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Thermal Management System Architecture for the Powertrain of
a 90-Seater Battery-Electric Aircraft

Andrea Giuffré∗, Reynard de Vries†, Rob E. Wolleswinkel‡,
Elysian Aircraft, Rendementsweg 2, 3641SK Mĳdrecht, The Netherlands

Carlo M. De Servi§
Delft University of Technology, Kluyverweg 1, 2629HS Delft, The Netherlands

The preliminary design of the thermal management system for the electric powertrain of
a 90-seater battery-electric aircraft is addressed in this study. The main heat loads of the
powertrain are associated with the battery pack and the electronic power unit, comprising an
electric motor, an inverter, and optionally a gearbox. The main operating points of the thermal
management system throughout the nominal flight mission are identified as take-off, top of
climb, cruise, and top of descent. Two candidate architectures are assessed and compared in
terms of key performance metrics, i.e., weight, drag penalty, and electric power consumption.
Moreover, the equivalent battery mass required to power and carry the thermal management
system throughout the flight mission is computed. The results show that the architecture
exploiting the difference in the temperature levels of the heat sources in the powertrain features
superior performance than the baseline configuration. In particular, the total equivalent battery
mass is reduced by 388 kg. Overall, this translates into an increase in the usable range of 11 km
prior to snowball effects, highlighting the importance of the thermal management system in the
design of large battery-electric aircraft.

I. Nomenclature

CR = Cruise 𝑀 = Mach number [-]
EM = Energy mass [kg] ¤𝑚 = Mass flow rate [kg s−1]
EPU = Electronic power unit 𝑃 = Pressure [Pa] - power [W]
eVTOL = Electrical vertical take-off and landing ¤𝑄 = Heat flow rate [W]
GWP = Global warming potential 𝑇 = Temperature [K] - thrust force [N]
ISA = International standard atmosphere 𝑉 = Volume [m3]
MTOM = Maximum take-off mass [kg] 𝑣 = Velocity [m s−1]
PMAD = Power management and distribution system 𝛽 = Pressure ratio [-]
TMS = Thermal management system 𝜂 = Efficiency [-]
TO = Take-off 𝜌 = Density [kg m−3]
TOC = Top of climb 𝜃 = Inclination angle [rad]
TOD = Top of descent
VCC = Vapor compression cycle
𝐴 = Area [m2]
𝐶D = Drag coefficient [-]
𝐶p = Pressure recovery factor [-]
𝐷 = Drag force [N]
𝑒 = Gravimetric energy density [J kg−1]
ℎ = Altitude [m]
𝐿 = Lift force [N]
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II. Introduction
In 2022 the aviation sector accounted for 1.9% of global greenhouse gas emissions, 2.5% of global CO2 emissions,

and 3.5% of effective radiative forcing [1]. The incremental improvements in fuel efficiency of conventional aircraft
are currently insufficient to offset the increasing passenger demand while complying with the sustainability goals
set by, e.g., the European Commission in the Flightpath 2050 [2, 3]. Therefore, revolutionary aircraft concepts
featuring electrified propulsion systems are needed to reach the long-term target of net zero emissions. In this context,
battery-electric propulsion is commonly deemed as an unsuitable pathway for large passenger aircraft when relying
on current and near-future battery technology, i.e., 200-500 Wh/kg [4–7]. However, a recent study challenged the
belief that battery-electric propulsion might be used only for small commuter aircraft flying over short distances, by
highlighting four common misconceptions in the scientific literature [8]. Based on such considerations, a follow-up
study demonstrated that it is theoretically possible to design a 90-seater battery-powered aircraft with a useful range of
800 km for a pack-level energy density of 360 Wh/kg [9]. The resulting aircraft has an estimated energy consumption of
167 Wh/pax-km, leading to approximately 70-80% lower grid energy consumption than eSAF-based alternatives, and
40% to 75% less than hydrogen-based alternatives [9]. However, the aircraft conceptual design has been performed
with class-II design methods [10, 11] and is based on several system-level assumptions. To verify the validity of such
assumptions, further research has been performed in ten key technical areas. This work documents the research efforts
focused on the Thermal Management System (TMS) for the electric powertrain, comprising battery pack, electric
motors, inverters, and optionally gearbox. Additional heat loads associated with the avionics, Power Management
And Distribution (PMAD) system, ice protection system, environmental control of the cabin and cockpit, and gas
turbine-based reserve energy system are disregarded in this study.

