited heat-removal capability. Increasing the water flow rate progres-
sively reduces the temperature gradient, with the 1.00 and 1.20 l/min curves maintaining notably
lower outlet temperatures across the full current-density range. Referring to the specific case of

Figure 4: Scheme of the OMEdit model presented in Section 3.1.
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Figure 5: On the left, coil under test connected to power and coolant supply. On the right, example of
temperature distribution along the coil during a test.

Figure 6: Water Outlet temperature as a function of Current density for different cooling flow rates.

50 A/mm2, a reduction of more than 30◦ is observed when the flow rates move from 0.25 l/min to
1.2 l/min. Different maximum levels of current density are tested to avoid getting too close to the
phase change threshold, enabling a comprehensive assessment of the limits of this cooling technique.
It is crucial to observe that considerably higher levels of current density are reached in the test com-
pared to the usual values adopted in electric machinery( [5]), while cooling flow rates remain low
and consistent with other fluid cooled techniques already existing. The big companies in the sector,
consistently advancing in this field, refer to flow rates in the most common water cooled applications,
particularly water jacket ones, which are about 10 times higher than the maximum level tested ( [15]).
In terms of current density levels, values higher than 20− 40 A/mm2 are taken into account only for
oil-immersed cooling ( [15]), introducing significantly different levels of complexity into the system.

4.2. Computational Fluid Dynamics Results
All the operating conditions investigated experimentally were also analysed numerically, making it
possible to clearly verify the variation in cooling performance associated with increasing flow rates
and validate model results.
Table 2 reports the experimental and numerical results obtained for a water cooling flow rate of
1.2 l/min. The consistency of the results is demonstrated by the correspondence between CFD and
experiments for the values of water outlet temperature Tw,o, the average temperature of the coil TCu,
and the heat exchanged between the body and the coolant Q.
It may be relevant to specify that the experimental values Q are evaluated by means of the increase in
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temperature of the fluid from the water data, while the numerical values QCFD are evaluated as the
integral of heat flow through the interface between the liquid and solid domains:

QCFD =

∫
S,conv

q · dSconv (8)

Q = m · cp · (Tw,o − Tw,i) (9)

where q is the local heat flux, m is the mass flow rate, and cp is the specific heat of the coolant.

Table 2: Comparison between experimental and numerical results obtained for a flow rate of 1.2 l/min.
J Tw,o Tw,o,CFD TCu TCu,CFD Q QCFD

A/mm2 ◦C ◦C ◦C ◦C W W
20 17.5 17.4 20.0 16.4 318 281
40 28.5 27.9 29.9 23.8 1256 1185
50 37.8 36.1 35.4 29.6 1984 1824
70 63.0 59.7 50.1 46.3 4144 3777
80 81.3 76.0 61.7 57.8 5643 5126

Figure 7 shows the temperature distribution in the three cooling coils operating at the same current
supply of 50A/mm2 but subjected to different cooling flow rates. Despite identical load conditions,
the coils exhibit markedly different thermal behaviours due to the distinct cooling regimes: 0.526
l/min in case (a), 1 l/min in case (b), and 1.2 l/min in case (c). The presented image reports contours of
temperature distribution along the coils, highlighting a distinct temperature gradient developed along
the coil in all cases. The outlet region copper temperature varies considerably between cases: approx-
imately 35 °C in case (c), 40 °C in case (b), and 70 °C in case (a). In scenario (a), the diminished
coolant flow results in elevated temperatures across the structure, with maximum values nearing 160
°C at the terminals, where there is an absence of direct liquid cooling. As the flow rate is augmented, a
gradual decline in the maximum temperature is evident, thereby substantiating the enhanced thermal
management accomplished through the augmentation of cooling. The consistent spatial pattern of the
thermal fields and the physically coherent temperature trends confirm the reliability of the numerical
setup and the robustness of the cooling model.

