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Abstract

Electric aircraft powered by fuel cells and batteries represent a promising avenue for reducing emissions from the avia-
tion industry and meeting the ambitious climate goals. However, the increasing waste heat of the powertrain components
and their low permitted operating temperatures place significant demands on the thermal management system. This study
delineates the methodological approach employed in the Custer of Excellence "Sustainable and Energy-Efficient Aviation”
(SE2A) to design and simulate a thermal management system for electric aircraft. The workflow is divided into four funda-
mental steps: a thermal analysis to identify heat sources and sinks, a generation of potential system configurations, design
of the thermal components for a specific design point, and performance evaluation of the system in an off-design analysis.
The thermal requirements are primarily determined by the fuel cell, which accounts for a proportion of 80 to 95 % of the total
waste heat, while the liquid hydrogen fuel tank can only reduce the total amount of heat by 5 % when considered as a heat
sink. The remaining waste heat must be dissipated by a heat exchanger to the environmental air. The optimization of these
heat exchangers is conducted using a genetic algorithm, with the constraints imposed by the available installation space
and aircraft-related boundary conditions. The optimization process yields a Pareto front comprising potential designs with
varying drag and weight characteristics. Exemplary designs are investigated in detail over the course of a flight mission,
revealing the potential for drag reduction during cruise with the implementation of an appropriate control strategy.
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NOMENCLATURE Subscripts
A area m2 act activation
. ) com compressor
C heat capacity rate WK con concentration
cp specific isobaric heat capacity JI(kgK)  cond conduction
D drag N cool cooling
F objective function - irr irreversible
G constraint - s isentropic
h specific enthalpy Jkg m mechanical
I current A rec recirculation
m mass kg rev reversible
m mass flow rate kgls  theo theoretical
NTU number of transfer units . b turbine
P power W  Acronyms
Q rate of heat flow w AC alternating current
R; internal resistance o DC direct current
T temperature Kk ECS environmental control system
U, voltage y HDTO hot-day take-off
UA overall heat transfer coefficient WIK :-I|-IEE)§( ir;ﬁ::neaxlchh::tgee;changer
W welght . N LH, liquid hydrogen
r design variable "~ (PEM)FC  (polymer electrolyte membrane) fuel cell
Greek symbols PE power electronics
AT, mean temperature difference Kk RHEX ram air heat exchanger o
c effectiveness _ gﬁz\x S;stf]lnatble ar:'nd Energy-Efficient Aviation
- skin heat exchanger
g (Ca)fglcsliizctimperature °C; TMS thermal management system
. 5 TRL technology readiness level
P density m/kg VCC vapor compression cycle
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1. INTRODUCTION

In consideration of the increasingly apparent consequences
of climate change, the European Union has established
the objective of achieving climate neutrality by the year
2050 [1]. In accordance with this plan, the FLIGHTPATH
2050 outlines specific objectives for the aviation industry,
which include a significant reduction in the emissions
and noise pollution of future aircraft [2]. The realization
of these goals is contingent upon the implementation of
innovative technologies, improvements in operations and
infrastructure, deployment of sustainable aviation fuels, and
investments in out-of-sector carbon reduction market-based
measures [3]. With regard to novel technologies, there is
a considerable potential for the complete replacement of
carbon-based fuels through the introduction of electric
powertrains, thereby achieving zero emissions. These
all-electric aircraft are intended primarily for the short-range
market, given that their low power and energy densities are
incompatible with the power and energy requirements of
long-range flights [4, 5].

These electric powertrains, comprising fuel cells, batteries,
power electronics, and electric motors, are responsible for
dissipating a considerable quantity of waste heat at a rel-
atively low temperature. The heat sources are situated in
different locations within the aircraft, necessitating their in-
corporation into a thermal management system (TMS) that
not only ensures heat dissipation to the environmental air
but also exhibits a high power density [6]. Furthermore, the
TMS must demonstrate reliability throughout the entirety of
the flight mission, a requirement that introduces additional
complexity due to the variability of environmental conditions
and the diverse power requirements associated with differ-
ent operating points [7].

In the context of the Cluster of Excellence "Sustainable and
Energy-Efficient Aviation” (SE?A), research is being con-
ducted with the objective of identifying potential solutions for
a more climate-friendly future in aviation [8,9]. The interdis-
ciplinary network encompasses a comprehensive range of
research areas, including an assessment of the air transport
system (cluster area A), improvements to flight physics and
vehicle systems (cluster area B), and the implementation of
novel energy storage and conversion processes for aircraft
(cluster area C). Within cluster area C, the challenges of the
design and integration of a TMS are addressed in project
C5.1, "Total Thermal Management Design and Optimiza-
tion,” through a holistic approach involving the development
of a modular simulation framework.

