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Abstract: Hydrogen-based fuel-cell systems are a promising technology for reducing carbon
footprint in the portfolio of future propulsion system concepts for small-range and regional
aircraft In order to increase efficiency, the application of a turbo-charged air supply, using
a compressor stage, a turbine stage, and an electric motor, has proven to be beneficial.
This paper explores the thermal management aspects of a pioneering Electrified Turbo
Charger designed for fuel-cell applications. A novel approach employing gas-cooling for
the electric machine is investigated through simulation using an adiabatic Computational
Fluid Dynamics (CFD) model. Bulk-flow-based Heat Transfer Coefficients (BHTCs) and
temperatures are extracted from the CFD Analysis and serve as boundary conditions in a
Solid Thermal model. Additionally, a 3D transient electromagnetic analysis is employed to
assess losses in various components of the machine, which are then integrated into the 3D
Solid Thermal Model. Initial evaluation of the temperature distribution is conducted, and
subsequent analysis highlights uncertainties inherent in this methodology.

Keywords: modeling; thermal management; electric turbocharger; hydrogen fuel-cell
technology; computational fluid dynamics (CFD); electromagnetic analysis; finite element
thermal analysis

1. Introduction
1.1. Broader Context of Climate Change

Climate change and greenhouse gas emissions are known to be interdependent and
are characterized as the main cause of our planet’s temperature rise, a problem that troubles
the scientific community and society ultimately for the past decades [1-4]. After the Paris
agreement, the United Nations Climate Change Commission (UNFCCC) set a long-term
goal of keeping the temperature stable and not allowing it to exceed a 2 degrees Celsius
increase compared to values before the industrial revolution [5,6]. According to this aim, the
European Union has created a common hydrogen strategy that focuses on accelerating the
production of clean hydrogen, decarbonizing its use, and creating a robust infrastructure
and market around it [3]. According to IRENA [4], a realistic way of decreasing the CO,
emissions by 2050 is through six technological avenues, with one of them being hydrogen
composing 10% of the energy mixture given that it is produced from renewables.
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In more context, in the EU during 2018, around 3.8 gigatons of carbon dioxide were
emitted, with the transport sector contributing around 29% of that value alone, with aviation
contributing 4% of the sector total [4]. A hydrogen fuel-cell-powered propulsion system is
considered to be a promising zero-emission system that can be applied to a small-range
regional aircraft architecture, contributing to the sector’s decarbonization [5-10].

1.2. Background of a Charged Fuel-Cell System

A simplified fuel-cell system can be split into four subsystems. The hydrogen subsys-
tem, the fuel-cell stack, the air subsystem, and the electric powertrain [11]. Focusing on
the air subsystem, its main component is the electric turbomachine, which is composed
of a compressor, a turbine, and an electric motor. The turbomachine is included in this
system simply to increase the pressure of air that is needed from the fuel cell to support its
electrochemical reaction. In more detail, the increase in air pressure leads to voltage gain
and ultimately increases the power density of the system [5,11,12]. According to [5], the
connection between the voltage gain and the pressure increase is described by:

AVgain = Cln (gi) , (1)
where: C is the voltage gain constant.

The machine investigated in this work was created using the main findings of Filsinger
et al. [8], while introducing a novel concept of cooling and electric motor topology. The main
aim, when designing the new charging system [13], was to unlock high-speed operation and
reduce the manufacturing cost and complexity of the machine. Background information
about the scope, mission, and layout of the investigated device, essential to the current
paper, can be found at Rathke et al. [12].

1.3. Electric Machine Topologies for Electric Turbo-Compressors

Usually, the main motor topologies used by the industry in electric turbocharg-
ers are overlapping distributed [8,12,13] and non-overlapping concentrated configura-
tions [9,10,14]. For the machine studied here, an alternative motor topology was chosen,
the toroidal winding motor. In more detail, the motor of the machine is a non-slotted
six-coil two-pole toroidal high-speed permanent magnet motor. This architecture was
selected because it can achieve high-speed operation, creates low stator and rotor losses,
has insignificant cogging torque, negligible torque ripples [15], and offers a great coil-area
exposure to air. On the other hand, like all designs, it introduces some drawbacks. The AC
(high-frequency) copper losses are expected to be high, with an additional concern that the
housing in contact with the neighboring coils may create additional losses due to induced
eddy currents. Furthermore, this topology has a relatively large air gap between the rotor
and stator, which increases flux leakage and ultimately results in lower output torque when
compared to other motor types [14-18].