The conceptual design of the TMS for the powertrain of hybrid-electric aircraft has been already addressed in previous
studies. In [12] the authors provided an assessment of various TMS architectures, by comparing key performance
metrics, such as weight, volume, electric power consumption, and ram air flow requirements. The study is useful to
identify the most promising technologies, but it does not provide any information regarding the design of the TMS for a
specific aircraft configuration. Rheaume et al. investigated the impact of the TMS on the fuel consumption of a 5 MW
parallel hybrid configuration for a commercial, single-aisle aircraft. In their first study, the battery pack and the motor
drive share the same ram air-cooled liquid loop operating with a 50% mixture of water and propylene glycol, whereas
the engine and gearbox are cooled by an oil loop operating with MIL-PRF-23699, i.e., a synthetic oil commonly used
for aviation applications [13]. For the prescribed configuration, the impact of the TMS on the total fuel burn evaluated
throughout the nominal flight mission is approximately 3.4%. In a follow-up study, the authors modified the TMS
architecture by separating the coolant loops of the battery pack and the motor drive, thus allowing the latter to operate at
a higher temperature, leading to a downsizing of the correspondent heat exchanger. Moreover, the authors proposed to
pre-cool the battery pack before take-off to leverage its thermal inertia and postpone the activation of the onboard TMS
until the mid-climb phase. Overall, the total fuel consumption of the TMS has been reduced to approximately 0.7% [14].
In [15] the authors evaluated the performance of a ram air-based TMS throughout the flight envelope of a 180-seater
partial turbo-electric aircraft. The study addressed the heat loads associated with electric motors, generators, and power
electronics. The prescribed sizing point of the TMS was top of climb, whereas the most critical operating point was
identified as take-off during a hot day. In such conditions, the authors suggested the use of a puller fan in the ram air
duct to avoid TMS oversizing. In an additional parametric study performed by Planès et al. [16], the performance of a
ram air-cooled liquid loop has been compared to the one of a Vapor Compression Cycle (VCC). The case studies under
analysis were a single-aisle passenger aircraft and a business jet, featuring a more elctric aircraft architecture. The
selected operating point was cruise flight at ISA conditions. The authors concluded that a VCC architecture featuring
flush ram air intakes consistently leads to superior performance than a liquid loop using ram air as heat sink.

Differently from the aforementioned studies, the present work is focused on an electric aircraft flying the nominal
mission purely on battery power. For such configuration, the TMS has a larger impact on the weight, drag penalty, and
electric power consumption at aircraft level, thus its optimization has a direct influence on the usable range. To properly
assess such impact, this work features a model-based system engineering approach integrating the conceptual design of
the TMS with the preliminary design of its main components. Moreover, the present study documents a comparison
between a baseline architecture and an alternative configuration exploiting potential synergies among the heat loads
associated with the various components of the electric powertrain. The remainder of the paper is structured as follows.
The selected aircraft configuration, the flight mission, and the operating envelope of the TMS are described in Sec. III.
The baseline and alternative system architectures are introduced in Sec. IV. The methodology is documented in Sec. V,
with particular emphasis on the models of the main components. The results are presented in Sec. VI and the main
takeaways are summarized in Sec. VII.

2

D
ow

nl
oa

de
d 

by
 T

ec
hn

is
ch

e 
U

ni
ve

rs
ite

it 
D

el
ft

 o
n 

Se
pt

em
be

r 
4,

 2
02

5 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

02
5-

32
07

 



Fig. 1 Three-views drawing of a 90-seater, battery-electric passenger aircraft with a gas-turbine-based reserve
energy system displayed with dotted lines. The A320 planform is included in the top view for scale. Dimensions
are reported in meters. Figure adapted from [9].

Table 1 Overview of main design parameters of the 90-seater battery-powered aircraft documented in [9].

Parameter Value Parameter Value

Maximum take-off mass MTOM 76,000 kg Maximum lift-to-drag ratio (𝐿/𝐷)max 23
Energy mass EM 34,930 kg Efficiency of battery 𝜂bat 0.95

Pack-level energy density 𝑒bat 360 Wh/kg Efficiency of PMAD 𝜂pmad 0.96
Usable energy density 𝑒us 324 Wh/kg Propulsive efficiency 𝜂p 0.87