The aim of this study is to present the methodological ap-
proach employed in the project to design and simulate a
TMS for electric aircraft. Each step of the workflow is il-
lustrated by means of preliminary results for an exemplary
powertrain configuration, accompanied by an identification
of open research questions and an outline of planned future
work.

2. WORKFLOW

The general workflow employed in the project for the pre-
liminary examination of a TMS is comprised of four principal
steps.

1) Thermal analysis. A list of heat sources aboard an elec-
tric aircraft serves to define the thermal requirements
for the TMS. The potential for different heat sinks to
dissipate the waste heat is identified, and critical flight
phases, as well as the design point of the TMS, are
determined.
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FIG 1. Electric powertrain for the study.

2) System configuration. A comparative analysis of poten-
tial TMS configurations is conducted based on a list of
relevant heat sources. The configurations differ in terms
of interconnectivity, reliability, weight, and volume.

3) Component design. Models are constructed for the TMS
configurations with the objective of estimating their im-
pact on the aircraft level, namely weight, drag, and vol-
ume. A particular emphasis is placed on the heat ex-
changer (HEX) due to its importance for reliable heat dis-
sipation. The components are optimized through the use
of a genetic algorithm, constrained by specific aircraft-
related boundary conditions.

4) Off-design analysis. In order to demonstrate the func-
tionality of the TMS throughout the entirety of the flight
mission, an off-design analysis is conducted. The analy-
sis is centered upon performance data, specifically with
regard to drag and power consumption at specific mis-
sion points.

It is important to note that these steps should not be viewed
as a mere sequence of consecutive steps without intercon-
nection. Rather, they should be regarded as an integrated
workflow. In particular, an iteration loop between different
steps is a desirable outcome. To illustrate this, the finding
of a negligible weight of a heat source can result in an ad-
justment of the list of relevant heat sources. Similarly, the
finding of an insufficient performance over the flight mission
can lead to an adjustment of the design point.

The methodology employed in each step is outlined in this
paper, with exemplary results provided to illustrate the pro-
cess. As a baseline boundary condition, the electric pow-
ertrain depicted in Fig. 1 is utilized and sized for a simi-
lar propulsive power as for the ATR-72, with the primary
power source being a polymer electrolyte membrane fuel
cell (PEMFC). Given that the battery represents a unique
type of thermal heat source due to its low operational tem-
perature, it is incorporated into the powertrain. The PEMFC
is sized for cruise conditions, while the battery is utilized for
peak shaving during take-off and climb. The correspond-
ing flight mission, illustrating the total propulsive power and
altitude over flight time, is presented in Fig. 2 [10].
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FIG 2. Flight mission for the study. The remaining peak power
is provided by the battery.
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The configuration of the powertrain is not directly related to
the work of other groups in the cluster. Rather, it serves
as an effective means of illustrating the challenges asso-
ciated with TMSs. Similarly, the reference aircraft have not
yet been optimized and adjusted to align with the given pow-
ertrain configuration in the cluster.

3. THERMAL ANALYSIS

In the thermal analysis, the heat sources and heat sinks are
introduced in a sequential manner, with the effects of each
on the flight mission subsequently demonstrated.

3.1. Heat sources

In the context of this study, a heat source is defined as a
component or object that generates heat and requires cool-
ing in order to maintain a temperature below a specified
threshold. In comparison to a conventional aircraft powered
by a combustion process, the electric powertrain represents
a novel type of heat source in an aircraft, while other heat
sources outside the powertrain have already been incorpo-
rated to some extent in modern more-electric aircraft [11].

3.1.1. Powertrain heat sources

Electric components generate heat as a consequence of
thermodynamic irreversibilities. In the battery, losses arise
from irreversible Joule heating Q.- and reversible entropic
heating Q. [12].

dU,
dr

The internal resistance R; and the entropic coefficient
dU, /dT are calculated from measured data as a function
of the state of charge of the battery [13].

The PEMFC irreversibly generates heat due to electrochem-
ical reactions (activation losses U,,q.¢), ionic and electronic
conduction (ohmic losses Uy, o1m ), and mass transport (con-
centration losses U, .. ). Based on these losses, the oper-
ating voltage U, is calculated (see [14] for detailed informa-
tion) or measured in the form of a polarization curve.

(1) Qbattery = Qirr + Qrev = 12 R, —1IT

(2) PFC =1 (U’LL,NE’I‘TLSt - U’U,act - Uv,oh,m - U’u,con)

The final heat loss Q ¢ is derived from an energy balance
that incorporates all involved reactants [15].

The losses in power electronics are attributed to switching
Qswiter, and conduction losses Qcona.