1.4. Forced-Air Cooling Concept

The key idea when implementing the novel forced air-cooling concept of the machine’s
components was forcing air to flow inside the electric motor, between the housing and the
stator. The cooling flow was provided from the exit of the turbine passage. At maximum
operating power, the temperature of the fuel-cell exhaust gases entering the turbine volute is
approx. 75 °C, with a relative humidity close to saturation. One key design characteristic is
distancing the housing from the windings—stator, thus reducing the induced eddy currents
and creating an air passage that can be used for cooling purposes.
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1.5. Thermal Evaluation Scheme

The temperature evaluation of the machine for high-power operation is of crucial
importance, especially during the design phase. Moving away the housing from the coils
reduces the induced losses (Borisavljevic et al. [17]) but also influences the flow field of the
cooling air and the cooling capacity due to convection. To evaluate the temperature field,
one can use conjugate heat transfer analysis, but the setup and computation load are time-
consuming, especially for complicated geometries like the one under investigation. For
this reason, a multistep approach was implemented using separated Computational Fluid
Dynamics and Electromagnetic and Finite Elements Thermal analysis that share boundary
conditions. At first, an adiabatic CFD simulation was conducted, which allowed the
extraction of boundary conditions like wall temperature and bulk-flow-based heat transfer
coefficients (BHTCs), according to a well-known method in the turbomachinery industry
established by Karamavruc et al. [19]. Next, a transient electromagnetic analysis was used
to calculate the electromagnetic losses of the machine. Finally, these data were integrated
into the finite element thermal model, in which the whole machine was represented, and
the temperature field was calculated. The methodology described offers significant time
improvements compared to conjugate heat transfer, and the results presented here represent
the maximum power operating point of the fuel-cell system being considered [12].

2. Electromagnetic Simulation

In order to evaluate the electromagnetic losses of the electric motor in the turbomachine
and the amount of thermal load they produce, two transient electromagnetic models were
created—a two-dimensional one and a three-dimensional one. For both models’ creation
and calculation, the commercial package Altair Flux™ was used. The creation of eddy
currents that occur in the machine’s components is a complicated phenomenon influenced
by the three-dimensional geometric characteristics of the machine’s components [20]. Two-
dimensional models cannot capture such effects, so the 3D one was created, and its results
were compared against the results of the 2D model.

A non-meshed coils approach was implemented, including the winding heads, visible
in Figure la. An end-winding effect was captured at the stator that was not previously
predicted by the 2D model. In Figure 1b, a magnetic flux density spike in the stator near
the excited end-winding was observed. This spike leads to increased stator losses. The
explanation behind this effect is the leakage flux that passes through the air-window from
the winding heads to the stator [20].

<
2
I

Magnetic Flux Density: B (Tesla)

(b)

Figure 1. 3D electromagnetic analysis computational domain: (a) Part of the computational domain

depicting the non-meshed coils wrapped around the stator; (b) Stator magnetic flux distribution at
maximum power operating point.

When comparing the 2D and 3D results at the maximum fuel-cell power operating
point, the 3D model predicts 2% lower output torque but 325% higher stator losses and 56%
higher housing losses. The considerably increased losses are mainly due to end-winding
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and 3D effects. On the other hand, the winding and rotor losses remained similar, with
only 5% and 10% difference, respectively. The key takeaway from this comparison was that,
while the 3D model predicted significantly higher losses in the stator and housing, both
models showed negligible rotor losses.

3. Computational Fluid Dynamics Analysis

To capture the convection mechanisms inside the cooling channels of the electric
turbomachine, a CFD analysis was conducted using the commercial package Ansys® CFX
2021 R2 with low-Reynolds SST turbulence modeling resolving the boundary layer. The
analysis was steady-state adiabatic with continuity, momentum, and energy Navier—Stokes
equations enabled. The computational domain was split into several sub-domains and
two fluid volumes, one for the compressor and one for the turbine-motor cavity side. The
working fluids described in the material properties section were humid air with a relative
humidity of 90% for the turbine side and a standard air definition common for turbocharger
compressor design [21]. The humid air was created using the CoolProp free database,
where the material properties like molar mass (MM), specific heat capacity (Cp), dynamic
viscosity (v), and thermal conductivity (k) were described as functions of temperature

(f(T)) [22].

3.1. Mesh Independence Study

The compressor side, turbine passage, and volutes were meshed with the existing
IHI meshing strategy, already validated and investigated for discretization error both
numerically and against experimental results [21]. Due to no prior experience in meshing
topologies like the motor cavity, a mesh independence study was conducted. Three meshes
were created: a coarse one, a base, and a fine one. The target value of y average was less
than 1, due to the low-Reynolds modeling and y* maximum below 5 [23,24].