III. Case Study
The vehicle under analysis is the 90-seater battery-powered aircraft described in [9]. The layout is schematically

displayed in Fig. 1, and the main aircraft design parameters used in the remainder of this work are summarized in Tab. 1.
The aircraft features a tube-and-wing design with eight distributed propellers and a gas-turbine-based reserve energy
system. Therefore, it is technically a hybrid-electric aircraft, although the nominal mission is flown purely on battery
power, and the fuel-based reserve energy system is activated only for emergencies. Each Electronic Power Unit (EPU) is
constituted by an electric motor, an inverter, and it may optionally feature a gearbox. On the one hand, the use of a
gearbox decouples the propeller shaft from the motor drive, thus enabling the optimization of the motor rotational speed
independently from the propeller rotational speed, leading to lower losses and lower heat load. On the other hand, the
gearbox itself requires active cooling, thus introducing an additional heat load. Therefore, the presence or the absence
of a gearbox leads to marginal changes in the EPU cooling requirements. For conciseness, only the direct-drive EPU
configuration is analyzed in this work. The battery pack is located in the wingbox and is electrically connected to the
EPUs via the power management and distribution system. For the purpose of this study, the battery is topologically split
into eight packs, i.e., one for each EPU, featuring the same heat capacity of approximately 4366 kJ/K.

The flight mission is shown in Fig. 2, together with the average C-rate and battery state of charge associated with each
segment [17]. The operating points characterized by the highest EPU power setting and the highest battery discharge
rate, thus also the highest heat loads, are Take-Off (TO) and go-around. From the TMS perspective, the go-around
procedure is slightly less critical than TO, as the initial temperature of the battery pack and the EPUs is lower at the end
of the descent phase than at the end of taxiing. As suggested in [18], the TMS cooling requirements during TO and the
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Fig. 2 Average (dis)charge rates and corresponding states of charge for different mission segments throughout
the flight mission, including reserves. Figure adapted from [17].

Table 2 Operating points selected to size and assess the performance of the TMS throughout the nominal flight
mission. The values of heat loads refer to the entire electric powertrain, i.e., eight EPUs and eight battery packs.

Operating Point ¤𝑄bat [kW] ¤𝑄epu [kW] 𝑀∞ [−] ℎ [km] 𝑃amb [kPa] 𝑇amb [◦C]

TO ISA 300 635 0.2 0 101.3 15
TOC ISA 500 528 0.565 7.62 37.6 -34.5
CR ISA 450 324 0.565 7.62 37.6 -34.5

TOD ISA 400 324 0.565 7.62 37.6 -34.5
TO ISA+35 315 667 0.2 0 101.3 50

TOC ISA+35 525 554 0.565 7.62 37.6 0.5
CR ISA+35 472.5 340 0.565 7.62 37.6 0.5

TOD ISA+35 420 340 0.565 7.62 37.6 0.5

initial climb phase could be reduced by exploiting the thermal inertia of the battery pack. This could be achieved by
pre-cooling the battery pack before TO at a set point below the maximum nominal operating temperature, e.g., 30◦C for
lithium-ion batteries. Expanding on this concept, the TMS cooling power could be modulated during the climb phase to
achieve the maximum nominal operating temperature of the battery pack, e.g., 45◦C, at Top Of Climb (TOC). Then, the
pack temperature could be kept approximately constant during the Cruise (CR) phase until Top Of Descent (TOD),
aiming to exploit the thermal inertia of the battery during the descent phase, thus avoiding any heating requirement. If
such procedure is implemented, the main operating points characterizing the TMS operating envelope are TO, TOC,
CR, and TOD. The cooling requirement during fast-charging is disregarded in this study, as it is assumed that the battery
pack is cooled by means of a ground-based system during this phase. A time-dependent heat transfer analysis has been
performed to compute the cooling requirements of the battery pack and the EPU at the prescribed operating points at
ISA conditions and in presence of very hot weather. The results are reported in Tab. 2. As one can notice, the TMS
cooling requirements are only marginally affected by the changes in environmental conditions. This is due to the choice
of materials, battery module design, and the type of integration of the battery pack within the wingbox and of the EPU
within the engine nacelle.
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(a) EPU liquid cooling loop (b) Battery pack single-pressure level VCC

Fig. 3 Baseline TMS architecture, featuring two decoupled cooling loops for the battery pack and the EPU.

IV. System Architectures
Two TMS architectures are assessed and compared in this study. The baseline architecture features two separate

cooling loops for the battery pack and the EPU, whereas the alternative TMS configuration exploits the synergy between
the two heat sources operating at different temperatures.

A. Baseline Architecture
The baseline TMS configuration for the EPU is a ram air-cooled liquid/oil loop, see Fig. 3a. The working fluid can

be either a mixture of water and ethylene/propylene glycol, or a synthetic lubro-refrigerant, such as MIL-PRF-23699. A
water-glycol mixture features superior thermodynamic properties, but it cannot be used as lubricant in case a gearbox is
present. The main drawback associated with the use of lubro-refrigerants is the sharp increase of their viscosity at
temperatures close to 0◦C, which in turn complicates the start-up procedure in cold environments. In this work, the
selected working fluid is a mixture of water and ethylene glycol with a 50% mass fraction and a mass flow rate of 2 kg/s.