Figure 7: Temperature map corresponding to a flow rate of (a) 0.526, (b) 1.0 and (c) 1.2 l/min. Current
density 50 A/mm2

The differences observed among the three temperature fields directly reflect the variation of the effec-
tive heat-transfer coefficient associated with each cooling flow rate. As the flow increases, enhanced
convective heat removal leads to lower peak temperatures and a more efficient overall thermal re-
sponse. In addition, higher flow rates promote the transition toward a more turbulent regime within
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the coil, further increasing mixing and local heat exchange. This shift in flow behaviour contributes
to the improved cooling effectiveness observed at larger mass flow rates. Indeed, multiple turns in
coil geometry generate high resistance to the flow but also promote turbulent flow as the coolant flow
rate increases. Turbulent or transient flow is expected, approaching a Reynolds number equal to 3140
at 1 l/min and 3768 at 1.2 l/min. However, laminar flow conditions are expected for flow rates up
to 0.7 l/min, having a Reynolds number up to 2198. This condition mainly reflects the very small
cross-sectional area of the configuration, having an equivalent hydraulic diameter of about 2 mm.
These conditions also affect the pressure drop across the component, which is estimated to range be-
tween 0.6 and 1.3 bar and is a strong function of the flow conditions. In this case, the comparison
with experimental data proves to be more challenging, primarily due to the difficulty in obtaining
accurate evaluations of surface roughness within the coil internal duct. Overall, the numerical model
is deeply validated, providing a precise tool with which to study and apply this type of cooling system.

Figure 8: Delivered Power as function of ∆TW · SConv. The slope of the lines represents the average
heat transfer coefficient for different coolant flow rates, according to formulation in Eq.??.

Estimation and visualisation of the Heat Transfer Coefficient can be done in Figure 8. The image
reports the delivered thermal power as a function of the component ∆TW · SConv, corresponding to
the product of the solid-liquid interface SConv, which is the source of convective heat transfer, and the
consequent difference in temperature on water side between the inlet and outlet ∆TW = Tw,out−Tw,in.
By definition, the ratio between the two reported physical quantities, corresponding to the slope of
the obtained interpolation lines, represents the Heat Transfer Coefficient: HTC = P/∆TW · SConv.
Measured and computed values of HTC find excellent agreement, as can be observed from Table
3, which reports corresponding values for all the tested flow rates. It’s crucial to observe the supe-
rior performance obtained by water cooling with respect to the air case, which is the reason for the
outstanding results obtained in terms of possible working current densities. However, these values
still represent an improvement with respect to external air convection, traditionally reaching lower
exchange values. Moreover, a significant step increase is observed between laminar (0.5 l/min) and
turbulent flow cases (1.2 l/min), with the change in flow conditions resulting in almost doubling the
heat exchange.

4.3. One Dimensional Model
The performance of the 1D Modelica model is evaluated in Table 4, which compares its temperature
predictions against high-fidelity CFD results and experimental data at a constant flow rate of 1.2 l/min.
Overall, the results demonstrate that the 1D Modelica model is a highly effective surrogate for pre-
dicting water outlet temperature (TOUT ), maintaining strong alignment with both the CFD results and
experimental data across the full range of current densities. Instead, pressure losses are significantly
more sensitive to localised geometric features, such as sharp bends, surface roughness, and 3D flow
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Table 3: Experimental and numerically computed HTC.
Flow rate Coolant F luid HTCEXP HTCCFD

l/min W/m2K W/m2K
0.25 water 442 419
0.526 water 930 926
0.75 water 1238 1226
1.0 water 1768 1769
1.2 water 2122 2094

Table 4: Water outlet temperature evaluated throu .
Flow rate Current Density TOUT TOUT,CFD TOUT,MODELICA

l/min A/mm2 ◦C ◦C ◦C
1.2 20 17.5 17.4 17.36
1.2 40 28.5 27.9 27.9
1.2 50 37.8 36.1 36.94
1.2 70 63 59.7 60.56
1.2 80 81.3 76.0 77.6

structures, which are inherently simplified in a 1D lumped-parameter framework, resulting in consid-
erable overestimations.
The adoption of a 1D lumped-parameter approach provides a strategic balance between computational
efficiency and predictive accuracy. Unlike high-fidelity CFD simulations, the 1D model facilitates
rapid iterative cycles and near real-time performance.