While the * y* is presented, other factors were monitored as well. The maximum
residuals for each mesh were expected to drop below the designated threshold of 1 x 10~*
to consider the run converged. Meanwhile, in the same fashion, global imbalances and
targeted quantity variation were added to the convergence criteria list and supervised as
well. The focus of the conducted mesh independence study was in three key variables:

Mass Flow Parameter (MFP or reduced mass flow rate):

MEFP — minlet V Ttot,3

(2)
Prot3
Non-Dimensional Pressure Loss across the Motor Cavity:
P — P b - P
CP _ tot, MP tot4 _ Ltot, MP tot,4 (3)

denamic,MP Ptot,MP - Ps,MP

Total to Static Stage Efficiency:

_ Ttot,4 Ps,4 k%]
s = (1 - (Ttot,B ) > / (1 - (Ptot,3> ) (4)

The Richardson Extrapolation method [23,24] was used to estimate discretization

error during the mesh independence study. This method assisted in predicting the key
variable’s value for an infinitely fine mesh using the results from the coarse, base, and fine
meshes. The approximate relative error of the key variables used ranged from 0.09% to
0.5%, while the extrapolated relative error had values between 0.012% and 0.06%. The fine-
grid convergence index was 0.015%, 0.002%, and 0.076% for each key value, respectively.
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Thereby, mesh independence was considered achieved for the fine mesh, meaning further
refinement would not significantly change the key variable results. The fine mesh was
chosen as the reference with all later calculations conducted with it.

3.2. Near-Wall Modeling Methodology and Numerical Heat Transfer Calculation

To capture the convection characteristics and cooling capacity of the flow, the thermal
boundary layer was resolved by using the automatic wall treatment function that CFX
offers. For low-Reynolds near-wall modeling, the heat transfer coefficient (HTC) was
calculated using the following parameters:

Non-dimensional temperature T [25]:

=
—
U1
=

Tt (y",Pr) = Pre " + [2.12In(y") + Ble™

Near-wall heat transfer coefficient:

pCpu*

T P

(6)
where: Pr the Prandtl number, B and I constant coefficients, p the density, C;, the specific
heat capacity and u” the friction velocity [25]. However, when evaluating the heat flux or
heat transfer coefficients of a fluid in motion, the reference temperature used should be the
free stream (bulk-flow) temperature. To address this, Karamavruc et al. [19] proposed a
bulk-flow-based heat transfer coefficient calculated with T*5P¢(y* = 250, Pr) value for
yT = 250 outside of the viscous sub-layer, as follows:

T*(y*, Pr)
THspec.(y+ = 250, Pr)

hg = hyw )

This methodology is widely used in the industry, replacing the power- and time-
consuming conjugate heat transfer analysis, and has been validated via comparison against
experimental results for conventional turbomachines [19]. The scope of this investigation is
to apply it to electric turbochargers for the first time.

3.3. Cooling Capacity Case Study

Following the aforementioned methodology, a cooling capacity study was performed.
This study evaluated four different housing geometries with case 1 being the base housing
geometry, and cases 2, 3, and 4, where the housing diameter was offset by 5 mm, 10 mm,
and 15 mm, respectively. A total of four operating points were evaluated, representing
idle, 50%, rated, and maximum electric motor power [12]. A computation at each operating
point showed that the mean bulk-flow-based heat transfer coefficient on the surface of the
coils (windings) drops with increasing housing offset, therefore resulting in a decrease in
cooling capacity (Figure 2).

200 ]

T = 150

%5 g —

Sgg 100 —@— Housing Offset 5mm

:: (3 E —0— Housing Offset 10mm
=2 Housing Offset 15mm

« T = 50 4

g M Base Housing

0
1 2 Operating Points 3 4

Figure 2. Bulk flow-based heat transfer coefficients average value on the surface of the windings
plotted against operating points evaluated for all cases investigated.



Eng. Proc. 2025, 90, 48

6 0f 9

4. Solid Thermal Model

In order to evaluate the temperature field of the investigated machine, a steady state
thermal model was created.

4.1. Model Setup

All solid material components were represented in the model, together with their
material properties. Some of the main material properties specified in the model are density,
thermal conductivity as a function of temperature, thermal capacity, etc. According to [26],
the roughness (Rz) and contact pressure between two materials influence the coefficient
of heat transfer in their contact area. Special care was given to the contact area between
the coils and the stator. The windings were wrapped around the stator, creating a “torus”
(toroidal winding). It was assumed that only 11% of the “ideal” contact area actually
touches, leading to a heat transfer reduction factor of 0.11.