The baseline architecture for the battery pack TMS is a single-pressure level VCC using ram air as heat sink, as
displayed in Fig. 3b. Differently from the EPU, whose maximum coolant operating temperature can exceed 100◦C,
the battery pack TMS cannot rely on a simple ram air-cooled liquid loop. This is due to operating scenarios in which
the maximum nominal operating temperature of the battery pack, e.g., 45◦C, is lower than the temperature of the
heat sink, such as during TO at ISA+35. In such conditions, a heat pump is required. Following previous research
on the environmental control system of more electric aircraft [19], the configuration analyzed in this work features a
high-speed oil-free centrifugal compressor as prime mover of the VCC. The working fluid of the battery coolant loop is
a water-ethylene glycol mixture with a 10% mass fraction and a mass flow rate of 1.5 kg/s, whereas the one used in the
refrigerant loop is R1234yf, i.e., a low-GWP replacement for R134a. The influence of the thermophysical properties of
different refrigerants on the performance of the VCC is not addressed in this work, but it will be investigated as part of a
follow-up study.

B. Alternative Architecture
The alternative TMS architecture is schematically displayed in Fig. 4. The two key features of this configuration

are: i) integration of the heat rejection system of the two cooling loops, i.e., condenser and subcooler, in the same ram
air duct; ii) coupling of the battery and EPU cooling loops by means of a plate heat exchanger and a bypass system
activated by a network of three-way valves. The first feature is enabled by the difference in the operating temperatures
of the two heat sources, which directly influence the temperature levels of the two cooling loops. In a nutshell, the same
ram air flow that is used as heat sink for the condenser of the VCC can be re-used, despite the temperature rise, as heat
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sink for the subcooler of the EPU cooling loop. On the one hand, such configuration increases the pressure drop in the
ram air duct due to the presence of two heat exchangers in series on the air side. On the other hand, it promotes a higher
heat addition in the ram air flow, which ultimately leads to a higher thrust generation in the nozzle due to the Meredith
effect [20]. By carefully designing the two heat exchangers, as well as the intake, diffuser and nozzle, it is possible to
partially or, in some specific cases, totally offset the drag generated within the ram air duct by exploiting the Meredith
effect. Moreover, sharing the same ram air duct for the battery pack and EPU cooling loops promotes a reduction of
the detrimental impact of the TMS on the external aerodynamics of the aircraft. The second feature of the alternative
TMS architecture allows to use the battery pack as a heat sink for the EPU cooling loop in place of the ram air stream
at some designated operating points. Such technological solution has been previously investigated in the context of
eVTOLs, as it enables the cooling system of the electric motors and inverters to be downsized for the peak power phase
characterized by short transients, i.e., vertical take-off. On the contrary, for large battery-electric aircraft characterized
by higher battery capacity and lower C-rate throughout the flight mission, the coupling of the battery and EPU cooling
loops can be used to preheat the battery pack during cruise in cold weather, thus ensuring that the battery temperature
stays within the nominal range during low-power descent without the need of active heating.

Fig. 4 Alternative TMS architecture, integrating the heat rejection system of the cooling loops for the battery
pack and EPU in the same ram air duct. The bypass system coupling the two cooling loops is shown by the
dashed lines.

V. Methodology
The models of the baseline and alternative TMS configurations have been implemented in the Modelica language,

using the DeSimECS (Design and Simulation of Energy Conversion Systems) library developed by the Propulsion and
Power group of Delft University of Technology. All the components are modeled as steady-state and zero-dimensional.
The only exceptions are the centrifugal compressor and the evaporator included in the VCC. The former is modeled by
means of TurboSim, i.e., a validated Python software developed by the author and documented in [21, 22]. The model
combines the lumped parameters approach with one-dimensional flow discretization along key compressor components,
and resorts to a blend of physics-based and semi-empirical loss models derived from experimental data. The model
is complemented with a method for preliminary weight estimation that accounts for the weight of the compressor
assembly by means of a parametric CAD model generated via CadQuery [23], and for the weight of the electric motor
by computing its power density with the method documented in [24]. The use of a centrifugal compressor in place of a
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Fig. 5 Ram air duct configuration featuring scoop intake, diffuser, inclined heat exchanger, puller fan, and
variable area nozzle.