(3) QPE - stitch + Qcond

A detailed calculation of both terms for converters and in-
verters can be found in [16] and [17], respectively,

Power losses in direct current (DC) cables are generally
lower than in alternating current (AC) cables. However,
losses in AC cables can be considered insignificant due to
relatively short cable length between inverter and electric
motor. For DC cables, the transition loss is

4) Qcable,Dc =I*R;

with resistance R; from [18].

A comprehensive study of the loss mechanisms in electric
motors is given in [19]. The largest part is caused by Joule
losses [20].

(5) Qmotor = 12 Rz
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3.1.2. Heat sources outside the powertrain

Heat sources are not exclusive to the powertrain. Within the
cabin, a passenger is responsible for approximately 120 W
of heat generation [21]. Moreover, crew, in-flight entertain-
ment, and payload contribute to heat generation inside the
cabin and cargo hold. Combined with solar heating and
aerodynamic heating at high flight speeds, the total cabin
heat flow rate sums up to Q.qpin With computation guide-
lines from [22].

Avionics for flight controls, sensors, navigation, and other
electronics apart from the main powertrain also represent a
heat source due to thermodynamic irreversibilities. If actua-
tors are operated via an electric control system, their electric
motor and control unit also represents a heat source. The
required power is estimated from data pertaining to an A320
and scaled to the dimensions of the aircraft under consider-
ation in this study [23]. The resulting heat losses Qactuator
are calculated by assuming a mechanical efficiency 7, .
General and simply applicable models to calculate the
power consumption of other avionics are not available in
the literature. Nevertheless, to include their heat losses,
the total additional power consumption outside the main
powertrain is estimated as

(6) Pother = Prcs/0.75.

This is based on an approximation by [11] that states that the
environmental control system (ECS) accounts for 75 % of
the total electric power consumption in conventional aircraft.
The landing gear and their brakes generates heat particu-
larly during landing through conversion of the kinetic energy
of the aircraft to friction. However, as this heat generation
is a highly transient process that will not be affected by the
change from a combustion engine to an electric powertrain,
it is not considered further in this study.

3.1.3. Heat sources in subsystems

The ECS is responsible for maintaining cabin climate and
pressurization. This is typically achieved through the use
of an air cycle machine. Bleed air from the engine’s com-
pressor is no longer a viable source of power for an electric
aircraft, necessitating the use of an electrically driven com-
pressor. The power consumption Pgcs,com iS estimated
and scaled with the results of [22]. Similar to the electric ac-
tuators, the resulting heat loss QEcs,mm is calculated with
a mechanical efficiency 7,,. Depending on the environmen-
tal temperature and altitude, the compressed air must be
cooled prior to its expansion in a turbine.

(7) QECS,cool - mECS,aiT‘ Cp,air (Tcom,out - Tturb,in)

The temperatures T.om,out @nd Tiurp,in are derived from the
environment and desired cabin conditions on the assump-
tion of polytropic compression and expansion. This thermo-
dynamic cycle absorbs the heat generated in the cabin and
dissipates it to the environment. Therefore, the cabin heat
flow rate Q.apin is replaced by Qrcs.com and Qrcs coor @S
heat sources.

The battery represents a special thermal source within the
powertrain, operating within a low temperature range of
20°C and 40°C [12]. During hot-day take-off (HDTO),
cooling below environmental temperature necessitates the
implementation of vapor compression cycle (VCC) [24].
The periodic compression and expansion of a refrigerant
enables the heat dissipation at elevated temperatures,
albeit at the cost of additional power Py cc,com Which con-
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sequently constitutes a heat source Qvcc.com. The power
consumption is estimated for a polytropic compression
and temperature differences of 10K in the HEXs for the
refrigerant R134 as in [24]. It should be noted that this
refrigerant must be replaced in further studies due to its
environmental impact and only serves here to estimate the
heat flow rate. As power is added to the refrigerant, the
heat flow rate to be dissipated to the environment in the
condenser increases to

(8) Qvee = Quattery + Precc.