Thermal resistance calculation, between the coils and stator:

Rstator,Windings = HTCizoq 011 | W 8
ideal Y-

1 [ m?K }
Additionally, the copper wires were embedded in resin. The resin created a film
thickness of 0.5 mm on average. This resin film influences the bulk-flow-based heat transfer
coefficients in the winding surface. A new heat transfer coefficient was calculated in order
to take this effect into account.
Total heat transfer coefficient on windings:

©)

Thickness 1
HTCtotal = 1/< )

Resin Conductivity + BHTC

4.2. Thermal Model Results

The created thermal model was used to calculate the temperature distribution at the
maximum power operating point, expected to be the most demanding temperature-wise.
The results are illustrated in Figure 3, featuring a cross-sectional view of the machine with
the temperature field contour.

Temperature field: T (K)

Figure 3. Temperature field of the Electric Turbocharger at maximum power operating point.

Key observations include a predicted maximum temperature of 164 degrees Celsius on
the compressor side, while the rotor remains the coldest part of the machine at 31.8 degrees
Celsius. The stator temperature ranges from 98 to 140 degrees Celsius, while the coils
temperature varies from 86 to 99 degrees Celsius (Figure 3). These values are below the
structural limit of 150 degrees Celsius, a temperature at which the resin starts delami-
nating and cracking, creating a risk of short-circuit. Information about the compressor
inflow conditions considered in the aforementioned operating points can be found in [12].
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The high-pressure ratios, particularly near maximum speed, justify the high compressor
outlet temperatures.

Upon these findings, a prototype was built and tested. The first tests showed that it
can operate within certain boundaries of the specified operating points, while an average
of around 5 degrees Celsius higher measured temperature was found compared to that
predicted at the housing, stator, and coils. Furthermore, it should be made clear that the
working air used in the testbench was ambient air with no specific preconditioning of
humidity, while a relative humidity of 90% is expected in fuel-cell operation. Humid air
has better cooling properties due to the higher heat capacity and the heat necessary for the
evaporation of droplets. The primary objective of this initial test was to verify whether the
machine is functional. A detailed comparison of the presented results with the experimental
results will be carried out in the near future, with the test environment being closely aligned
to the operational boundary conditions also used in the methodology described.

5. Conclusions

The scope of this study was to create a methodology for the thermal evaluation of
an electric turbocharger designated for hydrogen fuel-cell charging, while keeping the
computational cost lower than a conjugate heat transfer model. This goal was achieved, as
the methodology was successfully created for calculating the temperature distribution of
the whole machine for the maximum power operating point. Furthermore, the calculation
time was substantially smaller than a standard Conjugate Heat Transfer (CHT) analysis,
assuming that the electromagnetic losses of the motor are given.

5.1. Electromagnetic Model

Looking individually at each model composing the methodology, two electromagnetic
models were created, a two-dimensional and a three-dimensional one, aiming to accurately
predict the electromagnetic losses that the operation of the electric motor creates. Both
models found agreement in predicting negligible rotor losses, showcasing a beneficial
characteristic of the chosen toroidal motor topology. However, the two-dimensional model
could not capture the three-dimensional geometric features that influence the eddy-current
creation and thus the losses, leading to an underestimation of the stator and housing losses
and an overestimation of the output torque.

5.2. Computational Fluid Dynamics Model

In the CFD model, a mesh independence study was performed for the motor cavity,
as there was no previous knowledge in simulating similar topologies. The Richardson
extrapolation method was used successfully, and a “mesh independent” grid was retrieved.
The bulk flow-based heat transfer coefficient method that is commonly used in the industry
for temperature evaluation of a turbocharger was employed.

Using the “independent” mesh, a case study was performed where the effect of moving
the housing away from the coils on the cooling capacity of the flow was investigated. It
demonstrated that, as the housing-winding distance increases, the bulk flow-based heat
transfer coefficients on the winding surface decrease. The drop of cooling capacity is
counteracted by the decreasing induced losses on the housing while the housing is moved
away from the coils. This creates a tradeoff that was investigated to find an optimal solution
and led to the conclusion that the proposed and similar methods are of great importance to
the design face of such machines.
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5.3. Thermal Model

The thermal model predicted the temperature field and showed no worrying values in
critical components. However, due to phase change during turbine expansion, the humid
air at turbine inlet was not modeled. The temperature field might be underpredicted.

The coldest part of the machine was the rotor. Although the temperature reported
was extremely low, some initial results coming from the tested prototype suggest that the
rotor temperature is indeed the smallest in the current machine design. It is known that
high-speed electric turbochargers have a problem achieving even higher speeds due to
rotor temperatures that lead to magnet demagnetization. In the investigated machine,
the toroidal slot-less design seems to overcome this problem, thus making it a promising
candidate for high-speed electric turbochargers.

5.4. Virtual Proof of Concept

By using this methodology to simulate the most demanding operating point of the
machine, regarding temperature and power, it was shown that the estimated temperature
values are lower than the critical values, offering, thus, a successful verification for the
toroidal motor integration and the novel cooling concept.
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