volumetric machine as prime mover of the VCC leads to significant weight and space savings. Moreover, the use of gas
bearings prevents the risk of oil contamination in the refrigerant loop. The topology selected for the evaporator of the
VCC is that of gasketed chevron plate. The main advantage of this topology is the high heat transfer coefficient due to
the flow turbulence promoted by the corrugations between adjacent plates, which leads to very compact heat exchanger
designs. On the downside, this topology is not suitable in presence of high fluid pressure, i.e., 𝑃 > 15 bar, due to leakage
issues. However, the evaporator is located in the low-pressure side of the VCC refrigerant loop and the maximum
coolant pressure dictated by the battery pack requirements is significantly lower than the aforementioned threshold. The
sizing and the performance assessment of the evaporator, including weight estimation, are performed by resorting to the
commercial software ASPEN Exchanger Design and Rating, which implements a one-dimensional flow discretization
according to the finite volume method. The condenser of the VCC and the subcooler of the EPU cooling loop share the
same topology. It consists of alternate flat tubes with an internal microchannel structure and multi-louvered fins brazed
on the external surface. The air and the liquid coolant flow according to an unmixed cross-flow arrangement. The liquid
flows through the microchannels, whereas the air flows through the passages created by the fins, which are used to
extend the heat transfer surface without increasing the volume occupied by the heat exchanger. This topology is typically
employed for automotive applications, due to its high compactness. The model of the condenser is extensively described
in [19], thus its details are omitted here for brevity. It is implemented according to the moving boundary approach, i.e.,
the condenser is divided into a number of control volumes equal to the number of working fluid phases: desuperheating
(superheated vapor), condensing (liquid-vapor in thermodynamic equilibrium), and subcooling (subcooled liquid). This
approach allows for the selection of the most suited correlations for the calculation of the heat transfer coefficient and the
pressure drop for each phase [25]. The condenser model has been adapted to describe the subcooler by simply using one
control volume representing the subcooled liquid phase. The dry weight of the condenser and the subcooler is directly
computed as the product of the density of the selected material and the volume occupied by the flat tubes and fins,
multiplied by an empirical coefficient to account for the presence of the casing, manifold, and soldering. Moreover, the
weight of the two heat exchangers is increased to account for the presence of liquid coolant or phase-changing refrigerant
in the flat tubes. The circulation pump is simply treated as a turbomachinery component featuring a constant isentropic
efficiency of 𝜂is = 55%. The pump weight is estimated separately by selecting a component from the catalogue of a
commercial supplier that meets the requirements expressed in terms of head and volumetric flow rate. The coolant pipes
are sized to ensure that the coolant velocity does not exceed 3 m/s in any part of the circuit. The estimated pipe length is
4 meters and 10 meters for each EPU and battery cooling circuit, respectively; the weight estimation accounts for both
the solid and fluid sections of the pipe.

The ram air duct is constituted by five components in series, i.e., intake, diffuser, heat exchanger, fan, and a nozzle
featuring variable geometry, as displayed in Fig. 5. In the case of the alternative TMS configuration, the ram air
duct features six components, as the condenser and the subcooler are placed in series. In this work, a scoop intake
with elliptical shape is adopted, and is modeled according to the methodology documented in [26]. The drag penalty
associated with the intake can be expressed as

𝐷 = ¤𝑚∞𝑣∞
𝐶D
2

(1)

where ¤𝑚∞ is the ideal mass flow processed by the intake in free-stream conditions
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¤𝑚∞ = 𝜌∞𝑣∞𝐴 (2)

and 𝐶D is the drag coefficient. This is expressed as the sum of the ram drag coefficient, the skin friction drag coefficient,
the spillage drag coefficient, and two corrections accounting for the presence of a diverter, and the increase of drag at
values of mass flow rate close to the choking point of the intake. These coefficients are evaluated with the semi-empirical
correlations reported in [26]. The pressure recovery factor of the intake is expressed as