In order to operate the PEMFC, it is necessary to provide
an air and fuel supply system. In the air system, the electri-
cally driven compressor emerges as a heat source, as well
as the required cooling of the compressed air to the operat-
ing temperature of the PEMFC. The calculation of the heat
losses is analogous to that of the ECS, resulting in Qpc,com
and Qrc.coor. If the liquid hydrogen is stored above the op-
erating pressure of the PEMFC, no compressor is required
to supply the hydrogen to the PEMFC. Only a recirculation
fan is needed if hydrogen is supplied in excess, resulting in
QFC,rec-

3.2. Heat sinks

Heat sinks in electric aircraft are very limited because there
is no hot exhaust gas to dissipate the waste heat as there is
in conventional combustion aircraft. In such aircraft, the fuel
tank has been used as a viable heat sink. This is also true to
some extent for PEMFC-powered aircraft, as the hydrogen
is stored in a liquid state at temperatures around 20 K [25].
To vaporize the hydrogen and heat it to the operating tem-
perature of the PEMFC, internally generated heat can be
used to eliminate the need for additional electric heaters.
The potential of hydrogen as a heat sink is given by

9) Qu2 = mu2 (haa,ro — hia, tank)

Nevertheless, the utilization of this heat sink is constrained
by the fact that the PEMFC dictates the amount of required
hydrogen.  Furthermore, it increases the interconnec-
tivity between different independent subsystems, which
increases the risk of failure. Ultimately, the environmental
air is the only reliable heat sink that can be exploited indef-
initely, but this is at the cost of large HEXs. By integrating
the HEX directly into the aircraft’s skin, additional anti-icing
systems could be omitted [26].

3.3. Flight Mission Analysis

The application of the aforementioned equations to the flight
mission in Fig. 2 yields a mission-dependent heat loss and
heat sink profile. All assumptions alongside permitted tem-
peratures of the components are given in App. A. The profile
is influenced not only by the varying propulsive power during
different flight phases but also by the deviating efficiencies
observed during partial load.

3.3.1. Heat losses

The heat loss profile of all combined heat sources is pre-
sented in Fig. 3. Although the propulsive power declines to
approximately 50 % from take-off to cruise, the heat losses
exhibit a relatively minor decrease. It is only during descent
that the total heat losses begin to decline significantly, and
it increases once more during the aborted landing.

The proportion of each heat source to the total heat losses
during take-off is illustrated in Fig. 4a. The PEMFC accounts
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FIG 3. Heat loss profile of all combined heat sources.

for 87 % of the heat losses, reflecting its relatively low ef-
ficiency. The remaining share is predominantly attributed
to the electric motor, inverter, converter, and battery of the
powertrain. Heat sources outside the powertrain only ac-
count for less than 1% of the total heat losses, which un-
derscores the growing significance of the TMS for electric
aircraft.

By comparing the heat distribution during take-off to the heat
distribution during cruise in Fig. 4b, it is noticeable that the
PEMFC'’s proportion of the total heat losses even increases.
This is due to the fact that the PEMFC is sized for cruise op-
eration in this study, whereby its power output and thus its
heat load remains constant throughout take-off and cruise.
The battery is only active for peak power shaving during
cruise and climb, and consequently does not contribute to
the heat losses during cruise. Given that the propulsive
power declines during cruise, the heat losses of the elec-
tric motor, inverter, and converter likewise decrease. How-
ever, the significant influence of the PEMFC results in only
a minor reduction in the total heat losses, as initially ob-
served in Fig. 3. It should be noted that this behavior is
altered when the battery is omitted and the PEMFC is sized
for take-off. The reduced propulsive power, combined with
enhanced efficiency during part-load operation, would result
in an intense heat loss peak during take-off.

Inverter DC-cable

Fuel cell (1.2 %) (<01 %)

(86.9 %)

E-motor

(4.3 %) Converter
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powertrain
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(a) Proportion during take-off.
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FIG 4. Proportion of heat sources in the total heat loss.
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3.3.2. Hydrogen heat sink potential

The potential of hydrogen as a heat sink as defined in Eq. 9
is shown in Fig. 5. The qualitative profile aligns the power
output of the PEMFC, as both are coupled by the hydrogen
mass flow rate. During take-off and cruise, a heat flow rate
of approximately 150 kW is required to vaporize and heat
up the hydrogen, indicating that only 5% of the total heat
losses could be embedded to the hydrogen supply.

o
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FIG 5. Required heat flow rate for processing hydrogen de-
picted as a potential heat sink for other heat sources.

3.3.3. Design point

The heat loss profile gives rise to the question of a design
point, since no clear peak in the heat losses can be identi-
fied for the investigated powertrain configuration. However,
it is not only the heat flow rate but also the temperature dif-
ference that is decisive in determinig the critical operating
point for the TMS. The size and thus the weight of a HEX is
governed by its overall heat transfer coefficient U A, derived
from

Q

(10) UA = AT

where AT,, is the temperature difference between compo-
nent and environmental air. The behavior of U A over the
flight mission relative to its value during HDTO is depicted
in Fig. 6 for the main heat sources within the powertrain. The
relative value for all components is below one due to a de-
crease in air temperature with altitude [27]. Therefore, the
highest overall heat transfer coefficient and, consequently,
the largest HEX is required at take-off. This confirms the
take-off as the design point for the TMS and highlights the
issue of oversizing the TMS for take-off in order to ensure re-
liable operation. Nevertheless, the correct function the TMS
must be checked across all flight conditions, since the de-
creasing density with height may result in a diminished air
flow for a fixed intake size.