5. Electromagnetic Design
The impact of a directly cooled winding for a Surface-mounted Permanent Magnet (SPM) motor and
for a Reluctance (REL) motor is now briefly described. A thorough investigation on the effects of
this device on these two types of motors is presented in [16]. That study shows that by adopting the
directly fluid cooled hollow conductors, the current density may be increased by a factor of between
2 and 3. This significant advantage is the main reason behind the choice to study the performance of
the winding directly cooled by CFD analyses.
The same outer stator is considered as initial condition. Since the iron path is typically designed to
obtain the maximum magnetic loading, it is possible to consider the back iron height and the stator
tooth width as constant. The electric loading of the SPM and REL motors may be expressed as:

K̂s =
kw

√
2Jshswskfill
πD/Qs

(10)

where kw and kfill are the winding and slot fill factors, hs and ws are the height and width of the
slot, Qs is the number of slots, D is the stator inner diameter, and Js is the rms of the current density
(directly proportional to the KsD term). By its side, KsD product is directly proportional to the motor
torque, as shown in equation 11:

T =
π

4
DLstkB̂(K̂sD) (11)

with Lstk stack length and B̂ flux density.
In the SPM motor, the PM flux density variation ∆B is defined by the following equation:

∆B = µ0
K̂sD

2p(g + tm/µrec)
(12)
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Figure 9: Current reaction on the PM and the corresponding BH curve with hypothesis of sinusoidal
variation of the current reaction.

p is the number of pole pairs, g is the air-gap thickness, tm is the PM thickness, and µrec is the
recoil permeability of the PM material.This parameter is important because an increase in the electric
loading leads to a reduction in the PM flux density, causing possible irreversible demagnetisation. To
avoid this phenomenon, it is necessary to raise the PM thickness and also the air-gap, if needed.

Figure 9 shows the flux density distribution in the PM and the corresponding variation in the PM
BH curve. It shows that the flux density is not constant along the PM surface and that, to avoid PM
demagnetisation, the minimum flux density must not reach the knee of the BH curve. For both SPM
and REL motor cases, a Finite Element Analysis (FEA) verification has been conducted. Results
prove that:

1. In the SPM motor case, the negligible growth of the average flux density with tm shows that the
increase in the average torque depends on the rise in the current and not on the increase in PM
mass.

2. The REL motor, considering the same operating conditions, exhibits a torque that is approxi-
mately 80% of the torque that the SPM motor produces with the same stator and current.

3. While in PM motors, the high torque requires an increase of the PM volume and mass, the
REL motor may develop a high torque without requiring an additional cost (according to a high
cooling of the conductors).

6. Conclusions
This study demonstrates that the integration of additive manufacturing technology with internally
cooled hollow copper conductors represents a transformative advancement in the thermal manage-
ment of high-power electric machines. By embedding forced liquid cooling directly within the wind-
ings, the proposed architecture effectively decouples electromagnetic loading from conventional ther-
mal constraints, enabling a substantial increase in current densities and a 2.5-fold increase in torque
density compared to state-of-the-art externally cooled systems. The strong correlation observed be-
tween experimental measurements and numerical predictions—validated through both high-fidelity
CFD simulations and efficient 1D lumped-parameter models—confirms the reliability and scalability
of the proposed framework. Ultimately, this work establishes a robust methodology for the design
of next-generation energy conversion systems, laying the groundwork for further geometric optimi-
sation and the exploration of diverse machine topologies enabled by the design freedom of additive
manufacturing
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