𝐶p =
𝑃t,1 − 𝑃∞
𝑃t,∞ − 𝑃∞

, (3)

where 𝑃t,∞ and 𝑃∞ refer to the total and static pressure at free-stream conditions. The pressure recovery factor is
evaluated with a series of semi-empirical correlations in the same fashion as the drag coefficient. The static pressure
recovery in the diffuser is interpolated from the experimental data for two-dimensional rectangular diffuser reported
in [27]. Notably, this methodology introduces some modeling uncertainties, as the actual diffuser geometry might
deviate from the two-dimensional rectangular shape. The heat exchanger(s) is placed at a non-zero angle 𝜃 with respect
to the flow direction, in order to reduce the overall dimensions of the ram air duct, thus its impact on the external
aircraft aerodynamics. However, this increases the pressure drop across the heat exchanger(s) on the ram air side, and it
may lead to flow maldistribution in case the inclination angle is excessive. In this work, 𝜃 is limited up to 60◦, and
the increase in pressure drop is estimated with the empirical method documented in [28]. The presence of a ram air
fan is needed when the pressure drop across the heat exchanger(s) is higher than the static pressure recovery in the
intake and the diffuser. This scenario is usually associated with low aircraft speed and high ram air mass flow rate
requirement, such as during TO in a hot environment. Throughout the remainder of the flight mission, the ram air fan
could be de-activated to reduce the electric power consumption. However, even if not active, the presence of the fan
within the ram air duct introduces additional weight and pressure losses due to wind-milling. Therefore, the design of
low-pressure drop heat exchanger(s) and high-pressure recovery intake and diffuser, such to avoid the need for a ram air
fan, could enable a sizeable improvement of the ram air duct performance. In this work, the ram air fan is treated as a
turbomachinery component featuring a constant isentropic efficiency of 𝜂is = 65%, and it is activated only when the
total pressure at the heat exchanger outlet falls below the free-stream static pressure augmented by 1 kPa. When the fan
is not active, the pressure drop associated to wind-milling is neglected for simplicity. The weight of the ram air fan and
its motor is estimated with the empirical fitting proposed in [29]

𝑚fan = 0.3 · 7.022 ¤𝑚air + 0.889 ·
(
𝑃el

1000

)0.9
(4)

The nozzle is placed downstream of the ram air fan, and is used to offset part of the drag penalty associated with the
intake by expanding the energized ram air flow, thus generating thrust. The nozzle outflow area is actively adjusted by
means of actuators, to match the ram air mass flow rate requirement in each operating point. The model of the nozzle
follows the methodology described in [30]. The net drag force generated by the ram air duct is computed as

𝐷net = 𝐷intake − 𝑇nozzle (5)

VI. Results and Discussion
The ram air duct of the two TMS architectures, including the condenser and subcooler, is sized at the most critical

operating point, i.e., TO ISA+35. Notably, the condenser is sized at TO ISA+35, even though the maximum cooling
requirement associated with the battery pack is at TOC ISA+35, as reported in Tab. 2. Indeed, the highest temperature
of the heat sink is measured at TO ISA+35, therefore leading to the maximum ram air flow requirement, which in turn
sizes the frontal area and the finned passages of the condenser. Both the condenser and the subcooler feature a frontal
area of 0.446 m2 and a porosity of about 0.94, defined as 𝜙 = 1−𝑉ht/𝑉 , where𝑉ht is the total metal volume used for heat
transfer, and 𝑉 is the geometrical volume calculated with the outer heat exchanger dimensions. The maximum pressure
drop calculated at TOC ISA+35 across the two heat exchangers on the air side is 1.02 kPa for the condenser and 1.19 kPa
for the subcooler. On the contrary, the evaporator is sized for the maximum battery cooling requirement at TOC ISA+35.
The selected evaporator design features 21 M6 plates from the manufacturer Alfa Laval. The maximum temperature lift
of the VCC, hence the maximum pressure ratio that must be provided by the refrigerant compressor, is required at TO
ISA+35 to achieve a sufficient temperature difference between the heat sink and the refrigerant stream without requiring
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Fig. 6 Operating map of the refrigerant compressor powering the VCC system of the alternative TMS
architecture.

an excessive heat transfer area of the condenser. The operating map of a centrifugal compressor preliminary sized using
TurboSim for the alternative TMS configuration is displayed in Fig. 6. The selected compressor design features a design
rotational speed of about 90,000 rpm, an impeller inlet and outer diameter of 15.2 mm and 40.6 mm, respectively, and
an impeller back-sweep angle of 48◦. The maximum power and torque specifications for the design of the electric
motor are 19.5 kW and 1.91 Nm obtained at around 98,000 rpm. As one can notice in Fig. 6, a high-speed single-stage
compressor can effectively cover all the operating points of the VCC with a calculated total-to-total isentropic efficiency
in between 75% and 82%. As expected, the most stringent operating condition is defined by TO ISA+35, due to the
combination of maximum pressure ratio and lower mass flow rate as compared to TOC ISA+35 and CR ISA+35. To
achieve higher efficiency and guarantee stable compressor operation at such condition, the design can be further refined
using automated optimization methods and higher fidelity tools; however, this is outside the scope of the present work.