\— E-motor Inverter = Converter =-=Fuel cell Battery

0 50 100 150 200
Time in min
FIG 6. Overall heat transfer coefficient relative to its value dur-
ing take-off to find a suitable design point.
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4. SYSTEM CONFIGURATION

The initial thermal analysis revealed that the heat sources
in the powertrain have the greatest impact on the total heat
losses, with the PEMFC being a particularly significant con-
tributor. The DC cable exhibits relatively low heat losses,
which can be effectively managed through air cooling with-
out significant effort. A similar conclusion can be drawn with
regard to the heat sources outside the powertrain. Conse-
quently, the electric motor, the inverter, the converter, the
PEMFC, and the battery represent the components of inter-
est for the design of the TMS.

4.1. TMS components

In order to achieve high power densities at the electric
component level, air cooling is presumably not a viable
option. Instead, forced liquid cooling is preferred due to
its high technology readiness level (TRL). Evaporative
cooling is also a feasible option, however, its lower TRL
for aviation application and a more sophisticated required
control strategy prevent a widespread application for the
first generation of commercial electric aircraft [28].

A liquid cooling cycle comprises a heat acquisition device
at the heat source, e.g. a cold plate, a pump, piping, and a
HEX for dissipating the heat to a heat sink. It is important
to note that the aforementioned components represent only
a partial list of the elements that should be included in the
final cooling cycle. In addition, other essential components,
such as expansion tanks, valves, and fittings, must also be
incorporated into the cooling process. However, for the sake
of simplicity, these will be omitted in this study.

As previously stated in Sec. 3.2, the terminal heat sink is
predominantly comprised of the environmental air. Conse-
quently, a compact liquid-to-air HEX must be utilized to en-
sure optimal heat transfer. The most common configuration
is that of a ram air heat exchanger (RHEX), which is embed-
ded within an air duct comprising an intake, diffuser, and
nozzle. The intake captures the airflow, thereby inducing
drag. The airflow is then directed through the diffuser in or-
der to reduce the pressure drop across the RHEX and finally
through the nozzle to gain some recovery thrust. The instal-
lation of a puller fan is optional and serves to increase the
airflow, albeit at the expense of increased power consump-
tion [29]. As a second option, a skin heat exchanger (SHEX)
is directly integrated into the surface of the aircraft, which
omits drag, but requires large surface areas [30]. Moreover,
a SHEX is less effective during ground operation and take-
off, when the largest HEXs are required. (cf. Fig. 6).

4.2. Exemplary TMS configurations

In order to demonstrate the design variety for TMSs, Fig. 7
presents potential configurations. The depicted designs do
not represent the entirety of the configuration options, nor
are they necessarily the optimal configurations. Rather, it is
intended to illustrate the range of possible layouts, varying
in complexity and interconnectivity.

The configuration depicted in Fig. 7a is relatively straight-
forward. All heat sources with component temperatures ex-
ceeding the environmental temperature are cooled in paral-
lel via a single liquid cooling cycle. An even more stream-
lined TMS would exhibit a separate cooling cycle for each
heat source. In the case of a HDTO, the battery tempera-
ture is below the environmental temperature, necessitating
the use of a separate VCC.

As illustrated in Fig. 7b, the second TMS extends the first
configuration by incorporating a SHEX as a heat sink. Util-
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(a) TMS 1: Parallel configuration and separate battery VCC.
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FIG 7. Different exemplary TMS configurations.

ising a SHEX alone would entail a considerable risk of insuf-
ficient heat dissipation, potentially leading to overheating of
the components. To address this, a RHEX is essential for
supporting the SHEX, particularly during take-off and climb.

©2024

An illustration of a more integrated TMS is provided in
Fig. 7c. In contrast to a standalone RHEX for the battery,
the VCC in this configuration is integrated into the pri-
mary cooling cycle via an internal heat exchanger (IHEX).
Furthermore, opposing to a parallel configuration of heat
sources, a combination of parallel and series configura-
tions has been selected. However, as interconnectivity
increases, the risk of failure likewise increases, thereby
reducing the overall reliability of the TMS.

It is possible to eliminate the VCC entirely by integrating the
cold liquid hydrogen into the TMS, as illustrated in Fig. 7d.
The hydrogen provides temperatures below the maximum
permitted temperature of the battery, thereby acting as a
heat sink. In order to achieve precise heating of the hydro-
gen to the operating temperature of the PEMFC, integration
of heat from an additional heat source is necessary to elim-
inate the need for an electric heater.