Once the main components of the TMS have been sized, the off-design performance of the two proposed system
configurations have been evaluated. The main results computed for the baseline and alternative TMS architectures are
summarized in Tab. 3 and Tab. 4, respectively. Notably, the electric power consumption of the two TMS configurations is
almost equal across the operating points at ISA conditions, whereas it shows up to ≈ 15% change at ISA+35. The power
consumption is mostly driven by the refrigerant compressor, and, in turn, by the temperature lift provided by the VCC.
Therefore, when the refrigerant compressor operates at the same pressure ratio, the power consumption of the two system
configurations is almost identical. This holds for most of ISA conditions, but not for ISA+35, as the ram air intake of the
VCC of the baseline architecture is slightly downsized, thus leading to variations in the temperature lift requirement at
high temperatures of the heat sink. Furthermore, the alternative TMS architecture shows a consistent reduction of the
net drag penalty across all the prescribed operating points. This is largely due to a reduction of the external drag, here
defined as the component of the drag penalty associated with the disturbance of the external aerodynamic flow induced
by the presence of the intake(s), such as, e.g., the spillage drag. The decrease in external drag is simply achieved by
placing the condenser and the subcooler in the same ram air duct, thus reducing the total frontal area of the intake(s) and
the wetted surface area of the ram air duct(s). To conclude the comparison, the total weight of the two systems have
been computed accounting for the presence of eight EPUs and eight battery packs distributed along the wing; the result
is equal to 1282 kg and 1130 kg for the baseline and the alternative configuration, respectively. The weight penalty of
the baseline architecture is due to the duplication of the ram air duct components, i.e., intake, diffuser, fan, and nozzle.

The thermodynamic principle that enables the operation of the two heat exchangers in series using the same heat
sink is schematically explained in Fig. 7. The chart shows only the operating points at ISA conditions for the sake of
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Table 3 Key performance metrics of the baseline TMS architecture computed at the operating points defined in
Tab. 2. The values of drag and power consumption refer to eight EPUs and battery packs, whereas the values of
air mass flow rate refer to one ram air duct.

Operating Point 𝑃el [kW] 𝐷net [N] 𝐷ext [N] ¤𝑚air,bat [kg/s] ¤𝑚air,epu [kg/s]

TO ISA 64.9 488 1225 1.80 1.10
TOC ISA 69.4 1165 3677 1.55 0.94
CR ISA 51.8 1252 3597 1.36 0.90

TOD ISA 37.6 1279 3565 1.28 0.90
TO ISA+35 211.9 1528 335 3.60 2.18

TOC ISA+35 206.7 1459 3724 2.57 1.11
CR ISA+35 160.1 1479 3775 2.44 1.19

TOD ISA+35 121.4 1367 3844 2.08 1.19

Table 4 Key performance metrics of the alternative TMS architecture computed at the operating points defined
in Tab. 2. The values of drag and power consumption refer to eight EPUs and battery packs, whereas the values
of air mass flow rate refer to one ram air duct.

Operating Point 𝑃el [kW] 𝐷net [N] 𝐷ext [N] ¤𝑚air [kg/s]

TO ISA 64.9 378 833 1.80
TOC ISA 69.4 842 2486 1.55
CR ISA 51.8 912 2418 1.36

TOD ISA 27.6 926 2440 1.42
TO ISA+35 239.7 1012 243 3.80

TOC ISA+35 176.5 1602 2460 2.83
CR ISA+35 141.1 1474 2496 2.69

TOD ISA+35 105.5 1216 2602 2.32

clarity; however, the same principle is applicable to the entire operating envelope. First, the ram air stream enters the
condenser at low temperature and is used as heat sink to achieve full condensation of the refrigerant stream. The air
temperature rise is controlled by three parameters: i) condensation pressure; ii) degree of subcooling; iii) ram air mass
flow rate. Then, the same ram air stream is conveyed to the subcooler and is further heated until the target EPU coolant
temperature is achieved. As briefly mentioned in Section IV, the enthalpy increase in the ram air flow induced by the
heat transfer can partially, and, in some specific cases, totally offset the additional pressure drop generated in the ram air
duct due to the presence of two heat exchangers in series, thanks to the Meredith effect. It is important to highlight that,
as the two heat exchangers feature a cross-flow configuration, the ram air outlet temperature defines the theoretical
minimum temperature that can be obtained in the EPU coolant stream. To reduce this temperature, one needs to increase
the heat capacity of the ram air stream, i.e., increase the ram air flow rate, thus leading to a reduction of the slope of the
blue lines in Fig. 7. However, this typically leads to an increase of pressure drop across the heat exchangers at fixed
frontal area and possibly to an oversizing of the intake. In light of the above, the correct functioning of the alternative
TMS architecture is enabled by the fine tuning of the VCC operation, and of the ram air mass flow rate, by means of an
active control of the nozzle outflow area, as well as by the difference in the maximum nominal operating temperature of
the two heat sources.