5. COMPONENT DESIGN

Once a TMS configuration has been selected, its com-
ponents must be sized in order to fulfill their thermal
requirements. In order to simplify this study, only liquid
cooling cycles are considered, not the VCC for battery cool-
ing. The design is limited to a comprehensive optimization
of the compact liquid-to-air HEX, given its status as the
most substantial and voluminous component within the
TMS [31]. The coolant pump and associated piping are
here not subjected to further analysis.

5.1. Component models

All subsequent component models are implemented in Dy-
mola, based on the object-oriented Modelica modeling lan-
guage [32]. The implementation permits the utilization of
identical models for both sizing and rating through the mod-
ification of the prescribed input variables. The underlying
equations are only discussed in brief. For a more detailed
explanation, the reader is referred to [33].

The HEX is modeled in OD using the e-NTU method

(11)
with

Q =€ C’mzn (Tcool,in - Tair,in)

(12) e=f (NTU = .UA , Qmi" , flow arrangement) )

min max

Given a specified heat flow rate for sizing, the required heat
transfer area can be calculated using well-studied correla-
tions for the heat transfer and pressure drop coefficients.
By selecting an appropriate type of HEX for aviation appli-
cation, its volume and mass are determined. For off-design
simulations, the entire geometry is prescribed, and the dis-
sipated heat flow rate is calculated. In this study, a compact
flat tube mini-channel HEX with louvered fins for the airside
is selected due to its low airside pressure drop [34].

In order to calculate the induced drag and the entire volume
of the system for the RHEX; it is necessary to add models for
the intake, diffuser, and nozzle. The airflow is captured with
a scoop intake due to its high pressure recovery capability
and the relatively small installation space required, in com-
parison to flush intakes. It is followed by a two-dimensional
diffuser sized for maximum pressure recovery. The nozzle
is designed with a variable exit area, which allows for the
adaptation of the airflow to off-design operating points. The
mass of the ram air duct is added to the total mass of the
HEX. In addition to the mass, the weight of the HEX is cal-
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culated as

(13)

2

W =gm, g=981ms"

for a better comparison with the induced drag.

5.2. Optimization methodology

A compact HEX features a number of potential design vari-
ables, each of which has an impact on the drag, weight, and
volume of the system. The ram air duct introduces a further
set of design variables, making the complete system more
complex. Consequently, an optimization methodology is re-
quired to ensure the most efficient design possible. This
methodology can be formulated mathematically as

min  F;(xk), i=1,...,1
(14) ot Gj(zr) <0, j=1,...,J
- Th,min < Tk < Thymaz, k=1,..., K.

The primary aim is to minimize a objective function F; which
is a function of the design variables z;. The objective of a
HEX may be to minimize its drag, weight, or volume. The
optimization problem is subject to inequality constraints G
which likewise depend on the design variables z;. These
can be geometrical constraints as a maximum permitted
length of the air duct, or operational constraints, e.g. a
maximum reasonable pressure drop of the coolant. The
design variables themselves are also constrained by lower
and upper bounds.

In this study, a non-dominated sorting genetic algorithm Il
(NSGA-II) is employed for multi-objective optimization,
thereby enabling the simultaneous optimization of two con-
flicting objectives [35]. The convergence of the algorithm
results in the formation of a Pareto front, which represents
the optimal solution space where no further improvement
in one objective can be made without a corresponding
deterioration in the other. The optimization process is
implemented in Python using the Pymoo toolbox [36]. A
flowchart illustrating the coupling between the optimization
process in Python and the component model in Dymola is
presented in Fig. 8.

Lonn 2443
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Mutation
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New generation

Boundary conditions

Heat load
= Coolant inlet conditions
= Ambient conditions
Material properties

L)

Pareto front

FIG 8. Flowchart of the multi-objective optimization in Python
coupled with the component model in Dymola.
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5.3. Sizing results

In order to demonstrate the functioning of the optimization
algorithm, a test case study is conducted. The relatively
simple TMS configuration depicted in Fig. 7a is selected, re-
sulting in a total heat flow rate of approximately 3 MW, which
must be dissipated to the environment by the RHEX. As a
consequence of the necessity for redundancy and reliabil-
ity, it is not feasible to dissipate the entire heat through a
single HEX. Consequently, the total heat flow rate is divided
by ten, which represents a potential distributed propulsion
concept with ten nacelles, as seen in [37]. The complete list
of all involved boundary conditions, design variables, and
constraints is provided in App. B.

The weight and drag are chosen as objectives, resulting in
the Pareto front illustrated in Fig. 9. In addition to the de-
sign heat flow rate for a single HEX of 300 kW, two further
HEXs for 240 kW and 360 kW are optimized to investigate
the sensitivity. Each point on the Pareto front represents a
potential optimal design for a HEX that satisfies the specified
boundary conditions and constraints.

| © Q=240kW = Q=300kW & Q=360 kW
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FIG 9. Pareto front for optimizing weight and drag for different
design heat flow rates.

Drag and weight are two contrasting variables. Conse-
quently, it is possible to design a lightweight HEX that
induces a considerable amount of drag (on the left side of
the Pareto front) or a relatively heavy HEX that induces
minimal drag (on the right side of the Pareto front). It
should be noted that the overall weight of the TMS will
increase when additional components, such as pumps and
piping, are included. However, the incorporation of these
components will not directly affect the drag provided that
the necessity for auxiliary air inlets is negated.

An alternative approach to visualize the results is to plot the
weight-to-drag ratio W/ D rather than one objective on each
axis, illustrated in Fig. 10. The related counter lines of con-
stant W /D are also shown in Fig. 9.

In Fig. 10a, the weight is plotted scaled by the respective de-
sign heat flow rate. From this perspective, it is noteworthy
that the results for the different design heat flow rates are ap-
proximately equivalent. This indicates that, under the spec-
ified boundary conditions, the HEX designs can be scaled
with the heat flow rate with a high degree of accuracy as
a linear function of weight-to-drag ratio. A similar conclu-
sion can be drawn with regard to the drag as illustrated in
Fig. 10b, however, the dependency on the weight-to-drag
ratio is not linear but hyperbolic.
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FIG 10. Drag and weight with respect to the design heat flow
rate as a function of weight-to-drag ratio.

6. OFF-DESIGN ANALYSIS

The HEX designed in the preceding step provides perfor-
mance data for a single operating point, designated the de-
sign point. While the weight remains constant for any off-
design point, the drag varies significantly over a flight mis-
sion. Therefore, it is essential to conduct a mission analy-
sis subsequent to the design phase, particularly for specific
mission phases such as climb, cruise, and descent.

6.1. Control strategy

In order to ensure the TMS’s functionality under off-design
conditions, a control strategy is necessary. Fig. 11 illus-
trates potential methods for adapting the TMS to off-design
heat flow rates and environmental conditions.

Control strategy C1 manipulates the coolant's mass flow
rate through the use of either a variable speed pump or a
valve situated downstream of the pump. It is essential to
consider the temperature difference between the flow and
return temperatures AT, as it is directly proportional to the

—L«@w

FIG 11. Potential control strategies for the TMS.

RHEX
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mass flow rate adjusted by the pump for a fixed heat flow
rate.
(15) Q =1nc, AT

Itis possible that high temperature differences resulting from
low flow rates may give rise to thermal stresses at the heat
source.

In the event that reducing the coolant flow rate is not feasi-
ble, a potential solution is the implementation of a bypass
valve, as illustrated by control strategy C2. This option is
straightforward to control and prevents the heat source from
reaching excessively low temperatures during periods of
low ambient temperature. Nevertheless, from an energetic
standpoint, this approach is suboptimal since it does not
result in a reduction in the power required to operate the
pump.

Alternatively, it is also feasible to manipulate the airflow
through the RHEX, for instance, through the use of a nozzle
with an adjustable exit area. This approach is designated
as control strategy C3. This option is promising in that a
reduction in captured airflow will also result in a reduction
in drag.

6.2. Mission analysis

The off-design calculation is demonstrated for the flight mis-
sion introduced in Fig. 2 and the corresponding heat loss
profile in Fig. 3. A RHEX from the Pareto front in Fig. 9 for
a designed heat flow rate of 300 kW and a weight-to-drag
ratio of 1 is selected. In this exemplary study, the tempera-
ture difference is controlled by the pump, while the bypass
is employed to control the temperature when necessary to
maintain the coolant conditions as provided in App. B. The
exit nozzle area is utilized to minimize the drag. The off-
design simulation is conducted in Dymola with the identi-
cal model utilized for sizing, thereby leveraging the object-
oriented programming approach.

The resulting drag is shown in Fig. 12a. It can be observed
that a notable reduction in drag is achieved from take-off
to cruise by decreasing the exit area, which subsequently
decreases the airflow. The captured air mass flow rate is
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(b) Relative air mass flow rate over the flight mission.