To further assess the performance improvement enabled by the alternative TMS architecture, it is possible to convert
the drag penalty and electric power consumption into an equivalent battery mass that must be carried onboard the aircraft
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Fig. 7 Temperature - heat flow rate diagram for the ram air duct of the alternative TMS architecture operating
at ISA conditions.

to enable the operation of the TMS. In particular, the equivalent battery mass due to the drag penalty can be computed as

𝑚𝐷,eq =

∫
𝐷𝑣∞

𝜂p𝜂pmad𝜂bat
𝑑𝑡, (6)

whereas the one due to the electric power consumption reads as follows

𝑚𝑃,eq =

∫
𝑃el
𝜂bat

𝑑𝑡 (7)

The integrals in Eqn. (6) and Eqn. (7) are computed considering the nominal mission flown at ISA conditions, as the
battery mass is sized for such scenario. The reserve mission is disregarded for simplicity in this analysis, even though
the target aircraft is designed such that the go-around and initial climb phases are flown on battery power to allow for the
start-up of the reserve energy system. The propulsion system operates close to idle conditions during the descent phase,
hence the heat generation in the electric powertrain is close to zero. Therefore, only the electric power consumption due
to the coolant pumps and the aerodynamic penalty due the spillage drag induced by the presence of partially closed
intakes are considered during the descent phase. The sum of the TMS mass and the equivalent battery mass computed
with Eqn. (6) and Eqn. (7) is equal to 2351 kg and 1963 kg for the baseline and alternative architecture, respectively.
To complement this analysis, a detailed breakdown of the various weight contributions is reported in Fig. 8 for the
alternative TMS configuration. The results show that, by integrating the condenser and subcooler in the same ram air
duct, the alternative TMS architecture leads to an equivalent total weight savings of 388 kg. If such a weight budget is
allocated for the installation of additional batteries, the resulting increase in usable range can be computed using the
modified Breguet range equation [31]

Δ𝑅max = 𝜂bat𝜂pmad𝜂p𝑒us
1
𝑔

(
𝐿

𝐷

)
max

(
ΔEM

MTOM

)
, (8)

leading to Δ𝑅max = 11 km. This calculation is valid under the assumption that the energy carried by the additional
battery mass is used to extend the cruise phase, without altering the excess energy used for taxiing, take-off, go-around,
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Fig. 8 Equivalent battery mass required for the alternative TMS architecture, split into the quotas due to system
weight, drag penalty, and electric power consumption. The weight contribution is further split into individual
components.

and to compensate for the inefficiencies during climb and diversion climb. Moreover, this calculation does not account
for any snowball effect.

VII. Conclusion
The preliminary design of two different TMS architectures for the electric powertrain of a 90-seater battery-powered

aircraft has been addressed in this work. The baseline configuration features a mechanically pumped liquid cooling
loop for the EPU, and a single-pressure level VCC for the battery pack, both using ram air as heat sink. The alternative
configuration exploits the difference in the maximum nominal operating temperature of the two heat sources by
integrating the heat rejection system of the two cooling loops, i.e., condenser and subcooler, in the same ram air duct.
The main components of the two systems, i.e., condenser, evaporator, subcooler, and refrigerant compressors, have been
sized at the most critical operating point, and the off-design performance of the two configurations have been evaluated
at various operating points throughout the flight mission. The main take-aways can be summarized as follows:

• the alternative TMS configuration achieves lower weight and drag penalty by reducing the total number of ram air
ducts, thus minimizing the perturbation of the aircraft external aerodynamics;

• the additional pressure drop generated within the ram air duct due to the presence of two heat exchangers in series
is partially, and, in some cases, totally offset by the Meredith effect;

• the alternative TMS configuration leads to a savings of equivalent battery mass in the order of 388 kg, promoting
an increase in the usable range of 11 km prior to snowball effects.

Future work will assess the performance gains achievable by adopting a more complex TMS configuration, such as a
multi-pressure level VCC, as well as by optimizing the thermodynamic cycle parameters together with the working fluid
selection. Moreover, future studies will focus on the operating conditions where the cooling circuits of the battery pack
and EPU can be coupled by means of the bypass system briefly described in this work.
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