FIG 12. Performance data of the studied TMS.
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demonstrated in Fig. 12b with respect to the theoretical
mass flow rate
(16)

mtheo - Aintake Pair Vu.ir~

The intake spills the remaining air over the nacelle, thereby
not contributing to the ram drag but causing spillage drag. It
would be inadvisable to reduce the airflow rate any further,
as this would result in an increased proportion of spillage
drag. One potential solution would be to replace the scoop
intake with a flush intake. Nevertheless, in order to demon-
strate a satisfactory pressure recovery, a flush intake neces-
sitates a significant inlet ramp length, which must be evalu-
ated in conjunction with the available installation space [38].

7. CONCLUSION AND FUTURE WORK

In this study, the methodological approach to design and
simulate a TMS for electric aircraft in the Custer of Excel-
lence SE?A was presented. From the initial thermal anal-
ysis, it was determined that the PEMFC is responsible for
over 85 % of the waste heat, which can potentially reach
95 % during cruise operation. The utilization of liquid hydro-
gen as a heat sink has the potential to reduce the total waste
heat by a mere 5 %. Given the elevated environmental tem-
perature at ground level and the necessity for full power, the
take-off was identified as the design point of the TMS. In the
subsequent system configuration step, a variety of poten-
tial TMS configurations were presented, exhibiting varying
degrees of complexity and interconnectivity. For the follow-
ing component design, a simple liquid cooling cycle was se-
lected. A genetic optimization methodology was presented,
which generates a Pareto front with drag and weight as ob-
jectives. It was determined that within the specified heat
flow rate range, both drag and weight can be scaled with
satisfactory accuracy as a function of weight-to-drag ratio.
In the final step, the off-design of the TMS over a flight mis-
sion was presented, along with potential control strategies.
Compared to the take-off design conditions, the drag during
cruise can be significantly reduced by adjusting the airflow
through the use of a variable exit area nozzle.

The current and future work in this project is dedicated
to improving the methodological approach, particularly in
steps two, three, and four. The illustrated variety of TMS
configurations will be addressed through an algorithmic ap-
proach that automatically generates and assesses potential
TMS configurations using a backtracking algorithm. This
eliminates the need for manual configuration generation,
thus reducing the risk of inadvertently omitting a promising
TMS configuration. In order to ascertain the optimal heat
sink configuration for electric aircraft, the fin type selected
in this study will be compared to alternative fins, together
with the impact of a flush intake and the usage of a puller
fan. To facilitate a rapid assessment of the TMS configu-
rations, reduced-order models of the optimized HEXs will
be developed. The off-design analysis will be augmented
by a dynamic model that incorporates the thermal mass
of the TMS to investigate the potential deferment of heat
dissipation to subsequent flight phases.
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A. POWERTRAIN

Information about the selected powertrain components and
their maximum permitted temperature is given in Tab. 1.

TAB 1. Powertrain components and assumptions.

component comments & assumptions
e-motor PYmaz = 130 °C, details in [20, 39]
inverter Vmae = 125 °C, details in [17,39]
converter Ymaz = 120°C, Uy gria = 3.2KV,
details in [39,40]
fuel cell Dmaz = 80 °C, details in [41]
battery Ymaz = 25°C, details in [12,39]
e_?ggqogo%x#tl:ry Dmaz = 120°C, 1 = 95 %
compressor 1is = 85 %
turbine 7is = 90 %

B. OPTIMIZATION TEST CASE STUDY

The complete set of variables utilized in the exemplary op-
timization study detailed in Sec. 5.3 is presented in the fol-
lowing Tables 2, 3, and 4. In addition to the boundary condi-
tions, the design heat flow rate Q is required, which impact
was shown in Fig. 9. For the design variables, the objective
is to provide them in a universal format whenever feasible.
Forinstance, non-dimensional area ratios are preferred over
specific dimensions.

TAB 2. Boundary conditions for the optimization test case.

variable unit value
coolant return temperature K 343.15
coolant flow temperature K 333.15
coolant return pressure bar 3
coolant pressure drop bar 1
air velocity m/s 82.31
air temperature K 312.6
air pressure bar 1.01325
wall thickness air duct mm 1
wall thickness tubes mm 0.5
wall thickness fins mm 0.15

TAB 3. Constraint variables for the optimization test case.

variable G unit Gmin  Gmax
coolant channel height mm 0.5 -
coolant channel width  mm 0.5 -
air duct length m - 2.3
air duct height m - 1
air duct width m - 1
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TAB 4. Design variables for the optimization test case.

variable x unit  Xmin  Xmax
air mass flow rate kg/s 117 72
intake area ratio - 2 6
diffuser area ratio - 2 4
coolant channel aspect ratio - 0.1 5
coolant passages per meter  1/m 20 120
louver pitch mm 0.5 3
louver angle ° 8.4 30
louver cut length to height - 0.63 0.95
fin pitch mm 051 3.3
nozzle angle ° 10 40
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